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Preface 

Ceramics is one of the oldest arts practiced by man. Unfortunately, tradition 
and familiarity often conflict with the realistic appraisal of capability, and thus 
the innovations necessary to fulfill the potentials of the art and its further tech
nological expansion are delayed. In a sense, then, the consideration of ceramics 
as a possible answer to current exacting performance requirements for engi
neering materials may have been hindered rather than helped by this long 
tradition. 

In the past, people have tended to think of ceramics in terms of household 
pottery, objets d'art, furnace bricks, and other useful but not structurally 
vital applications. Today, difficult demands are being made on materials by 
the extremely forward-looking and sophisticated designs of equipment and 
vehicles for underwater, surface, and aerospace applications. These demands 
have forced materials and ceramic scientists, engineers, and designers to con
sider many roles for ceramics as structural materials. Their potential virtues 
are discussed in Chapter 1 of this report. The long and extensive use of ceram
ics (in its broadest definition) has created a wealth of data, a broad art, and 
an extensive technology that probably have been adequate and efficient for the 
purposes served. Current capabilities, however, are sorely deficient in rela
tion to the newer demands. Thus, in recent years materials engineers and 
designers have asked themselves whether the ceramic art and existing tech
nology can be extended to a higher scientific level that would permit exploita
tion of its tantalizing potential and, if so, how? 

Three major matters of concern for structural ceramics are: the need to 
provide consistent, reproducible, reliable, high-level structural properties 
and data; the problem of coping with an inherent brittleness in ceramic mate
rials; and the need for a design philosophy applicable to ceramic materials. 
Obviously, the first of these is, pragmatically, the principal prerequisite. 

Earlier studies by the Materials Advisory Board, in 1961 and 1963, empha
sized that a detailed examination of ceramic processing was a necessary step to
ward obtaining reliable high-integrity ceramic materials with superior proper
ties. In 1964, at the instigation of the Navy Bureau of Weapons, the Department 
of Defense requested the Materials Advisory Board to initiate such an examina
tion. During the course of this study, the committee making the study provided 
guidance and stimulation for a relevant research-and-development effort among 
the military services. This report discusses and summarizes the conclusions 
and recommendations of the study committee and emphasizes the work yet to be 
done to produce ceramic materials with the characteristics required for use in 
structures and, to a degree, electrical and electronic applications. 

A study on the design of brittle materials was conducted by the Materials 
Advisory Board several years ago, and considerable effort is currently being 
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made nationally and internationally to provide guidelines for the successful 
design and application of ceramic materials-including the preparation of a 
design manual under the aegis of the North Atlantic Treaty Organization. 

Although there is currently no basis for anticipating the elimination of brittle
ness to any major degree, one can be very optimistic about the development of 
appropriate processing, good quality control, and an adequate design approach 
for enhancing and increasing the reliability of ceramic properties. Add to these 
the designer ingenuity that has already been manifested in other areas, and 
there is every reason, after these many centuries, to look forward to a new 
era in ceramics, which may extend the current spectrum of materials. This 
report is intended to stimulate progress toward this end. 

Washington, D.C. 
February 1, 1968 

N. E. Promise! 
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CHAPTER 1 

Report of the Materials Advisory Board 
Ad Hoc Committee on Ceramic Processing 

INTRODUCTION 

Ceramics-inorganic nonmetallic materials-may be polycrystals, glasses, 
combinations thereof, or single crystals. 

Ceramics exhibit a wide range of desirable properties. For example, prop
erties of individual ceramics include resistance to heat, oxidation, corrosion, 
and abrasion; high elastic modulus, high strength, and low density; dimen
sional stability and rigidity; and several desirable nuclear, optical, magnetic, 
electronic, and energy-conversion capabilities. Moreover, the nature of these 
properties makes ceramics useful for a great variety of current and projected 
Department of Defense hardware requirements (see Table 1). 

Since World War Il, much knowledge of a significant nature has been accu
mulated about ceramics, their microstructure, atomic character (composition, 
structure, and defects), and the theoretical limits of their properties. This 
knowledge indicates that certain properties can be tailored to meet specific 
requirements, and that special properties or combinations of properties can 
be substantially improved over presently achievable levels. 

However, the engineering use of ceramics for a variety of needed candidate 
applications is still limited. Specifically, the uniformity, reproducibility, re
liability, and mechanical performance of ceramic hardware are presently 
below intrinsic capability and are strongly influenced by size. 

What are the main reasons for this situation? 
In attempting to answer this question, several past Materials Advisory 

Board (MAB) Committees, notably the 1962-1963 MAB Ad Hoc Committee on 
the Processing of Ceramic Materials (MAB Report No:-f95-M), largely attrib
uted the restrictions on the wider use of ceramics to the inadequate knowledge 
and control of ceramic processing and finishing operations, reflecting the 
lack of a science of ceramic processing; and to the inherent brittle nature of 
ceramics. 

THE COMMITTEE, ITS OBJECTIVES, SCOPE, AND RATIONALE 

With this background, the Department of Defense in 1964 requested that the 
National Academy of Sciences initiate an appropriate committee study to ex
plore various solutions to these problems. This assignment was subsequently 
given to the Materials Advisory Board of the Academy, with the stated over-all 
objective of recommending research and development studies that would im
prove our national capability to produce uniform and reproducible ceramics. 

1 
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2 

Table 1. Department of Defense Needs in Oxide Ceramics for Structural Applicationsa 

Primary Incidental Type of 
Function Function Ceramic 
and and Configuration Mechanical 

Types of Critical Important and Internal Deficiencies 
Applications Properties Properties Structure of OKldes 

Infrared, radar, Transmission; Steady and Large sheet, Strength; 
and optical electromagnetic shock load; shell; single- thermal shock; 
windows; transparency high T and .C. T; or polycrystal erosion 
cones strength, or glass resistance 

refractoriness, 
erosion 
resistance, 
oxidation 
resistance, 
low density 

Electronic Insulation, Steady and Small sheet, Strength; 
components electronic or shock load; film; single- thermal shock 

magnetic thermal or polycrystal 
activity; stress; or glass 
electronic strength 
properties 

Bearings, Mechanical; Thermal or Small bulk; Strength, 
turbine strength, chemical; single- or fatigue; 
parts, hardness, refractoriness, polycrystal or strength at 
gyro parts dimensional abrasion composite high temperature; 

stability, resistance, thermal shock 
low density corrosion 

resistance 

Nose caps, Mechanical Chemical; Small shell, Strength; 
leading and thermal; oxidation bulk; single- strength at 
edges strength, resistance, or polycrystal high temperature; 

erosion ablative or composite thermal shock; 
resistance, properties erosion 
refractoriness, resistance 
low density 

Vehicular Mechanical; Thermal or Small to Strength, 
stressed strength and chemical; large shell, fatigue; 
skin, rigidity, oxidation or single- or thermal shock; 
pressure low density corrosion polycrystal, stress 
vessels, resistance, glass, or corrosion 
submersibles transparency composite 

Structural Mechanical; Thermal or Small to Strength, 
frame strength and chemical; large bar, fatigue; 
members rigidity, oxidation or rod, etc.; thermal shock; 

low density corrosion single- or stress 
resistance polycrystal, corrosion 

composite 

Armor, Mechanical, Transmission; Large sheet, Strength, 
transparent esp. shock; optical shell; esp. shock; 
armor strength, transparency single- or fracture 

hardness, polycrystal, isolation 
rigidity, composite 
fracture 
isolation, 
low density 
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Table 1 (continued) 

Types of 
Applications 

Structural 
reinforce
ment 

Matrix for 
reinforcing 

Protective 
coatings, 
thermal
control 
coatings 

Primary 
Function 
and 
Critical 
Properties 

Mechanical; 
strength, 
rigidity, 
low density 

Mechanical; 
strength, 
ease of 
application, 
bonding to 
fibers, 
low density 

Chemical and 
thermal; very 
high T; 
oxidation 
or corrosion 
resistance, 
optical and 
thermal 
properties, 
ablation 

Incidental 
Function 
and 
Important 
Properties 

Thermal and 
chemical; 
refractoriness, 
chemical 
inertness 

Thermal and 
chemical; 
refractoriness, 
chemical 
inertness 

Mechanical; 
strength, 
hardness, 
bonding to 
substrate 

Type of 
Ceramic 
Configuration 
and Internal 
Structure 

Fibers, 
filaments; 
single crystal, 
glass, or 
amorphous 

Large shell, 
sheet; 
polycrystal 

Small to large 
surface areas; 
polycrystal, 
glass, or 
composite 

3 

Mechanical 
Deficiencies 
of Oxides 

Strength, 
fatigue; 
rigidity and 
refractoriness 
(of glass) 

Strength, 
fatigue; 
bonding to fibers 

Strength; 
expansion 
matching, 
bonding to 
substrates; 
erosion 
resistance 

aThis table was compiled with the help of the Department of Defense liaison representatives to the Committee and from 
the following references: 

DEPARTMENT OF THE ARMY 
"Army Research Plan for Ceramic Materials, 1966-1970," Technical Working Group, Army Materiel Command, 

November 1964; and subsequent revisions and additions. 

DEPARTMENT OF THE NA VY 
"Navy Research and Development in Ceramics," Ad HQS Committee on Ceramics, Advisory Council on Materials, 

September 1962. 
"Navy I Marine Corps Research and Development Problems," Department of the Navy Headquarters, Naval Material 

Command, July 1967. 
"Bureau of Naval Weapons Research and Engineering Problems," NA VWEPS Report 7682B, Vol. 1, January 1965. 

DEPARTMENT OF THE AIR FORCE 
"Technical Objective Document: Materials," Air Force Materials Laboratory, R&T Division, AFSC, November 1965. 
"A Survey of New Aerospace Applications for Ceramics," Battelle Memorial Institute Report to Systems Engineering 

Group, R&T Division, AFSC, March 1967. 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
"Ceramics, a Compilation of NASA R&D Projects," Headquarters, September 1965. 
"Materials Research Contract Program, 1965," Headquarters. 

ATOMIC ENERGY COMMISSION 
"Summaries of the USAEC Basic Research Programs in Metallurgy, Solid State Physics and Ceramics" (Fiscal Year 

1964), TID-4005 (Part 1, 8th Edition). 
"Summaries of Fuels and Materials Development Programs," TID-6506 (Part 1, 3rd Edition), October 1964. 

ADVISORY 
"Federal Materials Research Program: Opportunities, Roadblocks," Coordinating Committee on Materials 

R&D, Federal Council for Science and Technology, Report TID-22424, November 1965. 
"Report of the Ad Hoc Committee on Processing of Ceramic Materials," National Academy of Sciences- National 

Research Council, Materials Advisory Board, Report MAB-195-M, October 1963. 
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4 

By the limiting conditions of this assigned study, it was intended that struc
tural (load-bearing) applications for ceramics receive primary attention and 
that the study probe the problems of ceramic processing (by both conventional 
and novel methods) of existing ceramic types, primarily of an oxide nature. 
Investigations of new basic chemical compositions were not intended, although 
the development of characteristics presently unattainable or commercially 
nonreproducible was considered to be within the scope of the study. 

With this charter, the MAB Ad Hoc Committee on Ceramic Processing was 
established in September 1964.- -

The work of defining the many detailed facets of the over-all problem related 
to processing, and of establishing the particular charters of the various study 
panels of the MAB Ad Hoc Committee on Ceramic Processing, was governed by 
a rationale that the Committee developed; this is outlined in the following pages. 
Some of the terms employed in this study are listed and defined as follows: 

A Ceramic is an inorganic nonmetallic material or article. Ceramics may 
be polycrystals, glasses, or combinations thereof, or single crystals. 

Ceramic Processing is the combinati6n of science and engineering that is 
directed toward developing and reliably manufacturing a ceramic product with 
a desired character. 

Characterization or character describes those features of the composition 
and structure (including defects) of a (ceramic) material that are significant 
for a particular preparation, a study of properties, or use, and suffice for the 
reproduction of the material.• 

Description is used in cases where insufficient correlatable character fea
tures are known, to include character, properties, and processing history. 
Both bulk (body) and surface features, as well as size and shape, are included 
in the description. 

Microstructure is generally defined as those elements of character refer
ring to identifiable grains and phases, their geometric features, and their dis
tributions. 

Uniformity refers to the control of variations in the character within a piece. 
Reproducibility refers to control of variations from piece to piece in repeti

tive production. 
Reliability is a requirement demanded by the consumers of ceramic mate

rials and depends upon both uniformity and reproducibility. 
Evaluation includes the correlation of the character with the properties and 

behavior. 

DISCUSSION OF THE COMMITTEE'S WORK 

The Committee feels that, basically, the expanded use of ceramics is dependent 
upon achieving reliability of maximized or compromised properties, which, in 
turn, is dependent upon maintaining an established character uniformly through
out a given part and reproducibly from part to part. In addition, the use of 
ceramics will be dependent upon processing capabilities for realizing required 
shapes, sizes, and surface characteristics. These character and dimensional 
requirements can be reliably achieved only by controlled processing, which 
includes a knowledge of the character of the material at every step in the pro
cessing sequence. 

In the conversion of starting materials to a product, the frequently used 
practice of relating processing parameters directly to properties and behavior 
characteristics is basically incorrect. The nature or character of the starting 

*From the Committee on Characterization of Materials, Materials Advisory Board, 
"Characterization of l\'laterials," Publication MAB-229-M, National Academy of Sciences -
National Research Council, National Academy of Engineering, March 1967. 
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FIGURE 1. Ceramic processing and finishing 
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materials, and the processing, establish the character of the ceramic, which 
in turn determines its properties and reaction to environmental conditions. 
The· achievement of a desired character is largely dependent upon understand
ing the appropriate fundamentals of chemistry and physics and applying them 
to the procedures of ceramic processing. The maintenance in production of a 
given character, free of extrinsic flaws,* is, in addition, largely dependent 
upon good engineering practice and control. 

Any additional processing, such as material removal and surface finishing, 
that the primary ceramic product may receive is referred to as "ceramic 
finishing." Finishing is subject to the same analysis as the initial processing 
sequence with regard to the importance of characterization. 

It should be evident that the success of any ceramic processing program is 
dependent upon the ability to correlate processing parameters with selected 
features of the character of the product. This situation indicates the additional 
need for the capability of correlating features of the character of the product 
with its properties and behavior, since the ultimate use of the product is de
pendent upon the latter. In order to achieve this evaluation, improved means 
are necessary for determining and expressing the character, properties, and 
behavior of the product. 

Testing methods are critical because they are the means by which proper
ties and behavior are evaluated. Incorrect test methods or practices applied 
to brittle materials can lead to an unrealistic scatter of data. A critical analy
sis of testing and the response of the material to testing methods could, in 
addition, provide information that would contribute to the development of the 
field of design with brittle materials. 

With this background, the sequence in the progressive transformation of 
starting materials to finished products and their utilization can be assembled 
and summarized in the schematic chart shown in Figure 1. Technically, only 
the left-hand linkages associated with the making of a ceramic product with a 
given character constitute the area of ceramic processing that was of primary 
concern to this Committee. In actuality, the nature of the succeeding operations 
(e.g., characterization, property measurements, observations of behavior, 
testing, and inspection) can influence the final evaluation and utilization of the 
product and thus were also of concern to the Committee. Therefore, all the 
couplings indicated in the chart were considered. 

•Extrinsic flaws (e.g., large pores and foreign inclusions) are defined here as those that 
occur due to inadequate processing, and are differentiated from the intrinsic flaws that 
are inherent in some characters. 
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Consequently, four Panels were established to review particular areas in 
greater and more analytical detail. 

Panel I, Solids Processing, and Panel Il, Fluid Processing, dealt with the 
coupling labeled Ceramic Processing. Panel I was concerned with processes 
that are based on the use of particulates that do not form or do not reach a 
completely liquid state during any stage of processing. Panel n was concerned 
with processes by which the ceramic ts prepared via the liquid or vapor phase. 

Panel m, Finishing, reviewed the state of the art in regard to additional 
treatments the ceramic product may receive-such as material removal, chem
ical treatments, joining and assembly, and supplementary heat treatment-as 
well as their effects on the surface character. 

Panel IV, Evaluation, dealt with the coupling of character with properties 
and behavior. It reviewed the areas of characterization, testing, and the char
acter - property and behavior relationship. Preliminary discussions indicated 
inadequate knowledge and a need for an effort in this direction. This input on 
features of character that are critical for a desired property was necessary 
for establishing a perspective on pertinent fundamental knowledge needed in a 
scientific approach to ceramic processing. Evaluation thus was considered one 
of the most important of the Committee's activities, in that characterization 
provides the means of communication between the processor and the designer 
or user. 

A panel was not established for the last coupling, labeled Design and Appli
cation, linking properties and behavior with uses, since this function is neither 
directly nor indirectly a responsibility of the ceramic processor. However, 
joining and assembly to achieve a component or system, because of its critical 
nature in terms of the proper and successful use of a ceramic, was undertaken 
for review by the Panel on Finishing. 

General Objectives of Ceramic Processing Based on 
Character and Description 

In present-day technology a material can be described by 

D = xCT + (1 - x)(P + H) 

where D represents description; CT, total character; P, properties presently 
not capable of being related to character features; H, the processing history 
of the material; and x, a factor that lies between 0 and 1. These factors include 
both built and surface of the material. 

The term "description" thus includes the measurable significant features of 
character, property measurements that cannot presently be expressed in terms 
of distinctive and significant features of character, and processing history, if 
the first two do not suffice for the reproduction of the material. If a particular 
property can be expressed in terms of recognized and measurable features of 
character, then it should not be included as part of the description. From a 
practical viewpoint, judgment and fundamental knowledge will have to be ap
plied in identifying and using the critical features of character related to a 
desired property. Ultimately and ideally, it may be possible to express all prop
erties and behavior characteristics in terms of features of character. Then 
x in the formula will become unity and the need for the term "description" will 
disappear. 

The total character• is represented by 

CT = CA + C µ + CM 

where CA represents atomic character; c,,., micrOl'.haracter; and CM, macro-

•see MAB Report No. 229-M, "Characterization of Materials." 
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character, which includes size and shape. CA and Cµ apply to both the bulk and 
surface of the material. 

The processor is concerned with making a product with a given character 
of material and surface finish (CA + c,..), and a given size and shape (CM). 
Although these two objectives cannot be completely separated, emphasis can 
be placed on either one. Traditional ceramic processing has generally been 
concerned with problems of achieving a desired size and shape (CM). These 
objectives involve good engineering design of operational techniques and equip
ment for starting-material treatment, batch preparation, forming, drying, and 
firing. The scientific input is the fundamental understanding of the response 
of the material to these processes. Lack of this understanding has resulted in 
unrealistic limitations on size, shape, and character of the material, as well 
as lack of uniformity in the product. 

However, the processor could place additional emphasis on the achievement 
and maintenance of a certain specified character of material (CA + C~). This 
objective has been receiving attention in recent years because of the desire for 
new compositions and structures. Studies in progress have indicated the re
sulting dependence on knowledge of solid-state chemistry and physics, both 
thermodynamic and kinetic in nature. These situations have led to the realiza
tion of the need for a science of ceramic processing. 

In addition, a ceramic may be subjected to supplementary processing in 
order to achieve a final ceramic product. This additional processing involves 
finishing treatments for purposes of achieving a modified structure and/ or 
desired tolerances of size and shape (CM). Such processing affects the atomic
and mtcrocharacter (CA+ c,..), primarily of the surface, which in turn affects 
the properties and behavior of the finished product. 

With this definition of objectives, it becomes apparent that the activity of 
ceramic processing can be approached either on the basis of manufacturing 
production or research involving processing, or both. It should be realized 
that good production processing is based on the maintenance of a steady-state 
condition once a pattern has been established. Such control, and good proces
sing practices, will minimize variations in atomic- and mtcrocharacter, and 
help prevent the appearance of extrinsic types of flaws that are foreign to the 
desired character of the product. In processing research, fundamental prin
ciples of science and engineering are applied to develop and define processing 
sequences required to achieve a certain, often novel, uniform character of 
material (CA+ C ), or a certain size or shape (CM). An engineer with an ade
quate backgrounl'of the fundamentals necessary to maintain a defined char
acter of material (i.e., to cope with variations in starting materials and pro
cessing steps that may occur at any time) can apply a certain amount of re
search and development skill to production processing to optimize some feature 
of character. This capability is particularly valuable in cases where uniformly 
distributed intrinsic or inherent flaws, known or unknown, are associated with 
the procedures being currently followed. 

SOURCES OF VARIABILITY IN STRENGTH DATA 

The character - property relationships were found to be relatively well estab
lished for some properties, but inadequately understood for certain other prop
erties, including the strength of brittle materials. This strength is usually 
controlled by a combination of surface condition and resistance of the bulk to 
crack propagation. Strength, whether expressed as an average value or a dis
tribution of values, ts a numerical measure of a process rather than a measure 
of a single event and ts sensitive to rate of loading, although the degree of rate 
sensitivity varies greatly. The strength of brittle materials also frequently 
depends on the environment through chemical and surface-energy effects. The 
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complex nature of the process underlying strength measurements implies that 
engineering data on strength of brittle materials should be accompanied by 
specification of loading rate, environment, and surface character, and should 
be obtained with the use of good mechanical testing procedures on specimens 
with good bulk characterization (including residual microstresses). The best 
currently available bulk and surface characterization is generally inadequate 
to specify the strength of brittle polycrystalline materials. 

The use of ceramics in critical Department of Defense (DOD) structural 
applications has certainly been limited. This is due to a number of factors. 
Data have been scarce on properties that describe the material's response to 
dynamic environmental conditions. A more critical factor is that, although 
average property values (e.g., strength values) are often satisfactory and 
attractive, the spread in those data normally cited requires designers to use 
values considerably lower than average to be sure of minimum safety levels. 
This condition, although generally acceptable for many consumer requirements, 
is not satisfactory for most DOD applications. This scatter of data has pre
viously been equated to an inherent lack of reliability. 

A major objective of the Committee thus was to attempt to determine the 
reasons for the scatter of data in ceramic materials. Some of the questions 
that arose with respect to the problem of scatter of data were: 

1. To what extent is scatter due to testing methods and techniques? 

2. To what extent is it due to the lack of uniformity within a part, or lack of 
reproducibility from part to part? 

3. To what extent is it due to extrinsic flaws that are difficult to identify, 
in either the bulk or the surface? 

4. To what extent is it an inherent behavior of brittle materials, and does 
it vary as the character of the material is modified? 

The Panel on Evaluation was assigned the task of analyzing the relative 
significance of the various interrelated sources contributing to the scatter of 
data. It has concluded that much of the data, upon which the reputation of 
ceramics for variability has been based, were obtained under conditions where 
neither the test nor the material was adequately described or characterized. 
Therefore, judgments on the source of variability are presently quite difficult. 

A few research programs were found in which sufficient characterization 
of the material was performed and care in testing was exercised so that confi
dence could be placed on the property data cited. This was possible only in 
cases where the test was properly used and the test specimens were properly 
prepared, machined, and surface-finished. The results of these programs 
have demonstrated that the ceramic processor tends to overestimate his ability 
to provide the same product from day to day and batch to batch. This is true 
for research processors as well as for production processors. 

Processors have assumed that they are aware of the parameters that deter
mine the character of their product and that these are under adequate control. 
However, sophisticated testing has uncovered character features that were not 
controlled and as a result were directly responsible for variability in property 
data. 

Because there are so many interrelated factors in character, the indepen
dent contribution made by each factor (or by the interaction among factors) to 
the scatter of property data often is not ascertainable. It is this situation that 
has confounded the work of so many investigators who have attempted to study 
the effect of a certain character feature on property data but who have failed 
to control testing conditions, surface character, or other subtle material-char
acter features. 

The factors that have been identified as contributing significantly to the 
scatter of strength data are briefly discussed in the following paragraphs. 
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Variability Due to Test Methods and Techniques 

The ideal test device for obtaining strength data should provide a uniform 
stress distribution in the specimen for all sizes and under all environmental 
conditions of interest. The accuracy of the data will vary as the stress distri
bution departs from uniformity. The scatter of data will be related to the abil
ity of the test device to reproduce a given stress field from test to test, 
assuming that the test specimen is uniform. 

For example, it has been demonstrated that tensile test devices may intro
duce bending stresses that typically vary from 20 to 90% of the uniform tensile 
stress, and 90% is as likely as 20%. Such stresses are considered parasitic and 
are present to some degree in all test devices. Therefore, parasitic stresses 
will represent uncertainties in the data obtained from all test devices. Such 
stresses, if they are not reproducible, will contribute to the scatter of data. 
Since parasitic stresses will cause a specimen to fail at a lower applied load 
than if no parasitic stresses existed, such conditions will result in lower 
apparent strength values. These lower strength values, coupled with data 
scatter due to poor testing, could well result in disqualifying an actually satis
factory material. Precision tensile test devices are available in which para
sitic stresses may be as low as 0.1%. 

The same general comments apply to flexure testing as for tensile testing. 
Four-point loading is preferred over three-point loading in order to provide 
a more definable surface area and volume under stress. Fixed load points 
impose frictional forces and torsion on the specimen. These conditions provide 
parasitic stresses that would not be expected to be constant from test to test. 
Uncontrolled parasitic stresses will likewise arise from any misalignment of 
the load when using fixed load points. For example, in a specimen 1/2 in. x 1/2 
in. x 5 in., a transverse displacement on the specimen by 0.001 in. typically 
gives a 3% parasitic stress. 

Thus, the use of tensile or flexure test devices for which parasitic stresses 
have not been determined, and that are of unknown reproducibility, may be 
expected to contribute significantly to the scatter of data. Typically, such 
scatter would range from 10 to 20% of the mean strength. 

Variability in loading rate and test atmosphere would also be expected to 
have some influence on the scatter of data for ceramic materials. 

Variability Due to Body-Character Features (Processing) 

The test specimen itself is a critical factor in determining the quality of the 
property data obtained for a ceramic material. It should be recognized that 
extreme care must be taken in the design and preparation of the test specimen. 
It is particularly important that the surface condition of the test specimen be 
of sufficient quality and uniformity to allow the assessment of the influence of 
other character features on the property being measured. Assuming that this 
is done and that the test method used provides a known and reproducible stress 
field, some confidence can be given to identifying character features that may 
be responsible for scatter in data. 

Here it is recognized that pores, microcracks, and cracks affect the 
strength of ceramics. However, it appears that the size, shape, location, and 
distribution of these flaws, rather than their quantity alone, are responsible 
for the scatter in data. Such anomalies are difficult to identify by existing 
characterization techniques and are usually found through postmortem exami
nation of the fracture surface. 

In addition, the effect of grain size on the strength of ceramics has been 
studied by many investigators. But, as in the case of flaws, it would be ex
pected that variations of grain size and geometry within that portion of the 
structure in the zone of maximum stress would be the primary source of 
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scatter in data. One study of a polycrystalline alumina of 98 to 99.5% of theo
retical density and 1 to 3µ average grain size provided tensile-strength values 
that ranged from 20,000 psi to 50,000 psi. These tests were carried out using 
precision testing equipment and specimens with controlled surface finish so 
that there was a minimum of parasitic stresses. Fractography revealed that 
the strength differences were probably more related to grain-size variations 
and grain-boundary strength within a specimen than to grain size; this demon
strated the sensitivity to ceramic processing. 

Thus, variations in body-character features can be a major source of scat
ter of data. It would be misleading to assign any range of values to this scatter 
since the sensitivity of the strength of a ceramic body to such variation would 
depend upon the body itself. The strength of an aluminum oxide body of moder
ate density, containing a siliceous second phase, would probably exhibit a differ
ent sensitivity to a given variation in grain size, porosity, and microcracks, for 
example, from that of a 99.9% alumina body of near-theoretical density. 

Variability Due to Surface-Character Features (Finishing) 

The condition of the surface of a ceramic test specimen can have a major in
fluence on the strength of the specimen. This is particularly significant when 
the specimen is stressed in tension or flexure. Therefore, any variability in 
surface finish, surface-flaw concentration, or distribution would be expected 
to have a direct effect on the scatter of data. 

The need for a high-quality surface finish can be compared to the need for 
high-quality testing methods. Both are mandatory if the data are to be indica
tive of the true strength of the material. A poor surface finish does not neces
sarily yield scatter in data but will result in lower average-strength values. 
However, if the surface finish is not uniformly ''poor," scatter in data will re
sult. It might be expected that surface-finish variations would be more crit1cal 
with respect to scatter of data as the average surface finish becomes of higher 
quality. For example, a given alumina composition exhibited a drop in average 
tensile strength from 37 ,000 psi to 32,000 psi when the surface finish was 
changed from 20 rms to 35 rms. A change in surface finish from 120 rms to 
300 rms resulted in a change in strength from 25,000 psi to 23,000 psi. 

At best, the use of root-mean-square surface-finish indices provides only a 
control of surface consistency for comparative purposes. They do not describe 
the integrity of the surface with respect to its ability to withstand stresses, 
nor do they identify surface or subsurface microcracks or cracks. These 
flaws would be expected to be a major source of scatter of data and they are 
not easily detected by current characterization techniques. Their contribution 
to the scatter of data can vary depending upon the size of the specimen and the 
size of the flaw. One example was given in which flaws in the form of 1/64-
to 1/32-in. cracks reduced the tensile strength of 1/8-in.-diam specimens of 
a hot-pressed alumina body by 25 to 30%; but the same flaws reduced the 
strength of 3/4-in.-diam specimens of the same body by only about 5%. 

It is thus evident that variability of surface-character features is probably 
a major source of the scatter of data for ceramics. The criticality of the prob
lem lies in the fact that this condition represents an inconsistency in or near 
the surface and, therefore, in the area of maximum stress when exposed to 
tensile or flexure loading. Any defects in this area serve as stress raisers 
and may be considered the weak link in the system. They are also critical 
because they are difficult to identify and may be associated with .residual 
strains resulting from differences in expansion between grains; from such pro
cesses as hot-forming operations or heat treatment; or, they may be due to the 
finishing operation itself. As such, these flaws not only contribute to the scat
ter of data, but often mask other factors that may be under investigation. 
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Variability as a Characteristic of Brittle Materials 

The previous discussions have illustrated the fact that there are numerous 
factors that contribute to the scatter of data. These may be related to material 
flaws as well as to the test procedures themselves. Until each of these factors 
has been systematically studied, with adequate attention given to controlling 
all the other potential sources of variability, it will not be possible to answer 
the question, "To what degree may the scatter in data be attributed to the in
trinsic nature of brittle materials?" It is possible that the question may never 
be answered completely. The answer will depend upon the quality of the prod
uct of the ceramic processor and the ability of characterization procedures to 
characterize that product adequately, particularly with respect to surface flaws 
and other less obvious sources of scatter of data. One case has been reported 
in which an aluminum oxide body was carefully machined into specimens that 
were exposed to unlaxial tension with a minimum of parasitic bending. The 
average tensile strength of eight specimens was 23,680 psi with a 2.6% coeffi
cient of variation. In another case, an aluminum oxide body having a high 
degree of microstructural anisotropy was tested by four-point loading, using 
carefully machined and annealed specimens. The average flexural strength of 
14 specimens was 39,200 psi with a 3.-2% coefficient of variation. It ls highly 
unlikely that these specimens were free of surface mtcroflaws, strains in 
grains, strains at grain boundaries, or many of the other potential sources of 
variability. Thus, it appears likely that the great majority of the scatter of 
data may be related to flaws in the body and surface-flaws that may be elimi
nated, or at least their effect reduced, through improved ceramic processing 
and finishing. 

GENERAL OBSERVATIONS OF THE STUDY 

Awareness of the many factors that contribute to the scatter in the data on 
strength of ceramics could immediately raise ceramic reliability to a higher 
level. One example has been reported in which the allowable design strength of 
a particular ceramic material was doubled simply by the application of a suit
able proof test. Therefore, in this case it was not necessary for the designer 
to wait until the ceramic processor developed some new material, or radically 
altered his processing, in order to consider these materials for particular 
structural applications. 

From the Panel reviews of current competence in processing, it was con
cluded that the scatter attributable to processing is associated with the prob
lems of producing a character of material and surface that ls uniform on a 
microscale throughout the piece and reproducible from piece to piece and day 
to day. 

Achievement of a uniform product character demands that the material in 
process be uniform and characterized at every step in the processing sequence, 
both independently and in relation to preceding and following steps. Most heter
ogeneities introduced during earlier steps can be eliminated only if the matura
tion process permits enough mass transport. Traditional ceramics facilitated 
such mass transport by the use of additives specifically for this purpose; for 
example, fluxes to provide a liquid phase at the highest temperature of thermal 
maturation. Property requirements for modern technical ceramics increasingly 
reject the use of such fluxing additives because of the undesirable effects intro
duced by the resulting secondary phases. Yet, only with the aid of a liquid phase 
can many essential characters and properties be currently attained by sollds
processing techniques. Solids processing merits continued research and devel
opment support directed toward the achievement of uniformity in character and 
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improved capability for dimensional control, scale-up in size, and more com
plex shapes. 

Current interest in fluid processing includes the achievement of large sizes 
and the development of phases and microstructures not otherwise attainable. 
In addition, some of the fluid-processing methods show promise for producing 
graded characters by progressive variation of compos1tion through a cross 
section. These processes are also of interest because binders that introduce 
complications in solids processing are not needed and the physical nature of 
the starting materials is often not critical. 

Finishing serves a variety of important functions. By material removal it 
corrects dimensional deficiencies remaining in the products of solids and 
fluid processing, but must do so without introducing flaws into the surface. 
Conversely, by removing flaws or modifying strain distributions at surfaces, 
it can minimize the dominant influence of the surface on fracture and strength. 

Another approach to increased reliability for a given set of specifications 
is by enhancement of property values. Higher strengths are being realized by 
utilization of existing knowledge about the character features to which strength 
is sensitive and, subsequently, by alterations of the process steps on which 
these features of character depend. Still higher strengths and reliability being 
sought by defense requirements demand further advances in understanding 
character - property relationships. 

It became evident during the Committee's discussions that the "physical 
ceramist," whose objective is to achieve a given character in order to attain 
a certain property level, is inherently dependent upon research in processing, 
just as the "process ceramist" is dependent upon the teachings of physical 
ceramics. 

In attempts to learn which are the critical features of character with re
spect to mechanical behavior, the Committee found the state of knowledge to be 
inadequate. Although it has been assumed that the two character features in 
oxide bodies that will lead to enhanced strength are freedom from pores and 
uniformly submicron grain size, quantitative data to support this assumption 
unequivocally are scanty and hedged with conditions, because most of the time 
other features were out of control. In addition, there are phenomenological 
difficulties because of the relation of the fracture path to the grain boundary 
instead of the size of the grain. Because these features of theoretical density 
and submicron grain size are normally difficult to attain, the Committee 
assessed processing methods, both traditional and novel, in terms of their 
ability to achieve such characters uniformly and reproducibly. 

A large gap in fundamental knowledge was qetected in techniques for char
acterization of surfaces and measurement of internal strains in relation to 
fracture phenomena and optimization of strength. 

The grain boundary is also poorly understood, both in terms of its composi
tion and structure and of its effects on material properties. Closely allied is 
the general question of the effects of impurities, whether intentional or acci
dental. Both cationic and anionic impurities may be distributed either in grain 
boundaries or within the grains. Phase-diagram data are insufficient to provide 
guidance on solid solution, compound formation, and segregation tendencies. 

Knowledge of the all-important link between properties and character is 
obviously inadequate. Since the science of ceramic processing is based on the 
capability of correlating process parameters with features of character, it will 
not be realized completely until the processor knows what features of character 
to control and how to control them. 
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SUMMARY OF COMMITTEE RECOMMENDATIONS 

Each of the four Panels has prepared its own report, including detailed develop
ment of specific recommendations for scientific and ·engineering research that 
will improve the over-all capabilities for processing ceramics. 

In reviewing the Panel recommendations, and from the deliberations of the 
Ad Hoc Committee, it became evident that, in order to attain the capability of 
achieving the desired reliability and the enhancement of certain properties in 
ceramics, several factors are most important and significant. These factors 
are included in the following generalizations that are considered essential in 
the development of a ceramic processing program. 

1. Characterization of the starting material, as well as the characterization 
or description of each step in processing, is essential. Such characterization 
will lead to the production of uniform and reproducible products by minimizing 
the variability of the material at succeeding processing steps. 

2. New tools and techniques are required to characterize material in pro
cess and the final ceramic product (especially particulates, surfaces, and 
interfaces). 

3. The character of the ceramic surface is critical in processing, testing, 
joining, and in subsequent use. 

4. Standardized lots of starting materials, forming batches, and test speci
mens, and reliable standard test methods should be available in order to realize 
uniformity in product character and property data, and to promote communica
tion among processors, research laboratories, and users. 

5. Further development of the scientific approach to ceramic processing is 
necessary to overcome size limitations without sacrificing reliability. 

6. Improved understanding of character - property relationships is neces
sary for identification of those features of character that are essential to en
hance property values and to extend applications. 

7. The essentials propounded in this report should be brought forcefully, 
through various educational media, to the attention of all those concerned with 
ceramic processing and application. 

8. Interdisciplinary programs should be developed that include consortia 
among universities, research laboratories, and industries, in order to maintain 
programmatic approaches and thus reduce to a minimum the time required for 
the realization of the objectives of improved ceramic processing. 

In the context of these observations and the Panel recommendations, the 
Committee, on an over-all and relative basis, makes the following conclusions 
and minimum recommendations, generally in the order of importance. 

Correlation of Process Parameten with Features of Material Character 

Since the character of a ceramic is process sensitive, scientific and engineer
ing control of each of the process steps is essential. Studies are necessary to 
identify the procees steps or parameters (relative to both preceding and follow
ing steps) to which certain character features are most sensitive, to determine 
the response of the material at each process step, and to relate these param
eters and responses to features of character in the product. 

The following coordinated and programmatic processing studies are urged: 
1. Improved understanding of the relationship between particle characteris

tics, processing steps, and variability in final-product character in solids pro
cessing is essential. These researches should be done on several standardized 
materials of varying levels of impurities and should ultimately be applied to 
full-scale hardware production. 

2. Improved understanding of fluid-processing variables and the corres
ponding effects on material character, including variability, is necessary. 
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Programs are needed in each of the following three approaches: bulk melting 
and crystallization control, molten-particle spraying, and vapor deposition. 
Fundamental studies are needed on nucleation and crystallization to a~hieve 
fine-grain, high-density, naw-free characters from both bulk and particulate 
melts and from the vapor phase. 

3. Improved understanding is required of all changes in surface and body 
character during material removal, surface and body after-treatments, and 
joining and assembly in relation to the initial character. 

Standards for Materials and Testing 

Because of lack of knowledge about the significant features of character for a 
particular property, and lack of capability in characterization, standard mate
rials are necessary. These will help establish proper communication and con
sistency among different producers, producers and researchers, and also 
among producers and users. 

1. Characterized, reproducible lots of particulate material are required as 
standards, especially for laboratories engaged in programmatic studies, be
cause of: the general concern in regard to chemical standards for composi
tional analysis for cations, anions, trace impurities, and nonstoichiometry; 
the need for calibration of physical character features, such as particle-size 
distribution, shape, density, and integrity; and the need for a standard mate
rial for processing studies of such phenomena as densification, grain growth, 
kinetics, and strength development. 

2. Provision of ceramic specimens having known and controlled body and 
surface characters for strength measurements should enable calibration of 
testing equipment and elimination of the individual laboratory and operator 
factors responsible for much of the scatter in data. 

It is further recommended that a producer or producers be given the task 
of preparing the standard starting materials, standard bodies and test speci
mens, and that their characterization be performed by a number of labora
tories having such capabilities. 

Finishing and Other Surface Modifications 

Finishing, or after-working, has become a nearly universal process in order 
for a technical ceramic to meet acceptance specifications and be considered 
a component in a device or a system. Several functions can be served by 
finishing, such as achievement of precise dimensional tolerances and modifi
cation of surfaces for improvement of strength. Because the character of sur
faces is sensitive to processes of this type and because the properties are 
critically dependent on extrinsic defects introduced into the surface during 
finishing, the following studies are recommended: 

1. Technological research should be performed on methods and mechanisms 
for effective material removal involving mechanical, ultrasonic, and chemical 
energies, and leaching followed by mechanical machining. 

2. Technological and basic research should be performed on processes 
involving surface and bulk modifications in order to induce controlled compres
sive layers for purposes of enhancement of strength (e.g., minimum of fatigue 
and notch or naw sensitivity). 

Physical Ceramics: Character · Property Relationships 

The character - property relationships were found to be inadequately under
stood for certain properties, including strength. This situation is unfortunate, 
since such evaluations are necessary to establish the critical body and surface 
character features to serve as goals for the ceramic processor. One area of 
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concern is the measurement of the effect of internal strains and localized 
stresses on the initiation and propagation of fracture, and hence on the strength 
of ceramics and the relationship of such factors to character features. Another 
area is the interrelationship of environmental effects, rate sensitivity, and 
character features. Until these points are resolved, these and other areas will 
necessarily remain empirical. The following recommendations are thus made: 

1. Fundamental studies should be undertaken to evaluate the relationships 
of bulk and surface character features to mechanical properties and behavior 
and to establish the principal limiting features. 

2. A study should be made on methods for measuring internal strains in 
ceramics and correlating such strains with the character of the ceramic. 

It is further recommended that character - property relationships be empha
sized in the existing programs dealing with ceramic materials. 

Testing 

Support should be provided for studies on techniques for improved testing of 
mechanical properties of ceramics, in order to avoid the current problems of 
test variability and tests of little or no significance. These should include: 

1. Attainment of uniform stress distribution in the specimen over a wide 
range of environmental test conditions and specimen gage volume. 

2. Experimental and analytical studies of different test techniques to estab
lish the criticality of the test conditions. 

3. Evaluation, development, and organization of stress analysis of mechani
cal tests. 

4. Development of test methods for studying stress and strain in the micro
strain region, fracture-surface energy, fatigue behavior, creep behavior, and 
multiaxial stress - strain behavior. 

5. Initiation of studies to relate properties determined by nondestructive 
testing with properties measured by destructive techniques. 

Fundamentals of Agglomeration and Effect on 
Uniformity of Character in Forming 

The Committee study indicates that agglomeration of particulates to form 
granules, and the nature and behavior of these granules, is critical in the 
forming step of ceramic processing and warrants specific attention. The char
acter established in the particulate stage affects the character of the final 
ceramic product in ways that are not well understood, and the relationships 
between rheological behavior and the character of particulate systems are not 
known. Thus, basic research is needed on the fundamentals of agglomerate 
development and characterization, including binder and moisture distribution; 
of rheological behavior of such systems; and of their behavior during 
consolidation. 

Scale-up Size Capability 

Projected applications of ceramics include high reliability figures of revolu
tion from 4 to 10 ft in diameter. Slip-casting, isostatic pressing, and glass
crystallization processes could be scaled-up to requisite size through the de
sign of appropriately large equipment; however, the reliability of parts prepared 
by these means would be contingent upon the existing state of the science and 
art of processing. Another approach with very high promise is fluid processing 
by incremental deposition. 

In addition, achievement of means of joining ceramics to themselves and to 
other materials without loss of strength and reliab111ty in the bond areas will 
be required for the assembly of such articles, whether a monolithic or mosaic 
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CHAPTER 2 

Report of the Panel on Solids Processing 

ABSTRACT 

The extensive application of ceramic materials in a variety of systems has been retarded 
by their general lack of reproducibility, reliability, and uniformity in terms of character, 
which has evolved from processing limitations. 

To enhance the state of art in solids processing it is recommended that selected pro
grams in research and technology, and studies of scale-up in numbers, size, and configu
ration be supported independently of end-item efforts. 

In view of the close interconnection between the various stages of solids processing 
and developed character, it is appropriate that emphasis be given to the study of charac
ter evolution at each processing stage in relation to preceding and following steps in order 
to develop a general basis for materials-processing control. 

Specific research and technology needs have been identified in the areas of: 
1. Preconsolidation-particulate-materials preparation and characterization; and 

agglomerate-materials uniformity and characterization. 
2. Consolidation-elimination of density gradients and development of methods to 

characterize green bodies. 
3. Final densification-identification of impurities and their effects; subsolidus phase 

relations and kinetics; densification mechanisms; and development of preferred orientation. 
Size scale-up and production studies are recommended on: instruments and techniques 

for material characterization and controlled material handling; development of in-process 
controls; scale-up of shapes to> 10-ft dimensions; continuous hot-forming; and isostatic 
hot-pressing. 

SUMMARY OF RECOMMENDATIONS 

The objective of the Panel on Solids Processing has been to examine the state 
of art of pertinent processing stages in terms of composition as well as process 
features and to make recommendations for investigations that would lead to im
provements in ceramic body preparation from the point of view of character 
development and reproducibility in a variety of compositions and configurations. 

An assessment of the state of art has revealed the close interconnection that 
exists between the characteristics of particulates and the character that de
velops in sequential processing steps in solids processing. 

The lack of available knowledge that is needed to interconnect the process
ing steps-preconsolidation, consolidation, and final densification-in a predict
able and quantitative fashion leads to the most important recommendation that 
broad research programs are needed to develop an understanding of interrela
tions in the essential processing steps and mechanisms with respect to starting 
raw-material particle characteristics. Emphasis must be given to the study of 
character evolution at each processing stage in relation to preceding and follow
ing steps to develop a general basis for materials-processing control. 

18 
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Investigations should include emphasis on particulate characterization for 
specific types of available minimum 99.9% pure oxides, with an extension to 
higher purity materials when available. 

Other significant recommendations in areas of science and technology spe
cifically separated in terms of preconsolidation, consolidation, and final densifi
cation are as follows: 

Preconsolidation 

The state of art in ceramic particle technology requires further advancement, 
and areas of prime significance include: 

SYNTHESIS OF ULTRAHIGH-PURITY MATERIALS 

Ultrahigh-purity (>99.99% pure) oxides in controlled submicron particulate form 
are currently unavailable, and these materials are essential for use as chemical 
standards and for fundamental processing and physical-ceramics research 
activities. 

IMPROVED CHARACTERIZATION OF PARTICULATES 

Investigations in particulate characterization are required to improve the abil
ity to evaluate quantitatively those variations in particulate chemistry and 
physics that contribute significantly to character development and variability 
in a finished body. 

IMPROVED UNDERSTANDING OF FLOW AND AGGLOMERATION 
IN PARTICULATE SYSTEMS 

Agglomerate character strongly influences the pore and grain-structure develop
ment during the consolidation and final-densification steps. Uniformity in ag
glomerate size, density, and additive distribution is necessary for effective 
control of final character. 

The development of methods is required, therefore, to prepare and charac
terize uniform agglomerates and to handle them to avoid segregation. 

Consolidation 

Consolidation processes present particular problems in character uniformity 
and reproducibility that are primarily associated with density inhomogeneities 
resulting from cold-forming operations. 

Specific recommendations include: 
1. Relationships between rheological behavior during consolidation and the 

fundamental structural and compositional characteristics of particulate systems. 
2. Methods of characterizing agglomerates and green bodies. 
3. Fundamental research into the response of particulate systems to applied 

pressure and to development of methods to eliminate density gradients during 
consolidation. 

Final Densification 

Several areas require extensive investigation: 

1. Identification is needed of impurities and their effects on resulting charac
ter, especially in very-high-purity compositions. 

2. Determination of subsolidus phase relations and kinetics of phase inter
actions that are important to ceramic processing are needed. These include the 
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determination of solid solubility as a function of composition and temperature 
and the study of nonstoichiometric systems. 

3. Systematic studies involving a complete description of character evolution 
during the various processing stages are required to enhance the understanding 
of densification mechanisms (for both sintering and hot-forming) and to enhance 
the prospects of predicting and controlling character development. 

4. Development of preferred orientation in terms of phase, grain, and/or pore 
structure deserves special attention. Effort is needed to explore the methods 
and mechanisms for accomplishing orientation. 

Scale-up and Quantity Production 

In addition to the science and technology aspects cited above, there are special 
needs for programs to enhance the capability for size scale-up and quantity 
production. 

The goal is the capability for producing in quantity large or small pieces with 
desired character and properties, shapes, and dimensions. 

Preconsolidation 

Raw material variability and lack of control and characterization of particles 
and agglomerates become more important with increasing size and/or numbers 
of products because such variability can manifest itself in terms of nonuniform 
shrinkage, undesired density, and phase-chemistry gradients, with resulting loss 
in uniform properties. 

Recommendations include, therefore, the development of monitoring instru
mentation for effective particulate and agglomerate materials control and 
handling. 

Consolidation 
Discussions have indicated that present forming or consolidation techniques are 
restricted essentially to 4 to 6 ft-size ware. It was considered worthwhile to 
recommend the scale-up of shapes to several feet (>10 ft) dimension hardware 
in the <99% and >99% pure oxide categories. The availability of such forms 
would enhance the prospects of their use, e.g., for radomes and deep submer
gence vehicles. 

The yield and product quality-character from current cold-forming produc
tion processes can be improved by developing and employing in-process (nondes
tructive test methods) control measures to predetermine phase and density 
gradients and flaws in green microstructure. 

Final Densification 

In this area, effort is recommended in terms of process improvements that 
include: 

1. The development of large-scale furnaces and methods leading to the suc-
cessful firing of ware >10 ft dimensions. 

2. Minimization of contamination by furnace refractories. 
3. Better control of temperature and its distribution in furnaces. 
4. For hot-forming processes, specific mold development and mold- compact 

interaction studies to extend mold life. 
5. Development of continuous hot-forming methods and evaluation of process 

in terms of composition, size, shape, and tolerance capabilities. 
6. Further development of high-pressure isostatic hot-pressing. 
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Solids processing, which comprises the group of process operations assigned 
to this panel, is defined as: those means of preparing ceramic materials in 
which solid particulate matter is employed as the immediate precursor of con
solidated product material. 

The objectives of the Solids-Processing Panel are concerned with: 
1. An evaluation of the capabilities and limitations of present solid-forming 

processes in terms of the scientific and engineering knowledge that is required 
for the preparation of ceramics with uniform and controllable character on a 
consistent basis. (The character of a ceramic is the sum of the compositional 
and structural descriptions that identify a specimen uniquely and may be cor
related with its properties.) 

2. An assessment of significant characterization parameters. 
3. A recommendation of activity needed to fill existing gaps in current sci

entific knowledge and technology in order to enhance the realization of ceramics 
with uniform and controllable character. 

It was recognized that the realization of these objectives would be of consid
erable importance in the ultimate production of ceramics with increased reli
ability, or a reduction in scatter of properties, and in improved properties, e.g., 
strength at low and elevated temperatures. 

Such improvements would enhance the use of ceramics as engineering mate
rials in such interest areas as deep submergence, lightweight armor, radomes, 
and advanced-flight-vehicle hardware. 

In the course of discussion, the Panel agreed that the realization of such im
provements would depend on the ability to control the character of ceramics, 
having first recognized what the significant characterization parameters are. 
In this connection, it was decided on the basis of background experience that 
the significant characterization parameters for a given processed body would 
include chemical and physical composition. 

Typical Characterization Parameters for Solids Processing 

Chemical 

Composition-existence of additional 
chemical phases, cations, or anions and 
their distribution, e.g., in grains and/or 
grain and phase boundaries 

Physical 

Grains-size, shape, distribution, orienta
tion, substructure; porosity-amount, size, 
shape, distribution; structures of phases 
present, strain, cracks 

(A more comprehensive treatment is given in the body of the report by the 
Panel on Evaluation). 

It was recognized, however, that in order to achieve such control in the pro
cessed material, it was essential that control and characterization of processes 
and composition be exercised during the sequence of operations employed to 
produce it. 

In addition, in view of the problems that developed in connection with attempt
ing to characterize a wide range of chemical compositions at the same time with 
physical parameters, it was arbitrarily decided to delineate three particular 
composition purity ranges for bodies, i.e., minimum 99.9% pure, or very high 
purity (current availability limited to research-lab operation); 99 to 99.9% pure, 
or high purity (current limited production and sizes); and less than 99% pure, 
or multiphase (large commercial production). (It is recognized that even in the 
99 to 99.9% purity range, a significant amount of second- and tertiary-phase 
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material may be present and even intentional in some cases; however, the pro
cessing steps and resulting microstructure are sufficiently different to be con
sidered in a separate discussion.) Furthermore, the Panel agreed to concentrate 
primarily on aluminum oxide (Al203) for practical and model purposes. 

A consideration of the minimum 99.9% purity range indicates that there has 
been very limited effort expended and therefore little progress to report, par
ticularly in terms of polycrystalline oxides such as alumina and magnesia for 
mechanical-strength applications. Two problems confronting further progress 
in this area are reviewed below. 

Analytical Limitations 
A considerable number of techniques are currently available that make it pos
sible to perform cation and elemental analyses on materials down to the parts
per-million and parts-per-billion ranges. The lack of suitable reference stan
dards for refractory inorganic nonmetallic materials, however, makes it 
impossible to determine impurity levels precisely. Irregular impurity distribu:.. 
tion and locational segregation such as is found at the grain boundaries of re
fractory oxides often cannot be determined by methods appropriate for gross
impurity-level analysis. Anion impurities are generally not measured or known 
and methods for their determination are inadequate. Appended to this report is 
a discussion of analytical techniques for refractory materials, with examples 
of specific analytical problems and the potential of the newer instrumental and 
chemical methods for giving satisfactory results. A more generalized discus
sion of analytical methods, which places them in larger perspective as a key to 
improved characterization of materials needed to develop materials science 
and technology, is contained in the report of the Committee on Characterization 
of Materials (MAB-229-M, March 1967). 

Processing Limitations 

Current process controls for very-high-purity preparations are probably not 
adequate. Powder handling, pressing, and heat-treating processes limit impurity 
control. Analysis of impurity pick-up during processing is commercially re
stricted to major cations with limited batch-to-batch control and scant attention 
to anion analysis. Contamination in high-temperature heat treatments is a major 
problem, and inert atmospheres and inert furnace liners are seldom inert. 

H achievable, the availability of ultrahigh-purity material, minimum 99.99% 
total purity including anion concentration, would make it possible to study grain 
growth and densification kinetics on an intrinsic basis. It would also make pos
sible an understanding of the role of "quenched-in" vacancy defects, specific 
anion or cation impurities in dislocation development and interactions, and 
strength levels for twinning, creep, and fracture. At low impurity levels, non
stoichiometric effects may also become discernible. 

PERTINENT OPERATIONS AND PROCESSES 

The panel adopted three subclasses of solid processes for the organization of 
its activities: Preconsolidation, Consolidation, and Final Densification. 

The particular operations and processes under these headings, which have 
been considered by the Panel to be appropriate, are given in terms of a flow 
sheet (p. 24) which includes the sequence of operations from raw material to 
fired body, with a listing of commonly employed characterization parameters 
for particular steps in the sequence. 
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Preconsolidation 

RAW MATERIALS 
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Prior to consolidation, particulate processing must fulfill two distinct functions: 
(a) achieve optimum chemistry (purity, stoichiometry, amount and distribution 
of additions), and (b) achieve optimum physical structure for compactibility, 
such as size - shape distribution, surface coatings of lubricants, and agglomera
tion for optimum rheology. The first of these is necessary to control structure 
and properties during heat treatment and in the finished product. The second is 
required to control structure and resulting rheological properties of the par
ticulate mass during consolidation by mechanical means. 

Currently, numerous sources of powdered raw materials are available, par
ticularly for multiphase (85-99%) and high-purity (minimum 99% pure) ceramics. 

In the case of alumina, raw-material powders for <99% pure ceramics are 
available in large quantities. Lot sizes above 300 tons are common for continu
ous kiln operation. Particle sizes are generally in the 1- to 15-µ range, with 
approximately 2,000 parts-per-million total cation impurities. These materials 
are generally classed as calcined, tabular, or fused aluminas and are available 
from alumina suppliers. Raw materials for minimum 99% pure alimina are 
available in 100,000-lb lots and in the 0.3- to 4-µ particle-size range. Materials 
for minimum 99.9% pure ceramics are only marginally available in small lots 
(1#-300#), with particle sizes generally well below 1 µ. Full chemical analyses 
are generally not run. 

The situation for nonoxide compounds such as borides, carbides, nitrides, 
and silicides in particulate form is not nearly as well developed. In general, 
even in small lots, materials are unavailable commercially in high-purity form; 
e.g., significant amounts of additional phase(s) are always present. Furthermore, 
a significant amount of major-element constituents in uncombined form, as well 
as uncontrolled stoichiometry, is generally found in such materials. 

Another important limitation in such materials is their relative unavailability 
in fine-particle sizes, i.e., much below 1 µin particle diameter. Such availa
bility would have considerable value in improving the state of sintering technol
ogy associated with these materials. 

In commercial usage, various methods are employed to maintain control 
over incoming raw material used in product fabrication. (In such practice, the 
selection of a particular source results from a natural trade-off between cost, 
availability, reproducibility, and properties.) As a result of significant back
ground experience in assessing raw-material inhomogeneity, ceramic-product 
manufacturers are often able to indicate to raw-material suppliers the qualita
tive if not quantitative inconsistencies of lot materials in terms of chemical and/ 
or physical content. In fact, with enough background, tl)e cause of ceramic-prod
uct difficulty can frequently be traced to a particular and identifiable variant in 
the raw-material supply. On this basis, an alumina spark-plug manufacturer, 
for example, specifies all alpha alumina, but is able to institute satisfactory 
in-process control when some nonalpha alumina is also present in supplied 
batches in order to maintain resulting product uniformity. In general, product 
manufacturers employ similar techniques in characterizing incoming raw mate
rial, with perhaps some difference in emphasis for particular methods. 
Emission spectroscopy, x-ray diffraction, x-ray fluorescence, wet-chemical 
analysis, and petrography are frequently used to determine chemical (major 
phases and impurity) content. Microscopy and other particle-size measuring 
and surface-area measurements are often employed to determine particle physi
cal characteristics. The degree to which variations in character can be tolerated 
often results from these methods, with questionable satisfaction for a product 
manufacturer even after a certain amount of background familiarity has been 
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SOLIDS PROCESSING 

Flow of Materials 
(by operations and processes) 

I. PRECONSOLIDATION 

A. Raw materlal(s) 

Particle preparation (usually with some purifica
tion): Precipitation, solid-phase reactions, oxida
tion (e.g., of pure metals); vapor-solid; electro
lytic, decomposition by heat, cryo-preparation; 
mining and benefication, melting, vaporization, 
atomization 

B. Particulate material 

Particle-modification process (chemical change): 
calcining -H2o, co2, etc.; prereaction - new 
compounds (partial or complete); melting 

C. Modified-particulate material 

Operations on modified particles, comminu
tion, encapsulation 

D. Modified-particulate material 

Modifications of particle systems; add forming 
aids and liquid (usually water); mixing-different 
phases, single phase, different sizes; de-airing; 
drying 

size separation; l 
size blending Undesirable 
pelletization, granu- sizes, H20 
lation or prepressing 

Il. CONSOLIDATION 

A. Modified-particulate system 

Cold-forming operations 
Die filling 

Assists to die filling; vibration, ultrasonics, 
vacuum pressure 

Forming by: 
1. Pressure compaction: 

a. Rigid die 
b. Isostatic 

2. Plastic 
a. Extrusion 
b. Jiggering, etc. 

3. Slip casting 
a. Normal 
b. Vacuum 
c. Pressure 

4. Injection molding 
5. Vibratory packing 
6. High-energy impact 
7. Film-forming 
8. Other 

Characterization Parameters in Processing 

CHEMICAL 

Bulk 

Elemental, assay, im
purities; mineral 
phase, stoichiometry 

Surface 

Adsorbed ions and 
molecules; chemi
cally reacted layer 

PHYSICAL 

Bulk 

Particle size (avg. and range); parti
cle shape, density (porosity), sub
structures; fiaws, stored strain/ 
energy; crystal system; system of 
particles; particle-size distribution; 
agglomeration; now properties; 
pertinent physical properties 

Surface 

Area properties 

Solubility in solvents, Hardness and brittleness 
composition and chem-
ical behavior of milling 
aids 

% liquid (solids con
tent); 'X: additive; pH, 
zeta potential; re
sponse of particles 
to mixing medium 

Ion exchange with die 
material; lubricants; 
homogeneity of phases, 
of ion distribution; air 
(gas) release 

Sizes blended, bulk density; rheol
ogy-viscosity, thixotropy, yield 
stress, mobility, negative shear-rate 
intercept, microstructure, preferred 
orientation of granules, paste, or 
suspension 

Flow; applied pressure-absolute, 
pressure/ density relationships; 
microstructure as formed. Homo
geneity: density, orientations, micro
stresses; strength for mold release, 
elastic behavior (spring back), 
stresses imposed, cracks, contact 
area between grain surfaces 
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SOLIDS PROCESSING (continued) 

Flow of Materials 
(by operations and processes) 

B. Green body 

Green-body modification 
Drying (100° C) 

Expulsion of organics (200-800°C) ~ 
Presintering (1000-1400° C) 
Development of porous body 
Sometimes shaping, turning, 
fettling 

IIl. FINAL DENSIFICATION 

A. Porous body 

H20 
C02,CO, 
(CH)x 
Sulfur gases, 
etc. 

Sometimes additional shaping; final-densification 
operation; heat treatment-sintering; gas evalua
tion; reactions-solid- solid, solid- vapor, stoi
chiometric; shrinkage, pore discharge, grain 
growth, grain bonding, diffusion (plastic now), 
melting, vaporization and condensation 

B. Fired body 

1. Sintering 
Gas evolution, chemical reactions, solid- solid, 
solid- liquid, gas - solid; stoichiometric effects; 
shrinkage, pore discharge, grain-bonding; dif
fusion, vaporization, and condensation; melting 
and recrystallization 

2. Hot-forming 
Gas evolution, chemical reactions, solid- solid, 
liquid- gas; shrinkage, pore discharge, grain
bonding, diffusion (plastic flow), melting and 
recrystallization, vaporization and 
condensation 

25 

Characterization Parameters in Processing 

CHEMICAL 

Changes introduced 
(desired, undesired) 

Changes introduced, 
H2o, air, binders, deg
radation, pyrolysis, 
oxidation, new phases, 
grain boundary, 
impurity effects 

Elemental composi
tion, phase composi
tion, stoichiometry, 
impurities, propor
tions; homogeneity of 
distribution, in bulk 
or at surfaces of 
grains or in grain 
boundaries, at 
surfaces 

Same as above 

PHYSICAL 

Dimensional changes, density -
porosity, strength, flaws, micro
structure 

Dimensional changes, density -
porosity, strength, flaws, micro
s tructure, grain boundary 

Dimensional uniformity, fiaws
warping, etc.; density-gross, 
homogeneity of flaws-cracks, 
blisters, blebs, holes, micros tresses, 
pertinent physical properties; micro
structure-grain size, average and 
range distribution, grain shape 
(equiangular, platey, elongated) 
grain orientation (crystallographic)
carried over from forming, none 
developed completely; second 
phases-distribution/ continuity, 
crystallinity, size; pore phase
proportion, uniformity of distribu
tion, location, size (uniformity) 

Same as above 

obtained in dealing with a particular raw-material supplier. There is difficulty 
in specifying the degree to which variations in raw-material character can be 
tolerated and in determining the relative importance of particular variations: 
e.g., is a particular variability in particle size more significant for a manu
facturer than a particular variability in chemical content? 

A qualitative solution to certain of these problems is sometimes obtained 
through exhaustive, empirical, follow-through processing steps in order to re
late final-product properties to starting-material characteristics. In general, 
however, in the <99% pure composition field, because of the compensating effects 
of purposeful additives, acceptable commercial-product properties are obtained 
despite rather significant character variations in raw-material supplies. 
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In the high-purity or principally single-phase composition field, the accept
able tolerance in raw-material variability is known to be more stringent, yet 
the relative importance of one character parameter (e.g., particle size over 
another, e.g., cation-impurity content) is generally unknown. Again, control over 
incoming source material is often exercized by follow-through processing to 
check final-product variation against starting-material character. Through such 
systematic experimentation, the effects of particular raw-material characteris
tics on final character can be delineated and raw-material specifications intro
duced. While the degree to which raw material is routinely characterized is 
often inadequate, it is most important to reflect the characterization in a pre
dictable fashion, with the whole sequence of solids-processing operations that 
produce the final body. At present the understanding of the influence of particu
lar raw-material variations on the sequence of processing operations is minimal. 
In addition, although significant characterization can be performed with current 
instrumentation, methods are yet to be developed that will allow for reasonably 
rapid batch quantity characterization and composition control. 

MODIFIED PARTICULATE MATERIAL 

There are a number of preconsolidation particle-system-modification opera
tions that are conducted to supply appropriate feed material for given consoli
dation processes. Several of the more common operations are discussed below. 

Extrusion 
The principal work in extrusion is accomplished with <99% pure and >99% pure 
systems. Very little work has been performed on very-high-purity alumina 
systems. A notable example of high-purity-extrusion effort has been that of 
the 99.9+% pure beryllia field. 

In batch preparation, standard methods of composition formulation and 
mixing are used. Ball-milling of the rotating or vibrating type, usually on a 
wet basis; dry-milling with comminution; or dry-mixing of powders without 
comminution are used. There are few effective ways of consistently producing 
extrusion-preconsolidated masses that have known and reliable extrusion charac
teristics. The process of extrusion itself can be divided somewhat arbitrarily 
into two classes: low-pressure plastic extrusion (<5,000 psi), and high-pressure 
nonplastic extrusion (>5,000 psi). The input material for low-pressure extru-
sion is a plastic mass that is thoroughly wet by either water or a nonaqueous 
medium -20% moisture. This plastic mass is produced by combining virtually 
nonplastic refractory particles with organics such as methocellulose or poly
vinyl alcohol, which are soluble or emulsifiable in the particular solvent being 
used. A plastic mass is formed by employing various mixing and kneading de
vices. De-airing of the plastic mass is accomplished prior to creating a solid 
compact of material that is later extruded. 

High-pressure-extrusion input materials are generally granular. Moisture 
contents are frequently less than 10%, and high-pressure consolidation of the 
granules under vacuum in the extrusion device is practiced. 

The basic problems in both systems are uniform distribution of binders, and 
uniform distribution of moisture on both macro- and microscale. The green 
microstructure of the input materials is reflected in the fired product as modi
fied by the extrusion processes. Generally, the preconsolidation stage in ex
trusion-body preparation is a randomizing process for particle orientation. 

The preparation of homogeneous distribution of binders and moisture is 
attempted but not achieved. Green-microstructure examination methods for 
both plastic and granular systems, as well as improved mixing methods and 
equipment require development. 
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Isostatic-Pressing 

The bulk of isostatic-pressing work is done using <99% pure and minimum 99% 
pure systems. Preconsolidation processing for the largest segment of the in
dustry is accomplished using wet-ball-milling and spray-drying. In some 
organizations dry- and wet-milling are combined. Granulation techniques are 
used as secondary source methods for preconsolidation. Some preconsolidation 
is accomplished by making prepressed slugs of materials in the moist (up to 
~6% water) or dry state. These slugs are later crushed, and the resulting pel
lets are tumbled and classified by standard screening methods to produce pellet
size distributions that approach maximum packing for the consolidation process. 

Pressed slugs, when fractured, produce granules of high green density, which 
subsequently produce high-green-density feed material for consolidation pro
cesses. Granulation by tumbling is also practiced, and granules produced by 
this method are generally of lower green density than the pressed-slug-derived 
or spray-dried types. 

Binder-lubricant systems range from soft to hard for both hollow- and solid
pellet technology. Examples of soft binders are paraffin waxes, and hard-binder 
systems are typified by polyvinyl alcohol-containing compositions. Binder
lubricant systems cover the range from soft to hard, as an infinite number of 
systems exist. 

Recent improvements on dry-ball-milling systems that can produce mate
rials capable of being processed to higher green densities (up to 3.0 g/cc) are 
causing a reorientation in thinking with regard to preconsolidation processing. 
Prolonged dry-milling also introduces a factor of grain rounding and polishing 
not usually found in wet-milling practices. The resulting high-green-density 
compacts offer promise of fired-shrinkage reduction, microstructural uniform
ity, and lower firing temperatures. 

In most instances, standard methods of wet- and dry-ball-milling combined 
with spray drying produce hollow pellets. These pellets, if not morphologically 
destroyed in subsequent pressing or consolidation operations, can create charac
teristic pellet-based green and fired microstructures. Solid-pellet technology 
can produce similar microstructure, but without the characteristic void of the 
single-pellet structure. Both these systems produce green and fired micro
structures that are considered uniform in their microdefects. The desired 
system is one in which the pellet morphology, either hollow or solid, is dis
integrated during the consolidation process. The existing state of the art 
ranges from complete pellet or granule disintegration to nearly complete 
morphological retention. As such, it provides a way to control final micro
structure and surface structure. 

For < 99% pure and min 99% pure systems, final properties are known to be 
processing sensitive. In general, both hollow-pellet and solid-pellet technolo
gies leave their imprints on the microstructure. The basic unit of hollow-pellet 
technology is the hollow pellet ltseli. These repeatable units can be responsible 
for a possible characteristic final microstructure. 

Solid-pellet technology attempts to overcome the difficulties of the hollow 
pellet but introduces other problems. The basic problem of the solid pellet is 
that it tends to be relatively nonuniform with respect to shape except when it 
is produced by spray drying. Shape irregularities are thought to produce areas 
of nonuniform and/or incomplete packing, which can result in a void or low
density area after pressing. 

Pellet or granule-size distribution is an important factor, influencing green 
and fired microstructure. In most ceramic preconsolidation and consolidation 
processing, materials must flow from one point to another. Pellet or granule 
segregation occurs because of a differential flow between large and small pel
lets, which causes materials segregation in the form of a nonuniform fill of 
consolidation cavities. Microstructural differences often result. 
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In summary, pellet morphology, microstructure, and size distribution in the 
green state play a significant role in determining the nature of consolidated 
structure, and effort is required to develop an understanding of the essential 
interactions. 

Dry-Pressing 

Dry-pressing is treated separately from isopressing preconsolidation because 
differences result from restriction, generally, to "thin" ware. Both solid-pellet 
and hollow-pellet technologies are presently used for the preparation of dry
press-consolidation feed materials. Standard methods of ceramic processing 
are used to develop input material for dry-pressing, e.g., ball-milling and spray
drying resulting in flowable dry powders, granulating and/or tumbling and 
screening to produce desired granule distributions yielding good flow and pack
ing characteristics. Moisture in the form of residual or added water is often 
used as a pressing aid. It can remain or be added to dry-pressing compositions 
in a uniform dispersion or be mixed nonuniformly by means of high-moisture 
granules that are mixed with their drier counterparts. 

Two basic technologies exist in preparing feed material for dry-pressing of 
<99% pure materials. They are the soft- and hard-binder approaches. It is not 
possible to separate these two methods completely, but in employing the soft 
binders, pressures required for subsequent consolidation are low, generally 
less than 20,000 psi. In effect, reasonably high green-density bodies can be 
produced at relatively low pressures. A principal problem with this method is 
that production rates are generally decreased because of ceramic materials 
adhering to die faces. The hard-binder system generally uses higher pressures, 
in some cases up to 80,000 psi or greater. Equivalent green densities are pro
duced, but often it is not possible to produce the uniform fired microstructures 
that are possible with the soft-binder techniques. An inherent advantage in the 
hard-binder system is that there is little die-sticking and high production rates 
result. In minimum 99% pure systems, production work is limited to shapes up 
to 6 in. in diameter, perhaps, with limited quantities being produced. No state 
of the art exists in very-high-purity systems. 

Processing of feed material before pressing is very important with respect 
to production of green- and fired-microstructure differences. Fired micro
structure is also directly influenced by binder type, amount, introduction method, 
and pellet-forming methods. Hard, noncrushable pellets may form either porous 
or multiclosed pore-fired structures. The "soft" systems can produce materials 
of high-fired density and lower pore concentration. 

Research in binder, lubricant, and grinding contributes to effectiveness, 
and the development of improved methods of incorporating this research into 
ceramic compositions is needed. There is a need for studies of actual binder 
behavior and how binders operate to produce pressure transfer and lubrication 
during pressing. The potential of employing particulates without binder addition 
requires evaluation. As the ceramic industry moves into very-high-purity sys
tems, new methods of binder additions and contamination control will be needed. 

Slip Casting 

Preconsolidation for slip casting of alumina consists primarily of ball- or 
vibratory-milling of the raw materials in the presence of proper electrolytes 
in order to create a highly dispersed system. Generally, high-slip specific 
gravities are desirable (>2.0 g/cc). Dispersion of the particulate materials is 
essential to preparation of casting slips that do not settle upon standing. U set
tling of the suspended particulate material should occur, the settled material 
should be capable of being easily dispersed with a minimum of mixing. When 
settling produces a hard dense compact, casting cannot be controlled with re-

Copyright © National Academy of Sciences. All rights reserved.

Ceramic Processing
http://www.nap.edu/catalog.php?record_id=20276

http://www.nap.edu/catalog.php?record_id=20276


--
29 

spect to dimensions of walls of the objects being cast. Less than 99% pure and 
minimum 99% pure casting slips are currently prepared. Very-high-purity 
systems do not exist. 

For the <99% pure and minimum 99% pure alumina materials, two general 
dispersion systems are in common use. When highly calcined (1,750°C) or fused 
raw materials are used, acid (HCl) dispersed systems are most common. The 
acid-dispersed system could be considered classical. In early alumina casting
slip preparation (about 1920), fused alumina was ground by using steel balls in 
steel-lined mills, and iron contamination from grinding was removed by acid 
leaching. An acidic aqueous slip was produced having excellent dispersion, 
specific gravity, and casting characteristics. For fused or highly calcined 
materials, the acid system is still in use, although milling is generally carried 
out in ceramic-lined mills with ceramic grinding media. 

For alumina raw materials classified as calcined (-1,450°C) the acid-disper
sion system is less effective. Alkaline- and organic-based dispersion systems 
are frequently used for these systems. Alginates derived from sea kelp, and 
certain animal-based protein materials, are effective as suspension agents. 

The preconsolidation preparation of magnesium oxide casting slips presents 
problems not associated with alumina slips. Magnesia hydrates readily in water, 
and milling must be done at a low temperature (-2°C) in order to prevent ex
tensive hydration. Controlled hydration results in the development of casting 
slips of the proper viscosity, degree of suspension, and specific gravity for 
casting. Magnesium oxide systems are generally in the <99% pure or minimum 
99% pure purity range. Nonaqueous suspensions are also effective for magnesia. 

Preconsolidation processes for thixotropic casting techniques consist of in
troducing moisture such that thixotropic properties are produced in the casting 
slip. This is accomplished using ball- or rotary-mixing devices. 

Additional effort is required to learn more about the fundamentals of parti
cles as they relate to casting-slip preparation and properties. The remarkably 
dense properties of fused-silica casting slips should be evaluated and exploited 
for other systems. Studies are needed relating bulk and surface characteristics 
of fine particles with casting-slip properties and subsequent ceramic ware pro
duced by slip casting. 

Plastic Molding 

The principal preconsolidation effort for the plastic-molding processes of in
jection molding, compression molding, and transfer molding is the mixing of 
organic or other materials with preselected ceramic compositions to produce 
plastic masses. Since these processes are flow processes, it is necessary to 
develop ceramic - plastic mixtures with good flow properties, and, in general, 
thermoplastic organics are used as flow-promoting plastic binders. There is 
considerable similarity between the problems in the preconsolidation material 
preparation for extrusion and for plastic-molding processes. 

While extrusion is principally a process for long-dimensioned shapes, plastic
molding processes produce complex ones. Maximum flow with minimum pres
sure drop is required, and the basic problem is coating fine particles with 
thermoplastic materials. Intense mixing at high temperatures (100-400°C) is 
often required. Water emulsions of the organic-plastic agents facilitate the 
initial mixing of the organic with the ceramic particulates, and the initial con
tact can be made by using an aqueous or nonaqueous slurry and solutions. Re
moval of the volatile constituents provides an intimate mixture of the organic 
and ceramic. One important preconsolidation treatment is the production of 
granules of plasticized ceramic as feed stock for injection-molding presses. 
Two common processes are granulation by screening and extrusion of rods 
that are cut to relatively uniform length. Plastic-molding preconsolidation 
processes are restricted to both <99% pure and minimum 99% pure systems. 
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Improved methods of binder and lubricant introduction in plastic molding 
are needed. In general, binder contents of plastic-molded parts are very high, 
necessitating long and careful binder-removal cycles before sintering. Binder 
systems that would produce high-temperature plasticity of plastic-molding 
mixes at low binder content would enhance the ability of the processes to 
produce large shapes. 

Consolidation 
SLIP CASTING 

Standard plaster-of-paris and bisque-mold techniques are utilized at present. 
Casting is generally conducted using various methods. The conventional method 
employs plaster molds, which have the ability to withdraw liquid from a slip or 
slurry. Pressure casting, another technique that is used, generally employs a 
feed material of much higher viscosity than that used in standard slip casting. 
Vacuum-assisted casting is also used to aid in water removal. 

Thixotropic slips can be used to produce bodies having relatively thick-walled 
large shapes, and various alumina refractories are currently being fabricated 
by using this technique. Medium-sized alumina radomes have been formed by 
thixotropic casting, and large beryllia crucibles are also produced by this 
method. 

Principal efforts are with <99% pure systems, although limited work is being 
done with minimum 99% pure systems. It is believed that the casting method 
could be adapted to economical production of armor, radomes, and deep submer
sible vehicles and devices. A notable contribution is the development of fused
silica radome configurations with close tolerance control. Further effort is 
required in developing more advanced and controlled production methods for 
other materials, including minimum 99% purity in large size form. A study of 
the application of pressure and atmospheric methods to realize uniform density 
distribution is needed. Casting methods as applied to minimum 99.9% pure sys
tems may also be practical. Attempts are currently in progress to determine 
green-density variation by nondestructive x-ray radiography methods and to 
correlate this with fired-character differences. 

Size and Shape Limitations 

In general, slip casting represents the one cold-forming process where very 
large complex ware can be realistically produced with a high degree of success 
potential. 

A wide variety of alumina forms in both <99% and minimum 99% pure cate
gories have been prepared, e.g., 

Radomes 2-ft in diameter x 4-ft high and 3/8-tn. to 1/2-in. wall thickness 
have been prepared with dimension-tolerance control ±2% of fired shape. 

Slabs or plates 2 ft x 2 ft up to 1-in. thick have been prepared with dimension
tolerance control ±2% of fired shape. 

Tubes 9-tn. in diameter x 9-ft long x 1/2-in. thick have been prepared with 
tolerance control as above. 

Solid thicknesses of greater than 1 in. are generally not practical. 
A general characteristic is that green microstructure exhibits finer particle or 
grain size at the casting wall than away from it, with resultant fired differences 
across the wall. Surface features are dependent on mold-surface properties as 
replication occurs. 

EXTRUSION 

Extrusion of preconsolidated masses, either plastic or granular, is generally 
done by two basic methods-ram-extrusion and screw-extrusion. For the abra-
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sive alumina systems (and BeO), ram-extrusions are generally used. High wear 
rates, with attendant equipment breakdown and contamination, preclude the use of 
screw-type machines. In both plastic and granular mass-extrusion, similar die 
configurations are used. Generally, the material will be forced through a per
forated plate, to be broken up and cause disoriented flow, before moving through 

. the extrusion nozzle. Both plastic and granular systems (low pressure and high 
pressure, respectively) ultimately flow plastically in the extrusion operation. 

Tooling for extrusion processes can be made of steel, tungsten carbide, or 
the ceramic composition being extruded, depending on the level of contamination 
acceptable. 

Grain orientation is a principal effect of the extrusion process and both grain 
and flaw, or void orientation, occur. 

Ultrasonic high-pressure extrusion has been used in a very limited fashion. 
The extrusion of BeO in the very-high-purity state has been worked on exten
sively in some classified applications. Results have been outstanding in produc
tion of very-high-density material. No >99.9% pure alumina art exists at this 
point. 

Present extrusion methods are generally considered to produce acceptable 
<99% pure commercial ware. Poor fired-product quality is considered a reflec
tion of poor mixing technique in the preconsolidation stage. Improvements re
quire die-design modifications. Warm extrusion (up to 500°C) might also be 
considered for improvement purposes. Binder systems producing high green 
density at minimum extrusion pressure would be helpful. However, a significant 
and unresolved difficulty is the inherent density gradient developed from die wall 
to specimen center, which manifests itself in terms of ware distortion and 
character inhomogeneity. 

ISOSTATIC-PRESSING 

Isostatic-pressing is presently employed in < 99% and minimum 99% pure alu
mina systems. Basically, pressure is applied to ceramic compacts by first 
sealing the preconsolidated material to be pressed in a flexible container. The 
compacts are sometimes evacuated. Container pressures can be between 0.1 
and 0.01 atm in commercial practice. The container to be pressed is placed in 
a pressure vessel and, by use of an essentially noncompressible fluid, is pres
surized to a predetermined pressure to create a green or unfired ceramic com
pact. Pressures used range to 30,000 psi commercially and up to 100,000 psi or 
greater experimentally. Rods, plates, and cylinders, both hollow and solid, are 
feasible. 

A significant problem in isostatic-pressing is that of pressure transfer 
through the material being pressed. Generally, the pressure experienced by a 
compact diminishes with distance away from a pressing surface and into the 
pressed material. Green-density variations exist in pressed blocks because of 
a different pressure-transfer experience. These green-density differences re
sult in areas of different fired shrinkage, which could possibly cause residual 
stresses in parts upon firing. When machining parts from isostatically pressed 
blocks, care is taken that the machined part is symmetrical about the pressing 
axis of the part and that the green-density variations are at least uniform ones. 
In cases where they are uniform and controlled, shrinkage occurs in a uniform 
and symmetrical manner. Isostatic-pressing is generally applied as a bulk
material pressing process. Some very complex shapes, such as cathode-ray 
tube containers, are isopressed by use of carefully formed flexible bags and 
steel mandrels. The general purpose of isopressing is to produce a compact of 
uniform green density and to produce bulk materials that can be further ma
chined into simple or intricate shapes. Green-density differences owing to 
pressure-transfer diminution through the body exist in most cases, and these 
manifest themselves in terms of character inhomogeneity. 
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The problems of particle segregation and of nonuniformity of the ceramic 
powder used as feed material for isostatic-pressing have been discussed, and 
such nonuniformity contributes to the development of green-density variations, 
which are major problems in isostatic-pressing and cold-forming in general. 

Size, Shape, and Surface Limitations 

The principal efforts in isopressing have been applied to <99% pure alumina 
systems, with increasing but minor activity in the minimum 99% pure field. 

Radomes are an example of <99% pure alumina ware currently produced by 
this technique. 

Size. The size of radomes is limited to the availability of equipment for 
pressing, machining, firing, and grinding. Nose cones 2 ft in diameter x 4-ft 
long have been produced. Cylinders 2 ft in diameter and 7-ft long, with a 2-in. 
wall, have been produced by isostatic-pressing for the Princeton C stellerator. 

Wall thickness. Fired-wall thickness is limited to 1/2-in. minimum for large
size radomes. Wall thickness in fired state is limited by the rigidity of the sys
tem at high firing temperatures. Basically, for large radomes, 2 ft x 4 ft, the 
1/2-in. wall would be minimum. Radomes larger and smaller than this would 
have thicker and thinner wall requirements, respectively. Grinding subsequent 
to firing could produce wall thicknesses of any dimensions consistent with the 
stiffness of a particular configuration. 

Tolerances-generally pressed as ±1% of any given fired dimension. Very 
close tolerances, i.e., ±0.002 in., can be held by grinding. 

Uniformity of character. On a comparative basis, product quality is realized 
in parts made by isostatic methods. However, in terms of character, quantita
tive assessments of uniformity are not documented and are rather unknown. 

Thin Slabs or Plates 

Size is generally limited by the size of the pressing, machining, and firing 
equipment available. Fired diameters of up to 2-1/2 ft are possible. 

Thickness. For the size mentioned above, a fired thickness of 3/4 in. would 
be necessary. 2 ft x 2 ft x 1 in. plates have been produced for electronic appli
cations. Thinner plates can be obtained by grinding. 

Tolerances-±1% of fired dimensions. 
Character uniformity has not been assessed. 

Solid Blocks 

Size. The size of the largest solid block is unknown. 30-in. diam x 30-in. lengths 
have been produced in 85% alumina. 

Tubes 

Size-2 ft in diameter x 4-ft long. 
--Thickness-2-in. wall (not necessarily a maximum). 

Tolerances-±!% of fired dimensions. 
Uniformity of character-unknown. 
Surface texture. In practice, two varieties of surfaces have been developed 

for commercially processed isostatic-pressed alumina: They are as-fired and 
ground and/or polished. As-fired surfaces are directly related to the prefiring 
treatment they have received, and it is not realistic to generalize about their 
development. For example, a surface that has been pressed against a polished 
steel or other mandrel will retain the imprint of that polished surface after 
firing. Some surface roughening will occur due to thermal etching at the sur
face. A surface pressed against a polished-steel surface, having perhaps a 10-
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20 rms finish, will likely have a fired-surface roughness in the 20-80 rms range. 
Surfaces that have been roughened in the machining process will generally retain 
their rough characteristic through the firing stage. 

Ground surfaces will have surface roughnesses that are related to the grit
of-wheel used in diamond grinding. The ultimate finish possible on polishing is 
dependent on the microstructure of the fired material. There is a direct relation
ship between ultimate possible finish and preconsolidation processing. Ultimate 
finishes of 2-4 rms can only be produced on materials having few or no process
ing microvoids. 

DRY-PRESSING 

Consolidation processing for dry-pressing consists of compacting powders be
tween die faces in an enclosed cavity. Pressures can range from low (-5,000 psi) 
to high (greater than 80,000 psi) in normal practice. Dry-pressing is generally 
used for high production rates of small parts, but can be used for any size part 
for which equipment is available. Complex shapes are often pressed, but simple 
flat shapes having parallel faces have the best geometry for pressing. Shapes 
having varying cross-section thicknesses present problems of obtaining uniform 
compaction. Pressure transfer of a uniform nature is difficult to accomplish in 
sections of varying thickness. Green-density variations usually cause size dif
ferences during the final densification. A uniform precompacted green density 
is a prerequisite starting point for minimizing compacted green-density gradi
ents in the cold-pressed part. 

Dry-pressing is done using tungsten carbide-lined dies when abrasive mate
rials are being processed, and alloy steel dies are used for short runs and for 
pressing materials of low abrasiveness. 

Force transfer through die walls because of frictional effects between the 
wall and the material being pressed is often responsible for shape distortions 
during firing. This frictional effect can be overcome to some extent by using 
the floating-die-body principle. This method requires that only a small fraction 
of the total force applied be transmitted into the die body and therefore become 
unavailable for densification work. 

Multiple-punch dies are frequently used to produce parts having irregular 
cross sections. Generally, these punches are activated separately in order that 
pressures will remain constant across a part. Irregular-part outlines are pro
duced by contouring the pressing dies to the required shape. A wide variety of 
shapes and sizes can be made by dry-pressing in this fashion. Size limitations 
are related to the availability of the equipment. One-hundred-ton ceramic 
presses are common at present. Presses having capacities of several thousand 
tons are used in the refractories industry. Dry-pressing is considered a likely 
process for the production of large flat shapes. 

VIBRATIONAL COMPACTION 

This is a process by which ceramic particles are compacted by low-frequency 
high-energy vibrations. Particle inertia is overcome by application of vibra
tional energy, causing the particles to pack to a density consistent with the 
geometric and material characteristics of the system and with the conditions 
of vibration imposed. 

The vibration-compaction process has been used extensively in the nuclear
fuels industry to clad and compact ceramic fuels simultaneously, usually in the 
form of long thin rods. The method provides a means for fabricating clad com
ponents having core materials and cladding geometries not amenable to more 
conventional techniques. Packed densities as high as 95% of theoretical have 
been obtained, although densities of 90% of theoretical are more common. 
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Particle-packing theory has been successfully correlated with particle-size 
distribution and resultant density. 

Limitations 

1. Since the densification that occurs during vibrational compaction is of a 
mechanical nature only, it is necessary to clad permanently the material being 
compacted. 

2. The degree of densification is strongly dependent upon the physical charac
teristics of the particles, including particle size, density, distribution, and shape. 

3. Particle-size distributions are extremely critical, necessitating the use 
of only particles of a certain size (coarse and medium fine) and definite quan
tities of each. As a result, processing is more costly and time-consuming than 
for most conventional techniques. Another result is definite inhomogeneity in 
grain and pore sizes, which is characteristic of process. 

4. A continuously variable frequency and amplitude is required to orient par
ticles of various shapes and sizes into the most favorable configuration. In turn, 
this frequency and amplitude is dependent upon the material being compacted, 
and on the cladding material and geometry. 

5. In vibrationally compacted rods, densification is a function of the length
to-diameter ratio. Uniformity of the density along the length of the rods can 
vary. 

6. Cladding and closures can be damaged by extended vibration at high accel
erations and energies. 

7. Although considerable work has been done on vibrationally compacted rods 
and tubes, other geometries have not been completely established. 

HIGH-ENERGY-RATE FORMING METHODS 

Process 

In both the explosive and pneumatic - mechanical impaction processes, the mate
rial to be impacted is placed in a metallic container, the container sealed, and 
high-pressure pulses generated in the material, as follows: 

1. Explosive compaction-detonation of a high-explosive charge immediately 
adjacent to the container. 

2. Pneumatic- mechanical impaction-sudden deceleration of a ram propelled 
by a rapidly expanding gas. 

After either type of impaction, the metallic sheathing can be removed by 
mechanical acid leaching, or left intact to serve as cladding for the densified 
powder core. 

Both processes have been applied to a wide variety of ceramic materials, 
although work is generally still in the exploratory stage. In the explosive 
compaction process, pressures of 8 x 106 to 12 x 106 psi are known to be ap
plied to materials at ambient temperature, producing compacts of 94-98% of 
theoretical in most cases. Geometries such as rods, tubes, and rocket nozzles 
have been directly formed by this process. In the pneumatic - mechanical 
impaction process, pressures up to 106 psi have been generated in materials 
preheated at temperatures approaching 2,000°C. Typical densities of 99+% 
theoretical density are being achieved in some cases, with attendant fine-grain 
microstructure (<2 µ). Direct forming of simple geometries is still in the 
exploratory stage. 

It presently appears that both techniques are most useful in producing high
density agglomerates from ultrafine powders. It has been shown that for 
explosive compaction, composition or powder reactivity is virtually unaffected 
by this type of agglomeration. In some instances, sinterability has been en
hanced, with subsequently lower firing shrinkages. Pneumatic - mechanical 
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impaction, while employing somewhat lower pressures at elevated temperatures, 
might be expected to yield similar characteristics. 

Limitations of the Process 

The response of a ceramic to high-energy-rate processes is highly dependent 
on characteristics of the material, including crystallite size, shape, orientation, 
and structure. Mechanical characteristics are also extremely important be
cause insufficient plastic flow of the material will cause it to fracture. In addi
tion, fractures can occur as a result of tensile reflection of shock waves and/or 
springback of the material after impaction. 

The necessity of containing the material to be impacted with a metallic 
cladding also introduces an additional cost and process step. 

It is presently difficult to set size and geometry limitations for either pro
cess. In the pneumatic - mechanical impaction process, maximum diameter is 
currently limited to a few inches, largely due to tooling requirements and in
sufficient state of the art. In explosive compaction, quite long pieces can con
ceivably be made, but the difficulty of transmitting the energy through and to 
the center of a large cross section is still a problem. The cross-section limita
tion also depends on the specific gravity of the material and its shock-absorbing 
characteristics. 

Other Remarks 

1. Neither process requires a binder, thus simplifying the procedure and 
eliminating the source of contamination. 

2. For explosive compaction, the simplicity of the operation and facilities 
reqµired offers an economic advantage of requiring a minimum amount of capi
tal outlay. Conversely, pneumatic - mechanical impaction requires a considerable 
investment in equipment and tooling. 

Final Densification 

SINTERING AND LIQUID-PHASE SINTERING 

Process Features 

The bulk of ceramic ware produced today is densified by reasonably conventional 
sintering procedures and this is particularly true of the <99% and >99% pure 
composition fields. 

The rather large firing shrinkage of conventional cold-compacted powders, 
which in the technical-ceramic field is in the range of 15 to 65% by volume, 
becomes an increasing detriment to the ability to produce large shapes effec
tively and efficiently. Another difficulty is the lack of uniformity in shrinkage 
with location in an object, which is associated with dimensional variations and 
flaws in fired ceramics. Variations in porosity and pore anisotropy resulting 
from inadequate control in preconsolidation and consolkiation account for many 
of the difficulties, but some result from difficulties in getting heat energy into 
the body uniformly and are aggravated by size, low initial density, and chemical 
reactions. 

The characterization of the changes in microstructure that occur during 
sintering or liquid-phase sintering would require the independent description, 
during density change, of the pore-shape, pore-size, and grain-size changes 
that accompany it. There is no material for which a complete description of 
the microstructure evolution has been made (from the as-fabricated bulk com
pact to the final-density limit achieved after high-temperature firing). The 
analyses of the mechanisms of material transport, which have been conducted 
in many systems, have been based on observations of neck growth between 
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spheres, shrinkage in powder compacts, or densification with observed grain 
growth during the later stages of the process. From those studies it has be
come clear that the sintering process should, in general, be interpreted as 
being a complex mixture of various mechanisms of material transport that can 
be operative. The relative importance of the given mechanisms in a specific 
material will vary with temperature, time, heating rate, and other experimental 
variables such as atmosphere, impurity content, and particle size. Because of 
the lack of a complete description of the microstructure evolution for any mate
rial, and the complexity of the process with multiple mechanisms of operative 
material transport, it is obvious that our understanding of the microstructure 
evolution for technological production is predominantly empirically based. 
However, based on the mechanistic studies that have been conducted, the rela
tive importance of the various variables and the interrelationships among them 
can be semiquantitatively evaluated. 

The experimental variables that have been shown to control or to affect the 
densification rate, density limit, grain growth, and secondary grain growth, 
are listed below in order of considered importance. 

1. Material composition 
a. Single phase 

i. Covalent bonded-ceramic materials: SiC, B4C, Ti82, generally do 
not shrink. 

ii. Metallic materials: generally exhibit sintering shrinkage. 
iii. Ionic materials: generally exhibit sintering shrinkage. 
iv. Pure doped single phase: The composition effect in this range 

governs densification rate, grain-growth rate, and density limit 
through secondary grain growth. 

b. Second solid phase-same effects. 
c. Liquid phase and its viscosity (both affect densification and grain

growth rates). 
2. The temperature: together with heating rate, which affects densification 

and grain-growth rates and density limit. 
3. Time at temperature: including maximum and heating rate, which affect 

density limit and grain growth. 
4. Particle size: affects densification and grain-growth rates. 
5. Bulk density: affects density limit and maximum shrinkage. 
6. Atmosphere: affects densification rate and density limit. 
7. Particle-size distribution: affects densification rate, density limit, and 

secondary grain growth. 
8. Bulk density distribution: affects distortion and density limit. 
With this range of variables and the complex interactions among them affect

ing the different possible mechanisms of material transport, it is obvious why 
the empirical controls developed by technologists frequently break down. The 
impurity effects alone, variable impurity contents from batch to batch, and 
particle-size changes, make careful control over the final density, distortion, 
and general reproducibility of the microstructure exceedingly difficult to 
guarantee. 

Compositional Features 

Composition plays an important role in sintering behavior, and the effect of im
purities or additions has been demonstrated to be most significant. 

The three purity classifications follow: 
1. Very high purity, >99.9% pure. No information is currently available for 

this composition category, and it should be investigated. 
2. High-purity or minimum 99% pure single phase. Very-high-density alu

mina, beryllia, magnesia, yttria, ferrites, and zirconia are state of art. The 
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achievement of very high density in these materials has required control of dis
continuous grain growth, atmosphere, particulate size and size distribution, and 
bulk density. 

Impurity, particle-size, and agglomerate-size variation from batch to batch 
are apparent sources of difficulty in achieving consistently reproducible be
havior. For production of theoretical density, as has been achieved with 
Al203 + MgO, Y203 + ThQi, ZrQi + Y2Qs, MgO + LiF, and some ferrites, 
critical control of the preceding variables has been shown to be necessary. 
From those successes it may be anticipated that many more materials will be 
made to theoretical density in the near future, using the techniques that have 
been demonstrated for evaluation of a dopant's effect on discontinuous grain 
growth. 

The principal areas for which the necessary basic information is lacking are 
on subsolidus equilibria for gases and solids, their effects on transport in 
crystal lattices, their segregation at grain boundaries, and their consequent 
effect on grain-boundary diffusivities and mobilities. 

Increased low-temperature strength with decreased grain size has been ob
served in many materials and provides the basis for the need for controlling 
grain growth during sintering. (Grain enlargements of 100 x are typical for sin
tering when grain-growth control by doping is exercised. They may be greater 
than 1,000x when not exercised, and may be restricted up to 2 x by hot-pressing.) 
The grain-size effect on strength is illustrated by typical data for alumina 
tabulated be low: 

High-Density HP Alumina 

Grain Size 

1-2µ 
5µ 

100µ 

Strengths 
(in bending) 

-100,000 psi 
- 80,000 psi 
- 30,000 psi 

Greater control, by doping grain growth during sintering, is needed to make 
higher strength nonalumina bodies available. 

Commercial Bodies < 99% Pure 

The processing of oxides containing an 85-99% crystal phase is under better 
empirical control than for 99+ bodies; the (generally) siliceous liquids, by 
smothering the variable impurity effects, provide more reproducible behavior 
in controlling densification and grain growth. The bodies are generally not of 
theoretical density. The main problem in density control probably arises from 
gas trapped from air-firing, the use of inexpensive materials, and grinding for 
blending. This processing provides commercial ware with adequate properties. 
It is not known how much greater potential would be available if better character 
were developed. The grain sizes are held to 5 µin the strongest bodies, which 
show bend strengths of 50K psi. In contrast to the higher-purity materials, the 
strength is less sensitive to grain size after firing and is probably more de
pendent on the nature of the second- and/or tertiary-phase-boundary composi
tion as well as variable pore structure and its distribution. 

The strength at high temperatures is probably less dependent on grain size 
than on type and content of impurities. The tensile strengths of ceramics at high 
temperatures are generally so low that use is restricted to low stresses or com
pressive loading, causing creep rate rather than fracture to be more pertinent 
for design purposes. The creep rate in many materials increases with decreas
ing grain size, i.e., in opposite sense than low-temperature strength for optimiz
ing properties. For potentially improved high-temperature strength, develop-
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ment of controlled - preferred orientation polycrystalline bodies is needed (based 
on the observed structure- property relations in metals). 

HOT-FORMING 

Low Pressure (uniaxial < 50,000 psi) 

This technique has been successfully employed in the fabrication of ceramic 
materials for achievement of microstructure control, enhanced densification, 
composite fabrication, and pressure-bonding, which are not normally attained 
by conventional sintering techniques; e.g., full densification has been realized 
for MgO and very dense Al203, MgO, BeO, and Zr02 oxides. Y20a with grain 
sizes of 1 µ or less has been prepared. 

Final-stage densification mechanisms at the lower end of this pressure range 
are similar to sintering. Initial-stage densification is not as clearly established, 
since several mechanisms may be occurring simultaneously. The over-all den
sification mechanisms at the higher end of this pressure range are not clearly 
established either, although it is generally conceded that the plastic-deforma
tion characteristics of the higher-symmetry materials are important. Further 
work is needed to describe the densification kinetics in each of these areas. 

For oxides, most of the effort has been concerned with Al2Qa, MgO, and BeO 
in the 99+% pure state, although some industrial compositions featuring lower
purity levels, e.g., cutting-tool-grade alumina, have also been produced. This 
forming technique has been generally useful in the fabrication of materials that 
are very difficult, if not impossible, to densify by conventional sintering pro
cedures, e.g., certain nitrides, carbides, borides, and beryllides. 

The equipment and methods used in uniaxial hot-pressing show considerable 
variation and are most often manually controlled batch operations, although 
semicontinuous methods of producing alumina and ferrite rods, for example, 
have recently been described. 

In the simplest uniaxial hot-pressing system, the material to be hot-pressed 
is placed in the center of a cylindrical graphite die. Cylindrical graphite plungers 
are inserted, and the die assembly is placed between platens of a press, with 
suitable refractory insulators between the graphite plungers and the platens. 
Carbon black, carbon wool, or other suitable insulation is packed around the die 
assembly and retained in place by a nonconducting shell of fused silica or 
cement-bonded asbestos. An induction coil around the outer shell is used to 
heat the die assembly. Argon or other inert atmosphere may be circulated over 
and through the thermal insulation to prevent oxidation. Pressure is applied to 
the material by a hydraulic jack acting on the graphite plungers. Sometimes the 
die and material to be pressed are heated to the desired temperature and then 
pressure is applied, although it is often applied continuously during a run. Maxi
mum temperature and pressure attainable depend on the particular installation 
and design. 

The major variables encountered in hot-pressing equipment are the die 
material and design, method of heating, atmosphere control, and the pressing 
aids employed. 

Graphite is the most common die material used for unlaxial hot-pressing 
systems. However, other die materials are being used on a limited scale. 
Table 1 lists the materials being used or considered for use and limits of tem
perature and pressure at forming temperature considered to be attainabl~ at 
the present time. 

Graphite, as the most universally used material for hot-pressing dies, is 
available in many grades with differing densities, strengths, and thermal and 
electrical properties. Its increase in strength with temperature, low thermal 
expansion, ease of machining, and low cost make it a nearly ideal die material. 
Experience with many grades of graphite has not suggested any criteria for 
selecting one grade for hot-pressing dies. Generally, the 1.6 to 1.8 g/cc density-
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Table 1. Uniaxial Hot-Pressing Die Materials 

Maximum Use Maximum 
Temperature Pressure 

Material (oC) (psi) Remarks 

Graphite 2,500 10,000 Inert atmosphere required 

SiC 1,500 25,000 Reactive with many materials, 
difficult to machine 

Tac 1,700 8,000 Expensive, difficult to machine 
We and TiC 1,400 10,000 

w 1,500 3,500 Easily oxidized 

Mo 1,100 3,000 

Al203 1,200 20,000 Difficult to machine, needs 
Zr02 1,180 5,000 extreme care in loading, 
BeO 1,500 10,000 low thermal resistance 

T1B2 1,500 15,000 Expensive, difficult to machine 

Inconel X, Hastelloy, 
and stainless steels 1,100 10,000 

extruded graphites are used. Molded graphites rather than extruded grades are 
considered best when the die is heated by electrical resistance. Recently de
veloped materials, such as the dense reprocessed grades of graphite and 
pyrolytic graphite, are being appraised as possible hot-pressing dies and 
plungers. Because of the enhanced anisotropic properties of these materials, 
their applicability to hot-pressing dies appears to pose serious problems in die 
design. 

On a very limited scale, the refractory carbides have been tried as hot
pressing die materials. The expense of machining is a chief limiting factor. 
The refractory metals tungsten and molybdenum have also been used, but creep 
of the metals at high temperature limits their usefulness. Certain refractory 
diborides, although showing excellent high-temperature strength (-60,000 psi 
at l,800°C), are limited because of the cost in machining. 

The alloys based on iron - nickel - chromium or nickel - chromium have been 
used extensively in hot-pressing the alkali and alkaline earth halides. Their 
maximum temperature limitation is due to metallic creep. 

Interest in oxide die materials for hot-pressing in oxidizing atmospheres 
has increased significantly, particularly in respect to electrical and magnetic 
ceramics. High-density alumina has shown promise in this area and can be 
operated up to 40 hot-pressing cycles, provided extreme care is used in the 
operation of the equipment. Both alumina and stabilized zirconia are limited 
by low thermal shock resistance and creep at elevated temperatures; however, 
the lack of chemical reactivity with some materials, as well as oxidation sta
bility, compensate for these limitations. 

Design of hot-pressing dies is generally based on the standard formulas for 
thick-walled cylinders with internal pressure. For small diameters, these are 
generally successful in predicting maximum pressures attainable at any tem
perature, provided the tensile strength - temperature relationships are known 
for the die material. As the internal diameter of the die increases, imperfec
tions in the die material make the behavior more erratic. This is especially 
true for large graphite dies, where there has been considerable experience with 
hot-pressing in both the metallurgical and ceramic fields. 

Die washes, liners, or sleeves have been investigated and are known to have 
been employed in the industry with incomplete assessment of their potential. 
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Metallic foils of platinum, molybdenum, and tantalum have been used with limited 
success in graphite dies to prevent reaction between the material being pressed 
and carbon. Some success has also been attained in using a mold wash such as 
boron nitride, Al203, and pyrolytic graphite on graphite. Molybdenum dies have 
been chromium plated and used successfully to 1,100°C with materials that re
act with molybdenum. Complex designs such as alumina sleeves in stainless 
steel have been attempted for low-temperature hot-pressing (under 1,100°C). 

Graphite hot-pressing dies are often heated by induction, which is considered 
a simple and economical method. This method, however, is more difficult to 
adapt to controlled rates of heating and cooling and to assured temperature uni
formity in the specimen. Resistance heating of graphite dies by direct passage 
of electric current has also been successfully applied. For oxide dies and, in 
some cases, graphite die assemblies, heating from resistance heating elements 
has allowed closer control of temperatures. Temperatures attainable by this 
method are usually under 1,800°C. In many instances, the type of heating em
ployed is coupled to the type of material being hot-pressed and the specific 
hot-press design. 

Atmosphere control in hot-pressing is often necessary. Graphite below 
2,200°C must be operated in an inert atmosphere or vacuum. Above 2,200°C, 
an inert atmosphere must be used because of the vapor pressure of the graphite. 
In many assemblies the graphite is heated and residual oxygen reacts with the 
carbon-black thermal insulation or die material to form carbon monoxide as the 
gaseous atmosphere. The low rate of oxygen permeation through the carbon 
black prevents serious oxidation. Other systems flood and continuously flush 
with an inert gas such as argon. In either case, the atmosphere at the sample 
position is unknown, but is probably reducing in the first stages of hot-pressing. 

Vacuum hot-pressing has been attempted successfully in a number of labora
tories. In pressing oxides, one would suspect that an applied vacuum would facili
tate attaining very high densities. There is some direct experimental evidence 
to confirm this in MgO and A12o3. When pressing two-phase systems, such as 
glass - crystal combinations, there is definite experimental evidence that vacuum 
hot-pressing reduces entrapped gas and leads to more-uniform microstructures. 

Pressure distributions similar to those encountered in cold-pressing are 
known to occur in hot-pressing, although detailed studies on density variations 
have not been performed. 

Hot-pressed shapes, size, and uniformity are important considerations. 
Cylindrical, square, and rectangular cross sections have been fabricated. By 
use of collapsible graphite tubes to form the inner diameter, oxide tubes have 
been formed by hot-pressing. As a "rule of thumb," the length-to-diameter ratio 
for hot-pressed specimens should not be greater than 4 to 1. Although speci
mens with ratios as high as 9 to 1 have been formed, density variations along 
the length become increasingly severe above the 4 to 1 ratio. A unique method, 
by which the hot-pressed material itself forms the bottom plunger, has allowed 
alumina rods 4 in. in diameter and up to 6 ft long to be formed on a semicontinu
ous basis. The density of the product in this case has varied between 90 and 95% 
of the theoretical density. 

Examples of maximum sizes that have been hot-pressed to this time are 
given in Table 2. It is by no means implied that the sizes in Table 2 are the 
maximum possible sizes attainable. The general opinion exists that if a large 
shape were desired, it could be made by hot-pressing if suitable equipment 
were available. 

The smallest size that can conveniently be attained by hot-pressing an indi
vidual shape is throught to be approximately 1/4 in. in diameter by 1/4 in. high. 
No clear-cut limit is apparent, however. 

Uniformity of hot-pressed pieces either piece to piece or within one piece 
has not been subjected to thorough study. Density variations of ±0.2% in one 
piece and .±0.5% in repeated specimens have been reported with beryllia. 
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Table 2. Maximum Sizes of Hot-Pressed Shapes 

Diameter Length 
Material (in.) (in.) 

BN 14 14 
BeO 10 10 

12 2 
Al2o3 12 4 
MgO 12 2 
TiB2 6 18 
Si02 20 8 
B4C 24 2 

Alumina tool bits are quoted as having better uniformity from hot-pressing than 
from cold-pressing and sintering. Grain-size variations in one 12-in. beryllia 
sample varied from 10 µat the center to nearly 100 µat the edge. Grain-size 
variations in a group of approximately twenty 12 in. x 12 in. x 1.2 in. thick hot
pressed dense pure-alumina tiles were generally from 1 to 2 µ, with scattered 
concentrations of much larger grains in some tiles. Resulting variations could 
not be traced either to raw-material variation or process difficulty, although 
both were suspected. 

The number of pieces repetitively produced by hot-pressing has not yet been 
sufficient to evaluate adequately the uniformity of grain size, density, and other 
character - properties that can be achieved. Reasonable uniformity has been 
achieved on a laboratory scale. 

Various schemes have been proposed to make hot-pressing more economical 
by a continuous or volume process. Die assemblies maintained hot with a heated 
feed and hot ejection have been suggested, but there is no evidence such a sys
tem has been tried. The use of many die assemblies that are preheated, passed 
under a press, and then cooled has been proposed, but die costs are a prohibi
tive factor. stacked-pressing of a number of pieces in one die, and gang-press
ing of a number of die assemblies, have both been used successfully on a semi
continuous process. 

The pressing of large shapes and cutting of the desired specimens from them 
is practiced by the producers of boron nitride and ferroelectric ceramics. This 
method has been limited to those materials for which cutting costs are not 
prohibitive. 

Continual production by hot-pressing does not appear to be impossible, but 
superficial examination of the problem indicates unit costs would probably be 
high. 

Low Pressure (isostatic< 30,000 psi) 

Interest in isostatic hot-pressing has significantly increased during the past 
several years. Several laboratories are actively pursuing this forming method, 
primarily on an R&D basis. Current interest is in using a gas for the transmis
sion of pressure, and the equipment employed in isostatic hot-pressing consists 
of a pressure vessel containing a furnace. The material to be pressed is sealed 
into a metallic container, inserted into the furnace, and heated to the desired 
temperature. The pressure of an inert gas in the vessel is then raised to the 
desired level. At pressures of about 40,000 psi, the size limitation is approxi
mately 1-1/2 in. in diameter and 3 in. long for a temperature up to 2,200°C. 
Large installations have been constructed, which are capable of forming samples 
13 in. in diameter and 3 to 4 ft long, and which operate temperatures up to 
1,550°C and pressures up to 15,000 psi. 

Isostatic hot-pressing has been applied to ceramics, cermets, and other 
composite materials containing ceramic phases. The technique has produced 
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nearly theoretical dense specimens of up to 99.9% pure alumina with a grain
size range of 2-4 µ. Uniform density and microstructure have been reported 
for material processed by this technique. Gas entrapment, sheath interaction, 
and temperature gradients are inherent process limitations, as are size, toler
ance, and quantity-production problems. 

High Pressure (50,000 psi to 106 psi) 

Work in this area has primarily been concerned with 99+% pure material, e.g., 
ZrQ.i, Al203, and MgO, although recent work has included less-pure refractory 
carbides and borides. Only small (-1 in. diam) specimens have been prepared, 
with limited evaluation. Except for diamond synthesis the process is primarily 
of an exploratory interest at present. 

Problems of gas entrapment, nonuniform pressure and temperature distribu
tion, and die stability exist. Currently, simple cylindrical geometries are state
of-art shapes that are being studied in connection with several R&D-sponsored 
efforts. Also, fully dense 0.1-µ grain-size MgO and relatively fine grain size 
high-density refractory borides and carbides have been prepared. 

Hot-Working 

Effort in this area has primarily been carried out in an exploratory fashion, in 
order either to facilitate production of certain compositions in specific forms 
or to prepare materials with preferred orientation in microstructure. 

Hot- rolling of crystalline ceramics for the production of plates or sheets 
has been investigated in a number of laboratories. The equipment used was 
essentially metal-working rolls with alumina-ceramic sleeves. Internally 
heated rolls have not been used; rather, the material has been precompacted 
and heated, then passed through rolls that were at a lower temperature than the 
compact. This results in undesirable heat transfer from the material to the roll. 
Work with barium titanate, forsterite, and synthetic mica under these conditions 
has indicated that a glass phase was required to hot-roll ceramics successfully. 
A porcelain body has been successfully rolled by preheating an isostatically pre
formed body to 1,520°C and passing it between alumina-ceramic rolls. A 25% 
reduction in thickness per pass was achieved. The glass viscosity and propor
tional content appeared to be important parameters in hot-rolling. A proportional 
content of 20 to 40% glass was necessary, with approximately 30% optimum. 
There was no indication of preferred crystallite orientation. 

Hot-extrusion of canned and unrestrained ceramic powders (UQ.i, Al203, and 
BeO) has been investigated in a number of laboratories. Lithium fluoride powder 
has been hot-extruded in vacuum to give translucent rods approximately 1/8 in. 
in diameter. Fine grain sizes were not attained. The extrusion of a single crys
tal of lithium fluoride has given a glass-clear polycrystalline rod of fairly large 
grain size. The more refractory materials, such as oxides, have generally been 
restrained and coextruded with a metal can. Magnesium oxide, for example, has 
been hot-extruded in a heavy molybdenum can. Success has been realized in ob
taining polycrystalline MgO in several-inch sample-size lengths with some pre
ferred crystallographic orientation. Physical properties of such prepared 
material are currently under evaluation. 

Hot-extrusion has posed serious problems on extrusion die materials. The 
high pressures required have usually necessitated the material to be extruded 
to be preheated and rapidly placed in a relatively cold extrusion chamber and 
extruded through relatively cold dies. What effect this has on the material re
sponse is generally unknown and may be a limiting factor in character uniform
ity. Major problems with hot-extrusion are associated with the lack of high
temperature extrusion dies and the inability to characterize the material 
response. 
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Hot-forging of cermet materials to both densify and shape has been rather 
successfully applied. Uranium dioxide - molybdenum and friction materials in 
which ceramics are dispersed in metallic matrices are two examples. Hot
forging has been used to improve the density of fused silica. In recent work, 
press-forging has demonstrated some feasibility in producing preferred orien
tation in the microstructure for 99.9% pure alumina and magnesia. Conditions 
vary from high temperature (-1,800°C) and moderately low pressures (-6,000 
psi) to low temperature (1,200°C) and 100,000 psi. Mechanical properties of 
materials containing such microstructures are currently under evaluation. 

The full potential of hot-forming methods has not been exploited, mainly 
because of the economic disadvantage relative to other forming processes. 
Again, the primary commercial usage of the process has been concerned with 
the preparation of refractory materials that are too difficult to densify by nor
mal sintering procedures, e.g., some refractory borides, boron carbide, and 
refractory nitrides. 

CONTRIBUTIONS TO SCATTER OF DATA 

The scatter of data observed in ceramic materials, besides resulting in part 
from the nature of the text method employed, undoubtedly also results from the 
presence of critical flaws and/or significant variability in character, wherein 
the distinction between flaws and character variability is doubtless an arbitrary 
one. At any rate, the observation has been made in connection with high-purity, 
hot-pressed, dense-alumina ceramics, that as bend strengths reach maximum 
values, e.g., -100,000 psi, the scatter range can be quite significant, with values 
lower than 40,000 psi being observed for nominally "identical" character mate
rial. This variability may result from identifiable or unidentified character 
nonuniformity, unlocated critical flaw, or, as mentioned before, the character 
of the test method employed. It is significant, however, that observed variations 
in character, e.g., grain size and porosity, do register as significant changes in 
observed-strength properties for such dense high-purity compositions. Scat
tered concentrations of >5-µ grains in a 1 to 2-µ matrix, or a measurable in
crease in porosity (0.2%), can alter strength significantly. The character vari
ability observed, e.g., grain size and porosity, ts attributed to some extent to 
inadequate process control, e.g., temperature, pressure distribution, and con
tamination, as well as to raw-material variabtltty within a sample as well as 
from piece to piece. Increased character variability results as different lots 
of raw material are employed to fabricate the same sample type, thus confirm
ing the importance of raw-material vartabtltty. However, even within a given 
lot nonuniformtty in impurity distribution or the presence of impurities them
selves will be found, in certain instances, concentrated as scattered second
phase material after processing, often observable only by high-resolution 
electron-microscopy techniques. The significance of such scattered concentra
tions has not been resolved quantitatively. 

In commercial cold-formed and sintered-alumina compositions, e.g., of 
ceramic-armor variety, the situation is more ill-defined. Such compositions 
are generally characterized by a distribution in primary-phase grain size and 
by the secondary phase and its grain size and porosity; the terminology ''uniform 
character" has different meaning. Criteria are generally the percent of content 
and density of alumina. In view of the wide variations in phase-chemistry grain 
size and other significant character features inherent in such compositions, it 
is indeed difficult to reconcile observed scatter in properties to specific charac
ter parameters. One opinion is that for a given chemistry the final density is 
perhaps the most significant parameter to which the observation of other proper
ties should be related. 
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Table 3. Summary of Solids-Process Characteristicsa 

Slip Isostatic- Dry- Vibrational High-Energy- Hot-Forming 
Casting Extrusion Pressing Pressing Compaction Rate Forming 
and and and and and and Low Pressure Low Pressure High Hot-
Sintering Sintering Sintering Sintering Sintering Sintering (Uniaxial) (Isostatic) Pressure Working 

Compositions Oxides ll(I) ll(I) I I n m I n n n 
for which Carbides, nitrides m(ll) m n n m Ill II II II N 
suitable Borides, beryllides W(ll) m II II m N II II II N 

Elements (C, B) N N N N N N N N N N 
Composition 

control n II I I I N II I I II 
Uniformity control m(ll) m(ll) n n II N II I I I 
High-Purity 

capability m(ll) m(ll) I I I I II(I) I I I 
EVALUATION 
FOR OXIDE 
MATERIALS 

Configurations Shell, sheet, tube n ll(Tube) II I Tubes ll Ill W(II) II N N 
Block, bar m m II II Rods II m II III(II) III N 
Max. lateral dim. 

~ 
(in.) 60 100 60 in. 6-8 12 N 24 24 3 N 

~ Max. thickness (in). 1 10 60 in. 3 1 N 5 8 1 N 
Dimensional 

control W(ll) m II n II N I I n N(I) 

Internal Polycrystal 
structures (1 phase) m m n II n ll(I) ll(I) I I N 

Multiphase crystal n n n II II n II n I N(I) 
Phase-distribution 

control m(I) m II n n I I I I N(I) 

Polycrystal Min. grain size (µ) >5µ >5µ >5µ >5µ N <2 µ <1 µ <1 µ 0.1 µ <1 µ 
structures Size control m m(ll) II II N I I I I II(I) 

Uniformity control m(I) W(II) ll(I) n N I I I I ll(I) 
Grain shape, 

typical P,E,F E,C E E,P E E E,P E E P,F 
Orientation, typical R, 0 O,R R R,O R,P R R,O R R,O O,R 
Orientation control lll(ll) n II II m n I I I I 

• Min. porosity, % 1.0 1.0 0 0 N <1 0 0 0 0 
• Uniformity ill(II) m(ll) ll(I) ll(I) N N ll(I) II(I) II(I) II(I) 

Reproducibility m(ll) n II(I) ll(I) N N 11(1) ll(I) 11)1) N 

aRegular entries, present capability. Bracketed entries, future potential. Evaluation: I, superior; ll, average, m, inferior, N, not applicable. Numerical Values: 
Units in left column. Grain size: E, equiaxial; C,columnar; F, fibrous, filamentary; P, platelet. Grain Orientation: R, random; 0, oriented;•, over-ill assessment. 
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CAPABILITY OF PRODUCING AND CONTROLLING A SPECIFIED 
~ -

CHARACTER, SIZE, AND SHAPE 

At present, the capability to produce a uniform character in respect to size and 
shape is limited in solids processing to a very few compositions in either a 
laboratory or limited-production stage. Besides various ferrites and ferroelec
trics, examples include high-density high-purity aluminas of the Lucalox variety; 
zyttrite - zirconia; hot-pressed high-purity magnesia and alumina; yttralox; and, 
in a marginal fashion, cutting-tool-grade aluminas. 

Impurity, particle-size, and agglomerate-size variation from batch to batch 
are apparent sources of difficulty in achieving consistently uniform character. 
For development of controlled character in the compositions mentioned above, 
critical control of process variables, agglomeration, cold compaction, hot
forming, and sintering is necessary, in addition to strict chemistry control 
and/or use of purposeful additives to minimize discontinuous grain growth. 

At present, the limits in size and shape, in which controlled character can 
be maintained even for the compositions described above, are ill-defined. 
Thickness liniitations are known to exist and it is not clear that these can be 
surmounted through improvements in processing control. 

In the area of commercial compositions, <99% pure, which are normally 
prepared by cold-forming followed by sintering, it is apparent that the control 
of character will require considerable processing innovation, which may not be 
economical if there is no corresponding enhancement in yield and/or product 
properties. These compositions are, in general, currently characterized by 
irregular distributions in primary-phase and secondary-phase grain size and 
porosity; and to a large extent these variations result from the character of 
particulate materials employed. Extensive particle-size, shape, and composi
tion irregularities pose significant handicaps in the development of controlled 
character. 

STATE-OF-THE-ART SUMMARY 

Table 3 is a compilation of the Panel's assessments of the varieties of solids 
processes covered in this report, with respect to their important characteristics 
and capabilities. The elements of character selected are those considered perti
nent to structural applications, including those considered important for maxi
mizing strength and minimizing the scatter of strength. 

In view of the wide variety of compositions processed, which sometimes 
dominate the character that results, regardless of the particular process em
ployed, it is really appropriate to consider the tabulation as a rather average 
approximation of the over-all state of art. 

DEVELOPMENT OF RECOMMENDATIONS 

Solids-processing research has been undersupported in the past because it has 
been tied in with end-item needs as well as proprietary industry efforts, and 
thus has been directed toward a specific property requirement. Although cer
tain characteristics and properties of materials will necessarily continue to 
be related only to process variables at the level of present understanding, it 
is important to realize that this type of approach is empirical and specific. A 
fundamental approach will relate process and material variables to the achieve
ment of a particular character that, in turn, will determine the properties of 
materials. This approach is necessary to maximize finished-material perfor
mance and reproducibility and to facilitate the transition from laboratory 
results to quantity production and scale-up. 

An assessment of the state of art has revealed the close interconnection that 
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exists between the characteristics of particulates and the character that develops 
in sequential processing steps in solids processing. A quantitative understanding 
of this interconnection is lacking because of current limitations in characteriz
ing particulates in a fashion that is quantitatively meaningful to subsequent body
character development. This results from limitations in analytical methods 
used to characterize particulates, and insufficient control (using available con
trol procedures) of character of available particulate materials during prepara
tion, whereby both chemical and physical characteristics often have been found 
to vary significantly and independently in source material. 

Jn general, in the manufacture of commercial and high-purity ceramic ware, 
purposeful chemical additions are often made to source particulate material in 
an effort to negate undesirable effects of source-material inhomogeneities. 

The recognition of the close interconnection between the preconsolidation, 
consolidation, and final-densification steps, therefore, leads to the most im
portant recommendation-that broad research programs are needed to develop 
an understanding of interrelations in ~he essential processing steps and mecha
nisms with respect to starting raw-material particle characteristics. Emphasis 
must be given to the study of character evolution at each processing stage in 
relation to preceding and following steps to develop a general basis for mate
rials-processing control. The objective is to improve the ability to evaluate 
quantitatively those variations in particulate composition .and structure that 
contribute to character development and variability in in-process and finished 
ceramic bodies. 

It is recommended that investigations in particulate characterization be car
ried out for specific types of available minimum 99.9% pure oxides, with em
phasis initially on Al2<>3 and MgO. Subsequent efforts should include higher
purity materials when they are available. 

Efforts should be concentrated on the physics and chemistry of fine particles, 
together with the application or development of necessary techniques and instru
mentation for a more sophisticated characterization. The work should subse
quently include tasks aimed at relating the variations in particle characteristics 
to their influence on structure in subsequent stages of processing. 

The following represent other recommendations for research in areas of 
science and technology, specifically separated in terms of preconsolida.tion, 
consolidation, and final densification, that also seriously limit achievements 
in solids processing. 

Preconsolidation 

The subject of ceramic-particle technology requires further consideration here 
and the areas of prime significance follow: 

SYNTHESIS OF ULTRAHIGH-PURITY MATERIALS 

The synthesis of ultrahigh-purity >99.99% pure oxides in limited quantities, in 
controlled submicron particulate form, is essential for use as chemical stan
dards and for intrinsic studies concerned with, for example, nonstoichiometric 
effects, densification, kinetics, grain growth, and high-temperature strength. 

It is recommended that investigations be supported leading to the initial 
preparation of 100-lb batches, in order of priority, of (a) ultrahigh-purity 
Al203, (b) ultrahigh-purity MgO, and (c) ultrahigh-purity BeO, each in con
trolled fine-particle (submicron size) forms. 

Later, consideration should also be given to other oxides, such as ZrQa, for 
which a significant processing program is currently under way, and to other 
compounds, e.g., nitrides, borides, and carbides. 

IMPROVED CHARACTERIZATION OF PARTICULATE MATERIALS 

It is recommended that investigations in particulate characterization be carried 
out for specific types of available -99.9% pure oxides, with emphasis first on 
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Al203, then MgO, to improve the ability to evaluate quantitatively variations in 
particulate chemistry and character that contribute to character development 
and variability in a finished body. 

In this connection, the following aspects are in need of greater understanding: 
1. The interrelation among the different characteristic particle sizes as 

determined by different techniques, and further improvements in the techniques 
of particle-size distribution determination. 

2. Improvements in the techniques of size - shape analysis and the quantita
tive description of particle shape and its relationship to the characteristic 
dimensions, including surface area. 

3. Lattice imperfections in fine particles as affected by elastic stresses, 
chemical-variation dislocation, and space charges, including influence of 
interstitials and vacancies. 

4. Crystal-structure distortions as a function of crystallite size. 
5. Improvements in the techniques for determining chemical composition, 

with special reference to anionic species and variation at surface and interior 
particles. 

IMPROVED UNDERSTANDING OF FLOW AND AGGLOMERATION 
IN PARTICULATE SYSTEMS 

Specific recommendation areas include: 
1. Basic research into fundamentals of flow in particulate systems. Experi

mental and theoretical studies are needed to obtain general relationships between 
rheological behavior and the fundamental structure and compositional charac
teristics of particulate systems. 

2. The problems of agglomeration of particles, characterization of agglom
erates, their flow and behavior during consolidation, and their effect on the 
character of resulting ceramic products, are considered important and unre
solved problems that are essential for study. Segregation in size leads to a 
gradient in densification, and the development of techniques is needed to prepare 
uniform agglomerates from particulates with size ranges from submicron to 
several microns, and to handle them in a manner that avoids segregation. This 
work is considered to be of an inventive nature. 

3. A quantitative description of binder and moisture distribution is lacking in 
solids processing. Trade-off studies in binder or binder less - moisture - particle 
relationships are required in respect to their impact on consolidation process
ing. Exploratory studies aimed at establisbing desirable levels are needed, 
again in relation to specific consolidation processing. 

Optimization in agglomerate development and behavior can be expected to im
prove character and resulting properties for compositions at all levels of purity. 

Consolidation 

Consolidation processes have been identified as those unit operations in which 
loose particulate matter ls formed into a coherent body. They deal with the 
general areas of forming, including slip casting, cold-pressing, extrusion, 
vibratory compaction, and high-energy-rate compaction. 

These forming operations present particular problems in character uniform
ity and reproducibility. Density inhomogeneities are semiquantitatively known 
in some cold-forming operations; Le., shrinkage, warpage and distortion data 
are available for a number of oxide compositions, but no known technique is 
available for fabricating material without density gradients. The elimination or 
control of density gradients is considered most important from the point of view 
of maintaining uniform character in subsequently processed compositions. 

Specific recommendations include: 
1. Basic research into the fundamentals of flow in particulate systems. The 

physics of flow in powders and pastes is virtually nonexistent and is relevant to 
all particulate-consolidation processes. The isostatic component of stress on 
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the local shear strength of particles and agglomerates, and the effect on general 
flow behavior, are unknown. Experimental and theoretical studies are needed, 
with the aim of obtaining general relationships between rheological behavior and 
the fundamental structural and compositional characteristics of particulate 
systems. 

2. Studies of the structure and bonding in agglomerates and green bodies, 
with special reference to the deformation of agglomerates under applied pres
sure and to the strength of green bodies. Methods of characterizing agglom
erates and green bodies require intensive study and include gas-permeability 
measurements, x-ray radiography, sound-velocity measurements, dye penetra
tion, and impregnation and microscopy. 

3. F\lndamental research into the response of particulate systems to applied 
pressure, and development of methods to eliminate density gradients. Controlled
pressure slip casting and thixotropic casting, for example, offer the potential of 
uniform flow during consolidation. Mechanical and binder improvements in 
pressing and extrusion may significantly decrease density gradients. 

Final Densification 

The character that develops during final densification of a ceramic body is 
dependent, of course, not only on the specific firing treatment but also on the 
preceding processing steps and particulate-material character. While this in
creases the difficulty in correlating firing practice with character, enough work 
has been performed, as indicated in state of art discussions, to indicate the 
direction and needs for further effort in densification science and technology. 

The Panel agrees with the conclusions reached in MAB report 195-M that 
the principal areas for which the necessary basic information is lacking are 
subsolidus equilibria for gases and solids, their effects on transport in crystal 
lattices, their segregation at grain boundaries, and consequent effects on grain
boundary diffusivities and mobilities. 

1. Identification is needed of impurities and their effects on resulting charac
ter, especially in very-high-purity and ultrahigh-purity compositions. Impurities 
control and influence grain boundaries, phase boundaries, and nonstoichiometry. 
The characterization-of-boundary effects (including the influence of impurities; 
stresses and strains at boundaries; interactions of dislocation with boundaries; 
chemical variations at boundaries and surfaces; crystal-structure imperfections, 
including vacancies; interstitials; ions; electrons; holes in the vicinity of boun
daries and surfaces; and space-charge influences near boundaries} are problems 
requiring a highly competent research approach from both theoretical and ex
perimental points of view. The nature of these problems is similar to the ones 
related to the characterization of fine particles. 

In this area there is a mutual dependence of processing and properties. 
Boundary effects are important for process and character development, and 
concurrently the processing methods used affect the boundary characteristics 
and resulting properties in an important way. Specifically, basic studies are 
needed of the effect of impurities and particulate character on over-all charac
ter evolution. The goal would be to determine the limits to which final body 
character can be controlled using the best controlled-purity materials available 
commercially. 

2. Subsolidus phase relations and kinetics of phase interactions are important 
to ceramic processing and go beyond the usual determination of phase - equilib
ria diagrams, and include: the determination of solid solubility as a function of 
composition and temperature and the study of nonstoichiometric systems, e.g., 
metal - oxygen, metal - carbon, metal - boron, and metal - nitrogen. 

Recent information indicates that the range of solid-solution stability in some 
oxide systems is substantially greater than was previously anticipated. Almost 
all the classic phase-equilibria work has been done measuring liquidus relations; 
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ceramic phase-equilibrium diagrams show little regard for subsolidus equilib
rium in contact with metal systems where such equilibria have long been recog
nized as essential to controlled processing. Similarly, in systems in which there 
is very limited solid solubility, solute segregation effects are found to have a 
strong influence on processes taking place during sintering (such as in the de
velopment of Lucalox, transparent polycrystalline magnesia, yttallox, and zyttrite). 

3. Further effort is required in the specific area of densification research. 
The characterization of the changes in microstructure that occur during sinter
ing or liquid-phase sintering would require the independent description, during 
density change, of the pore shape and size, and the grain-size changes which 
accompany it. There is no material for which a complete description of the 
microstructure evolution has been made from the as-fabricated built compact 
to the final density limit achieved after high-temperature firing. The analyses 
of the mechanisms of material transport that have been conducted in many sys
tems have been based on observations of neck growth between spheres, shrinkage 
in powder compacts, or densification with observed grain growth during the later 
stages of the process. From these studies, it has become apparent that the sin
tering process should, in general, be interpreted as being a complex mixture of 
various mechanisms of material transport that can be operative. The current 
understanding of character evolution is, therefore, predominantly empirically 
based and systematic studies involving a complete description of evolution 
during the various processing stages are required to enhance the understanding 
of densification mechanisms and the prospects of predicting and controlling 
character development. 

The remarks apply as well to densification by hot-forming, where final-stage 
densification mechanisms at the lower end of the pressure range are similar to 
sintering. Initial-stage densification is not as clearly established, since several 
mechanisms may be occurring simultaneously. The over-all densification 
mechanisms at the higher end of this pressure range are not clearly established 
either, although it is generally conceded that the plastic-deformation charac
teristics of the higher-symmetry materials become important. Further work 
is needed to describe the densification kinetics and character development in 
each of these areas. Specific needs are: 

a. Determination of the mechanism in which pressing aids, e.g., LiF in MgO, 
can dramatically lower the temperature and/or pressure required for full den
sification. Thorough understanding of this system and the possible extension to 
other systems is of significant technological importance. 

b. Fundamental studies of densification mechanisms throughout the entire 
densification range, using 99.9% minimum-purity material. The role of the 
various mechanisms in determining character evolution should be evaluated. 
Similar studies should be made in a low-symmetry material (e.g., Al203) and 
a high-symmetry material (e.g., MgO). 

The area of preferred orientation in terms of phase, grain, and/or pore 
structure deserves special attention. While this is, of course, well developed 
in metals systems, current effort in this connection in ceramic technology is 
still in a laboratory stage of development. The implications of preferred orien
tation in ceramic character can have far- reaching significance in the general 
area of structural ceramics, as has already been accomplished in electronics 
and magnetics. Effort is needed to explore in detail the various methods avail
able for accomplishing preferred orientation, e.g., controlled sintering and hot
working processes-rolling, forging, extrusion, and pressing, as well as cold
forming followed by controlled recrystallization. 

Scale-up and Quantity Production 

In addition to the science and technology aspects cited above, there are special 
needs for programs to enhance the capability for size scale-up and quantity 
production. 
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The goal of fundamental understanding of processing is the capability of pro
ducing in quantity large or small pieces with desired character and properties, 
shapes, and dimensions. This capability has not generally been attained because 
manufacture of large ceramic products frequently presents or aggravates prob
lems that are not serious in small sizes or thin sections. Rejects result from: 

1. Nonuniformities of composition, density, and micro structure from point 
to point in the body and at the surface, which cause nonuniform physical and 
mechanical characteristics. 

2. Presence of cracks, undesirable internal stresses, and other flaws that 
are large in relation to the microstructure. 

3. Nonconformity to dimensional limits. 
The problem of the occasional, isolated, large flaw should be emphasized 

because of our current inability to identify such flaws reliably. 
Although fundamental knowledge of the nature and behavior of the material 

itself is necessary, the fundamental aspects of carrying out desired processes 
in a controlled way are particularly important in size scale-up or scale-down 
and quantity production. Some factors are: 

1. Designing adequate production equipment. 
2. Providing adequate sources and applications of energy to the process. 
3. Providing adequate controls at all steps in the production, starting with 

raw materials and ending with the finishing of the final ceramic piece. 
In addition to the areas covered in the discussions on the sciences and technol
ogies underlying processing (which are important in attaining a given character 
uniformly), mass transfer, heat transfer, and development of internal strains 
are of importance. 

Preconsolidation 

Raw-material variability and lack of control and characterization of particles 
and agglomerates become more important with increasing size of products be
cause these variables cause changes in shrinkage and ultimate properties in 
different locations of a large object. Problems related to raw-material and 
agglomerate variability require more sophisticated capability to characterize 
raw materials and aggregates. These problems have been discussed previously 
in the section on the areas of science and technology that seriously limit 
ceramic processing. 

Even with adequate knowledge of the fundamental behavior of materials 
during processing, problems related to quantity production can arise because 
of batch-to-batch variability of materials and mixing. Invariably, in processing 
from ore to greenware, material variations occur that affect the characteristics 
of lots or batches at some points. Problem areas then become: 

1. Adequate instrumentation for control of powder quality and variability by 
continuously monitoring a flow of fine particulate matter in gaseous or liquid 
suspension. 

2. Agglomeration equipment that permits a more controlled range of agglom
erate structure and rheological properties than that currently obtained. 

3. Chemical-process equipment that duplicates capabilities available on a 
small scale in chemical-laboratory apparatus. 

4. Materials-handling techniques and equipment that economically maintain 
ultrahigh-purity and uniform rheological behavior of suspensions, pastes, and 
plastic masses. 

5. Comminution equipment that yields a controlled range of particle sizes. 

Consolidation 

Discussions indicated that present forming or consolidation techniques are, in 
many cases, inadequate for unusually large sizes. Slip casting of large hard
ware, although possible, presents difficulties in terms of particle segregation, 
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drainage, inadequate green strength and density, and resulting nonhomogeneity. 
These may cause unsuitable properties during or after subsequent sintering. 
This method, however, has capabilities of forming sizes and shapes that are 
exceedingly difficult to accomplish with pressure-forming methods. 

It is considered, for example, worthwhile to recommend the scale-up of 
shapes to several feet (>10 ft) dimension hardware in the commercial-composi
tion categories. Current art is limited to 5- to 6-ft ware. Potential fabrication 
methods include slip casting and isopressing, and the state of art is adequate 
to consider such a project. While it is recognized that no immediate applica
tion may exist, the availability of such forms could precipitate their extensive 
application to radome and deep-submergence areas. The capital equipment 
requirement is significant and probably not available from private industry. 

Scale-up of explosives and pneumatic - mechanical impaction processes does 
not appear to be an attractive possibility at the present time; fracture problems 
are dominant with most materials although the methods are useful in producing 
high-density agglomerates from ultrafine powders. 

The yield and product quality - character from current production processes 
employing dry-pressing and isopressing, for example, can be improved by em
ploying the in-process control measures indicated earlier, i.e., nondestructive 
test methods (x-ray radiography and ultrasound), to predetermine density gradi
ents and flaws in green microstructure. Further effort is required to determine 
economic feasibility, and improvements in consolidation processing are needed 
to diminish or eliminate density-gradient development. 

Final Densification 

The ability to produce large shapes or large quantities of smaller forms effec
tively and efficiently is, of course, dependent on particulate character, precon
solidation, consolidation processing, and the actual firing operation, as previously 
discussed. 

However, there are improvements in firing practice that, by themselves, can 
enhance the prospects for development of controlled-character ceramics. Be
sides the need for large-scale furnaces to fire ware of greater than 10-ft dimen
sions, there is a need for better control of temperature and temperature distri
bution in furnaces. Distortion due to prior processing of density gradients can 
be compensated for to some extent by improved firing practice. The minimiza
tion of contamination by furnace refractories and the control of atmosphere are 
also recommended as being considered important to investigate in relation to 
production of ceramic ware. 

Recently, the state of art in hot-forming has witnessed significant achieve
ments in terms of: 

1. The current production of hot-pressed boron carbide-torso-armor shapes 
of a 1 to 2 sq ft area with compound curvature. 

2. The semicontinuous hot-forming of long rods of dense ferrite materials in 
alumina dies. 

3. The successful development, on a laboratory scale, of isostatic hot
pressing of ceramics. 

4. The production of infrared transmitting compounds in a variety of sizes. 
Despite these achievements, however, additional effort is required in order 

to appraise the hot-forming processes effectively in terms of mold life, toler
ance control, shape opportunities, and resulting character, which are pertinent 
to technical-economic exploitation of the process. 

Areas of investigation requiring study include: 
1. Chemical interactions between die materials and materials to be com

pleted under these conditions. While available thermodynamic data may be used 
in some instances to predict reactions, the rates for reactions and products of 
many reactions require empirical determination. 

2. Fabrication and evaluation of suitable and reliable hot-forming dies. This 
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APPENDIX TO CHAPTER 2 

ANALYTICAL TECHNIQUES FOR REFRACTORY MATERIALS* 

A considerable number of techniques are available for cation and elemental 
analysis of refractory solids that are sufficiently sensitive and precise to meet 
the demands of materials scientists. Analyses in the parts-per-million (ppm) 
range are standard, and analyses in the parts-per-billion (ppb) range are often 
possible with the limitation that there is a paucity of suitable reference stan
dards. Methods for anion analysis ar~ not nearly so well developed, and com
mercial materials often contain detailed results for metals and omit considera
tion of common anion impurities. Examples of such impurities are sulfate, 
carbonate, nitrate, chloride, and hydroxyl groups. 

While the determination of gross impurities of cations may be routine, the 
determination of location can be extremely difficult in the low-concentration 
ranges. The microstructure of ceramic materials is generally such that the 
segregation of impurities at a grain boundary often is found to play a significant 
role in the properties of the material. The determination of a given impurity at 
a grain boundary is a difficult problem indeed, and becomes increasingly diffi
cult as we move to considering fine-grained ceramic bodies. In Figure 1, for 
example, the grain-boundary-hardness profile of NiGa before and after exposure 
to oxygen is seen to change markedly.1,2 The determination of the oxygen in the 
total sample of NiGa 1s not nearly such a problem as determining the segregation 
of oxygen at the grain boundary. In this case, there is significant change in 
hardness at 25 µfrom the grain boundary; but if one considers the case where 
the grain boundary may be only a micron or less in cross section (and this is 
a large grain boundary for many conventional ceramic materials), then the de
termination of segregated impurities at this boundary by instrumental techniques 
such as the electron microprobe is virtually impossible. It is found in an ex
ample such as given above that nitrogen as well as oxygen may play a role in 
grain-boundary hardening, but there are extreme difficulties in analysis to 
determine nitrogen and oxygen simultaneously in this case, which compounds 
the difficulty. In general the problem is not so much in detecting the impurity 
but in determining the location of that impurity. 

The instrumentation boom in recent years, which now includes the adaptation 
of developments from the laser beam to emission-spectrographic and mass
spectrometric analysis, can be utilized at least for determining the location of 
impurities down to the low-micron region. The electron microprobe can some
times be used on a cross section as small as one micron, but as yet cannot be 
used successfully for soft x-ray elements. Thus, some of the elements of 
greatest interest, such as carbon, boron, oxygen, and nitrogen, cannot be de
termined routinely unless they constitute major concentrations in the matrix. 

•This contribution was provided by Dr. C. T. Lynch, U.S. Air Force liaison representative 
to the Panel on Solids Processing. 
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Need for Standards 

Before further discussion of some of the newer techniques and their limitations, 
it is necessary to realize that no analytical technique is going to be better than 
its standards. All materials scientists must be concerned with the lack of re
fractory-materials standards for doing analysis in the low ppm and ppb ranges. 
Reproduced in Table 1 are the entire refractory-materials standards for mate
rials listed in NBS publication 260, which is the catalogue of standard materials 
issued by the Office of Standard Reference Materials of the National Bureau of 
Standards. 3 Currently the Bureau is working on a series of four glasses that will 
be doped with 50 elements at the levels of 50 down to less than 1 ppm. This ls 
important and should be followed up by serious concern for improving the stan
dards for nonglassy oxides, borides, carbides, nitrides, and intermetalllc com
pounds. Without such work it is useless to consider seriously the development 
of ultrahigh-purity ceramic bodies since there really is no accurate basis for 
comparing results of analysis on a laboratory-to-laboratory basis. There was 
a conference on chemical compounds of certified high purity held in June 1959 
at the National Academy of Sciences in Washington, D.C. It was sponsored by 
the National Science Foundation and the National Academy of Sciences - National 
Research Council. The recommendations made were the typical ones expected 
for improving sources of standard materials, the characterization of these ma
terials, and increasing the number of compounds covered in such a program. 
Improving communications between individual researchers and materials sources 
was also considered important. It took five years to get this report into print as 
a government research report, 4 which seems indicative of the general speed· 
with which we have attacked this serious problem. 

There are alloy-base standards such as Cu-base, Tl-base, and Al-base alloys 
which in some instances can serve through the low ppm range for standards in 
which the matrix of the ceramic does not influence the results. Even the methods 
that have been considered relatively free of matrix effects, such as atomic ab
sorption spectroscopy, have recently been found, on closer examination, to have 
matrix effects that definitely limit the precision of our results when we start 
pushing a given method to its lower sensitivity limits. Perhaps the best method 
for matrix-free analysis ls an activation analysis. There are other difficulties 
with this very sensitive method, however, which are discussed later in this 
report. 
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Table 1. Ceramic Materialsa 

Sample Approximate Sample Approximate 
Nos. Kind Weight Price Nos. Kind Weight Price 

76 Burned refractory (40% Al203) 60 g $10.00 92 Glass, low-boron 45 g $10.00 
77 Burned refractory (60% Al203) 60 g 10.00 93 Glass, high-boron 45 g 10.00 
78 Burned refractory (70% Al203) 60 g 10.00 165 Glass sand (low iron) 60 g 10.00 

103a Chrome refractory 60g 10.00 la Limestone, argillaceous 50 g 10.00 
198 Silica refractory (0.2% A1203) 45 g 10.00 102 Silica brick 60 g 10.00 
199 Silica refractory (0.5% A1203) 45 g 10.00 104 Burned magnesite 60 g 10.00 

89 Glass, lead-barium 45 g 10.00 112 Silicon carbide 85 g 10.00 
91 Glass, opal 45 g 10.00 154a Titanium dioxide 40 g 10.00 

ANALYSES 

Sample Nos. Kind Si02 A1203 Fe203 FeO Ti02 Zr02 MnO P205 

76 Alumina refractory 54.7 37.7 2.4 2.2 0.07 0.07 
77 Alumina refractory 32.4 59.4 0.90 2.9 0.09 0.45 
78 Alumina refractory 20.7 70.0 0.79 3.4 0.12 0.62 

103a Chrome refractory 4.6 29.96 12.43 0.22 0.01 0.11 0.01 
198 Silica refractory 0.16 0.66 0.02 <0.01 <0.01 0.02 
199 Silica refractory 0.48 0.74 0.06 0.01 <0.01 0.01 

Sample Nos. Kind V203 Cr203 Cao MgO Li20 Na20 K20 Loss on Ignition 

76 Alumina refractory 0.02 0.27 0.58 0.11 0.15 1.54 0.22 
77 Alumina refractory 0.03 0.26 0.50 0.35 0.06 2.11 0.21 
78 Alumina refractory 0.05 0.38 0.51 0.20 0.06 2.83 0.26 

103a Chrome refractory 32.06 0.69 18.54 
198 Silica refractory 2.71 0.07 0.001 0.01 0.02 0.21 
199 Silica refractory 2.41 0.13 0.002 0.01 0.09 0.17 

GLASS ANALYSES 

Sample 
Nos. Kind Si02 PbO Al203 Fe203 ZnO MnO Ti02 Zr02 cao BaO Loss on Ignition 

89 Lead-barium 65.35 17.50 0.18 0.049 0.088 0.01 0.005 0.21 1.40 0.32 
91 Opal 67.53 0.097 6.01 0.081 0.08 0.008 0.019 0.01 10.48 
93 High-boron 80.60 1.94 0.076 0.027 0.013 

Sample 
Nos. Kind MgO K20 Na20 B203 P205 As205 As203 803 Cl F Loss on Ignition 

89 Lead-barium 0.03 8.40 5.70 0.23 0.36 0.03 0.03 0.05 0.32 
91 Opal 0.008 3.25 8.48 0.022 0.102 0.091 0.014 5.72 
92 Low-boron 0.70 
93 High-boron 0.026 0.16 4.16 12.76 0.14 0.085 0.009 0.036 

GLASS-SAND ANALYSIS 

Sample No. Fe203 

165 0.019 
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Table 1. (continued) 

LIMESTONE, Sll.ICA-BRICK, BURNED-MAGNESITE, AND TITANIUM-DIOXIDE ANALYSES 

Sample Nos. Kind Si02 Fe2o3 Al203 Ti02 MnO Cao SrO MgO Na20 

la Limestone 14.11 1.63 4.16 0.16 0.038 41.32 0.23 2.19 0.39 
102 Silica-brick 93.94 0.66 1.96 0.16 0.005 2.29 0.21 0.015 
104 Burned-magnesite 2.54 7.07 0.84 0.03 0.43 3.35 85.67 0.015 
154a Titanium dioxide 99.6 

Sample Nos. Kind K20 S02 s P205 C02 c Loss on Ignition Density 

la Limestone 0.71 0.04 0.25 0.15 33.53 0.61 34.55 
102 Silica-brick 0.32 0.025 0.38 2.33 g/cm3 at 25°C 
104 Burned-magnesite 0.015 0.057 

SU.ICON-CARBIDE ANALYSIS 

Sample No. Total Si Total C Free C SiC Fe Al Ti Zr Ca Mg 

112 69.11 29.10 0.09 96.85 0.45 0.23 0.025 0.027 0.03 0.02 

~his group of standards is supplied in the form of powders, usually 100 mesh or finer. They are intended to provide ma
terials for checking the accuracy of methods used in the analysis of similar materials, primarily in the glass and steel 
industries. Note that Silica-brick No. 102 is a density sample with density of 2.33 g/cm3 at 25"C. 

Method Sensitivity and Precision 

Having standards at hand and a well-defined method is not the entire answer 
either. The analyst must understand the problem sufficiently to use the most 
appropriate available method and use it correctly. Analytical methods are often 
developed independently from the requirements of specific applications. The 
materials scientist in a field such as solids processing of refractory oxides needs 
to be aware of suitable developing techniques. The instrumentation explosion, a 
result of the electronic boom following World War II, is making available fan
tastically precise and sensitive physicochemical tools for the investigator with 
adequate understanding to take advantage of them. Commercial Nuclear Quad
rupole Resonance Spectrometers are now on the market as an example. The 
spectra, however, are exceedingly complex and, like NMR and other resonance 
techniques, the results are usually poor for refractory solids. 

Gas chromatography is a simple, sensitive, and excellent quantitative tool 
for volatile-materials analysis. Gas chromatography has great potential for 
analysis of adsorbed gases, metal chelates such as the /J-diketonates, and 
sufficiently covalent salts such as many metal halides. Thus far it has received 
limited attention. There are an estimated 50,000 or more gas chromatography 
units in the world, making it possibly the most widely used instrumental tool, 
save perhaps the simple colorimeter and pH meter. Quantitative techniques 
are well established but the 1964 ASTM Committee E-19 got some sobering 
results when a sample mixture was sent to 32 major analytical alboratories for 
gas-chromatographic analysis.5 These are shown in Table 2. Table 3 gives 
some data from an instrument laboratory on the type of results that can be 
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Table 2. 

Actual Found Standard Relative 
Compounds (%) (%) Deviation Standard Deviation 

Methyl ethyl ketone 12.0 11.96 0.907 7.6% 
Methyl isobutyl ketone 17.2 17.87 3.288 18.3% 
Toluene 16.9 17.84 4.516 25.3% 
n-Butanol 31.5 30.04 5.666 18.8% 
p-Xylene 22.4 22.29 1.885 8.5% 

achieved using various quantitative methods. 5 Since the standards in Table 1 
were accurately known to the 0.1% level, the relative standard deviation is also 
a measure of the relative accuracy of measurement. Now if we consider that 
the method is capable of 0.1 to 1 % relative standard deviation as seen in Table 
3, a 25% deviation for a simple hydrocarbon like toluene or 19% on n-butanol is 
discouraging. When a method such as emission spectroscopy is utilized, relative 
errors of 10% or more are expected in the ppm range. Practical errors on a 
laboratory-to-laboratory basis often exceed 100%. This is seldom considered 
by the scientist when an analyst's report is in front of him. Where no standard 
samples are available, it is impossible to perform a routine quantitative analy
sis on 20 or 30 elements in a matrix and come even close to the 10% figure. In 
these cases a 100% relative deviation is often optimistic. These thoughts must 
temper the "expert's" enthusiasm as he hopefully approaches more sensitive 
methods at the ppb level. 

Electrical Methods-Problems in Nonspecificity 

In addition to providing analytical data, a useful method should have some uni
versality-an adaptability of determination in a variety of matrices. The method 
should also be commercially available. Electrical methods of analysis are at 
once singularly precise and sensitive, often are nondestructive, and are rapid. 
A list of a number of these methods and estimated detectability limits is given 
in Table 4.6 Residual resistivity and the resistivity ratio (~.2oK to Ri73oK) 
are useful in determining purification of ultrahigh-purity materials. The use 
of electrical methods, however, is limited by the problem of nonspecificity. The 
Hall effect and conductance values do not tell the investigator what carriers 

Table 3. Comparison of Integration Methods 

1 2 3 Average a absolute a relative 

MODEL 471 DIGITAL INTEGRATOR 
n-Nonane 39.156 39.150 39.193 39.166 0.0716 0.184% 
n-Decane 60.844 60.850 60.807 60.834 0.0227 0.037% 

DISC INTEGRATOR 
n-Nonane 39.33 38.97 38.91 39.07 0.22 0.56% 
n-Decane 60.67 61.03 61.09 60.93 0.23 0.38% 

TRIANGULATION 
n-Nonane 40.77 40.68 40.07 40.51 0.38 0.94% 
n-Decane 59.23 59.32 59.93 59.49 0.39 0.66% 

WEIGHING PAPER 
n-Nonane 42.58 41.73 42.83 42.38 0.58 1.37% 
n-Decane 57.42 58.27 57.17 57.62 0.58 1.01% 
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Table 4. Electrical Methods 

Sensitivity 
Limit 
(M/liter) 

10- 5, 10-6 

10-6• 10-7 

10-1 10-8 
• 

Method 

AC polarography, chronopotentiometry, thin-layer coulometry 

Coulometry at controlled V, classical polarography, specific electrodes 

Linear sweep, derivative polarography, eddy-current decay 

Pulse polarography, amperometry, coulometric titrations 

Anodic stripping with hanging Hg drop 

Anodic stripping with thin-film electrodes or solid electrodes 

are in the material. The results are nonselective. High-purity germanium, 
as originally developed, had 50 ppm of oxygen in it, but no one knew it was there 
because electrical measurements insensitive to oxygen constituted the test. The 
determination of the purity of water is a common example, where the nonconduc
tor organics must be analyzed separately, otherwise conductivity water is not 
necessarily very pure. Electrical measurements for general determination of 
impurity distributions, purification, and general purity have great usefulness to 
refractory inorganic materials if the limitations are understood. 

Ion-specific electrodes with treated membranes have considerable potential 
for future development. Electrodes are currently available for determinations 
of CC to 10-5 moles per liter (M), Br - to 10-6 M, I- to 10-7 M, and Ag+ to 10-6 
M. New electrodes are being developed for sulfate, phosphate, sulfide, fluoride, 
and a variety of common metals. 7 ,8 The possibility for anion analysis makes 
this development particularly interesting. Hall effect and magnetic-susceptibil
ity measurements have been made sufficiently to show their usefulness in study
ing variations in stoichiometry in some interstitial hard-metal compounds. 

Wet-Chemical Methods 

Wet-chemical methods are the backbone for standardization of instrumental 
techniques, a factor often overlooked by instrumentation analysts. Many wet
chemical methods have applicability to refractory-materials analysis through 
techniques of microanalysis. The field of catalytic analysis has been generally 
neglected but offers an excellent tool for low-ppm-range analysis. When, as is 
the general case, the catalytic reaction is first order with respect to the catalyst 
and the uncatalyzed path is of negligible rate, the rate of reaction for a great 
many reactions is prop0rtional to the amount of catalyst present. Some ,examples 
are the determination of 0.1 to 10 ppm of iodide in solid sodium chloride utiliz
ing iodide catalysis of the Ce(IV) oxidation of As(m).9 The decomposition of 
H202 in alkaline medium is catalyzed by Mn, Pd, and Cu, providing a method for 
analysis of these metals by measurement of oxygen evolution with time.10 Cop
per can also be determined at the ppm to parts per thousand (ppt) levels by the 
catalysis of the Fe(m) reaction with thiosulphate. Fe can be determined by its 
catalysis of the oxidation of p-phenylene diamine by H202 .11 The reaction of 
H202 with iodide in acid medium is catalyzed by many metals and has been stud
ied for the determination of Mo, W, Fe, and v.12 A prior separation is neces
sary in such a nonspecific case as this, but the sensitivity for Mo in terms of 
minimum detectability has been reported as 2.6 x 10-9 M, which is extremely 
low, i.e., in the ppb range. 
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The problems of determining free carbon in carbides and free boron in bo
rides, and the general methods of refractory hard-metal analysis are in large 
measure those of wet chemistry.13 The Kjeldahl method, sometimes reported in 
reviews as inadequate for nitrogen determination because nitride nitrogen is de
termined, is a good illustration. Nitrogen present in nitro or nitrate forms can 
be determined by prior sample treatment with a salicylic acid - sulfuric acid mix
ture followed by a reduction of the nitro compounds to amines with thiosulfate.14 

One of the major problems in analysis is the determination of free carbon in 
the carbides and free boron in the borides. The insolubility of free graphitic car
bon in acid mixtures that can be used to dissolve these compounds is widely used 
as a method of analysis. Critical evaluation of results indicates there is a small 
error due to incomplete dissolution of the sample and/or partial oxidation of the 
graphite. The method of determining free carbon is, however, superior to the 
methods that have been developed for determining free boron in the borides. 
New wet-chemical methods have been developed in recent years, however, for 
some of these compounds. Free boron has been determined in boron carbide by 
a method based on the different rates of oxidation in acid solution of free boron 
and carbide-bonded boron.15 The oxidation of amorphous boron into boric acid 
has been used to determine free boron in zirconium diboride, with a relative 
error of less than 1 %.16 In this particular study a hydrogen peroxide - nitric 
acid solution was employed. This solution and other oxidizing solutions such as 
potassium iodate, cerium sulfate, and sulfuric acid, partially dissolved refrac
tory diborides of titanium, niobium, and tantalum, for example, so that an ac
curate free-boron analysis was not achieved.16 More work should be done on 
differential-dissolution techniques to develop a satisfactory free-boron deter
mination for all these compounds. A simplification in metal determination in 
refractory borides has been reported wherein the metal is complexed and the 
boron titrated directly.17 This eliminates a precipitation step in the determi
nation. Another new technique is pyrohydrolysis to determine total boron as 
the acid. The latter method eliminates the solubilization step.18 

Difficulties in the analysis of ZrB2-MoSi2 composites are apparent from the 
results of wet-chemical analyses recently obtained.19 This is an example of re
fractory material on which data generation was being accomplished where the 
chemical techniques of analysis were inadequate. The analytical results were 
so erratic that attempts were made to use emission-spectrographic and electron
microprobe techniques for quantitative determinations. Neither of these methods 
is comparable in precision to wet analytical methods. 

Before proceeding to the new instrumental techniques, a few further examples 
of analytical problems should be considered to delineate some of the demands 
now being made. 

Phase Equilibria and Stoichiometry 

The zirconium-carbon phase diagram shown in Figure 2 is particularly interest
ing because of the broad single-phase field of zirconium carbide from 38.5 to 
approximately 50 atomic percent carbon.20 This is an interstitial compound 
where carbon atoms occupy the interstitial sites of the fee lattice. The sig
nificance of this broad homogeneity range is that approximately one-fourth of 
the interstitial sites can be empty without a change in phase. Extreme care must 
be exercised in preparing a zirconium-carbide body with given stoichometry. 
Zirconium carbide is presented here as an example of the specificity that may 
be demanded in the process step when the material of desired characteristics is 
close to a phase boundary.21 For zirconium carbide, a material containing 39 
atomic percent carbon would not melt below 3,300°C, although a body containing 
38 atomic percent carbon would produce a liquid phase at 1,850°C. In the zir
conium-carbide system this 1 atomic percent difference in carbon is equivalent 
to approximately 3.5 ppt by weight. This small weight change is extremely dif-
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FIGURE 2. Zirconium-carbon phase diagram 

ficult to control in the complicated operation of high-temperature processing. 
At the other side of the zirconium-carbide homogeneity region, the boundary 
between zirconium carbide and zirconium carbide plus carbon changes with 
temperature from 49.4 at 2,400°C to 48.9 at 3,250°C. A starting composition 
of single-phase zirconium carbide containing over 49.1 atomic percent carbon 
would contain a liquid phase at 2,850°C, which is 500°C below the expected melt
ing point for the material. Since impurities may affect the zirconium-carbon 
ratio, they become increasingly important whenever a material with a composi
tion close to the phase boundary is desired. 

The stoichiometry of compounds of AgMg and NiAl has a tremendous effect 
on the ductility of the material. A fractional excess of these two, Mg or Al, em
brittles their respective intermetallics and significantly increases the grain
boundary hardness over the grain-built hardness. In Figures 3 and 4, the vari
ation of hardness with stoichiometry for these intermetallics is shown.22 Ter
nary solute additions have been found to modify the grain-boundary hardening 
effect, which further complicates the consideration of the mechanism responsi
ble for increased hardness. The point is well taken, however, that stoichiome
try and the specific nature and location of the impurities in these intermetallic 
compounds are often the most important factors determining strength and due-

160 Ag Mg 

..;- 120 
~ 
~ 
::c 100 

o Grain-boundary hardness 
•Grain-bulk hardness 

A/0 Magnesium 

FIGURE 3. Bulk and grain-boundary 
hardness of AgMg as a function of 
composition 

700 NiAI 

o Grain-boundary 
"'e 600 hardness 

E • Grain-bulk ' °' hardness ~500 .. .. c 

~ 400 
::c 

300 

200 
40 45 50 55 

A/0 Aluminum 

FIGURE 4. Bulk and grain-boundary 
hardness of NiAl as a function of 
composition 

60 

Copyright © National Academy of Sciences. All rights reserved.

Ceramic Processing
http://www.nap.edu/catalog.php?record_id=20276

http://www.nap.edu/catalog.php?record_id=20276


61 

tility. The demands placed on analysis are being met by improvised altera
tions to existing wet analytical techniques. 

The determination of nitrogen at the grain boundary was accomplished by a 
controlled dissolution of the individual grains at a measured rate, followed by 
determination of nitrogen in the dissolved sample. It is difficult to determine ox
ygen and nitrogen simultaneously.23 A method for this determination in refrac
tory metals was recently reported using a de-carbon-arc gas-chromatographic 
technique.24 The refractory metal was fused with a platinum flux, and the lib
erated oxygen and nitrogen were analyzed by gas chromatography. This is an 
example of a recent approach to refractory metals, which might have interest
ing ramifications in the analysis of inorganic materials and intermetallic com
pounds. The measurement of rate of evolution of the gas vs time should give 
equally good analytical data for grain-boundary vs matrix impurities as are 
obtained by time-dissolution experiments. Since the analysis is by gas chroma
tography' the results would be much easier to obtain. 

Instrumental Methods 

The workhorse method for instrumental analysis is emission spectroscopy, 
which serves as an excellent qualitative tool but has definite quantitative ana
lytical limitations. Inherent in this analysis is the problem of electric spark
arc stability. The laser-beam microprobe certainly offers an additional tool for 
microanalysis of ceramic materials. Used in conjunction with an emission spec
trograph it gives localized impurity analyses of a volume of material 50 µ in 
diameter by 25 µ in depth. With further refinement, this area- depth limit can 
currently be reduced to half, and potentially a 1 to 2 µ cross section must be 
considered possible. The sensitivity limit of emission spectroscopy is close to 
1 ppm for most elements. The demands for low ppm into ppb-range analyses 
have led to increased use of more sensitive techniques for trace analysis. Fore
most of these is the mass spectrograph. New sources for utilizing the mass 
spectrograph for refractory materials are the spark and the ion beam.25 Ppb 
sensitivities are easily obtained for all elements except adsorbed gases (e.g., 
<>:! N2, and trace hydrocarbons) and water, where the background interference 

' is severe. For other elements a 1 ppb sensitivity limit is the experimental limit 
when good technique is used to enhance signal - noise ratio. An example of this 
is the split-plate technique to reduce fogging of analytical plate by the high in
tensity of the primary beam of the matrix element(s). At a routine nominal 
20-kV excitation potential, consideration must be given to the variable energy 
distribution of ions of various materials. Ions may be present at 18-22 kV for 
an element such as Si and sharply close to 20 kVA for Ge. This gives. rise to 
relative sensitivity coefficients, and results must be corrected accordingly. 
Difficulties in trace analysis from laboratory to laboratory become apparent 
in the large scatter in results using spark-source double-focusing mass spec
trographs. Knowing a trace element to a factor of 10 is often the case under 
favorable conditions. Some problems encountered are due to the small amount 
of material sparked and analyzed, which is not representative of the whole 
sample. Most standards in practice are not homogeneous under such mass
spectrographic analysis. Results for matrix elements are always considerably 
better, and have been reported within 5% standard deviations for ideal examples. 
On the positive side is the use of spark-source mass spectrometry to deter
mine impurities in nonconducting ceramics.26 A high-purity gold probe was 
placed close to MgO in conducting mount. With a minimum projection of the MgO 
beyond the sample holder, a 50 kV, 1 Mc rf spark was struck between the gold 
probe and the MgO, producing a low-yield spark. As the sample temperature 
increased, a high-yield spark was obtained. The probe may be moved about to 
analyze different regions. A conducting matrix is not necessary for the analysis, 
but all other method limitations apply. 
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Neutron-activation analysis is an extremely sensitive tool for trace analysis 
and should be widely employed whenever standard methods can be establtshed.27 
Advantages include the lack of matrix effects, which makes standards simple 
and obtainable; the use of large or small samples; high precision and accuracy 
(better than ±10% relative precision routinely); and no need for sample precon
centration or pretreatment. Difficulties include the nature of equipment required, 
with the associated radiation hazards. The specimen, after activation, often con
tains long-lived isotopes that make subsequent routine handling impossible. 
Some isotopes (such as one for F with r 1/2 of 10 seconds) have such short half
lives that short irradiation times are necessary, which creates experimental 
problems with other isotopes requiring longer irradiation before obtaining the 
gamma-ray spectra. 

Many light elements are not adequately activated by thermal neutrons (C, N, 
and 0, e .g.) and need high-energy gamma-ray activation (using a linear accel
erator). This produces short-lived isotopes, which are hard to discriminate 
spectrally. Sensitivity is also much lower using a linear accelerator (by a factor 
of 100, which puts many ppb limits back in the ppm range). Some activities such 
as 24Na produce gamma spectra that interfere with and obscure other activities. 
For these reasons, the emergence of atomic-absorption spectroscopy coupled 
with the classic flame-emission technique for lighter elements seem to offer 
much more potential. The technique is almost as sensitive as neutron activa
tion. Matrix effects are fairly small, and development of standards is not diffi
cult. The method is very good quantitatively, utilizes simple apparatus, and is 
rapid and reproducible. For refractory-materials analysis it should become a 
principal quantitative tool following qualitative - quantitative estimate work by 
emission spectroscopy. 28 

The range of coverage and sensitivity for the atomic-absorption and fiame
emission techniques as recently reported is indicated in Figure 5. This ap
plication is extremely broad already, after only a few years of commercial 
development. Hollow cathode lamps are now available for some 70 elements, and 
multiple-element lamps are being made. One is now made, for example, for Cr, 
Co, Cu, Fe, Mn, and Ni. Another is available for Ba, Sr, Ca, and Mg. Over 25 
such combinations are produced. As multibeam pass instruments are developed, 
simultaneous determination of a number of elements will be possible by atomic 
absorption, as can now be done with x-ray fluorescence. X-ray fluorescence 
per se is not a good trace-analysis tool for most elements, owing to significant 
matrix effects. The detection limits for a number of elements are given in 
Table 5.28 A recent comprehensive study of igneous-rock standards by atomic
absorption and x-ray fluorescence analysis for principle elements shows the 
former method equally as good on a routine basis for principle elements. For 
trace elements in igneous materials, results were favorable to those obtained 

EmlH Ion Abs.oirpUon 

V' L'.1 Del« Lab le be-low l PP'" In solullon 

V' .L] ~ttttable abo~ l PPTI In Hlutlon 

17 Ll 

FIGURE 5. Detectability of the elements of emission and atomic-absorption flame 
photometry. 
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Table 5. Detection Limits in Atomic Absorption 

Detection Limit DetectionLimit 
~g/ml) Element (1£g/ml) Element 

0.5 Aluminuma 0.01 Manganese 
0.2 Antimony 0.5 Mercury 
1.0 Arsenic 0.2 Molybdenum 
1.0 Barium 0.05 Nickel 
0.05 Beryllium a 1.0 Palladium 
0.2 Bismuth 0.5 Platinum 
0.01 Cadmium 0.005 Potassium 
0.01 Calcium 0.3 Rhodium 
0.05 Cesium 0.02 Rubidium 
0.01 Chromium 1.0 Selenium 
0.15 Cobalt 0.02 Silver 
0.005 Copper 0.005 Sodium 
1.0 Gallium 0.02 strontium 
0.1 Gold 0.5 Tellurium 
0.5 Indium 1.0 Titaniuma 
0.05 Iron 0.2 Thallium 
0.15 Lead 2.0 Tin 
0.005 Lithium 0.5 Vanadiuma 
0.003 Magnesium 0.005 Zinc 

~equires organic solvent and oxyacetylene burner. 

colorimetrically. This is indicative of the broad range over which atomic
absorption analysis can function. It is the specificity of the spectral determina
tion that makes it superior to colorimetric methods. Very few color complexes 
can be found specific to one element, making prior sample treatment necessary 
to separate interferences. In atomic absorption the low degree of experienced 
matrix effects makes the spectral determination specific only to the element 
employed in the hollow-cathode source lamp. 

Infrared spectroscopy is usually thought of in terms of organic analysis. 
The development of instruments for analysis in the medium- and far-infrared 
regions of the spectrum place many inorganic compounds within analytical pos
sibility. The refractory oxides have significant spectral changes in the medium
infrared region for phase change,, such as anatase and rutile Ti~, and mono
clinic and cubic Zr02. Figure 52 shows the change in frequency of a principal 
absorption peak obtained for various rare-earth oxides in the 500 to 600 cm-1 
region. As yet, the infrared spectra of refractory compounds has received 
limited attention. 

Nuclear magnetic resonance has generally proven disappointing in studying 
inorganic solids. As magnets get larger, however, the potential for useful analy
ses should increase. Nuclear quadrupole resonance is insufficiently developed 
at this stage for any conclusions on its usefulness for these materials. It is an 
extremely complex method to understand, though, which places limits on its im
pact. The achievement of measuring the existence of gamma-ray emission with
out recoil of the admitting or absorbing nucleus ranks as a central advance of 
this decade. The Mossbauer effect is of tremendous importance because the 
supremely sharp gamma-ray lines enable measurements of the Mossbauer effect 
with great precision. Very small influences on the nuclear electric and mag
netic properties can be detected. The method has a definite applicability to in
organic solids, commercial instruments are now available, and as more scien
tists become familiar with the techniques and interpretation, it should develop 
into an important tool. It is essential that interest in analysis of trace elements 
be translated into experiments to build a base of experience for the method. 
Light elements are unsatisfactory, however, because gamma-ray energies E 
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FIGURE 6. Spectrum of a normal type C rare-earth oxide, ytterbia (graph shows a plot 
of frequency against unit-cell dimension of type C oxides) 

tend to be high, increasing the recoil energy (~E2). In this case, light elements 
include all the first three principal series elements and some of the transition 
elements, which makes it an important limitation. 

X-ray diffraction is an applicable tool when the cross section for analysis is 
fairly large. On a practical basis, this limit is often as large as 40 µ, and it is 
difficult to realize effective analyses at less than 20 µ. This means that the 
present state of the art of the current techniques is such that it cannot be used 
to determine localized impurities or segregated phases in fine-grained mate
rials. The development of electron-microscope equipment with electron-diffrac
tion devices, however, has provided a tool for analyzing below 1 µin cross 
section for a skilled operator using thin-film-transmission, or, in some cases, 
reflection techniques. This method must be considered as potentially the most 
exciting of the instrumental methods for locational analysis. 

The electron microprobe can routinely analyze to cross sections of 1 µ with 
a limitation that elements of low atomic number (llNa and below) cannot be 
satisfactorily analyzed. Soft x-ray methods are available that can be used to 
analyze for the light elements provided reasonable concentrations (for example, 
1% C in Fe) are present. When one considers trace analysis, however, light
element determinations by the electron microprobe are very unsatisfactory. An 
indirect method of measuring the beam current from the specimen is used to 
estimate light-element concentrations, since the backscatter electron effect in 
the specimen is proportional to the average atomic number of the material on 
which the beam impinges. This, of course, is a qualitative method and cannot 
be considered good quantitative practice. The laser beam and the ion beam can 
be used as source exciters for a number of instrumental methods. Som~ mention 
has already been made of this, and there are additional possibilities, such as the 
use of the laser beam with a mass spectrograph. This has been used with good 
results on graphite analysis.30 A laser beam could also be coupled with atomic
absorption equipment, thus eliminating problems associated with the flame and 
offering locational determination. Practical limits of cross sections with a 
laser beam are thus far unsatisfactory, but it should be within the state of the 
art to develop a 1-µ cross-section capability. 

In conclusion, the purpose of this report is to give some dimension to the 
problems associated with developing satisfactory techniques for trace analysis 
of refractory solids. Without attempting to cover every possible method or 
potentially interesting method, it is hoped that a sufficient breadth and depth 
have been given to this treatment so that reasonable conclusions may be drawn. 
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CHAPTER 3 

Report of the Panel on Fluid Processing 

ABSTRACT 

This panel report documents an intensive study of the characteristics, capabilities, and 
limitations of fluid processes for the fabrication of ceramics-those processes in which 
the immediate precursor of the solid product is largely or completely in the liquid or 
vapor state. 

For achieving maximum qualities of performance, uniformity, and reproducibility of 
oxide ceramics in respect to structural-applications needs of the Department of Defense, 
the most broadly promising and versatile fluid processes fall in the glass-forming and 
glass-crystallization, single-crystal, chemical-vapor-deposition, and molten-particle
spray classifications. Of these general process types, the first and last are the least 
costly, and the inherent capability of the last is the least clear because of its relatively 
primitive foundation in scientific understanding at the present time. Numerous individual 
fluid processes have excellent potential for satisfying specific combinations of character 
and configuration. 

A list of pertinent areas of basic research and a program of applied research and en
gineering development are recommended relative to oxide ceramics for structural appli
cations, through advancement of fluid processing capability and through the foundation of 
process development in a science of ceramic processing. Most of the recommended re
search utilizes aluminum oxide and refractory-glass compositions. 

SUMMARY OF RECOMMENDATIONS 

Fluid processing of oxide ceramics is usually freed from dependence on the 
physical nature and behavior of particulates. A number of such processes are 
capable of the incremental building up of a dense mass, providing a unique re
source for coating, surface-finishing, and joining, as well as an opportunity to 
form very large shells or sheets of high uniformity. Fiber and filamentary 
forms of oxides are only obtainable by these means. The vitreous or glassy 
state, the single crystal, and the short-range-order internal structure are 
achievable in most cases exclusively by fluid processes. In polycrystalline 
oxides, both single- and multiphase, certain of these processes yield finer and 
more uniform microstructures than can be approached by the processing of 
particulates. In many cases, zero or near-zero porosity is typical. 

A number of structural ceramics of present importance to the Department 
of Defense are made by fluid processing: bulk glass and crystallized glass, 
coating materials, glass monofilament, boron coaxial monofilament, bulk single 
crystals, and short single-crystal fibers. Many more refractory and structural 
applications of fluid-processed oxides are possible if appropriate research is 
conducted to remove certain processing deficiencies, to increase levels of prod
uct performance, or to adapt known methods to economical production of de
sired configurations. 

Approximately forty-five variants of fluid processing were recognized in an 
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intensive survey of process capabilities and limitations. Attention has been 
given to those types of processes that exhibit good prospects for achieving 
superior mechanical performance, uniformity, and reproducibility in their 
oxide products, on grounds of their physicochemical nature and the control
lability of their parameters. In each case, opportunities for enhancement of 
these and other qualities, such as ability to form special configurations, were 
listed and the appropriate research identified. These processes were then 
examined for suitability of their products to recognized, important structural
applications needs of the Department of Defense, and the number of research 
objectives was accordingly reduced. 

Program of Applied Research and Engineering Development 

A Priority Program of Applied Research and Engineering Development of Fluid 
Processes for oxide ceramics was thus constructed, every task of which recog
nizes the needs of the Department of Defense and the inherent opportunities of 
nutd processing for fabricating candidate materials of improved performance 
and reliability over present levels. In most cases, superior qualities of uniform
ity and reproducibility can already be achieved. In any event, the approaches 
to higher performance and to these qualities are the same: systematic research 
into combinations of material composition and rigidly controlled processing pa
rameters, guided by extensive and sophisticated characterization and definitive 
property testing. In a number of cases, such systematic investigations of the 
process - parameter - character - property relations have never been 
performed; consequently, the potential of these fluid processes has never been 
realized. 

This Applied Research and Development Program consists of eight areas of 
investigation of a variety of kinds, depending on the nature of the need and the 
capabilities of the candidate process considered. Where technological achieve
ment seems likely, process economy dominates. Where the probability of 
achievement is more difficult to assess, process economy is ignored and redun
dancy of exploratory investigations is built in. The benefits obtainable through 
pursuit of the recommended program include: 

1. High likelihood of major and timely improvements in oxide-ceramic tech
nology and of the exploitation of these improvements in various systems. 

2. Saving of future wasted effort otherwise attendant on hasty material and 
process development conducted within hardware programs. 

3. Accumulation and spreading of an increased rate of ceramic-technology 
advancement through its firm foundation in scientific knowledge and method. 

The recommended program ts subdivided into two groups of four task areas, 
those in the first group addressed to bulk forms of oxides and those in the 
second group to four other ceramic-oxide configurations of importance. It is 
recommended that all of the first group be undertaken at one time, and that 
individual tasks from the second group be mounted at appropriate times there
after, in order to preserve the values of coordination and mutual support de
signed into the Program. Other recommendations are: 

1. Preservation of the listed initial research objectives as separate from 
any immediate and specific hardware goal; if possible, administration of all 
tasks of Group I as a coherent program, as opposed to disjointed individual 
projects. 

2. Inclusion tn all tasks of extensive use of material characterization and 
process-parameter measurement throughout processing, and of interpretation 
of process - character and character - property relationships based on 
the most sophisticated scientific knowledge available. 

3. Investigation of process - character - property relations in respect 
to variability (uniformity, reproducibility) as well as to mean values; interpre
tation leading to effective, instrumented process.control. 
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4. Attention to validity of property test methods, as to both mean values and 
variation. 

The eight recommended R&D areas are listed below. 

GROUP I: BULK CONFIGURATIONS 

1. Simultaneously investigate and explore new refractory, high-modulus 
glass compositions (probably nonsilicate) and techniques of nucleation and 
crystallization to yield extremely fine grain size (.$ 0.01 ii) upon complete crys
tallization. The ultimate objective is bulk form. Special problems will attend 
the handling and forming of molten refractory material in addition to those of 
controlling nucleation and crystal growth and avoiding premature devitrification. 

2. Investigate systematically all the process variables of: an electric-flame 
(i.e., ''plasma") method; and the liquid-fuel-fired method of high-velocity mol
ten-particle spray deposition of A1203, including the use of programmed sub
strate heating and postfabrication annealing. The objective is a large, thick (to 
1 in.), dense free-standing body of high strength, consistent with high deposition 
rates. Special problems will be: elimination of porosity and achievement of 
good interparticle bonding; uniform particle temperature, velocity, and size; 
atmosphere; and mold parting. 

In addition, two follow-ons are recommended for consideration as these 
first tasks mature: spraying of refractory-crystallizable glass compositions, 
as a means of quenching in the vitreous state for subsequent crystallization; 
and spraying of admixtures of AI2o3 or glass with an extremely finely subdi
vided foreign phase (C, Pt metals, refractory metals, or carbides) for grain
growth inhibition. 

3. Investigate chemical vapor deposition (CVD), or combined physical vapor 
deposition (PVD) and CVD methods, for depositing A1203, or for codepositing 
A1203 with inert foreign atoms (e.g., C, Pt metals) to yield 1/4 in.- to 1/2 in.
thick free-standing bodies of high density and extremely fine grain size, high 
modulus, and high strength. Special problems will be reagent control, nodular 
and uneven growth, mold-parting, and internal stress. 

4. Develop shaped-crystal techniques for growing single-crystal Al203, 
spinel, or yttrium aluminum garnet, directly in useful form and nearly to toler
ance, e.g.: shaped-crucible variant of the melt-freezing method to form blanks 
approximating finished articles such as turbine blades or leading edges; and a 
float variant of the melt-freezing method to form discs or sheets approximating 
windows. Requirements include high strength, high bulk and surface perfection, 
and often transparency. Special problems will be crucible reuse, heat-flow con
trol, and economy. 

GROUP D: SPECIAL CONFIGURATIONS 

1. Joining of Ceramics. Develop techniques for high-strength butt welding 
of 1/4 in.- to 1/2 in.-thick Al203 sheet stock by high-velocity molten-particle 
spray processes, including the use of controlled substrate temperature. This 
area of study depends on and must follow task 1-2. 

2. Fiber and Filamentary Ceramics for Reinforcing. Advance techniques 
for the production of long fibers and, especially, monofilament forms of oxides. 
Objectives are high elastic modulus, high strength, and preservation of these 
qualities to high temperatures. Recommended approaches include the following: 

(a) Investigation of crystal-withdrawal techniques, by the freezing or nux 
method, to grow single crystals (Al2o3 or other) in continuous-ftlament or 
long-fiber configurations. Special problems attend virtually every aspect of 
these processes. 

(b) Investigation of CVD methods to form, on a refractory-metal wire, a 
coaxial Al203 or AI2o3-base composite coating of extremely fine grain size 
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or short-range-order (SRO) structure and full density. Special problems will 
be the danger of "snowing out," uniformity, and cost. This area of study should 
follow task 1-3. 

(c) Investigation of anodizing and fused-salt electrolysis from appropriate 
chemical systems, followed by annealing as necessary, to yield a refractory 
(non-Al) oxide of extremely fine grain size or short-range-order structure and 
high density as a deposit on metal wire. Special problems will be foreign atoms 
and porosity in deposit. 

(d) Development of techniques for drawing (possibly including nucleating 
and crystallizing to extremely fine grain size approaching SRO) filaments 
of new refractory high-modulus glass compositions; also includes fiber ''fin
ishing," and evaluation. This area of study depends on and must follow task 1-1. 

3. Reinforced and Prestressed Ceramics. Develop techniques for deposit
ing dense fine-grained Al203 (or Al203-base composite compositions) as a 
sheet sequentially on both sides of an array of stretched refractory metal, or 
boron, or carbon reinforcing filaments. Recommended approaches include 
the following: 

(a) High-velocity molten-particle spray processes. Special problems will 
be bonding, elimination of porosity, and uniformity of thickness. This area 
of study depends on and must follow task 1-2. 

(b) CVD or combined CVD/PVD processes. Special problems will be bond
ing, avoidance of "snowing out," and uniformity of thickness. This area of 
study depends on and must follow task 1-3. 

4. Powders for Solids Processing. Addition is needed to the arsenal of 
particulate oxides, of unique and favorable characteristics, to be used as feed 
material in conventional solid processes for fabricating ceramics. The ap
proach recommended is to develop and evaluate fluid processes peculiarly 
suitable to the preparation of fine crystalline powders, especially where high 
chemical purity and sinterabllity to high final density are important considera
tions. Fluid processes worthy of further investigation for preparing Al203 
powders or mixed powders include: 

(a) The "sol-gel" process. 
(b) CVD methods and "snowing out" the oxide from halides or metal organics. 
(c) Arc or induction plasma-spraying of decomposable or combustible par-

ticles into an appropriate atmosphere, and "snowing out." 
Also, for reference, Table 9 (p. 123) lists all the applied research objectives 

in need of early attention to advance all fluid processes of special interest. 
Cognizance of progress in these areas for the next five years or more may 
disclose new subjects of interest; some subjects will be natural follow-ons to 
the recommended program above. 

Basic Research 

Selected areas for basic scientific investigation pertinent to this program are 
listed in Table 11 (p. 126). These are primarily physical and structural studies 
of Al203 and refractory glasses above and below the liquidus, and studies of 
the mechanisms and phenomena involved in nucleation and crystallization of 
these materials. 

For purposes of this Report and to fix interfaces among Panel study activities, 
the following definition was adopted: 

Fluid Processes are those in which the immediate precursor of the solid 
product is largely or completely in the fluid (i.e., liquid or vapor) state. 

Copyright © National Academy of Sciences. All rights reserved.

Ceramic Processing
http://www.nap.edu/catalog.php?record_id=20276

http://www.nap.edu/catalog.php?record_id=20276


71 

In most cases, the "solid product" is identical with the term "ceramic" or 
"ceramic material." However, in incidental cases, fluid processing is inher
ently suitable either for surface finishing or for the preparation of raw mate
rials (i.e., particulates) for use in solids processing. The "ceramic" definition 
was employed to establish the scope of this Panel study, while the latter oppor
tunities for utilization of specific fluid processes were not overlooked in their 
evaluation. 

Fluid processing has primarily been examined with respect to the fabrica
tion of oxidic compositions and relative to the present and potential needs of 
the Department of Defense for structural applications of oxide ceramics. 

Structural Applications are those in which either the primary or an impor
tant secondary consideration in the use of the material is its ability to respond, 
within specified limits, to a large stress of whatever origin. Often this require
ment occurs at high temperature. 

Needs of the Department of Defense in this area were considered in terms 
of the kinds of subsystems or components in which oxidic ceramics may figure. 
One index of fluid-processing evaluation is, accordingly, the ability to produce 
materials in various useful forms or configurations and sizes, and to useful 
tolerances. 

The translation of load-bearing capability into specific material and micro
structural objectives of ceramic processing is difficult, beyond a number of 
general quantitative relationships and the direction of present qualitative rea
soning. Nevertheless, the objectives of achievement of improved performance, 
uniformity, reproducibility, and reliability provide substantial guidance for 
assessment of fluid-processing capabilities. 

Performance (i.e., superior mechanical behavior) is treated here on the 
basis of the present state of understanding of the behavior of refractory brittle 
materials. Recognized important areas of processing capability consequently 
include: the chemical compositions and chemical purity achievable; the ability 
to prepare multiphase or composite as well as simple materials; the ability to 
produce polycrystal, single-crystal, glass, or "short-range-order" (sometimes 
called "amorphous") internal structures; the achievement of very low to zero 
porosity and small mean grain size of polycrystals. 

Uniformity is taken to mean control of such elements of material character 
as the preceding and their variation within a part, including both surface and 
bulk character, and control or elimination of the occasional defect (e.g. tramp 
material, large pore, crack). 

Reproductbiltty here means control of variability from part to part in quan
tity production. 

Reliability is the product or consequence of uniformity and reproducibility. 
Since the ultimate purpose of the Report ts to point the way toward advance

ment of performance, uniformity, and reproducibility at reasonable cost, the 
economics of processes must be considered. Research. and development are 
required for this advancement, and a critical, objective view must also be 
taken of the potential values of R&D versus the investment of time and money 
that will be required. 

Baste Research into the phystcochemtcal phenomena pertinent to fluid pro
cessing is considered. The purpose is to relate areas of basic research as 
closely as possible to potentially fruitful consequent advancements of specific 
fluid processes. 

Applied Research and Engineering Development programs of an even more 
specific and more immediate nature can be described for advancement of the 
most attractive fluid processes and the realization of their potential with re
spect to the desired configuration and character of products. 

The Objectives of the Panel Study are therefore: 
1. To assess the present state of achievement and attempt to forecast the 
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ultimate achievement capability of fluid processes, primarily for the production 
of oxldic-ceramic materials relative to recognized needs of the Department of 
Defense for structural applications of ceramics. 

2. To identify those fluid processes and their oxidic products that are most 
likely to contribute significantly to technological capability in the defined areas 
of application, and to predict the kinds of research and development work nec
essary for important practical advancement of technology through advancement 
of these selected processes. 

3. To recommend basic and applied research and engineering development 
activities for Government funding. Those activities recommended must be re
lated to established needs of the DOD in the defined areas of application of ce
ramics and must provide unusual opportunity or probability for fulfillment of 
those needs. The recommendations must also be disposed to place ceramic 
processing on a firm foundation of science. 

General Aspects of Fluid Processes 

The outstanding technical distinction between fluid processing and solids pro
cessing is that the former is usually freed from any dependency on the struc
ture and behavior of particulate solids. This can result in a major technological 
or economic advantage. 

Numerous fluid processes are capable of the incremental building up of a 
condensed body. Jn these cases there are unique opportunities for the produc
tion of very large objects with high uniformity, for fabricating coatings and 
other composite structures, and for material addition, patching, and joining. 

Fluid processes on the whole have achievement capabilities of zero or near
zero porosity. This is of tremendous significance in the matters of strength 
and transparency. 

The glassy state, the single crystal, and the short-range-order structure 
are achievable in most cases exclusively by fluid processing. Jn the domain 
of polycrystals, certain fluid processes have achieved finer and more uniform 
grain sizes than can be approached by the processing of particulates. 

These general considerations are indicative of the importance of fluid pro
cessing of ceramics to the Department of Defense. However, most of the above, 
and other general statements, have some exceptions. Also, fluid processes as 
a group encompass a wide variety in the present state of advancement, from 
those that are basically somewhat understood and technologically sophisticated 
(e.g., glass-forming) to some that are only presently undergoing research (e.g., 
anodic sparking), or undergoing engineering investigation with a relatively 
weak foundation in research (e.g., some spray-deposition processes). Without 
resorting to the ultimate in specification, viz., a particular process for a par
ticular component and performance requirement, the Panel has therefore at
tempted to make relatively specific assessments of the pertinent product 
characteristics and of process sophistication for each of a number of individual 
types of fluid processes. 

Organization of the Study and Recommendations 

Relatively detailed and comprehensive assessments of the present state of art 
have been made. These studies are presented largely in narrative form (p. 73). 
They are then condensed, summarized, and brought into relation with specific 
Department of Defense needs in the Development of Panel Recommendations 
(p. 111). 

For convenience, fluid processes have been subdivided into two major clas
sifications: 

Bulk Processes, in which a mass of material is prepared in the fluid state 
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and then allowed cool in its final configuration into a rigid body. Examples are 
fusion casting of crystalline ceramics and the forming of glass. 

Incremental Processes, in which the condensed body is built up by the suc
cessive transport and deposition of particles from a fluid onto a solid surface. 
Examples are vapor deposition, the growth of single crystals by precipitation 
or freezing, and molten-particle spray processes. 

The studies and the development of recommendations are organized under 
five subclasses of Bulk and Incremental Processes, as follows: 

Bulk 
1. Fusion and Freezing 
2. Glass and Glass-Crystallization Processes 
Incremental 
3. Gas-Phase Molecular Transport 
4. Liquid-Phase Molecular Transport 
5. Molten-Particle Spray Processes 
Bulk Fusion and Freezing ls so termed to indicate that the process of crys

tallization is concurrent with "solidification," and the immediate product ls 
crystalline. 

Bulk-Glass and Glass-Crystallization Processes comprise first, the basic 
glassmaklng process, and second, the treatment of "solidified" glasses of cer
tain compositions in such a way that controlled nucleation and growth of crys
tals take place within the sensibly rigid glass. The latter ls therefore an 
extension of the former. 

Incremental Gas-Phase Molecular Transport comprises processes in which 
there ls simply a forward and reverse change of state of the deposited material: 
solid- gas - solid (PVD), and those tn which a chemical reaction or 
decomposition occurs at the point of condensation (CVD). The transported and 
deposited particles are molecules or atoms. 

Incremental Liquid-Phase Molecular Transport ls further subdivided into 
three types of processes: melt-freezing, tn which a solid is grown by freezing 
on a defined interface from a liquid of essentially the same composition; solute 
crystallization, in which the composition that freezes or precipitates ls one 
component of a more complex melt composition; and electrolytic, in which a 
cathodic or anodic reaction ls involved in the deposition and the liquid-trans
port medium ls an electrolyte. The transported and deposited particles are of 
molecular dimensions in all cases. 

Incremental Molten-Particle Spray Processes are those in which a solid ts 
transported in the form of largely to completely molten particulates in a hlgh
veloclty hot-gas stream, and freezing occurs as these impinge on a surface. 
Subdivisions are made according to how the gas ls heated or propelled-the 
"detonation" method, combustion flames, or electrical flames (often called 
''plasmas"). Typical sizes of the transported particles lie between 1 and 100 µ. 

Bulk Fusion and Freezing 

Of the many approaches to the consolidation of materials of all kinds into use
ful shapes, solidification from a melt ts by far the most common technique. 
This ls certainly true for metals, organics, and glasses. Crystalline ceramic 
materials, conversely, are more usually consolidated by solid-state techniques. 
This survey examines the present bulk melt-freezing processes for crystalline 
ceramics, attempts to determine the reasons for their limited use, and devel
ops possible opportunities for the use of melt-freezing processes for the con
solidation of ceramic materials. 
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Two process classes are considered under the present heading: 
Production of fused grain. In general, production of fused grain requires 

means of melting the material and soltdUying it under conditions that result in 
the required internal structure. The massive solid ts subsequently crushed and 
ground to the desired particle size. The maximum obtainable dense-grain 
sizing ts determined by the distribution of gas inclusions, while the minimum 
ts a matter of the economics of commtnution. 

Whereas the casting process ts inherently able to provide material with a 
number of unique characteristics, the only characteristic utilized in the ma
jority of present industrial fused-grain processes is the ability to obtain par
ticles of a desired size that are essentially dense and free of connected porosity. 
Such a product has been shown to be resistant to chemical attack, and to be 
volume stable, up to near its melting point. Thus, fused grain ts used to an 
increasing extent in premium refractories where corrosion resistance, volume 
stabutty, and density are of primary importance. Examples are fused-alumina 
brick in electrtc-furnance roofs and fused U02 in nuclear-fuel elements. Be
cause mtcrostructure ts not generally controlled, mechanical properties are 
usually poor. A few examples of attempted mtcrostructural control during 
solidUtcation exist, such as in a recently introduced fused-grain baste refrac
tory; but even in such instances, the control exercised has been minimal. 

Production of polycrystalline shapes. The material ts melted and solidified 
as in the production of fused grain. However, the addtttonal configuration re
quirement may add significantly to the difficulty of the process. 

Present industrial processes for fusion-cast shapes largely utilize only the 
high density or lack of interconnected porosity and the volume stability char
acteristic of melt solidUtcation processes, without controlltng to any extent 
the mtcrostructure, and without exploiting the abutty to produce large shapes. 
Thus the application of fusion-cast shapes ts largely limited to areas where 
corrosion resistance and volume stability are paramount, such as glass-tank 
refractories and, more recently, oxygen steelmaking refractories. Since high 
density also results in maximum thermal conductivity, UC and UQa rods have 
been cast for nuclear-fuel elements; and since optical transmission of trans
parent polycrystalline materials ts primarily limited by light scattering of 
small pores, infrared windows of halide compositions have been made by solid
Utcation from the melt. In all the present applications, however, mtcrostruc
ture, with the exception of porosity, ts not closely controlled, and thus mechan
ical properties are generally poor. Major problems in production of large 
refractory blocks are control of macroposostty and prevention of thermal
stress cracking during solidUtcation and cooling to room temperature. Macro
porostty results from gas exsolution and volume change on solidification, 
usually high for oxides. Shrinkage cavities can be overcome by the choice of 
compositions showing minimum volume change (complex oxides), mold design, 
or the addition of nucleating agents to obtain a relatively uniform "Swiss cheese" 
structure. Dissolved gases are removed from the melt by heating tn vacuum, 
where feasible. Cracking ts reduced by slow cooling, of more than a week for 
large shapes. 

Dimensional control ts usually poor: Blocks are ordinarily cut to shape. 

RAW MATERIALS 

Since raw materials are melted, their original physical structure ts destroyed 
and therefore largely unimportant. Selection is based on chemical composition. 
There is a practical preference for dense materials to simplify loading opera
tions. Incongruently melting compounds and materials of high va,por pressure 
or very high melting point cannot be fabricated by this technique. The latter 
two limitations are not fundamental, but a reflection of the present state of 
technology. 
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THE MELTING PROCESS 

By definition, a stable melt of reasonable volume is required in this process 
class. The volume can be as small as 20 cm3 for casting of carbide nuclear
fuel elements, or as large as 10-20 tons for the production of refractory blocks. 
A variety of melting techniques that can be characterized by the melt container 
and the power source are available. Crucible techniques are technically sim
pler but require a nonreactive, high-melting-point crucible, a requirement 
that severely limits choice when refractory oxides are to be melted. Platinum 
is useful up to about 1,450 ° C; above this temperature iridium is the only known 
container meeting all requirements, although tungsten and molybdenum are 
usable in some instances, provided the atmosphere is carefully controlled and 
some tungsten - molybdenum contamination can be tolerated. Iridium (mp 
2, 454°C) is usable to about 2,200°C, and crucibles as large as 5 in. in diam
eter by 7 in. high are commercially available, although costly( ..... $15,000). 
Nonporous Ir coatings on graphite and tungsten that promise larger crucibles 
and lower initial cost have been developed. Conventional containers for 
higher-melting oxides are not likely, although osmium is at least theoretically 
useful up to 2,600°C. Graphite is a good crucible material for the carbides. 

Heat sources available for crucible processes include oxyhydrogen, electric 
resistance, and induction heating, with the last-named being preferred because 
it affords close control both of melt temperature and the atmosphere surround
ing the melt. 

Crucibleless processes utilize a skull of the same material to contain the 
melt, backed by a water-cooled (usually metal) container. Energy may be intro
duced into such systems via two electrodes, either by establishing an arc be
tween them (arc heating) or by utilizing the conductivity of the melt (resistance 
heating). For oxide melts, carbon electrodes that are slowly consumed are 
generally used. Very large melts of oxides are commercially produced by this 
technique. However, melt control is very poor: Reduction of oxides takes 
place, and the temperature of the melt is nonuniform and uncertain. It is, more
over, very difficult to scale down this system to melts of only a few pounds. 

Other methods for heating of skull melts have been proposed, including the 
use of electron-beam techniques, very-high-frequency induction coupling di
rectly to the melt, and arc-imaging techniques. Although promising, none has 
so far reached the useful stage. For electrically conducting carbides, cold
crucible techniques developed for metals are applicable and have been used 
successfully. 

Atmosphere above the melt is usually uncontrolled in commercial oxide
melt processes. Yet the interaction of molten oxides with the atmosphere is 
substantial: Such melts dissolve appreciable quantities of gases. The technology 
to control atmosphere and to vary its total pressure is available. Such control 
seems essential for the fusion and freezing process to yield high-performance 
ceramics. 

SOLIDIFICATION 

Whereas the melt can be solidified in the melting container, and thus no pouring 
is necessary (such an approach is often followed in the production of fused 
grain), in general the melt is poured into a mold of suitable shape, where solid
ification takes place. Either permanent molds (graphite, precious metals, or 
water-cooled metals) or "sand" molds can be used. As will be discussed later, 
however, control of the rate of solidification and cooling is essential to obtain 
high-quality oxide structures; thus, at least for simple and small shapes, non
reactive ''hot" metal molds are needed. 

Surprisingly little is known about properties of liquid oxides. The density 
is less than that of the solid, but the volume change on solidification varies 
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substantially. Generally the change is largest, between 15 and 25%, for simple 
close-packed oxides, and least, approximately 10%, for complex oxides such 
as spinels and garnets with a relatively open structure. Viscosity, on the other 
hand, tends to be higher for complex-oxide melts, although little quantitative 
data are available. Melts are electrically conductive, and gas solubility is 
generally high. But except for glass-forming oxides, essentially no data are 
available. 

Striking characteristics of oxide melts are the degree of supercooling 
achievable before stable nuclei are formed and the relative insensitivity of 
oxide melts to foreign nucleating agents. Supercooling of melts by as much as 
300 ° C is not uncommon. Whereas such behavior is very useful in growing 
oxide single crystals (and helps to explain the relatively perfect crystals 
achievable under quite primitive conditions), it also contributes to the large 
grains typically obtained in cast polycrystalline structures. 

Whereas the mechanisms of nucleation and crystal growth of oxides are 
probably essentially similar to those of metals, physical properties that control 
the quantitative behavior are quite different. For example, the thermal diffu
sivity of oxides is a factor of 10 to 100 times lower than that of metals. There
fore, without substantial modifications, metallurgical techniques are not directly 
applicable to the freezing of ceramic systems. 

When a single-phase oxide melt is poured into a cold mold, heterogeneous 
nucleation occurs at the mold surface. Very quickly, favorably oriented crys
tals take over, and columnar growth of very large grains results throughout 
most of the volume of the casting. The solidified ingot will crack along grain 
boundaries and can easily be separated into individual grains. An entirely dif
ferent structure will result if a melt is solidified in the crucible used for 
melting. 

Because of the high degree of supercooling obtainable and the small number 
of nuclei ordinarily formed, in a single-phase system grains will grow rapidly 
to a very large size. Often only 10 or 20 such grains will be present in a 50 to 
100 cm3 volume. If, however, nucleating agents such as metallic solid particles 
are present in such a melt, the grain size will be significantly smaller. Jn a 
two-component mixture, equiaxed grains of smaller size can result because of 
constitutional supercooling. Eutectic mixtures on solidification give rise to 
structures quite similar to metallic eutectic melts, although very little infor
mation is available on the various types. 

Because of the high volume change in freezing of oxide melts, shrinkage 
cavities are very large and usually centrally located unless special precau
tions are taken to cause unidirectional cooling. Relatively large bubbles are 
present throughout a solidified mass because of the change of gas solubility on 
freezing. These bubbles can be avoided by melting under reduced pressure, 
and ingots of large grain size, but quite transparent, can be produced by this 
means. Unless solidification takes place very slowly, thermal gradients within 
the system build up to high levels; and since little plastic flow takes place in 
the cast piece, cracking usually results. 

OPPORTUNITIES AND AREAS FOR FURTHER STUDY 

Until relatively recently, the major limitations of bulk-solidification techniques 
have been technological. That is, means to melt oxides under controlled condi
tions and without contamination, and of solidifying such melts under controlled 
conditions, have not been available. Such limitations no longer apply, at least 
for volumes up to 2,000 cm3. The use of precious-metal crucibles and molds 
in combination with induction heaters allows precise control of the process. 

The most serious limitation is the difficulty of obtaining fine grain size, 
because of the combination of a large degree of supercooling, sparse nucle
ation, and the low thermal conductivity of oxide ceramics. However, these limi-
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tations appear to be real primarily for single-phase systems. Whereas stngle
phase, single-component ceramics are presently preferred when fabricated 
by the more conventional solid-state processes, complex compositions are 
preferable for bulk fusion and freezing techniques. Eutectics or perttectics 
will result in mtcrostructures both finer and unique in texture. Another ap
proach to overcoming the problem of coarse grain size in cast ceramics ts 
the use of solid solutions in which the solubility decreases rapidly with temper
ature. Work in Germany during World War II has shown that coarse-grained 
sptnel, with a fine precipitate of alumina, does not behave as a coarse-grained 
ceramic, but the effective grain size is proportional to the separation of the 
precipitate particles. 

There are, furthermore, many applications for which large grain size ts 
not a detriment per se. This ts true of applications in which mechanical 
strength ts less important than other properties such as density or optical 
transparency. Infrared components, lasers, and light-source envelopes provide 
some examples of such applications. 

A most striking characteristic of the fusion and solidification process for 
ceramics ts the lack of hard information about the process and of physical 
data on liquid and solid oxides near the melting point. Support should be given 
to a continuing long-term fundamental study of the properties of liquid oxides 
and of solidtftcation mechanisms. 

Some other applied research and development areas that merit exploration 
include: 

1. Addtttonal means of controlling uniform nucleation and crystallization, 
e.g., the use of applied pressure at about the normal melting point to cause 
freezing (viz., ututztng b.(PV) in place of b.E to drive the reaction), and the use 
of programmed cooling of molds to control the freezing rate. 

2. Addtttonal means of adjusting grain size and texture after freezing, e.g., 
subsolidus heat treatment or hot-working of appropriately chosen compositions. 

3. Additional means of achieving different configurations, e.g., dipping a 
porous body in a molten-oxide bath (!.e., infiltration), or repeatedly dipping a 
hot form to build up a shell configuration. 

In spite of recent progress and of foreseeable future improvements in 
fusion-casting methods, it would appear that technical superiority, especially 
for structural uses, will be difficult to obtain. 

In most cases, accomplishments of research will be relatively specific 
regarding the compositions to which the methods are applicable. Emphasizing 
that this statement pertains only to the "structural ceramics" objective and its 
general advancement, it ts probable that applied research can be more fruit
fully devoted to selected solids-processing methods and to other fluid-proces
sing methods than to fusion casting. Nevertheless, there will continue to be a 
number of spectftc products and applications (especially where transparency 
ts important) that justify advancement of this processil)g technology. 

Bulk Glass and Glass-Crystallization Processes 

Glass has been broadly described as a product of inorganic fusion whose struc
ture ts random beyond about 8 l, although some uncertainty and controversy 
remain as to the actual extent of "short range order" in vitreous materials. 

Many of the applications of glass take advantage of its inherent transparency 
in the visible region, while special formulations can extend this transparency 
into the ultraviolet, infrared, and microwave regions. Among other useful prop
erties of glass are high resistance to chemical attack, high hardness and 
resistance to mechanical abrasion, thermal stability up to 1,000°C, low elec
trical and thermal conductivity, zero porosity and permeabtltty, and low density 
(commonly from about 2.5 to 3.5 g/cm3). Glass can also be made chemically 
and physically homogeneous on an almost atomic scale. 
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The theoretical strength of vitreous silica has been estimated to be nearly 
3 x 106 psi. Although this number indicates the potential value of glass as a 
structural material, all glasses, under normal use conditions, are susceptible 
to breakage by the concentration of tensile stresses at imperfections. Cracks, 
scratches, or other surface flaws usually act to reduce transverse glass 
strength to a few thousand psi. Acid polishing, protective coatings, and the 
introduction of thermally or chemically induced surface compressive stresses 
are some methods now used to preserve at least a portion of the very high in
trinsic strength of glass. 

Although glasses containing a dispersion of one or more crystalline phases 
have been known since ancient times, crystallized glasses or "glass ceramics" 
of technical importance are relatively new. Within about the last decade a 
growing number of highly crystalline products have been made by the controlled 
nucleation and crystallization of special glass compositions. By the controlled 
heat treatment of certain glasses, a large number of minute crystal nuclei can 
be produced in a uniform dispersion, many of which subsequently act as 
growth centers during a bulk crystallization process. 

The principal significance of the development of technical glass ceramics 
ts that substantial improvements in the properties of glass can be achieved 
through a simple heat-treating sequence. Modification of the following proper
ties can be effected through the crystallization of glass: mechanical strength 
and hardness, chemical durability, thermal expansion (either lower or higher 
than the parent glass), thermal and/or electrical conductivity, transparency 
in the tr or microwave regions, and thermal stability. Much of the important 
visible transparency of glass can often be maintained through the crystalliza
tion process by careful control of the parent-glass composition and its heat 
treatment. 

THE GLASSMAKING PROCESS 

Common commercial glasses are made from inexpensive and abundant raw 
materials. Minerals and chemicals of appropriate grain size and purity are 
initially prepared by crushing and sizing. Mixing of the particulate batch mate
rials ts then accomplished, in order to achieve a high rate of batch solution 
and a high degree of homogeneity in the molten state. Preparation of the batch, 
and its delivery to the melting tank, can be fully automated. 

During the continuous glassmaktng process, batch materials are heated, in 
a container or tank lined with refractory oxides, to above the liqutdus tempera
ture (usually about 1,200-1,600°C). The molten glass passes from the melting 
portion of the tank to the ''finer" section, where it ts degassed (i.e., bubbles 
are removed). Homogenization ts finally accomplished by stirring and thermal 
agitation. The melt ts cooled to an appropriate viscosity while passing through 
an orifice out of the tank into the forming equipment. A continuous industrial 
melting unit may produce hundreds of tons of high-quality glass daily. Platinum 
ts used as a refractory-containment material to produce the purest, most 
homogeneous glasses (e.g., for optical and ophthalmic uses). 

As a glass-forming melt cools, the fluid changes continuously to a viscous 
or plastic state in which the glass may easily be formed into various shapes. 
In industrial installations, glass is fed continuously into high-speed spinning, 
casting, blowing, drawing, rolling, pressing, or other automatic forming equip
ment. This equipment ts complex and expensive, and the molds require special 
high-temperature metals to withstand the severe thermal environments that 
are encountered. 

The finished glass article ts normally reheated to relieve any residual 
stress caused by thermal gradients encountered during cooling. Portions of 
the finished article may be remelted at any time to accomplish localized vis
cous flow for the correction of defects or for polishing. Forming and subse-
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quent processes must take place rapidly enough that devitrlflcation to the equi
librium crystalline assemblages does not occur. 

VARIETY OF GLASSES AND GLASS-FORMING CAPABILITIES 

The bulk of the commercial glass industry can be divided into four general sec
tions: (a) fiat glass, which includes most of the window glass produced; (b) con
tainer glass, which includes bottles of all kinds; (c) specialty glass; and (d) 
fiber glass. Approximately 25% of the industry's total dollar volume ($3 billion 
in 1966) ls accounted for by flat glass, 38% by container glass, 20% by specialty 
glass, and 17% by fiber glass. Table 1 lists some properties of a selection of 
commercial glass compositions. 

Fused silica ls probably the most widely known of the advanced technical 
glasses. It ls the most refractory (annealing point 1,050°C), and its low coeffi
cient of thermal expansion (5.5 x 10-7 /°C) underlies many applications in 
which the ability to withstand large temperature gradients ts important. Its 
elastic modulus ls relatively high (10.5 x 106 psi) and its density ls low (2.20 
g/cm3). It has a very low dielectric constant and power factor (3.8 and 1 x 10-5, 
respectively, at 1 Mc), and ts highly transparent from near-tr to uv wave
lengths. The forming-and-working methods for vitreous silica are basically 
similar to the processes for more ordinary glasses, but with unique quantita
tive differences. 

Although silicate glasses (complex compositions containing silicon dioxide) 
are by far the most common, over 60 of the chemical elements have been 
incorporated into glass. The following refractory oxides, either alone or in 
combination with other oxides, can be quenched in bulk from the molten to the 
vitreous state: 

Sn02 

SiQa 

In addition, nonoxtde glasses containing such anions as tellurldes, arsentdes, 
sulfides, fluorides, selenldes, and antimonides can be made. The use of high 
pressures during melting has made possible the production of glasses 
containing large quantities of volatiles, such as chlorides, bromides, iodides, 
water, carbon dioxide, and hydrogen. 

Composition control of common silicate glasses can be held to within fairly 

Table 1. Properties of Some Commercial Glasses 

Soda Lime Alkali Barium Medium Boro- Heat Resistant Alumino 
Silicate Silicate silicate Borosilicate Silicate 

Coeff. of linear 
exp (0 to 300° C) 92X 10-7/°C 89x 10-7/°c 46 x 10-7/°c 33 x 10-7 /°C 42 x 10-7/°c 

Annealing temperature 
(constant viscosity) 510°C 445°C 480°C 565°C 715°C 

Density (g/ cm3) 2.47 2.64 2.28 2.23 2.52 

Young's modulus (psi) 10 x 106 9.8 x 106 8.2 x 106 9.1 x 106 12.7 xto6 

Log volume 
resistivity (at 250° C) 6.4 8.9 9.2 8.1 11.4 

Dielectric constant 
(1 Mc and 20°C) 7.2 6.3 4.9 4.6 7.2 

Power factor 
(1 Mc and 20°C) 0.009 0.0017 0.0026 0.0050 0.0038 
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close tolerances. Batch-solution rates and rates of volatility of melt constitu
ents normally determine the amount of composition control that is possible. 
Using special precautions, control can often be achieved to within a few parts 
per million of certain major batch ingredients, and to within less than one part 
per million of minor constituents. Uniformity of composition during the glass 
melting-and-forming process depends upon the homogeneity of the batch as 
delivered to the tank, grain size and distribution of batch raw materials, solu
tion rates of the various batch components, and melting time and temperature. 
Stirring (usually with platinum-clad molybdenum equipment) is used to achieve 
a high degree of uniformity in some commercial glasses, especially optical 
glasses. The degree of purity that is obtainable during the making of glass is 
primarily dependent upon the purity of the batch materials used, but is also 
contingent upon batch-handling procedures and purity of the refractory melting 
container. Certain optical glasses are currently manufactured with a total tm-. 
purity level of less than one part per million. 

As in-process control, glass composition ts monitored along with several 
important and easily measured physical properties. The temperatures in vari
ous parts of the tank and in the forming equipment are continuously recorded 
for a running history of the melting-and-forming operation. The control of 
defects (e.g., bubbles, unmelted batch, and devitriftcation or "cord") ts made 
simple through the examination of the transparent glass immediately after 
forming. These defects can be related to faulty tank operation and quickly 
eliminated. 

In addition to bulk or massive shapes, glass can be made continuously in the 
form of tubing, rod, sheet, ribbon, foam, fiber, and beads. All these can be 
made with reproducibly high quality and uniformity. Although bulk glass can 
be applied during forming as a coating on certain substrates, the coating pro
cess ts usually initiated from the quenched state. A glass powder or frit is 
generally sprayed on the article to be coated. Subsequent firing produces a 
smooth continuous glassy coating or glaze. Particulate glass can also be slip 
cast or pressed into shape and fired to produce a sintered body with controlled 
degrees of consolidation. 

Shrinkages, normally large in conventional ceramic processing, are quite 
small in the glassmaktng process. Precision forming ts therefore possible 
with very high accuracy. Glass can be machined (i.e., ground) to close toler
ances, but not without some difficulty, owing to its hard and brittle nature. 

Although ·articles of almost any size and shape can be made from glass, 
it may be impossible to cool unusually thick or massive sections rapidly enough 
to prevent devitrification and, at the same time, uniformly enough to eliminate 
thermal cracking. Special glass compositions, however, can be formulated 
with sufficient stability and low thermal expansion to permit fabrication in 
sections exceeding one foot in total thickness. Softening and reworking of man
ufactured glass articles are also limited by devitriftcation, which occurs most 
readily upon reheating. 

GLASS-FORMING ECONOMICS 

When manufactured in large quantity, glass is among the cheapest of materials. 
The costs of baste raw materials and melting are low, usually not more than 
a few cents per pound; but large, high-temperature melting tanks and automatic 
forming equipment require high capital expenditures. Refractory costs can be 
high, especially when platinum is used. For new glass products, special form
ing equipment must usually be designed and built. The cost of finished glass 
articles ts thus extremely sensitive to production volume, the cost per item 
dropping rapidly as volume increases. The glass-forming process therefore 
cannot compete in cost with most of the conventional ceramic-forming tech
niques unless production volume is high. 
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GLASS CRYSTALLIZATION 

In the manufacture of crystalline ceramics from glass objects, a heat-treating 
cycle, normally consisting of a low temperature (600 to 900°C) and a high tem
perature (900 to 1,300°C) portion, is required. For some compositions con
taining dissolved Ag, Au, and Pt, for example, the thermal treatment is 
preceded by ultraviolet ''photosenstttzing," the effect of which ts similar to 
that of exposing a photographic emulsion. The low-temperature soak is de
signed to produce the desired number of crystalline nuclei, and the second 
hold ts required to accomplish crystallization of the main portion of the glass. 
Depending on composition and the crystalline assemblage desired, the total 
heating cycle can range from a few hours to many days. 

Although the internal structure of glass ts commonly thought to be essen
tially random, certain structural inhomogeneities often become apparent during 
annealing. A phase separation ts commonly observed in the form of a two
liqutd composite, where droplets of one glass composition are dispersed within 
a matrix of the other or both phases are continuous. An example of this behav
ior occurs in the sodium borosilicate system, in which a sodium borate phase 
is rendered cocontinuous with a 96% stlica glass during a special heat treat
ment. This is an example of a deliberate phase separation; others often occur 
spontaneously in glass forming. Liquid - liquid phase separation has a marked 
influence on the nucleation and growth of crystalline phases. 

A special requirement in glass crystallization ts that it must occur with a 
minimum amount of deformation. Heating to higher temperatures to hasten 
the process could produce an intolerable amount of sagging, necessitating the 
use of expensive forming hardware to maintain the proper shape during 
crystallization. 

The number of glass compositions that can be effectively crystallized and 
the range of uses for the product materials are being increased rapidly. 
Table 2 samples the list of "technical" and "nontechnical" glass ceramics as 
of 1966. 

Crystalltzation of glass can produce composite ceramics of various grain 
sizes, shapes, orientations, and distributions. Control of the microstructure 
of glass ceramics ts achieved through careful selection of glass composition 
and heat treatment. Little ts known of the bonding that occurs between a grow
ing crystal and its parent glass, but there is no detectable porosity in glass 
ceramics that contain even a very small amount of residual glass. The range 
of grain size in glass ceramics is from the edge of resolution of the electron 
microscope (i.e., about 20 A) to several microns and even up to the millimeter 
size range. The desirable orientation is generally random, although oriented 
crystallization beginning at the surface of a glass can be achieved with certain 
compositions. For very small crystal sizes the shape is generally almost 
spherical, but as the crystals grow they assume a more angular or euhedral 
geometry. Control of the variety and number of crystal phases can be achieved 
through selection of composition and heat treatment. Glass ceramics can be 
obtained by crystalltzation to the point where virtually no residual glass 
remains. 

Limitations with respect to size and shape are somewhat more restrictive 
for glass ceramics than for the common glasses. This is because glass ce
ramics are necessarily designed to crystallize in a very short time upon re
heating. Especially in the case of refractory compositions, some of the glass
forming methods cannot be used. The reworking by softening of a finished 
glass-ceramic article ts also limited by the necessity of partial remelting to 
the glassy state; therefore, such operations must precede crystallization and 
may interfere with it. 

During crystallization a volume densiftcation of less than 3% is generally 
encountered, allowing fairly close dimensional control during glass-ceramic 
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Table 2. Some Commercial Crystallized Glasses 

Commercial 
Identlflcation 

Corning 8603 

Corning 9606 

Corning 9608 

Corning 9611 

Neoceram (Japan) 

Owens-filinois 
Cer-Vit 

Anchor-Hocking 
Cookware 

Corning 0303 

Corning CYKOL 
and CYK02 

Corning 9690 

Corning 0333 

Crystal Phases 

Li20·28i02 1 8102 

2Mg0·2Al203•5Si02, 
8102, Ti02 

,8-spodumene solid 
solution, Ti02 

a -quartz solid 
solution 

,8-spodumene solid 
solution 

,8-quartz solid 
solution 

,8-spodumene solid 
solution 

Na20·Al2o3 •2Si02 
BaO·Al20 3·2Si02 

Sodium niobate 

,8-spodumene solid 
solution 

Jl-spodumene solid 
solution 

Properties 

Photochemically 
machinable 

Low expansion, 
transparent to radar 

Low expansion, 
good chemical 
durability 

Very high strength 

Low expansion 

Zero expansion at 
ambient temperatures 

Low expansion 

High strength 

High dielectric 
constant 

Low expansion 

High strength, 
weatherability 

Application 

Fluid amplifiers, molds 
for printing plates 

Rado mes 

Household cooking 
utensils 

Structural members 

Household cooking ware 

Telescope mirror blanks 

Household cooking ware 

Tableware and dinnerware 

Miniature capacitors 

Gas-stove burners 

Building cladding 

processing. Machining methods are the same as for conventional ceramics. 
Glass ceramics are often somewhat stronger than the original glass, as a 

result of the randomly dispersed crystals, which tend to impede the initial 
growth of microcracks. The achievable ultraftne grain size, together with the 
zero-porosity characteristic of glass, presents a combination of microstructural 
features not broadly found via any other ceramic process. Variation of other 
specific properties at will over a substantial range, as for example the expan
sion coefficient, is already practiced. One present limitation tn thermomechan
ical properties, which may be overcome as more compositions are explored, 
is that of high-temperature strength owing to the presence of a residue of glass 
(predominately St~) at the grain boundaries. 

The primary inherent advantage tn a process that produces crystalline ce
ramic materials from glass ts the controlled internal nucleation, which makes 
possible the greatest homogeneity known for a polycrystalline ceramic system, 
assuming of course that the parent glass ts homogeneous. The combination 
afforded by the various glass-forming resources, together with the variety and 
precision of mtcrostructure control by glass crystallization, is unique. The 
impact of these combined capabilities ts just beginning to be felt in the techni
cal-ceramics area, and advanced glass ceramics are regarded as one of the 
most important classes of materials for further development by both Govern
ment and industry. 

FINISHING OF GLASS CERAMICS 

Having no porosity, glass ceramics are very suitable for strengthening by 
prestressing techniques similar to those employed with glass. Through care-
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fully controlled heat treatments or subsequent chemical processing, compres
sive surfaces have been developed on many glass-ceramic materials. The 
most common procedure involves immersing the glass-ceramic body in a mol
ten salt to effect ion exchange, which in some cases also involves a crystalline 
phase transformation. The surface compressive layer formed results in modu
lus of rupture strengths up to as much as 10 to 20 times the original glass
ceramic strength. Some examples are: 

1. An Mg-Al-Si-0 composition nucleated with TiC>i to give a body com
prised of ex -quartz, spinel, and enstatite; ion-exchanged with Li (for Mg). A 
low-expansion p-quartz phase is grown in the surface layers. Modulus of rup
ture: original, 15,000 psi; strengthened, 140,000 psi. 

2. An Li-Al-Si-0 composition nucleated with TiC>i to give a body comprised 
of JJ-spodumene and rutile; ion-exchanged with Na (larger) for Li (smaller) 
without phase change. Modulus of rupture: original, 12,000 psi; strengthened, 
90,000 psi. 

3. An Na-Al-Si-0 composition nucleated with Ti"2 to give a body comprised 
of nephelite and anatase; ion-exchanged with K (for Na). The phase kalsilite 
(of 10% larger specific volume than nephelite) appears in the surface layers. 
Modulus of rupture: original, 15,000 psi; strengthened, as high as 200,000 psi. 

As is also typical with glass, these higher strengths owing to surface com
pression are accompanied by a decrease in the scatter of strength values 
about the mean. 

OPPORTUNITIES FOR RESEARCH AND DEVELOPMENT 

Refinement of processing techniques of glass melting and forming could in
crease the quality and uniformity of the product. Innovations in processing 
equipment are required for new product concepts. Tanks to melt greater vol
umes of high-quality glass, higher-temperature glasses, or glasses of unusual 
or highly corrosive composition, are among the important future needs of the 
glass industry. Other methods of forming, e.g., molten-particle spraying, 
should be further investigated. 

Opportunities to achieve Young's modulus values above 25 x 106 psi and to 
maintain high strength values at temperatures of 1,000°C and above lie in the 
exploration of new glass compositions, including, in particular, nonsilicate 
compositions. Rapid-chilling methods may be necessary to preserve these in 
the vitreous state for use or for controlled crystallization. 

New high-modulus compositions should find ready use as filaments if they 
can be preserved in the vitreous state. The role of crystallized high-E glasses 
as filaments is still indistinct, requiring further research; it is certain that 
complete crystallization and extremely fine grain size will be required. 

Exploration of nucleation and crystallization in unusual glass-forming sys
tems is therefore needed. This research is sure to pr.oduce new high-perfor
mance glass-ceramic materials for structural and many other applications. 
Extension to more refractory compositions is important. Achievement of the 
finest of grain sizes (~ 0.01,..) with complete crystallization is necessary. 
Study of the changes in the internal structure of glass as it is being heat
treated is also needed, because proper control of heat treatment can produce 
a variety of new and interesting microstructures for each glass composition 
studied. 

Of basic significance are studies of the phenomena of nucleation, growth, 
and phase separation relative to the structure of glasses. From this work it 
is expected that new ways may be found for controlling crystallization to pro
duce glass-ceramic materials. 

Instruments of investigation and instrumental means for process control 
appear to be adequate except for the direct observation of critical nuclei. 

An invaluable contribution would be the compilation of a reference work 
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that lists glass and glass ceramics and their properties for all known composi
tions so interested parties can keep abreast of developments in this field. 

Incremental Gas-Phase Molecular Transport 

The fluid processes for ceramic forming included in this section are: (a) Phys
ical Vapor Deposition (PVD), i.e., direct condensation of atomic or molecular 
vapor, including sputtering; and (b) Chemical Vapor Deposition (CVD), i.e., 
the formation of a solid product from gaseous compounds by chemical reaction 
at a surface. Impregnation is a variant of (b) in which a gaseous material is 
allowed to interact with a particulate aggregate in such a way as to bond and 
consolidate the aggregate; Reactive Sputtering, e.g., sputtering of a metal in 
an oxygen-, nitrogen-, or other gas-containing atmosphere, is a hybrid of (a) 
and (b), and Ion-Plating is a variant of (a), in which vaporized materials are 
ionized and the ions are driven by an electrical potential to the surface to be 
coated. 

These processes were conceived and developed for purposes of coating. 
While they are adaptable to the building up of free-standing thin-walled shapes, 
their deposition rates are in many instances too slow to consider for the fabri
cation of massive ceramic objects. Variants of these processes include the 
coating of small particles in a fluidized bed, in which the reactant gases are 
components of the fluidizing stream; and the preparation of particulates by 
conducting the reaction in the gas phase (termed "snowing out") and collecting 
the product. 

The most important general advantages and disadvantages of PVD and CVD 
processes are listed in Table 3. A more detailed discussion follows. 

COMPOSmONS 

The compositions of materials that can be formed by these processes are 
varied but depend on some measure of volatility either of the desired material 
itself (PVD) or of a material that will react subsequently to give the desired 
product (CVD). A few examples of the compositions that can be formed are 
given in Table 4. Many homologue& remain to be explored. 

CONFIGURATIONS 

The range of configurations that can be formed or treated by incremental gas
phase processes depends upon the availability of arrangements for bringing 
the gas into contact with a substrate. The uniformity of the product will depend 
upon the uniformity of that contact. Several limitations should be considered: 

1. PVD is a line-of-sight process becuase of the molecular-flow mass 
transfer at the low pressures of operation that are made necessary by the low 
volatility of the materials of interest. Therefore, for uniform coatings the sub
strate must be uniformly exposed to the vapor source. 

2. CVD occurs by reaction whose rate can be affected by the interdiffusion 
of reactanis to the surface and reaction products away from the surface through 
a boundary layer. Thus, in CVD the dynamics of vapor flow is of primary con
cern, and the control of vapor flow is important. 

3. Even in impregnation, where the gas flow may be in one direction (i.e., 
all the reactant is consumed), it may be necessary to limit the rate of surface 
reaction so that uniformity is attained. Further, even small quantities of non
reactive gaseous impurities can form a barrier and restrict access of the reac
tant gas into the interior of a porous body, thus limiting the depth to which 
uniform penetration can be achieved. 

Thin films (0.01 µto 1 µ)are used for optical, electronic, and emissivity
control purposes. Coatings (1 µ to 250 µ) are used to impart abrasion resistance 
and corrosion resistance to surfaces. The thinner coatings and films require 
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Table 3. Advantages and Disadvantages of Incremental Gas-Phase Processes 

Process 

PVD 

Ion plating 

CVD 

Advantages 

Relatively cold substrate 

Ideal for thin films of 
metals and some ceramics 

High-vacuum ambient ideal for 
cleanliness 

Rate of deposition well con
trollable 

Condensation patterns are 
predictable 

Uses readily available form of 
high-purity feed material 

Sputtering permits deposition 
of materials of low volatility 

Adaptable to formation of dis
persed two-phase systems 

Adhesion improved over that 
of PVD 

Rate of deposition comparable 
to PVD 

Substrate does not have to be 
cooled 

May be carried out at 
atmospheric pressure 

Applicable to the deposition of 
a large number of ceramic 
materials 

Variety of controlled 
morphologies attainable 

May be used to minimize 
stress at high operating 
temperature due to thermal
exp.ansion mismatch 

Adaptable to formation of some 
very fine two-phase 
dispersions 

Up to 10-fold advantage over 
PVD in rate of deposition in 
some cases 

Throwing power exceeds that 
of PVD 

Impregnation Gives isotropic product 

Relatively thick sections can 
be fabricated 

Disadvantages 

Heat-sensitive substrates must be 
force-cooled for rapid deposition 

Range of achievable ceramics 
limited 

Must be carried out in high
vacuum equipment 

Rates of deposition limited to 
0.01 in./hr 

Is line-of-sight process with no 
"throwing power" 

Mechanical feeding of rod, wire, 
or particles needed for continu
ous operation 

Sputtering occurs at very low rate 

Control of relative rates of evapora
tion of two components is difficult 

Requires additional complexity 
of equipment relative to PVD 

Rate of deposition limited 

Substrate must be heated, thus 
preventing application to many 
plastics and other materials 

Most vapor-feed compounds are 
sensitive to air oxidation or 
hydrolysis 

Feed materials are toxic and/or 
expensive 

Anisotropic deposits lead to 
thermal stress 

Good thermal-expansion match of 
deposit with substrate required 

Component of feed vapor may con
stitute undesirable contaminant 

Limited rate of deposition 
(0.01 to 0.1 in./hr) 

Limited throwing power 

Limited composition range of 
applicability 

Since body must be porous to in
troduce one reactant, some con
nected porosity in final body is 
inevitable 
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Table 4. Examples of PVD and CVD Products and Their Forming Reactions 

Product Reactants Reaction Temperature 

Boron B (PVD) T(evap) 2: 2150° C 

BC13 + H2 ... B T(substrate) 2 900° C 

Carbon c (PVD) T(evap) 2 2750° C 

CH4, etc .... c T(substrate) 2 1000° c 

Silicon Si (PVD) T(evap) 2 1600° C 

su4 ... Si T(substrate) 2: 1000° C 

Oxides AlCl3 + C02 + H2 ... Al203 T(substrate) 2 1000° C 

Al alkox:ides ... Al203 T(substrate) 2 300° C 

Si02 (PVD) T(evap) 2: 2000° C 

TiC14 + H20 ... Ti02 T(substrate) 2 600 ° C 

Carbides SiC (PVD) T(evap) 2 1900°C 

SiC14 + CH4 ... SiC T(substrate) 2 1200° C 

CH3SiCl3 ... SiC T(substrate) 2 1000° C 

Bo rides TiC14 + BC13 ... TiB2 T(substrate) 2 1000° C 

Nitrides BC13 + NH3 ... BN T(substrate) 2: 1000° C 

Silicide a MoC15 + SiC14 + H2 ... M0Si2 T(substrate) 2 1000° C 

Mo + Si12 ... MoSi2 T(substrate) 2 800 °c 

the transport of only very small amounts of material and can be effectively 
applied by either PVD or CVD. PVD is preferred for thin films because the 
distribution of material transferred from source to substrate is easier to pre
dict, and the substrate temperature can be varied independently. For heavier 
coatings where the substrate temperature constraints are acceptable, CVD is 
preferred because of the greater available rate of mass transfer. 

Individual pieces or mandrels to be coated can be mechanically translated 
and rotated relative to the vapor source for uniform exposure. For deposition 
on a continuous sheet, staggered or banded vapor sources are used to establish 
uniformity. 

Certain coatings, films, and surface-layer modifications can be formed on 
various shapes by the variant known as the "pack-cementation" process. For 
example, siliconizing of molybdenum or tungsten gives a silicide coating. 
Recent research in the pack cementation of AI2o3 by Cr2o3 utilizes the lower 
coefficient of expansion of the AI2o3 - Cr2o3 solid solution to give a compres
sively stressed surface layer on cooling. 

In such processes, the parts to be coated are embedded in a mixture of 
powdered reactants and inert diluent. The entire pack is raised to an elevated 
temperature, where a CVD reaction takes place via the vapor phase. Slurry 
or paste packings are also used. The use of a fluidized pack can improve the 
uniformity of the coating. Also, the economy of semicontinuous operation is 
one factor favoring the fluidized pack over the static pack. 

Because of its higher mass-transfer rates, CVD should find a greater range 
of applicability than PVD for forming free-standing shell structures or sheets 
by means of deposition on a mandrel-as illustrated in the deposition of pyro
lytic-carbon nose cones. Impregnation is also of utility in the bonding of cer
tain materials, for example by the reaction with nitrogen of preformed green 
compacts of S13N4 or SIC admixed with silicon powder. 

In order to produce shell, sheet, or tube structures of uniform thickness by 
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PVD or CVS it is necessary to control the effective exposure of the substrate 
to the vapor. Shell structures most suitably formed are those that can be 
rotated about an axis of symmetry. 

These processes are important in the preparation of ceramic fibers. In the 
context of this discussion the term "fiber" refers to both whisker and filament 
forms of material. One technique used for filament preparation entails the 
continuous coating of wire. For example, 0.005-in. continuous filaments of 
high-strength boron are formed by hydrogen reduction of boron trichloride on 
a 0.0005-in. resistively heated tungsten core wire passing axially through a 
tubular reactor, counter-current to the vapor flow. Other filamentary mate
rials may be formed similarly. 

'Whiskers" in the present context are single crystals of material having an 
aspect (length-to-width) ratio sufficiently high to be of interest in composites 
(;e 100:1) and having small enough diameter to exhibit exceptional strength. 
Whiskers are formed by two detailed mechanisms of deposition: 

1. Normal whisker growth. There exist for many materials ranges of tem
perature and supersaturation (actual reactant to product ratio relative to equi
librium value) that favor whisker growth over other morphologies. Whiskers 
can be nucleated on a suitable substrate and their growth continued as long as 
conditions are not changed or until prohibitive impurity assimilation occurs 
on the growth surface. 

2. VLS (vapor - liquid - solid) mechanism. Whisker growth may also occur 
by the VLS mechanism, in which a droplet of solvent material at the tip of the 
whisker participates in the growth, and the depositing atoms are transported 
from the vapor through this droplet to the growing solid. 

Single-crystal platelets useful for reinforcing purposes may also be grown 
by CVD in a controlled range of conditions. 

The ranges of temperature and supersaturation suitable for growth of whis
kers and platelets by these techniques impose two important constraints on 
such processes. First, the required supersaturations are obtained at low reac
tant concentration and consequently at low rates of material transport. Second, 
because of reactant depletion, it is difficult to maintain the required conditions 
over a large-volume production unit. 

Vapor-deposition processes are used for the formation of solid particles 
directly from the vapor phase. These can vary in size from 10 A. to 1,000 A 
depending upon the conditions (temperature, supersaturation, and dwell time). 
Very fine metal powders are being prepared by "snowing out" of a concentrated 
beam of vacuum-evaporated metal. By analogy, finely powdered ceramic mate
rials can be prepared by the oxidation, carburization, or nitriding of a beam of 
metal vapor or by, e.g., hydrolysis of a halide or decomposition of an alkoxide. 
Some powders could be formed by direct evaporation and condensation of the 
ceramic material itself. 

Most of the vapor preparation of ceramic powders is presently by the 
chemical route, usually by a flame process. The most familiar is the forma
tion of carbon blacks by the pyrolysis of hydrocarbons. More recently the 
oxidation - hydrolysis of silicon tetrachloride and titanium tetrachloride has 
been used for production of the corresponding oxides for pigment and re
inforcing-agent applications. Suitable procedures could probably be devised 
for the formation of very fine powders of many oxides, carbides, nitrides, 
borides, and silicides. 

Vapor-deposition reactions on suitably agitated particles are being used 
for encapsulation, and this use is expected to increase as new applications for 
coated particles are devised. The coating of nuclear-fuel particles (100µ to 
500µ diam) with pyrolytic carbon for fission-product retention is an important 
example. Oxides and other coatings are being applied by CVD, and some metal 
coatings by PVD. Applications in the processing of composites of high uniform
ity are among the most attractive. 
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DIMENSIONAL CAPABILITIES 

The dimensional capabilities of vapor-deposition processes with respect to 
particulates and fibers have previously been discussed to some extent. No 
practical limitations exist in the formation of continuous coated-substrate fila
ments. Whiskers greater than 1 in. in length are a minor fraction of the usual 
product. By improved understanding of the mechanisms of growth, means of 
extending the length of such whiskers may be devised. However, unless fibers 
are very long, so they can be woven, the 1 in. length is adequate for fiber
reinforcing applications. 

In the coating of particles, limitations in dimensional capabilities are 
encountered as the substrate size is decreased below about 50µ. Very small 
particles tend to coat as agglomerates, rather than discretely, unless special 
arrangements are made to provide proper interparticle agitation. Particles 
in the micron range have been coated. 

In the coating of extended surfaces and the formation of shell structures by 
vapor deposition or reactive sintering, the size of the object to be formed or 
coated is limited only by the facilities available for processing. The use of 
multiple vapor injectors and/or exhausts becomes necessary as the size of 
the object to be processed is increased. There are, however, definite limita
tions in the thickness of coating or shell. These are related to deposit mor
phology as discussed herein. In most CVD systems, surface protrusions that 
extend out into the gas stream are sites of increased deposition rate. There
fore, one may expect increased surface irregularity with increased thickness. 
Furthermore, vapor-deposited materials tend to be anisotropic. That is, 
nucleation and growth can occur with some degree of preferential orientation 
of the crystallites relative to the deposit surface. Thus, any basic anisotropy 
in the crystallites will be additive and will result in a new anisotropy in the 
final product. In a closed structure, anisotropy in thermal expansion will lead 
to internal stress when the object is cooled from the deposition temperature to 
room temperature or is heated above the temperature of deposition. 

Even in isotropic materials, deposition can occur with defects in the mate
rial. To the extent that these have a pattern of preferred orientation, the struc
ture may be internally strained and may crack at some characteristic thickness. 

When the above factors are considered along with the economic limitations 
of low deposition rates, it is improbable that layers of vapor-deposited mate
rials greater than one or, at most, a few inches in thickness will be practical. 
In many cases, the reasonable limit will be a small fraction of an inch. 

The extent to which a porous powder compact can be impregnated by vapor
deposited materials or by a gaseous reactant for reactive sintering depends on 
many factors, including the pore size and continuity and the nature of the reac
tions employed. However, the upper limit of thickness of the order of inches 
appears to apply, and the limit will be much lower if near-zero final porosity 
is the objective. 

MORPHOLOGY 

The morphology of vapor-deposited materials is primarily determined by the 
fact that there is but one growth interface. Material may be incorporated in 
the growing deposits either by the direct addition of molecules (heterogeneous 
surface reaction) or by precipitation of solid particles which have "snowed out" 
in the gas phase (''homogeneously" nucleated material). The heterogeneous 
nucleation of new grains may or may not be epitaxial or rheotaxial. However, 
the heterogeneous growth process is epitaxial. Thus, any orientation preference 
in the nucleation and growth mechanisms is reflected in preferred orientation 
in the final product. 

Grain size in the deposited material depends upon the competition of the 
nucleation and growth mechanisms for material from the vapor phase, and is 
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modified by whatever grain growth occurs in the material already deposited. 
The latter, as well as being a function of temperature, is specific to the mate
rial and its as-deposited morphology, which determines the driving force for 
grain growth. 

Both the nucleation and heterogeneous growth processes for a given mate
rial are functions of temperature and supersaturation (actual reactant to prod
uct ratio relative to equilibrium value). Since the over-all rate of growth is 
also dependent upon supersaturation as determined by the reactant concentra
tion and the rate of supply of reactant to the surface, one may have to limit 
the rate of deposition to attain a desired morphology, or, conversely, accept a 
compromise in morphology for economically favorable deposition rates. 

The uncontrolled precipitation of gas-phase-nucleated material on a growth 
surface is often troublesome. Since this type of material invariably has the 
form of agglomerated submicron spheres, its incorporation leads to voids in 
the deposits. The surface protrusions previously mentioned can originate from 
precipitated particles. Since gas-phase nucleation is favored by increased 
supersaturation, increasing reactant concentration to increase over-all rate 
of deposition can lead to such problems. However, when the precipitation can 
be controlled it may be useful, as in forming continuously nucleated pyrolytic 
graphite or the porous "cushion" layers of pyrolytic carbon applied in coated 
nuclear-fuel particles. 

The introduction of foreign material may limit grain size in the as-deposited 
product by ''poisoning" the growth process. This can be used to advantage if 
properly controlled. 

Vapor-deposited materials have been shown to exhibit two types of unique 
resistance to grain growth; both are related to their unique morphology. 

1. In a preferentially oriented deposit of columnar grains, grain growth at 
elevated temperature is limited by the lack of driving force for growth between 
the low-angle grain boundaries. 

2. Because of the very fine dispersions of stable second-phase material 
(impurity materials or those purposely added) attainable by vapor deposition, 
it is frequently possible to restrict grain growth with very small amounts of 
foreign material. 

Considerable variability can be obtained in deposit morphology by the con
trol of deposition temperature and reactant concentration. This is particularly 
true of reactions that can be made to go over a wide temperature range, or 
when several reactions are available to give the same product. For example, 
alumina can be obtained from hydrolysis of aluminum chloride as a porous 
amorphous material, dense amorphous material (glass), or a macrocrystalline 
deposit with one or another (c- or a-parallel) preferred crystallographic 
orientation relative to the deposition surface. 

The codeposition of compatible materials is possible and gives interesting 
heterogeneous products. For example, carbon can be codeposited with BeO to 
give a grain-growth-resistant product. 

INTERFACE CONSIDERATIONS 

The structure at the interface between substrate and deposit is closely related 
to the characteristics of nucleation and early growth. Problems are specific 
to the process and conditions, and generalization is difficult. However, control 
of substrate-surface cleanliness is important. In PVD, ion- or electron-bom
bardment cleaning, followed by coating at pressures of 10-6 torr, permits ade
quate control in many cases. In ion plating, the highly energetic impact of ions 
with the substrate constitutes in situ cleaning, to which improved adhesion is 
attributed. However, a greaternucleation density relative to that in simple PVD 
may be a factor. 

In CVD the presence of reaction intermediates at the interface may lead to 
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poor adhesion (e.g., TaC12 at the interface between a tantalum substrate and 
molybdenum deposited by hydrogen reduction of molybdenum chloride). The 
generally lower nucleation density of CVD relative to PVD leads to more adhe
sion problems with CVD. Where the substrate can be heated to the point of 
substrate-coating interdiffusion, adhesion is improved. 

One of the basic limitations of any process that yields a composite product 
(coating and substrate or shell and mandrel) is the tolerance for thermal
expansion mismatch of the components. Where the composite is used at low 
temperature, a PVD process may be preferred, since the substrate is not 
heated appreciably in coating. However, where the end use carries the compos
ite to high temperatures, the deposition temperature requirements of CVD may 
not be a problem, and'indeed may be an advantage, in minimizing thermal 
stress at the service temperature. The problem of thermal-expansion mis
match must be dealt with intelligently in all the situations described above. 

MASS RATES OF FABRICATION 

Vapor deposition is limited relative to some other ceramic-forming processes 
in the attainable rates of deposition, the primary factor in determining eco
nomics. Part of this limitation derives from the obvious fact that the gaseous 
form of matter is of low density, and large volumes must be handled for a 
given weight of solid product. Where the morphology of the product is compat
ible with a high rate of production (carbon blacks and name-process Ti02), or 
where morphology is not a factor (fluidized-bed production of granular U02 by 
hydrolysis of UF5), the cost of processing can be as low as a few cents per 
pound. However, in order to obtain a dense product or a product with controlled 
morphology, limitations in production rate must be accepted. Thus, a growth 
rate in CVD of 0.1 in. per hour (attainable in deposition of dense tungsten) is 
considered very rapid; but more often, to prevent premature reaction and 
"snowing out," or to obtain some desired morphology, one must settle for 0.001 
to 0.01 in. per hour. 

In PVD, the advent of electron-beam heating has permitted very high rates 
of evaporation of materials at the source (e.g., 0.002 in. per second). However, 
very-high-power densities are required for this localized heating, and geo
metrical constraints limit the amount of evaporating area that can be exposed 
to the substrate on which condensation takes place. Deposition rates of 0.001 to 
0.01 in. per hour are practiced. At higher rates, one encounters problems 
with removing the heat of condensation and radiated heat from the substrate. 
Forcing the rate of mass transfer can lead to splattering of the boiling metal 
and in some cases to gas-phase nucleation of material that can precipitate on 
the surface to give an inferior product. 

Sputtering or reactive sputtering by ion bombardment is an inherently slow 
process, 1/10 to 1/100 as rapid as vacuum evaporation - condensation. 

UNIFORMITY AND REPRODUCIBU..ITY 

The present levels of uniformity and reproducibility of PVD processes and 
products are evidenced by the strong trend toward the use in aerospace appli
cations of very complex microelectronic circuitry produced by PVD thin-film 
techniques. By contrast, in CVD the complex dependency of deposition rate and 
morphology on temperature, pressure, composition, and vapor-now conditions 
can lead to definite problems with uniformity and reproducibility, which must 
be solved on an individual basis. In principle these are surmountable by good 
process design and control, and in a number of cases this has been demonstrated. 

Ion-plating and vapor impregnation are not used widely enough to permit 
judging their capabilities with respect to uniformity and reproducibility on the 
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basis of experience. However, the problems in ion-plating would be expected 
to be comparable to those of PVD, and in impregnation, to those of CVD. 

IN-PROCESS CONTROL 

In the PVD of thin films (as well as in sputtering and ion-plating), the film thick
ness can be monitored with high sensitivity up to a few microns by the change 
in vibrational frequency of a piezoelectric crystal as material is deposited on 
one face. The crystal is placed so that it receives a known fraction of the vapor 
being condensed. Thicker films may be monitored by weighing devices. 

In CVD, such devices are not used because the requirement that the substrate 
be heated limits their range of adaptability, and the deposit thicknesses for 
which CVD has its greatest utility are beyond the range of such instruments. 
They could be used for thin films deposited by low-temperature ( < 500 ° C) 
reactions. 

In-process control of CVD is mainly based on monitoring the gaseous by
products of the chemical reaction. With proper control of the process variables, 
this gross rate of reaction can be related to deposit thickness. Control of 
thickness in the range of ± 15 to ± 3% can be attained, depending upon the system 
involved. 

No devices exist for the in-process monitoring of morphology in CVD pro
cesses. Because of the complex relation of process variables to the rate of 
deposition and morphology in CVD, control of uniformity, reliability, and 
reproducibility are best approached through control of process variables in a 
manner specific to each application. 

OPPORTUNITIES FOR RESEARCH AND DEVELOPMENT 

Betterment of the trade-offs between morphology and deposition rates is 
achievable by specific R&D programs. Widening of the arsenal of CVD feed 
materials is similarly achievable, and improvements in the engineering of 
processes will follow intensive process-development programs with specific 
end-item objectives. 

The CVD method is one of few processes available for fabricating large 
shell structures of high uniformity out of high-modulus materials, and fila
ments of high modulus, high strength, and low density, and for material addition 
and other finishing operations. The most important objectives of applied re
search should be to adapt the conditions that have been developed largely for 
particle coating and impermeability to yield similarly dense, extremely fine
grained or short-range-order structures in oxides for large, thick, free
standing layers, and for coatings on refractory metal filament. 

Some efforts to prepare particulates by CVD processing have seemed suc
cessful, but few have been accompanied by adequate characterization and eval
uation of the product for solids processing use. One of the most fruitful 
outcomes of such research should be the ability to prepare sinterable oxide 
powders of very high purity. 

As the demand for CVD materials increases, the cost will come down. 
However, the complexity of some synthesis processes leads to minimum costs 
that may still be appreciable. For example, aluminum chloride, the cheapest 
form of votatile aluminum, costs $1.00 per pound of contained aluminum in 
tonnage quantities, but the cost of tri-isobutyl aluminum at a large tonnage 
level is expected to be no less than $2.00 per pound of contained aluminum. 

The most effective expenditure of basic research funds would be directed 
toward improving the understanding of nucleation and growth mechanisms. 
This should open the way for improvements in attainable morphologies and 
increased rates of production for a given morphology. 
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Incremental Liquid-Phase Molecular Transport 

For the purposes of this report, a ceramic process employing incremental 
liquid-phase molecular transport is defined as one by which a solid ceramic 
material is formed incrementally by the deposition of, and/or surface reaction 
with, molecular-size units from a liquid. The majority of practical processes 
that fall into this category are concerned with the growth of single crystals, in 
either bullt or fiber (e.g., "whisker") forms. However, some of the processes 
included in this report yield polycrystalline shapes or films. Two basic pro
cessing categories are included: either the product and the liquid medium 
from which it is formed are of sensibly identical composition, or the composi
tions of the product and its liquid precursor are different. 

Three general groups of processes are discussed herein: Melt-Freezing for 
the preparation of single crystals, Crystallization of a Solute from a Solvent, 
and Electrolytic Processes. Specifically excluded from treatment are those 
processes (e.g., electrophoretic deposition) that involve incremental liquid
phase transport, but in which a bonded ceramic product is apparently not 
achievable. Also excluded from consideration are those crystallization pro
cesses that use comparatively common solvents and occur at ordinary tempera
tures and pressures to yield a granular product. The only exceptions to this 
exclusion are processes (e.g., so-called "sol-gel") that fit into one of the three 
general groups just mentioned and that can be used to produce refractory ce
ramic materials in the form of particulates as feed material for subsequent 
solids processing. Brief descriptions of these process groups follow. 

Melt-Freezing (Single Crystals). Comparatively large bullt single crystals 
are produced from melts of essentially the same composition by controlled 
seeding and growth. The term "seeding" denotes the initiation of single-crystal 
growth by any nonspontaneous means, such as the use of a suitable single-crys
tal fragment or the deliberate termination of the growth of all but one grain of 
a polycrystal assemblage started in a comparatively small volume located at 
one extremity of an originally all-liquid system. 

Seeding is usually controlled by any or a combination of the following proce
dures: selecting seed crystals of the desired morphology; using a crucible or 
tubular container, the lower extremity of which forms the tip of a cone (as in 
the Stockbarger method), or is drawn into a capillary, or extended beyond a 
narrow restriction (as in the Tammann and Bridgman methods); maintaining 
the melt temperature at a suitable value within the so-called metastable range, 
where spontaneous nucleation is repressed; excluding from the vicinity of the 
melt any extraneous nucleating materials; and orienting the seed lattice properly 
with respect to the growth direction. 

Growth can be controlled by resorting to some combination of the following 
means: control of the melt temperature, maintenance of proper temperature 
gradients in both the crystal and the melt in the neighborhood of the growth 
surface, use of special containers for physically confining the growth of the 
crystal, control of the rate of movement of the melt - crystal boundary through 
the zone of the furnace within which the controlled growth temperature prevails, 
and use of impurities (e.g., poisons or catalysts) that tend to affect growth 
habit. Those processes that involve zone-melting of one sort or another also 
belong to this group. Zone-melting processes are also used to produce poly
crystalline materials of high purity. 

Crystallization of a Solute from a Solvent. This group of processes features 
the separation of crystals from a liquid medium of sensibly different composi
tion from that of the crystal. It includes three kinds of processes: (a) crystalli
zation of bullc single crystals from solutions (either aqueous or nonaqueous) 
under comparatively mild conditions of temperature and pressure, and growth 
of bulk and fiber forms of single crystals by so-called flux methods, viz., by 
the use of molten inorganic solvents such as saltq, metals, and oxides, at ele
vated temperatures and ordinary pressures; (b) hydrothermal crystallization 
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near the critical point, interpreted in a broad sense to include solvent systems 
other than those based upon water (e.g., those based on NH3, H2s, or HCl); and 
(c) sol-gel processes. 

Electrolytic Processes. Included in this group are anodic processes, elec
trolytic deposition from molten-salt baths, and codeposition of ceramic parti
cles with electrolytically deposited metals. These processes are mainly limited 
to the application of coatings. However, dense polycrystalline bulk forms have 
been made, and schemes have been proposed that employ electrolytic processes 
for the preparation of continuous filaments of an amorphous or polycrystalline 
ceramic on a metallic-wire substrate. 

MELT-FREEZING (SINGLE CRYSTALS) 

Growth of large bulk single crystals from a melt of the same composition has 
been spurred tremendously in recent years, primarily by electronic and optical 
needs. There has been a substantial commercial effort in addition to large 
organized Government programs in this area. Developments of an engineering 
nature and a growing body of more fundamental knowledge have resulted in the 
capability of growing large, relatively pure, and for many purposes quite ade
quately defect-free single crystals. Here, four variants of melt-freezing are 
treated in order: viz., (a) crucible methods, (b) withdrawal techniques, (c) flame 
and plasma fusion, and (d) zone-melting. 

Crucible Methods 

For the crucible methods (Stockbarger, Tammann, and Bridgman techniques), 
the bottom of a crucible or tubular container that holds the melt is formed into 
the apex of a cone, drawn into a capillary, or extended beyond a narrow restric
tion. Ordinarily, the container with the melt is lowered from the hot zone of a 
vertical furnace at a controlled rate through a negative temperature gradient. 
Alternatively, the crucible is held stationary while the hot zone is raised. Hori
zontal modifications have also been used successfully. 

Nucleation of the crystal phase begins at or very near the lowest extremity 
of the container. Because of the shape of the tip, that particular crystal that is 
oriented such that the upward component of its growth velocity is greatest even
tually predominates and becomes the single crystal. It is possible to adjust the 
angle or curvature of the tip to control the orientation of the prevailing crystal. 
The Bridgman and Stockbarger techniques have produced inorganic single crys
tals (e.g., NaCl, KCl, and CaF2) well over one foot in longest dimension. 

There are three possible rate-limiting factors, any one of which may deter
mine the maximum rate at which single crystals can be grown by crucible 
methods: (a) the net rate at which the latent heat of solidification, liberated at 
the melt- crystal interface, is distributed to cooler surroundings; (b) the maxi
mum forward velocity of that particular molecular (or atomic) reaction that 
has the slowest rate in the sequence of steps comprising the over-all crystal
growth process; and (c) the size of the temperature interval corresponding to 
the metastable zone in which crystal growth can essentially occur in the ab
sence of extraneous nucleation. 

Factor (a) will be found to limit the maximum rate of production of oxides 
in most cases. It is dependent upon such parameters as the size of the crystal; 
the magnitude of the temperature gradient maintained in the furnace; the res
pective temperatures of the melt - crystal interface, the crucible walls below 
the melt- crystal interface, and the surroundings that are in a direct line of 
sight of that portion of the crucible below the melt - crystal interface; the ther
mal conductivity and transparency of the crystal phase; the rate at which the 
crucible is lowered through the temperature profile; the furnace design; and 
the emittance of the crucible and the furnace interior. 
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Factor (b) will generally be unimportant unless a highly viscous liquid is 
involved. It has been stated that crystals may grow from the melt as fast as 
the velocity of sound in the liquid. However, it is obvious that this can only 
occur when no multibarrler diffusion, surface nucleation, or reconstructive 
transformations are required. 

Factor (c) can be tremendously Important. If the metastable zone is too 
short in a given compound, growth of single crystals of the compound by cru
cible methods may be precluded. And even If growth of single crystals is not 
ruled out by this factor, it may severely amplify the problem of process control 
by restricting the temperature range within which satisfactory processing can 
be obtained. 

There is a technical limit to the size of single crystals of any given compound 
that can be grown within a reasonable time. Heat released at the melt - crystal 
interface must travel both axially and radially through the crystal and out 
of the lower portions of the crucible In order for growth to proceed. For most 
ceramics the thermal conductivity is small. Furthermore, comparatively inert 
metal crucibles with smooth interior walls must almost always be used to mini
mize thermal resistance and make satisfactory separation of the product crys
tal from the container feasible. But smooth metal surfaces generally have high 
reflectance values, so any thermal transmittance the crystal may offer could 
be of little moment. Consequently, from heat-transfer considerations alone, 
the large magnitude of the temperature difference required will restrict the 
diameter of single crystals that can be grown. In addition, this temperature 
difference generates stresses within the crystal during the growth process, 
which Increase in magnitude with crystal size and are therefore more likely to 
damage larger crystals than smaller ones. 

Withdrawal Techniques 

In withdrawal techniques (e.g., the Czochralsld method), a comparatively cool 
rod, usually with a selected seed affixed In a desired orientation, is lowered 
into a crucible until the tip makes contact with the melt. Hydrodynamic condi
tions at the meniscus must be kept constant so that the melt - crystal interface 
is stable; therefore, various methods are used to rotate either the crucible, 
the crystal, or both, to accomplish this. Frequently, the crucible is restrained 
from vertical movement as the crystal grows and is withdrawn from the upper 
surface of the melt. Growth velocity (and therefore withdrawal rate), presently 
ranging from 1/4 in. to 1 in. per hour, is governed entirely by the net rate at 
which heat flows up and out of the vicinity of the melt - crystal boundary through 
the columnar crystal. However, it is necessary that the inherent linear growth 
rate of the crystal in the direction of withdrawal be enormously larger than in 
other directions; if it is not, the crystal will propagate laterally to the container 
wall early in the process, making withdrawal impossible. As is the case with 
the crucible methods, the temperature interval corresponding to the metastable 
zone must be wide enough that spontaneous nucleation of crystals will nc;>t occur 
in the melt or at the melt - crucible interface. 

Withdrawal methods avoid the difficulties that accompany the removal of 
the product from a container as in the crucible methods. These techniques 
permit the preparation of relatively strain-free and defect-free crystals, 
largely because the nature of the process is such that the crystal is annealed 
as it is pulled, in the heat of the furnace. For example, dislocation-free silicon 
crystals have been produced by withdrawal methods. Although Czochralski 
rubies grown along the c-axis may have subgrain misorientations as large as 
0.5 °, any other growth direction yields crystals with very little misorientation 
(e.g., 30 seconds of arc for a crystal grown at 60° to the c-axis). The disloca
tion count on the basal plane of rubies grown along the c-axis is typically 105 
to 106/cm2, as compared with 103/cm2 for growth in any other direction. The 
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number of visible scattering sites (i.e., voids or inclusions larger than about 
0.5 I' and causing large-angle light scatter) is typically no more than 1/cm3 in 
present Czochralski rubies. The longitudinal variation of Cr203 content in 
Czochralski rubies can be controlled to less than 7% of the Cr203 concentration 
over 8 in. of length. Typical radial variation of the solute concentration is 
approximately 3% of the average concentration over the radius of 0.6-in.-diam 
crystals. 

In the Czochralski process, the growth habit of crystals that facet strongly 
(e.g., garnets) is affected by impurities. Crystals grown from an impure melt 
show essentially no faceting and tend to be round cylinders. Faceting is gener
ally an indication of purity. This would be expected from considerations based 
on thermodynamics. An undesirable result of faceting is the change in distri
bution coefficient over the area of the facets owing to the high growth rate. This 
causes a thin (1-2 mm diam) cylindrical region, which is compositionally dif
ferent but structurally the same as the rest of the crystal, to form within the 
crystal, parallel with the growth axis. 

Impurities may adsorb on the surface of a growing crystal, occupy sites at 
which crystal-forming species would ordinarily enter the crystal (i.e., "poison" 
the surface), and thus retard the growth of the crystal normal to that surface. 
Such posioning need not be uniform from one surface of a crystal to another, 
nor need the extent to which the growth rate is altered be the same for the vari
ous surfaces; hence, impurity-induced growth-habit modifications may stem 
from poisoning. 

Czochralski ruby and sapphire crystals having 2-in. diam and 12-in. lengths 
are examples of the largest crystals that have been grown by withdrawal tech
niques. Crucible size is the major technical limitation of the size of crystals 
that can be grown by the Czochralski method; destructive phase change is 
another. Use of a crucibleless process involving, for example, electron-beam 
heating would be advantageous, and given reasonable time for development, 
almost any size oxide crystal could be grown. 

At the other end of the scale, sapphire filaments 5-20 mils in diameter and 
up to 6 in. in length have been grown by means of a relatively new variant of 
the withdrawal method, viz., the ''floating-orifice technique." The method 
features drawing the crystal from the melt through a small molybdenum ring 
(0.8 s: ids: 1.6 mm) that floats on the surface of the melt, apparently held there 
by its weight (which stops upward movement) and the surface tension of the 
liquid (which prevents it from sinking). Growth is dendritic and does not re
quire meniscus control. The method should lend itself to continuous processing 
and allow the preparation of filaments that are indefinitely long. Withdrawal 
rates up to 150 mm/min yield satisfactory crystals. Preliminary measure
ments of the mechanical properties indicate elastic modulus values of (30 - 50) 
x 106 psi (vibrating reed technique), 25 x 106 psi (flexure technique), and a 
tensile strength of 125,000 psi. 

Compositions produced by withdrawal methods include ruby, sapphire, gar
nets, scheelites, stoichiometric spinel, yttrium vanadate, lanthanum aluminate, 
lithium niobate, and lithium tantalate. Present costs reflect a small market 
for oxide single crystals combined with the high costs of research and develop
ment. Were the market to expand significantly, costs of about $50/lb could be 
expected for bulk-crystal forms. 

Flame and Plasma Fusion 

In all these processes, particulate ceramics pass through hot gases and become 
molten, much as in melt-spraying processes. The molten particles fall against 
a melt puddle maintained atop a boule, which is the single crystal. The boule 
is carefully withdrawn from the hot zone of an insulated enclosure and into a 
region maintained at a lower temperature, satisfactory for annealing. As the 
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boule is withdrawn, the liquid at the melt - crystal boundary solidifies as an 
addition to the boule, and the melt is continuously replenished by molten parti
cles from above. The Verneuil method, which generally utilizes an oxyhydrogen 
or oxyacetylene flame, is typical. Within recent years, both arc-plasma and 
induction-plasma devices have been used with some success in modified Ver
neuil processes. 

Jn crucible and withdrawal processes, the crystal necessarily remains for 
such a time in the heated portion of the furnace that substantial annealing occurs. 
Conversely, the nature of flame or plasma fusion processes is such that special 
provision must be made to insulate the crystal against excessive heat loss over 
a distance of several inches from the melt - crystal interface. Otherwise, large 
temperature differences will occur in the crystal and give rise to large internal 
stresses that cannot be relaxed in the cooler portions of the crystal. These 
stresses may crack the crystal. Furthermore, the number of structural imper
fections in the final product is reduced by appropriate annealing. Hence, the 
annealing stage is particularly critical in any flame- or plasma-fusion process. 

Sapphire and ruby synthesis is the most common example of the use of these 
methods, although single crystals of strontium titanate, rutile, nonstolchiomet
ric spinel, and some rare-earth oxides have also been grown. Sapphire and 
ruby crystals of approximately 1-in. in diameter and 12-in. in length are now 
common. Rutile crystals have been grown to 3/4 in. x 8 in., and others to 1/2 in. 
x 2 in. or 3 in. Such crystals show varying amounts of substructure, 0.5 to 2 ° 
misorientations being common in Verneuil products. Very large crystals free 
from such major defects are extremely rare. Porosity, however, can be very 
low-approaching nil. Completely cohesive, but nevertheless visible, laminae 
frequently show up in the boules. Transparency is high and characteristic of 
the spectral behavior of the crystal lattice. Bi- and multicrystals have also 
been produced by Verneuil methods, enabling important basic studies of "grain 
boundaries" to be made. 

Zone-Melting 

Zone-melting is a technique in which a molten zone is made to traverse the 
length of the solid charge, which generally is in the shape of a rod or bar. This 
has been done both by moving a heater over a stationary charge and by moving 
the charge through a fixed hot region. Usually, the charge is contained in a 
tube or chamber to achieve special atmospheric control. This ls especially the 
case if undesirable reaction of either the solid or molten material with ordinary 
air is likely to occur, the material exhibits a high vapor pressure in the molten 
condition, or the material ls toxic and contalnment is a matter of good safety 
practice. Tube or boat containers must be used if the viscosity and surface 
tension of the melt are such that excessive loss of the melt would occur simply 
from flow out of the zone. 

Several heating methods have been used for maintalning a molten zone of 
satisfactory thickness. Among them are chemical or plasma flames, ring
shaped electrical-resistance heaters placed coaxially with the charge, and high
frequency induction heating. For the purification of metals and semiconductors, 
high-frequency induction heating has generally been the most trouble-free 
approach and is widely used. It is not suitable, however, for less-conductive 
ceramics. Within the last several years, electron-bombardment heating has 
enjoyed a certain vogue becuase it has a number of advantages. It ls clean, 
capable of comparatively high-power-density heating, and relatively easy to 
control as long as the vapor pressure of the molten material ls not excessive. 
Very recently a special hollow electrode has been developed that, it is claimed, 
makes feasible the processing of even dielectric ceramics. If this claim ls a 
valid one, the development may have important effects on ceramic technology. 
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The float-zone-melting of elements and of refractory carbides and nitrides, 
for example, has met with considerable success in the processing of Si, Ge, 
UC, TiC, ZrC, and many other compounds. Bulk single crystals in the form of 
rods up to 1/2-in. diam or larger are articles of commerce. Extension into 
other compositions, including some oxides, will probably be fruitful; however, 
the preparation of filamentary crystals by zone-melting, while it has been done 
in the laboratory on a small scale, does not appear to be practical. 

The most widely known application of the zone-melting process is in tlie pro
duction of ultrapure semiconductor materials. In this case, zone-melting 
assumes the role of a fractional crystallization process. As the hot zone tra
verses the rod, it sequentially melts the material entering its forward boundary, 
mixes the newly melted material with that already molten, and crystallizes the 
material leaving its after-boundary. The distribution coefficient for impurities 
between the newly for.med crystal phase and the liquid of the molten zone is 
usually such that the concentration in the crystal is a fraction of that in the 
liquid. Therefore, the material crystallizing in the wake of the zone is less 
contaminated with impurity than that melting at its vanguard. The molten zone 
itself, of course, accumulates impurities, and after the necessary number of 
passes have been made, the short length of rod at the end to which the impuri
ties were swept is cropped. Semiconductor materials of extremely high purity 
are obtained by this method. Sizes of the material produced range to diameters 
in inches and lengths in feet. Use of this method for purification of nonconduc
tor ceramics would be enhanced by the success of the special hollow electrode 
already mentioned. 

General Comments about Melt-Freezing Processes 

Some impurities may be removed in the fusion process, but solution of atmos
pheric gases in the melt may occur, with consequent effects on the crystal, 
which depend, e.g., on the rate of freezing. In general, condensed impurities 
in the feed material are found in the crystal (randomly distributed in the case 
of Verneuil, but tending to be segregated toward one end or toward subbounda
ries in Bridgman and Czochralski crystals) if the entire quantity of feed stock 
is crystallized. Multiple-pass zone-melting methods are expected to provide 
a more satisfactory means of impurity removal. 

Before the advent of the floating-orifice technique, the use of any melt
freezing process to grow free filamentary crystals was severely limited by 
crystallization habit. This and other novel methods of growing filaments by 
melt-freezing will need to be evaluated as they are developed, relative to other 
methods such as vapor deposition and crystallization from a solvent. 

Freezing to produce single crystals requires that: (a) the melt be of rela
tively stable composition; (b) the vapor pressure above the melt not be imprac
tically high; (c) the various interface conditions of limited undercooling, nuclea
tion, growth, and heat management, for example, be met; (d) subsolidus phase 
changes be either absent or fortuitously controllable; and (e) the melt not tend 
to vitrify rather than crystallize upon cooling. For refractory materials the 
melting point constitutes a general problem, in that high temperatures must be 
achieved concurrent with precise temperature and gradient control, adequacy 
of materials of construction or containment, and freedom from contamination. 
In connection with requirements (a) and (b) above, it is interesting to note 
that single crystals of such materials as GaAs, PbTe, PbSe, As, and certain 
phosphides with melts having high ( ..... 20 atm) vapor pressures have been made 
to sizes of multiple inches in length and diameter by special techniques. In 
one such technique, the crystal was pulled from a crucible through a protec
tive liquid (e.g., ~03 for PbTe and PbSe). A float-zone-melting method was 
used for the high-vapor-pressure phosphides. 
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CRYSTALLIZATION OF A SOLUTE FROM A SOLVENT 

Growth from Solvents at Ordinary Pressures 

Growth of crystals from a solvent system (in some instances referred to as a 
''flux") can produce some important advantages over controlled freezing. Or
dinarily the motivating factor is the reduction of temperature, either to escape 
from the restraint of very high melting points (e.g., graphite) or to avoid a 
troublesome subsolidus phase change (e.g., BeO). Control of the rates of un
desirably rapid reactions in series and/or parallel with the key process reac
tions may be the reason for resorting to the use of certain kinds of solvent 
systems. For instance, unwanted spontaneous nucleation can sometimes be 
avoided in the growth of single crystals by embedding the seed crystals in a 
matrix of inert gel. Calcium tartrate, lithium iodide, and cuprous oxide are 
examples of single crystals that have been grown by this means. Reactants are 
placed at diametric external boundaries of the gel mass and diffuse through the 
gel to the seed crystal to react and feed the growth process. By carefully situ
ating the seeds in the gel at correct distances from the reactant reservoirs, 
and controlling concentration gradients of the reactants and the temperature, 
extraneous nucleation can be suppressed. 

Other considerations of either practicality or convenience often suggest a 
solvent method. Among these is the occasional occurrence of a strongly pre
ferred growth habit from a flux, from which filamentary crystals can be grown. 

Disadvantages or problems arising from the use of a complex melt composi
tion include its inevitable effect on the chemical composition or purity of the 
crystals, the introduction of boundary-layer concentration effects, susceptibil
ity to inclusions, and consequent restrictions on growth rates attainable. Both 
engineering and fundamental scientific handicaps are accentuated in flux growth 
of crystals relative to freezing methods; nevertheless, the technique is being 
employed successfully in a number of instances, when sufficient care has been 
exercised to understand and place limits on the growth parameters. Although 
refractory crystals grown by such means are characteristically small in most 
cases, it is evident that this results from engineering (and cost) limitations 
rather than any inherent physics. Large single crystals (up to 240 lbs in the 
case of alum, 46 lbs in the case of NH4H2P04) have been grown synthetically 
from solvents. 

Examples of current small-scale practice include graphite, BeO, various 
spinels, rare-earth orthoaluminates, garnets, Th02, Al203, and a number of 
electronically, optically, or magnetically active crystals in bulk or platelet 
forms. Also, long (up to approximately 2 in.) slender (approximately 0.2 mm) 
crystals of Al203, Z~, Ti02, and BeO have been grown. The BeO crystals 
were very pure. Major contaminants were Si, B, and Al, which were present 
in amounts less than 50 ppm. 

Growth of reasonably large sapphire and ruby single crystals has been 
accomplished from a cryolite (i.e., Na3AlF6) solvent. The liquidus diagram 
for cryolite-alumina shows a eutectic at 962 ° C and approximately 11 % Al2o3, 
which is indicative of the temperatures at which processing can occur. A mix
ture of 87.5 wt% Na3A1F6 and 12.5 wt% Al203 was melted with 3% chromia 
(1,040 ° C). A platinum crucible was used. A clear solution was obtained, then 
a 1/8-in. diam sapphire seed crystal was immersed through the top of the 
liquid. The temperature was then lowered at 1.5 ° C/hr, allowing the crystal to 
grow on the stationary seed. When 960°C was reached, the crystal was re
moved from the liquid and cooled to room temperature in the furnace. The 
size of the crystal obtained was 1/2 in. x 1/2 in~ x 3/16 in. FrQm this, a cal
culation of the rate of growth can be made: roughly 10-3 in.3 or 10-4 lb per 
hour. Several Laue patterns taken over the entire area of the single crystal 
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matched perfectly, having no orientation differences or spot distortion. These 
results indicate a high degree of crystal perfection. 

Two general modifications of fiux growth of crystals predominate. The more 
common and more primitive involves saturating the solvent with the compound 
to be crystallized, then slowly cooling the entire mass to nucleate and grow 
one or a crop of crystals in a single batch. Generally, when single crystals of 
reasonable size are sought, the crystallization is initiated by selected seed(s), 
and the temperature (and therefore the supersaturation) is controlled to avoid 
spontaneous nucleation. 

The other, more sophisticated, method has been less practiced but embodies 
the flexibility and potential for control desirable for long-range development. 
In this case, a constant temperature difference is maintained along one (ordi
narily vertical) dimension of the solvent, a nutrient source of the crystal com
position is placed at one end, and one or more crystals are grown at the other. 
Under suitable conditions, crystals should be able to be "pulled" from such a 
system, as for example in the Czochralski freezing method previously described. 
Jn the case of crystallization from solvents under comparatively mild conditions, 
this second modification can be arranged in such a way that the nutrient and 
growth sections are in more widely separated locations, connected by piping. 
If this is possible, more positive control can be maintained over the growth 
process, since the saturated fiuid from the nutrient section can be pumped 
through filters and heat exchangers on the way to the growth system. Whether 
this could be successfully applied to processes using, e.g., molten salts, metals, 
and oxides as solvents is not lmown and would depend a great deal on the spe
cific case (e.g., the solvents used or the temperatures required). 

One variant of those methods involving growth from a solvent deserves spe
cial mention here. It is the so-called "traveling solvent" process, also a vari
ant of the zone-melting technique already discussed. A flux, or solvent com
position, is placed over a single-crystal base that is oriented to give growth 
along the desired direction. On top of the flux is the polycrystalline material 
that is to be melted and then crystallized as single-crystal material in extending 
the single-crystal seed. The flux moves along in the molten zone, which tra
verses the polycrystalline material. 

Hydrothermal Crystallization 

Hydrothermal crystal growth is a special case of the general solvent class. 
Nature provides numerous examples in which very large oxtdic crystals have 
been achieved by this means. Hydrothermally grown natural quartz and beryl 
single crystals weighing as much as 5 and 19 tons, respectively, have been 
found. The essence of the basic process lies in the equilibrium attainable be
tween the oxy- and the aqueous hydroxy- form of a large number of composi
tions, and in the high mobility of the hydrogen atom involved in this equilibrium. 
Supercritical water is the common solvent, or transport medium. Variants of 
the hydrothermal process include some homologues of water: NH3, H2S, and 
HCl, for example. 

It can be argued that hydrothermal processes are necessarily distinguished 
from other, more moderate, environmental variants of chemical reaction sys
tems by being operated above the critical point; and, in any event, a physical 
distinction exists at this point in the governing phase diagram for the system. 
An important advantage of hydrothermal crystallization is that the use of pres
sure as a variable adds an important dimension to process control and allows 
variations in product character not always possible with other methods. 
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Some critical conditions are: 

Compound 
Critical Temperature 
(o C) 

374 

132 

100 

51 

Critical Pressure 
(atm) 

218 

112 

89 

82 

A lmowledge of the phase system under critical or supercritical conditions is 
essential to better than empirical-methods development; however, since the 
equipment requirements are similar for both phase investigation and crystal 
growth, it is not uncommon that both are investigated simultaneously. Auto
clave apparatus is essential; and beyond the matter of phase relations and the 
corresponding selection of nutrient, solvent, and operating conditions, auto
clave development has largely paced the achievements of the method. 

Factors that influence autoclave materials and design include: ability to 
resist attack at high temperatures and pressures by acids, bases, and oxidizing 
agents; ease of leak-tight assembly and disassembly; sufficient mechanical 
strength, ruggedness, and durability at temperature; size, relative to the size 
of crystals to be grown and allowing for necessary temperature gradients to 
achieve material transport from nutrient to seed regions; provision for mea
surement and control of parameters; safety of operation; and cost. Some of 
the most important accomplishments of the past, and areas in which further 
development is needed, are in trouble-free closures and "cold-wall," or more 
properly termed, insulated-wall (internally heated) designs. 

Crystals that have been grown by hydrothermal means include a large num
ber of compositions. Some of those in which substantial size has been achieved 
(ranging from multiple millimiters to multiple inches in dimensions) are: 

AI2o3 (ruby, sapphire) CdO Si02 (quartz) 

AlAs04 CdS v2o3 

AIP04 Fe3o4 v2o4 

Be3AI2si60 18 (beryl) NaCl ZnFe2o4 
BeO NiFe2P 4 ZnO 

CaF2 PbO ZnS 

The process is characteristically slow relative to freezing of the molten 
compound, and although fibers of materials such as sodium amphibole have 
been grown in lengths up to 4 in., it appears impractical to grow whiskers in 
quantity and economically by this means relative to other approaches. The 
uniform distribution of dopants has been fraught with difficulty and requires 
much more advanced lmowledge of the basic aspec;ts of material transport. 
Better knowledge and understanding of the solubility of compounds in super
critical fluids is needed. Only batch processing is feasible at present, and the 
autoclave-chamber dimensions limit production capacity and the sizes of crys
tals that can be produced. Lack of better closures also limits the hydrothermal 
approach. 

The Sol-Gel Process 

The sol-gel process has been used to produce particulate spheres of thoria, 
alumina, urania-thoria, zirconia, and plutonia. The example given here is the 
process for thoria. This consists of four steps: (a) steam denitration of thorium 
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nitrate to prepare an easily dispersible (peptizable) thoria powder; (b) disper
sion of the thoria powder to a nitrate-stabilized sol in water; (c) careful evap
oration of the sol to form a gel; and (d) calcination of the gel at the relatively 
low temperature of 1,150°C to form large dense particles of oxide. 

Satisfactory thoria for sol preparation can be made in several ways. How
ever, the simplest procedure is the hydrothermal denitration of thorium nitrate. 
This is ordinarily accomplished at about 475°C in a horizontal rotary batch 
denitrator. Thorium nitrate solution and superheated steam are fed to the 
denitrator, and, at the end of a 3-hour period, a granular, free-flowing, off
white thoria is obtained, which contains residual nitrate to the extent of 0.08 
N03/Th02· 

The thoria from the denitrator is easily suspended in dilute nitric acid at 
80 ° C by the shearing action of a centrifugal pump, which breaks apart the 
loose agglomerates of oxide to form the sol. The most important single factor 
that determines dispersal or flocculation is the pH. The optimum range for 
dispersal is 2 < pH < 4. At pH ~ 2 the thoria particles dissolve slowly, while 
flocculation begins to occur at pH ~ 4. 

If the oxide contains significantly less than the optimum amount of nitrate, 
dispersion is incomplete. Significantly greater-than-optimum nitrate contents 
result in a soft flocculent precipitate that can be dispersed by addition of water. 
However, oxide particles made subsequently from such sols are glassy, fraught 
with cracks, and unsuitable. 

The sol is evaporated to dryness in shallow trays at 135 ° C for approximately 
24 hours. A sol depth of 3/4 in. is used. The resulting gel breaks into frag
ments 2-3 mm in dimension. 

Calcination of the Th~ gel at 1,150°C is optimum so far as maximum densi
fication is concerned. This process requires about 4 hours. At the gel stage 
the particles have specific gravities of 5 to 6 and still contain water and nitrate. 
Rapid calcination of these particles does not cause further fragmentation, and 
the rate of temperature rise during the calcination step does not appear to be 
a critical factor. 

The final granular material is polycrystalline, with crystallite sizes of 
approximately 2,000 A (measured by x-ray diffraction line broadening). The 
density of each particle is high (99% of theoretical), and the B.E. T. surface 
areas are low (0.01 m2/g). Electron microscopy reveals crystallite sizes of 
about 5,000 l. The discrepancy may be due to strain-broadening of the x-ray 
pattern. 

The product of the sol-gel process is admirably suited as feed material for 
solids processing. Its high density and free-flowing qualities result in excellent 
green densities of pressed and extruded bodies and consequently in low firing 
shrinkage. Densification by sintering or pressure sintering results in matured 
ceramics of nearly theoretical density. 

As noted, the sol-gel process has to date been explo~ed almost exclusively 
in the nuclear ceramics field. Extension of the range of compositions into 
refractory structural ceramics should be carried out; success with Al203, 
Ti02, and several other oxides seems very likely. 

ELECTROLYTIC PROCESSES 

Specific kinds of processes to be discussed under this category are anodic 
processes, including anodic-spark synthesis of ceramic coatings, and electroly
tic deposition from molten-salt baths. 

Anodic Processes 

The most common anodic process is so-called "anodizing" in which an oxide
conversion coating is formed on the surface of a metal that is used as the anode 
in an aqueous electrolyte bath. While coatings can be generated on the surfaces 
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of many different metals (e.g., Al, Mg, Ti, Sn, Cd, and Ta) by this method, the 
specific application that has been most successful and widespread in its use is 
that involving aluminum and its alloys. 

Baths reportedly used for anodizing aluminum include chromic, sulfuric, 
boric, phosphoric, oxalic, malonlc, sulfamlc, succinlc, tartaric, fumarlc, glu
taric, and adipic acids. The cost of the acid ls an important aspect of the pro
cess economics, so several of these acids do not find wide commercial use. 
Two general kinds of coatings may be achieved, depending upon the conditions 
imposed-either a porous coating, or a hard comparatively impermeable one 
called a ''barrier" layer. Generally, the greater the solvent action is, the 
thicker and more porous will be the coating. Also, higher current densities 
tend to yield more-porous coatings. The nature of the coating also varies 
somewhat depending upon which acid is used. Thicknesses are commonly of 
the order of tenths of mils from chromic- or sulfuric-acid baths. Film thick
nesses achieved from boric-acid baths are typically in the thousandths of mils. 
Infrared analyses of barrier layers formed on aluminum from various baths 
indicate that hydrogen is an integral part of the coating. Evidence collected 
indicates that the barrier layer has a trthydrate composition, and as anodizing 
progresses further to produce the porous layer, the Al = 0 double bond forms. 
It is proposed that the ''parent" layer of the porous structure is actually a 
barrier layer that has undergone a conversion form a tight-cyclic to a lower
molecular-weight decyclic molecular structure. Anodized coatings can be 
very hard and wear-resistant. The process ls limited to the making of rela
tively thin coatings, but has also been used for the complete conversion of the 
metal (e.g., fine wires) to oxide. 

On some metals (e.g., Mg) the quality of the coating, while not as good as 
with aluminum, is sufficient to render the metal more useful. Additional work 
needs to be done to characterize the coatings formed on metals and alloys 
other than those based on aluminum. 

Anodic-spark discharges may occur if the breakdown voltage of a barrier 
film on an anode is exceeded. Such barrier films may consist of an oxide or 
other compound of the anode metal (e.g., Ta205 on Ta, CdS on Cd), or may con
sist chiefly of material deposited electrolytically from the anion constituent of 
the electrolyte (e.g., A1203 films deposited on various metals from solutions 
of sodium aluminate). Anodic sparking is under investigation as a means of 
obtaining dense refractory forms of metal oxides and sulfides, for example, as 
coatings. 

In the anodic-sparking process a low voltage first applied to the cell causes 
initial passage of current and ordinary anodizing. This current then decays as 
a result of the formation of the barrier film on the anode surface. Next, the 
cell voltage is increased, causing further passage of current, with an accom
panying increast! in the thickness of the barrier film. The film thiclmess in
creases almost linearly with the applied voltage until the film becomes unstable. 
The instability of the coating is believed to be due to the build-up of internal 
stresses in the film and the onset of dielectric breakdown. Voltages required 
for dielectric breakdown are ordinarily of the order of a few hundred volts. 
Flnally, continued passage of current at voltages exceeding the breakdown value 
gives essentially continuous sparking and localized high temperatures. The 
high temperatures give rise to interactions involving the electrolyte constitu
ents, the anode metal, and the intervening coating. The voltage-vs-time curve 
ls almost fiat in the region where anodic sparking occurs (at voltages up to 
500 V). 

The spark sites migrate over the anode surface. It is presumed that this is 
due io sealing of the spark channel with ceramic products. Some anions, e.g., 
P04 in aqueous solutions, seem to promote movement of the sparks over the 
surface, causing the formation of more uniform coatings. Improvements in 
coating uniformity appear to result when alternating, rather than direct, emf 
is applied. 
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The composition of the spark reaction product depends upon the anode and 
the electrolyte constituents. However, accurate predictions of all the constitu
ents that will comprise the products cannot be made at present. Alpha phases 
are generally obtained. This is indicative of very high temperatures in the 
anode sparks. Metals that readily form anodic-barrier oxide films (e.g., Al, 
Ta, Nb, Zr, Ti, Si, and the rare-earth metals) and have refractory oxides, 
usually yield coatings containing such oxides. If the electrolyte contains an 
anion that forms a stable insoluble compound with the anode metal, it is likely 
to occur in the coating (e.g., MgF2; CdS; ZnS; MgA12o4; MgS104; C~~07; 
various aluminum silicates; and sulfides, aluminates and vanadates of rare
earth metals). 

Advantages of anodic-spark coating processes lµ"e: ease of application; 
coverage of interior surfaces; bulk heating of the object being coated is not 
required; and there is-a wide range of possible compositions. The disadvan
tages are: coatings are limited to thicknesses of about 12 mils (a few minutes 
are required for deposition of a mil of coating); coatings are porous, although 
they tend to protect and the porosity can ordinarily be corrected by postdeposi
tion sealing procedures; precise control of coating composition is presently 
lacking; and the process is inapplicable, in some cases, to assemblies involving 
several metals. 

Electrolytic Deposition of Ceramics from Molten-Salt Baths 

Considerable work has been done on molten-salt systems, but relatively little 
has been found dealing in any direct way with the deposition of ceramics. What 
was found, however, gives reason to believe that this will be a particularly im
portant area for futher research and development. 

A pertinent example is in the electrolytic growth of dense sell-supported 
UO:a shapes. Polycrystalline cylinders greater than 1/2 in. in diameter and 
3 in. in length have been grown by electrodeposition from molten-chloride 
(LiCl and KCl) solutions of uranyl chloride. Graphite electrodes 1/4 in. and 
1/8 in. in diameter were used. The product was dense-up to 99% of theoretical. 
It was composed of radially oriented columnar grains. Chemical purity was 
reasonable, with melt components LiCl and KCl present in amounts of less 
than 50 ppm of the cation and as low as 200 ppm of the anion. Both density and 
purity of the product improved with increasing temperature and with decreasing 
deposition voltage. 

OPPORTUNITIES FOR RESEARCH AND DEVELOPMENT 

The nature of undercooled liquids needs to be better understood. In some sys
tems there is evidence that significant structural differences exist between 
normal and undercooled liquids. For example, for a number of associated 
liquids the activation energy for viscous fiow changes abruptly as the liquid is 
cooled through the solidification temperature, even though no crystallization 
occurs. This phenomenon ls not observed in so-called nonassociated liquids 
(e.g., benzene or toluene). It needs to be determined how general this behavior 
is. The phenomenon itseH needs to be understood. The manner in which the 
differences between normal and undercooled liquids affect the course of nucle
ation and growth phenomena in crystallization needs to be ascertained. 

The literature abounds with theoretically derived relationships for the crys
tallization rate, both in nucleation and in growth. In many cases, the models 
upon which these relationships are derived are in obvious conflict. In those 
cases where the general form of the derived relationship is inadequate to de
scribe simple experimental data (e.g., rate vs temperature or rate vs time), it 
is easy to rule out faulty models. But the ability of a derived equation to de
scribe the available experimental results successfully is a necessary but not a 
sufficient test of the validity of the underlying model. For example, two equa-
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tions of obviously conflicting origin can agree equally well with the available 
data. This is the case wl th a number of relationships for the crystallization 
rate. The opportunity for further research is in the design of new critical 
experiments and the acquisition of new data to test the existing postulates. 
This work would not only test the validity of extant relationships, but should 
eventually provide the tools necessary to calculate nucleation and growth rates 
from a knowledge of system parameters. 

Data on the properties of oxide liquids near the melting point would be of 
value. This would include changes in volume, structure, and transport prop
erties that occur on melting and freezing. 

The development of crucibleless processes for withdrawal techniques of 
crystal growth would be most worthwhile. This would result in better control 
of the crystal chemical composition as well as in larger-size crystals. 

Recent work with metals has shown that, for example for turbine blades, 
metal single-crystal structures have properties superior to those of fine
grained cast structures. The same apparently holds for oxides. Since it is 
possible to obtain single-crystal oxides by freezing, the fabrication of shaped 
single crystals and the suitability of these for structural components should be 
explored. This direct forming of single crystals to a useful shape appears to 
be within reach. For example, in the Stockbarger and similar methods, if the 
main crucible cavity is shaped to produce a 'blank" ceramic object (e.g., tur
bine bucket or leading edge), much wasteful and costly grinding can be elimi
nated. Some success has been achieved in forming cylinders by the Verneuil 
method and in forming disc or sheet crystals by a "float" modification of cru
cible growth. These important approaches need to be further investigated and 
developed. 

Development of low-cost means of refining ceramic raw materials would 
be a boon to both DOD and commercial ceramic processing. Purity of avail
able raw materials and the costs associated with present refining methods 
constitute ma,jor limitations in the economical production of high-purity single 
crystals. 

The mechanisms involved in the deposition process in anodic sparking need 
to be determined. Further, the anodic-spark product needs to be more ade
quately characterized, and related to processing parameters. For example, 
the dependence of coating composition and properties on electrolyte and anode 
compositions, and electrochemical process variables, needs to be revealed. 
This understanding needs to be extended to systems other than oxides. 

The successful obtainment of dense U02 shapes from fused-salt electrolytic 
techniques indicates that this method should be extended to other oxide systems. 
The same need for extension to more compositions of interest exists for the 
sol-gel process. 

The potential of synthetic hydrothermal growth of crystals for large size, 
as exemplified in many natural crystals, requires engineering advancement. 
Furthermore, satisfactory control of dopant concentration and distribution has 
not been achieved for crystals grown hydrothermally. This is probably also a 
limitation that can be overcome by the development of better and/or larger 
apparatus. However, it is conceivable that the problem could be overcome in 
other ways, e.g., by use of high-purity nutrient and programmed auxiliary 
feeding of the dopant to the autoclave during the process. The nature of super
critical fluids and the solubility of ceramic materials therein need to be known 
and understood better. Also, the kinetics of dissolution and crystal growth in 
a hydrothermal situation need to be investigated in greater depth. In particular, 
the roles of "mineralizers," temperature, pressure, intense magnetic fields, 
and the hydrodynamics of the fluid in the autoclave require study. 

Methods of growing filamentary single crystals from the melt and from 
fluxes need to be further developed. For example, it may be that the floating
orifice technique, which enjoys a certain success for obtaining filaments of 
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single crystals from melts, can be adapted to grow continuous filament of hlgh
modulus crystals from fluxes. Exploratory work to find improved fluxes also 
needs to be pursued, while the constant-temperature-gradient method and 
means of adapting it to the growth of very long fibers should be explored. 

Molten-Particle Spray Processes 

One type of fluid processing that has received only a minimum of attention for 
the forming of free-standing ceramics is the molten-particle spraying process. 
In this process the structure is"formed by projecting small, high-speed, 
largely to completely molten particles against almost any solid substrate. 
When the particles strike the cold surface of the substrate, they flatten and 
freeze, building up a solid ceramic structure. Free-standing shapes and coat
ings can be formed by the process, although when a free-standing shape ls 
desired, a substrate ls selected that can be removed after spraying, generally 
by chemical dissolution at present. 

SPRAYING METHODS 

The five processes currently in use for applying coatings, which could pre
sumably be used for forming solid ceramics, are listed in Table 5. A brief 
description of each follows. 

Oxyacetylene Powder Gun 

Several hand-operated guns of this type are available. Costs of the equipment 
are nominal. Basically, the guns operate in a manner similar to an oxyacety
lene welding torch, except provision is made for aspirating a controlled now 
of a ceramic powder into the name along with the acetylene. The ceramic 

Table 5. Some Processing Parameters for Molten Particle Spraying Processes 

Usual Particle Max Particle Usual Porosity 
Spray Materials That Size in Spray Velocity of Deposit 
Process Can Be Sprayed (µ.) (ft/sec) (Vol%) 

oxyacetylene Ceramic powders 
powder gun with MP <5000 ° F 1-45 150 10-15 

OXyacetylene Selected ceramic 
rod gun rods with MP 

<5000°F 1-30 600 6-10 

Liquid-fuel Selected ceramic 
gun powders with 

MP<5000°F 1-20 1,000 1- 20 

Detonation Selected ceramic 
gun powders 1-20 2,500 0.5-1.0 

Arc-plasma Almost all 
gun ceramic 

powders 1-45 1,5oob 3 - 15d 

Induction- Almost all 
plasma gun ceramic 

powders 1-45 c 

aEstimated costs for spraying alumina: low $10/lb, medium $40/lb, high> $1,000/lb 
bCIJtalnable through high chamber pressures. 

Surface Finish 
of Deposit Deposition 
(rms µ.-in.) Costa 

150- 300 Low to medium 

200-300 Medium 

150- 300 Low 

50-100 High 

75-125 Low 

CProbably very low without a nozzle. Gun manufacturer states high velocities can be obtained if nozzle is used. 
dLow value of 3% obtainable with high chamber pressures. 
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particles melt in the flame and are directed against a substrate to give a solid 
layer. Spraying distances are normally 3 to 4 in. Cooling of some substrates 
is required. Powder feed must be closely controlled. Low feed rates lead to 
inefficient operation; high rates lead to incomplete melting of the particles. 

Oxyacetylene Rod Gun 

Ceramic in the form of a sintered rod is fed into an oxyacetylene flame at a 
controlled rate. Melting occurs at the rod tip. When the force of the hot gas 
stream exceeds that of the surface-tension force, the molten material is torn 
away from the tip and atomized into small droplets. These droplets are then 
accelerated by high-velocity air introduced at the nozzle to propel the particles 
at high speed to the substrate. Spraying by this method is not continuous, but 
rather intermittent, with intervals of as long as 0.005 sec between bursts. 
Spraying rates tend to be low. However, it is the only process where complete 
melting of the ceramic can be 100% .assured, since it is impossible for the gun 
to spray until the molten ceramic forms at the rod tip. 

Liquid-Fuel Gun 

A relatively new approach to molten-particle spraying is being developed for 
forming the refractory linings of oxygen converters in steel mills. The experi
mental gun now in use operates with a liquid fuel plus oxygen. The water
cooled gun is 3 in. in diameter by about 3 ft long. Heavy fuel oil has been used 
successfully. With such a fuel, the powder is mixed with the oil to give a sus
pension, resulting in a much higher concentration, more uniform distribution 
of particles in the flame, and better heat transfer than are obtained in any 
other spraying method. Spraying is done while the substrate is at 1,500°C. 
Rates are 5-10 lbs/min with the present gun; however, a new design with a gun 
8 in. in diameter by 5 ft long is expected to spray at 250 lbs/min. 

Alumina, mullite, silica, and some other oxides have been sprayed. Porosi
ties of the deposits can be varied by changing spray parameters. The minimum 
porosity so far achieved is about 1 %, although porosities up to 20% can be ob
tained. Maximum particle velocities are estimated to be about 1,000 ft per 
second. Deposit efficiencies are approximately 75% at the present time. 

Detonation or "Flame-Plate" Method 

This method uses a shock wave to propel the particles. The powder that forms 
the coating is fed in a stream of nitrogen into the rear of a 5-ft-long water
cooled stainless-steel tube. An explosive mixture of oxygen and acetylene is 
metered into the tube at the same time, and at the right instant the mixture is 
ignited by means of a spark plug. The process is discontinuous, the explosions 
occurring at a rate of about four per second. Because of high noise levels, the 
operation is carried out in a blockhouse by remote control. Coatings are formed 
by moving the part to be coated in front of the gun orifice. Particle velocities 
are very high, and the substrate need not be placed close to the tube nozzle. 
Working distances of three to four feet are common. The high particle veloc
ities result in low-porosity structures. There is little evidence of the ''flat
tened-particle" structure that can be detected in ceramics formed by other 
spray processes. 

Arc-Plasma Gun 

In this equipment a high-intensity direct-current arc is maintained in a closed 
chamber having a water-cooled copper nozzle or orifice at one end. A gas 
(usually helium or argon) is introduced into the chamber at a constant rate. 
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The gas is heated by the arc and is expelled from the orifice as a high-temper
ature high-velocity plasma. Particles of the ceramic material are injected 
into the plasma by means of a small amount of the carrier gas through an 
opening in the nozzle. Introduction of the powder at the nozzle rather than in 
the arc crater means that the particles are subjected to only brief periods of 
heating-also, not all particles reach the hot core of the plasma. Thus, re
gardless of the high temperature of the plasma, complete melting is not easily 
achieved, especially in the case of the larger particles. Because of these 
effects, claims that a plasma gun is capable of spraying satisfactory deposits 
of any material, no matter how refractory, have not always been borne out by 
experimental evidence. 

The high temperature of the plasma creates problems of substrate heating, 
and some means of cooling the substrate is often required. In some cases, 
cooling air can be employed to deflect the hot gases without seriously affecting 
the temperature or trajectories of the particles. 

Induction-Plasma Gun 

The induction-plasma gun is a recent development. The operating principle is 
the same as that of the high-frequency induction heating of metals. A plasma
forming gas is fed into a refractory-lined enclosure which is surrounded by an 
induction coil. A conductive load (arc) is first produced within the enclosure 
by an ignition system. The rf field then couples to the hot conductive gas. 
Powder for spraying is fed by means of the carrier gas into either the top or 
bottom of the enclosure. Claimed benefits for the gun include large plasma 
diameter and freedom from nozzle problems. Particle velocities, however, 
are low unless a restriction or nozzle is placed at the outlet end to create 
higher pressures in the enclosure. 

COMPOSITIONS 

Almost any oxide, carbide, boride, nitride, or silicide that does not decompose 
or vaporize on heating can be sprayed by one or more of the spraying processes 
mentioned previously. Each material normally requires pretesting to deter
mine the optimum conditions with respect to, e.g., carrier gas, power, and gas 
settings. Loss of stoichiometry sometimes occurs when spraying carbides. 
However, this can be corrected in most cases by adding methane to the gas 
stream to produce a carbon-rich atmosphere. 

Loss of stoichiometry also occurs with some oxides, hafnia and titania being 
notable examples. This loss is usually reflected by an anion deficiency. 

In general, pure metal carbides yield poorly bonded deposits, probably be
cause of lack of complete melting. Admixtures or impure powders are required 
to achieve suitable structures for materials of this type. Oxidation during 
spraying must be avoided. 

The purity of the deposited material is dependent on the purity of the ceramic 
introduced at the gun. This can be high or low, depending on individual require
ments. Impurities may be introduced during spraying by gas adsorptions and/ 
or gas reactions. The presence of water vapor in fuel-burning guns presents 
the threat of the formation of some hydroxide, although its presence has not 
been reported in the deposits. Also, the possible formation of nitrides in de
posits formed by certain spraying processes cannot be overlooked. 

The spray processes lend themselves readily to the formation of multiphase 
structures. Mixed oxides, and cermets consisting of both ceramic and metal 
phases, can be formed. However, if thermal properties of the two materials 
are widely different, it is sometimes necessary to introduce the materials to 
the spray gun at different points or to spray simultaneously from two guns, 
each spraying a different material. 
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Fiber-reinforced composites can be prepared by spraying techniques. One 
problem that has not been overcome, however, is how to spray the matrix 
material on the underside of the fiber. Unless this is done, fibers are bonded 
on their top surfaces only. 

CONFIGURATIONS 

The nature of the spray process is such that almost any simple configuration 
can be produced. The easiest to form are flat plates and cylinders, although 
cones and even spheres (with a hole for substrate removal) are possible by 
suitable movement of the work and/or the gun during the spraying operation. 
Because of spray-angle effects, the deposit does not form at the same rate in 
recesses and on edges as it does on other surfaces. The highest density is 
always achieved when the spray strikes normal to the surface, and angles more 
oblique than 45 ° appear to be impractical. 

SIZE LIMITATIONS AND DIMENSIONAL CONTROL 

Close tolerances are possible with particle-sprayed parts through close con
trol and mechanization of the spraying process. When these precautions are 
taken, part dimensions can be controlled to :1: 0.001 in. on cylindrical surfaces 
and to :1: 0.002 in. on flat surfaces. Also, most sprayed materials can be sur
face-ground if closer tolerances (or better surface finishes) are required. 

There is no inherent size limitation in coating parts by the spray processes. 
However, when spraying large free-standing shapes on a removable substrate, 
some difficulties might be expected from cracking due to internal stresses. 
These difficulties are not insurmountable, however, and the production of alu
mina or zirconia parts several feet long with up to 1/2 in.-thick walls seems 
well within the range of possibility. 

STRUCTURE OF DEPOSITS 

When examining polished sections of sprayed structures, lines of demarcation 
between flattened particles are usually observed. In some deposits these 
boundaries can be detected without etching; in others, a severe etch is required 
before they become visible. These are not grain boundaries in the usual sense. 
The crystals, because of rapid quenching, are normally too small to be seen 
with a microscope. 

In addition to the flattened particle boundaries, striations or lamination 
boundaries can often be detected. These appear to be associated with the appli
cation of successive layers during the spraying. 

In general, the higher the particle velocity, the less distinct the flattened
particle boundaries. In fact, in flame-plate deposits, which are prepared with 
particle velocities up to 2,500 ft per second, the boundaries are usually unde
tectable in the polished sections. Particle size can also affect the distinctness 
of the boundaries. 

Pores in the deposits are normally small and uniformly distributed. Occa
sionally, in some of the powder processes, a few unmelted grains are present. 

X-ray diffraction patterns of deposits will show line broadening typical of 
a very fine crystal size. This is to be expected in view of the extremely high 
quenching rates on impact. The occurrence of metastable and defect crystal 
structures is common. For example, the rapid quench rate in the case of alu
mina prevents the formation of the stable alpha phase. Instead, metastable 
phases form. The phase may be gamma, eta, or delta, depending on the cooling 
rate. It has been shown that monoclinic zirconia converts to the cubic form on 
spraying. Also, hafnia and some other oxides are difficult to spray without loss 
of stoichiometry. Zirconium silicate (zircon) dissociates on spraying to cubic 
zirconium oxide and silica. 
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PROPERTIES OF DEPOSITS 

So far as is known, no molten-particle spray deposit has ever been prepared 
that has strength properties in the as-sprayed condition approaching those of 
its sintered or hot-pressed counterpart. The modulus of rupture of alumina 
sprayed with a rod gun is about one-fifth that of pressed and sintered alumina. 
This may be due partly to the different crystalline phases that are present, 
but the major factor is probably the lack of strong cohesive bonding among the 
flattened particles in the sprayed deposit. The particles remain molten only 
for a few milliseconds after impacting the cold layers deposited earlier, and 
this is probably an insufficient time for the strongest type of cohesion to de
velop. From the microstructures, considerably stronger cohesion may be 
expected for the flame-plate and best plasma-sprayed deposits than for the 
deposits formed by the lower-velocity processes. This is borne out by modulus 
of rupture values for flame-plated alumina, which are reported to be in the 
range 20 x 106 to 24 x 106 psi. 

Moduli of elasticity are also lower for the sprayed deposits than for their 
pressed and sintered counterparts. The modulus for rod-sprayed alumina, for 
example, has been reported to be only 6.5 x 106 psi as against 30 x 106 to 40 x 
106 psi for pressed and sintered alumina. The elastic modulus of flame-plated 
alumina is approximately 12 x 106 psi. 

The usual porosities of sprayed deposits formed by the different processes 
are included in Table 5. These are the porosity ranges normally achieved 
when spraying alumina or zirconia. With other materials, the porosity could 
be higher or lower than those listed. The spraying of largely nonporous de
posits is theoretically possible on hot substrates, since quenching rates are 
lower and the molten particles have longer flow times after impact. 

All normally formed sprayed deposits are permeable. Even the flame
plate product, which appears from the microstructure to be completely free of 
connecting pores, will permit some penetration of fluids. This behavior sug
gests the presence of micro-sized capillaries, possibly caused by occasional 
poor cohesion between particles. 

In molten-particle spraying, the small particles strike the cold substrate 
and solidify, particle by particle, in successive layers. Each particle shrinks 
on solidification and then shrinks further by thermal contraction as it cools. 
This deposit mechanism generates internal stress gradients in the system, 
with the initially formed layers in compression and the outer layers in tension. 
Such stresses can be relieved by a suitable heat treatment, or they could be 
reduced to insignificant levels by spraying onto a substrate maintained at high 
temperature. 

UNIFORMITY AND REPRODUCIBILITY 

The principal current use for molten-particle spraying processes is the appli
cation of protective coatings to metal substrates to provide wear resistance, 
thermal insulation, thermal control, or electrical insulation. There is presently 
a sizable commercial production of alumina and zirconia coatings on metals 
and alloys, and this market is expanding. The continued commercial use of the 
coatings at least implies that uniform and reproducible applications are possible. 
The most uniform applications demand close control of all spraying parameters 
by the manufacturer. In the case of the flame-plate process, the coatings are 
always applied by the manufacturer of the equipment, to ensure that optimum 
control is achieved for each application. 

The same type of process control could be achieved in the forming of free
standing shapes. Reproducible deposits should be achievable with practically 
no limitation of size. However, without more research, some nonuniformity 
could be expected on a micro basis. 
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FABRICATION COSTS 

Classllication of fabrication costs by the molten-spraying processes ls included 
in Table 5. These costs do not include capital outlay for the equipment, which 
varies from a few hundred dollars for an oxyacetylene gun to several thousands 
of dollars for plasma spray guns or name-plating equipment. Where power 
costs are low, the plasma gun is perhaps the most economical method of appli
cation. A cost of $9.35 per pound of deposited zirconia was reported in 1964. 
Still more economical applications might be achieved with the liquid-fueled 
deposition gun now under development. 

PARTICULATES 

The molten-particle spraying processes lend themselves readily, by simply 
omitting the target and spraying into a large chamber, to the preparation of 
small spherical particles. These particles have high density, are free-flowing, 
and can be made with high purity. However, with few exceptions they have been 
laboratory curiosities because of high cost, which may be four to five times 
that of irregular-shaped powder. One current use of particles made in this 
way is that of aluminum particulates used for certain solid-fuel propellants. 
Ceramic materials that have been spheroidized for special purposes (usually 
in a plasma flame) include alumina, zirconia, boron carbide, uranium dioxide, 
uranium carbide, and mullite. A more interesting technique for present pur
poses is to spray particles of high-purity metals into oxygen, thus burning 
them to yield a high-purity oxide "smoke." Efforts have previously resulted in 
incomplete burning, but this should be surmountable. 

OPPORTUNITIES FOR RESEARCH AND DEVELOPMENT 

Certain features of molten-particle spraying processes make them attractive 
for a number of structural-ceramic applications. A brief summary of both 
the advantages and present limitations of the spraying processes is given in 
Table 6. 

The advantages listed are very important ones. With the advent of high
velocity spraying methods, molten-particle spray processes have now demon
strated an excellent potential for the fabrication of high-performance ceramic 
bodies. Partly because of the listed disadvantages (including cost), and partly 
because spraying development has largely been conducted by commercial 
technologists, this potential has not been adequately recognized. The important 
limitations can be overcome by systematic research, while the great variety 
of circumstances under which spraying seems attractive require verification 
and development work. 

Of all the types of fluid processes studied, the molten-particle spray process 
is among those C1lpable of the most rapid and significant advancement through 
research. It promises a wide variety of product configurations of superior 
quality for structural applications. A great deal of work needs to be done, 
however, before this capability can be realized. 

The procedure of spraying onto a cold substrate holds little promise for 
forming highly uniform and reliable free-standing structural ceramics. The 
improvements in character that might be achieved by spraying onto a hot sub
strate, however, are sufficiently attractive to justify considerable research in 
this area. Such research should be directed to the following: flow properties 
of molten droplets as a function of substrate temperature, effect of size range 
and velocity of particles on structure, effect of substrate temperature on par
ticle cohesion, effect of substrate temperature on internal stresses, and effect 
of postdepositlon heat treatment on microstructure. 

Systematic studies of all the process variables are recommended for the 
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Table 6. Advantages and Limitations of Molten-Particle Spray Processes 

Advantages 

Versatility in configuration, size, shape, 
and structure 

No furnace facility is needed for cold 
substrate, only moderate temperature 
for hot substrate modifications. 

Mixed compositions can be sprayed. 

Spraying is applicable to ceramic 
finishing, surface prestressing, 
patching and repairing. 

Parts can be sprayEid with good dimen
sional control. 

mtrafine crystal sizes are character
istic of the molten-spray process 
because of the rapid quenching. Hence, 
if good cohesion between individual 
particles could be achieved, the 
ultrafine grain size might well result 
in a structural ceramic with exceptional 
strength properties. With the possible 
exception of glass ceramics, the molten
spray process produces smaller crystal 
size than any other currently used 
ceramic-processing method. 

Limitations 

Due to inadequate bonding between depos
ited particles (at present), strength is 
typically low, thermal conductivity may 
be directional, and density is usually 
less than theoretical. 

While deposition rates are adequate, 
over-all costs are high. 

The residual-stress problem currently 
limits thiclmess, but should be sur
mountable. 

The gas environment is a limitation of 
the fiuid-spray processes for those 
ceramics that are sensitive to reaction 
with the hot gases (in some cases com
bustion products). In addition, oxides 
may spray anion deficient; and the 
structures of some oxides after spray
ing show the presence of metastable 
phases. 

plasma methods and for the newest liquid-fuel method. These should include 
feed sizing and flow, the flame and plasma variables, gases present, and sub
strate distance and temperature, for example, and should be correlated with 
the resultant material properties and character. 

Inexpensive removable substrB;tes or forms, and investigations of parting 
agents, are needed for spraying free-standing shapes. 

Spraying of various novel compositions needs to be assessed. Some ex
amples are glass and crystallizable glass, and oxides together with metals, 
carbides, or carbon by codeposition. 

Burning of pure metals sprayed into air or oxygen should be investigated 
further, as a possible means of preparing very-high-purity reactive oxide 
particles as feed for solids processing. 

Spraying as a means of welding ceramics together needs to be investigated. 
Here, perhaps more than in any other case, the problem of interfacial strength 
and bonding must be solved. 

Other research needs include more and better data on volume changes of 
ceramics on solidification from the melt, improved methods and tools for 
characterizing fluid-sprayed structures, and additional data on the viscosities, 
surface tensions, and wetting properties of molten ceramics. 

DEVELOPMENT OF RECOMMENDATIONS 

A thorough understanding of the ultimate capabilities and limitations of a par
ticular process, an appreciation both of its present technological status and of 
the status and depth of the physical science and engineering on which it depends, 
and the weighing of the purposes of pertinent research and of the likelihood of 
achievement of these purposes, are all requisite to the intelligent framing of 
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approaches to any particular new processing research project. It is hoped that 
the foregoing status reports will furnish guidance in this regard. To provide 
for greater penetration of any of these subjects there is a Bibliography at the 
end of this chapter, Consulting these resources should lead, through their own 
references, directly into the original literature, from which additional informa
tion in any limited segment of these subjects can be obtained. 

The first purpose to be served by the present study and recommendations 
is, however, to point out in somewhat general terms where the needs and oppor
tunities for research lie within a total context. Much of research, especially 
''basic" research, produces information that is general in nature. It is impor
tant, therefore, to identify areas of basic research that will benefit all (or 
large fractions) of fluid-processing technology. With respect to applied research 
and engineering development, the pursuit of which usually leads to more speci
fic technological advancements of limited breadth, it is important to delineate 
all the areas of opportunity together so that selections of research objectives 
can be made from a balanced view of the entire front and the entire need 
rather than from one sector only. 

One of the goals of this section, therefore, is to summarize and digest the 
content of the status reports to give an over-all view of: 

1. The important characteristics, capabilities, and limitations of the various 
types of fluid processes relative to each other and to solids processes. 

2. The areas of basic science in which progress is required to further the 
foundations of fluid processing in scientific principles and knowledge. 

3. The areas of applied research and engineering development in which prog
ress is needed or in which opportunities lie for significant and timely advance
ment of performance, uniformity, and reproducibility in the structural qualities 
of oxide ceramics through improved fluid processing. 

It is recognized, however, that advances in the science and art of fluid pro
cessing, across the whole front, cannot all be expected to be accomplished (or 
even needed) at the same time or at the same pace within the framework of 
ceramic applications needs of the Department of Defense or of the ability of 
the Government to fund research and development work. Consequently the 
final object of this section is to evaluate the many areas of desirable R&D in 
the light of DOD needs, and, based on this evaluation, to recommend a smaller 
list of R&D objectives as being of highest pertinence. If possible, this list 
should retain a ''programmatic" quality: i.e., the work recommended should 
be mutually reinforcing or complementary, and should comprise an efficient, 
combined "series-parallel" program providing a high likelihood of achieve
ment of a limited number of important technological goals. 

1. Summary of Characteristics of fluid Processes 

COMPOSITION AND PURITY 

Table 7 is a digest of the Panel's assessments of the broad types of fluid pro
cesses recognized in this report, with respect to their important character
istics and capabilities. Elaborations are given in the following paragraphs in 
terms of the inherent capabilities of fluid processes for accomplishing certain 
elements of character in oxide ceramics. The elements of character selected 
are those considered as pertinent to structural applications, including those 
considered to be important for maximizing strength and for minimizing the 
scatter of strength. · 

Control of composition and its variability has been advanced to a refined 
art in glassmaking, where in addition the molecular state of dispersal of im
purities usually minimizes their effect on mechanical properties. While in 
general for all processes the avoidance of impurities depends first on feed
material specification and second on engineering aspects of containment (with 
difficulties rising rapidly with increasing temperature of processing), some 
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fluid processes can be contrived to avoid deleterious contact between the feed 
material and any foreign solid container. "Skull" melting, PVD, CVD, molten
particle spraying, and crucibleless crystal growth are examples. The classical 
single-crystal growth processes and the zone-melting teclmiques tend to sweep 
many impurities away from the built of the product, requiring only that end 
sections be cropped. 

Conversely, the very mobility of the constituents of fluid media and the par
tition that occurs on crystallization lend difficulties to fluid processing which 
in some cases are more aggravated than in solids processing. The familar 
change from large columnar grains to finer equiaxed grains at the conclusion 
of built freezing is largely due to a change in nucleation accompanying the 
buildup of impurities in the residual liquid as freezing progresses. The residue 
of intergranular glass in crystallized-glass products, while it can be very uni
formly distributed on a gross scale, has an evident effect on the high-tempera
ture yield stress and strength. The distribution of solutes in "doped" single 
crystals is rarely uniform and may affect substructure, while the effects of 
impurities in the melt or flux on crystal growth rate, and even habit, are often 
marked. It is known that various impurities may be swept forward or backward 
or left stationary in zone refining, the direction and efficiency depending on 
each individual partition coefficient. Liquid - liquid phase separation in glass 
forming is becoming more generally recognized. Boundary-layer effects in 
CVD processes can have a striking influence on impurity distribution. 

In general it is desirable that the composition of the fluid phase at the fluid -
solid interface remain constant with the progress of "solidification." This 
condition is best met by the establishment of a uniform environment of the melt 
and vapor, for example (poorly approached by the melting of large batches of 
refractory materials, but well illustrated by specialty-glass melting operations, 
the best-controlled PVD and CVD processes, the best single-crystal growth 
processes, and electrolytic processes), and by vigorous agitation (again poorly 
approached in built freezing, adequate to excellent in glassmaking, excellent 
in fluidized-bed CVD, usually poor in crystal growth processes, and adequate 
to excellent in electrolytic processes). 

Rapid, nonequtlibrlum conversion to the final product promotes the incor
poration of impurities in uniform distribution, on both a gross and a fine scale. 
In this regard built freezing of oxides rates poorly, especially in large masses, 
owing to the low thermal diffusivity. The effectiveness of the chilling of glass 
melts is also size-dependent, although the high viscosity of glass compositions 
is an aid in preserving uniformity, and the absence of crystallization removes 
much of the driving force for segregation (i.e., in the ideal case there is no 
interface). Spraying of uniform molten particles can yield extreme composi
tional uniformity on a gross scale under adequate process control, and owing 
to the very rapid chilling, this uniformity can extend to the scale of angstroms 
if the particles themselves are alike. 

Within the practical range of evaporation rates, PVD composition control is, 
in principle, independent of deposition conditions, and is excellent. However, 
CVD processes tend to incorporate more impurities with increasing departure 
from equilibrium because of the boundary-layer effect. Electrolytic processes 
similarly suffer increased impurity pickup in the product and increased vari
ability with departure from equilibrium conditions. Anodic-sparking composi
tions are not yet entirely predictable. Single-crystal growth processes tend 
to be operated near equilibrium, but here as well (especially in solute crys
tallization) the impurity pickup and its variatim generally increase with 
increasing rates. In the boule method, which has some similarity to molten
particle spraying, the scale of compositional uniformity is refined by increasing 
the rapidity of crystallization, although crystal perfection may suffer in conse
quence. 

In addition to reacting with containing vessels as previously noted, liquid 
or vapor feed materials at very high temperatures are susceptible to inter-
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Table 7. Summary of Fluid-Process Characteristics 

Incremental Gas-
Bulk-Glass Processes Phase Molecular Molten-Particle sl!raa Incremental Li!juld-Pbase Molecular Trans~rt 

Transport Melt-Freezing Solute Crystallh:atlon 
Bulk Glass Glass Detonation Chemical Electrical Electro-
Freezing Forming Crystallization PVD CVD Gun Flame Flame Crucible Withdrawal Boule Ambient P Hydrothermal lytlc 

COl\IPOSITIONS 
FOR WHICH 
SUITABLE 

Oxides m (II) I I m (II) I I I I I I I I I I .... .... Carbides, nitrides II (I) N N N II II (I) II ll (I) II II II N N N .. Bo rides, beryllides II (I) N N N m m (II) m (II) II (I) II II II N N N 
Elements (C, B) N N N N I N N (II) N N N II N N 
Composition control ll (I) I I I ll (I) II (I) II (I) II(I) I I I I II II (I) 
Uniformity control m (II) I I I II (l) I I I I I II (I) I II I 
High-purity 

capability II (I) I I I II (I) I II (I) I I I II (I) II ll II (I) 

EVALUATIONS 
FOR OXII>IC 
MATERIALS 

ConfEatlons 

Shell, sheet, tube m (II) I I I I I I I II N (II) N N ll 
Block, bar I I I m m m II (I) II (I) I I I N II N 
Matrix for 

reinforcing m II ll (II) ll (l) II (I) II (I) II (I) N N N N N N 

Coating, patching, 
joining m I II (II) I I I I N N N N N II (I) 

Reinforcing, fibers, 
filaments N I m (II-I) m I N N N N II (I) N II N N 

Particulate feed II II II II I m II II N N N I N N 

Max lateral 
103 102 102 102 102 103 102 12 (102) 12 (102) 102 

dim (in.) >12 12 (1) 2 (12) 

Max tblckness (in.) >12 12 6 2 2 (6) 1 4 (12) 4 12 2 (4) 2 (10) (1) 2 (12) 0.1 

Dimensional control m (II) I I II (I) I I I I I II II m m (II) I 

Surface finish II (l) I I II - I II - I I II - I II - I I I I I I I 
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Table 'I (continued) 

Incremental Gu-
Bulk-Glass Processes Phase Molecular Molten-Particle Spraying Incremental Liquid-Phase Molecular Tranaport 

Trana port 
Melt-Freez1111 Solute C~alllzstloo Bulk Glaaa GlaH Det0118tlOD Chemical Electrical Electro-

Freezing Forming Crystallization PVD CVD Gun Flame Flame Crucible Withdrawal Boule Ambient P Hydrothermal lytlc 

lnternal structures 

Polycrystal 
(1 phaae) I N N I I I I I N N N N N II (I) 

GlaH crystal N - I N N (I) (I) (I) N N N N N N 
Multiphase crystal II (I) -- m CD-I) (I) (I) I I I N N m N N m (II) 
Glass andSBO N I N N I (I) (I) (I) N N N N N (D - I) 
Single crystal N N N (II) I N N N I I I I I m (II) 
Phase dlBtr 

control m (II) -- I (I) (I) I I I N N II N N (II) 

Polycrystal 
structures 

MID grain size (j4) >100 (10) N <0.1 f<.01) 0.1 <0.01 <0.01 <0.01 <0.01 N N N N N 1. f<0.01) 
Size control m (II) N I (I) I I I I N N N N N (II) 
Uniformity control m (II) N I (I) II (I) I I I N N N N N (II) 
Grain shape, typical C,E N E,F,P C,E C,E E E E N N N N N C,E 
Orientation, typical 0,R N R O,R 0,R R R R N N N N N 0,R 
Orientation control m (II) N I (II) I I I I N N N N N (II) 

MID porosity al 0.0-0.2 o.o o.o 0.1 0.1 0.5 (0.1) 2 (0.2) 0.5 (0.1) o.o o.o o.o o.o 0.0 1.(<0.1) 

l\lax forming rate 
102 104 102 10 (103) 10-4 -10-2 10-3 (lb/hr) 0.1 0.1 (1.) 1. 10 • 1. 1. 1. 0.1 .... 

Uniformity* .... m (II) I I (I) I m (I) m (I) m (I) I I II II (I) II (I) 
C1I 

Reproducibility• II I I (I) I I I I I I II II (I) II (I) 

Open Entries, present capability; bracketed entries, future potential. Evaluations: I, superior; II, average; m, Inferior; N, not applicable. Numerical Values: units in left column. Grain Shape: E, equl-
axial; C, columnar; F, fibrous, filamentary; P, platelet. Grain Orientation: R, random; O, oriented. •,overall assessment. 
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actions with other components of the environment. Effects on composition and 
its variability are evident. Simple gas-solution and exsolution phenomena are 
discussed later, under Porosity. Electrode materials are incorporated into the 
charge in arc or resistance heating, and interactions with flame constituents 
occur in glass-forming and in other chemical fuel-fired processes: molten
particle spraying and Verneuil crystal growth (although in most cases alternate 
and cleaner heating methods are available). Reactions with atmospheric leaks 
are possible in PVD and CVD processes, and in the latter as well as in elec
trolytic processes and hydrothermal crystal growth, corrosive feed materials 
or byproducts may attack all materials of construction. Many oxides are anion
deficient at the melting-point under nonoxidizing conditions, and this condition 
may persist on freezing and cooling to room temperature (especially in spray 
processes where chilling is rapid, and in large masses through bulk casting). 

Although these problems may require more detailed attention in fluid than 
in solids processing, in most cases the principles governing compositional uni
formity are understood, and engineering methods for achieving adequate control 
are available. There is no inherent characteristic of most fluid processes that 
renders compositional variability inescapable, as this affects product unifor
mity or reproducibility. Furthermore, the deliberate gradation of composition 
is a peculiar capability of a number of these processes, viz., glass forming 
and most of the incremental methods. 

POROSITY 

Porosity approaching zero is achievable in principle by all variants of bulk 
fusion, crystallization, and other molecular transport processes. In general, 
trade-offs must be struck between processing under near-equilibrium conditions 
that favor the rejection of pores as well as other structural flaws but may be 
impractically slow or may favor large grains, and processing rapidly for eco
nomic or other microstructural ends, but risking imperfections. Voids or 
''blebs" due to shrinkage in bulk-fusion casting appear to present a difficult 
engineering problem, but this cannot be judged realistically until compositions 
and procedures suitable to the solution of the grain-size control problem are 
selected and a specific configuration is approached. Pores resulting from gas 
exsolution (e.g., in fusion casting, glassmaking, and single-crystal growth) 
are in principle always avoidable; but economic penalties may attend the re
quirement of vacuum or controlled atmosphere and the restrictions these may 
place on modes of heating and containment. Porosity resulting from decom
position of impurities in the feed material (e.g., during melting) or from side 
reactions (e.g., in electrolytic processes) is always in principle avoidable by 
purity specification, "fining," vacuum degassing, or careful control of proces
sing parameters, for example, as each case warrants. Pores in PVD or CVD 
processes are usually the result of inadequate process control or of sacrifice 
to another microstructural end or to economically favorable deposition rates. 

The porosity occurring in high-velocity spraying processes is a special 
problem. Insufficient effort has been spent on defining the variation in tempera
ture and velocity of particles as functions of particle-size variation, location 
in the flame, and other process variables. Consequently, the ingenuity required 
to overcome these possible causes cannot yet be accurately judged. Decomposi
tion and dissolved-gas exsolution are also possible contributors. Finally, the 
impingement and rapid freezing of particles on the substrate (including depen
dence on variations in particle temperature and velocity) are known sources of 
porosity. There are reasons for confidence that pores and other structural 
deficiencies of spray-processed materials can be· eliminated by systematic 
research. 

Thus, with few exceptions, porosity either as a source of general weakness 
(performance and uniformity considerations) or as -an occasional flaw (reli
ability and reproducibility considerations) appears subject to technical means 
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of elimination or at least reduction to secondary importance through fiuid 
processing. The deliberate creation of a highly porous, even foamed, structure 
has not been encompassed in this study; however, capabilities exist in many 
fiuid processes, viz., in glass forming, CVD, molten-particle spraying, and 
electrolytic process variants. 

INTERNAL STRUCTURE 

Internal-structure capabilities of fluid processes are varied, frequently 
unique, and in many cases characteristically highly uniform. The vitreous 
state and the single crystal are achieved only through fluid processing and can 
be extremely uniform on a gross or fine scale. Short-range-order (SRO) struc
tures have been achieved via CVD (e.g., boron, carbon, and Al203). Structures 
ranging from SRO to hyperfine polycrystals are achievable by other CVD vari
ants, by glass crystallization, by molten-particle spray processes, and by 
electrolysis. In the range from SRO to 0.1 µgrain size, there have been very 
few investigations of crystal size variability. Consequently, it is difficult to 
judge the ultimate characteristics of these processes as regards the scatter of 
strength due to this cause. However, their promise is exceedingly high, espe
cially when codeposits for nucleation control are factored in. There are few 
records of attempts at codepositing, but the meager results are encouraging. 
The hyperfine grain structure of spray deposits has never been exploited, owing 
to their (probably curable) deficiency in interparticle bonding, discussed below. 
The nucleation techniques of the glass industry apparently have not been as
sessed for applicability to nonglassy materials, and should be investigated. 

Considering the immense array of complex oxidic compositions available, 
experimental work leading to multiphase structures has barely been begun. 
Eutectics, peritectics, and subsolidus multiphase phenomena as well as other 
heterogeneous systems remain the largely untested hope for bulk-fusion cast
ing, in producing fine grains. Refractory (in many cases, nonsilicate) glass 
and crystallizable glass compositions provide a large area for future advances 
into both vitreous and multiphase crystalline materials. Although glass-crys
tallization processes can yield angstrom-scale crystals, this size range has 
not been characteristic of exhaustively devitrified materials. However, there 
appears to be no inherent limitation in the process. Multiphase compositions 
via spray processes, and utilization of spraying to preserve the vitreous state 
for subsequent crystallization, have been little examined. Again, the potential 
seems evident. The CVD approach to multiphase materials presents some 
anticipated difficulties, but these will not be insurmountable in all situations. 

As regards freedom from the occasional large grain or Daw, and reproduci
bility (part-to-part structure variation), fiuid processes are often inherently 
superior. This characteristic derives from the ability to mix large batches of 
feed material, from the disappearance of individual particulate character in the 
fiuid state, and from the incremental quality of many of the processes and 
their ability to be automated and continuous. Glass and glass-crystallization 
processes are excellent in this regard. The tendency of PVD and CVD pro
cesses to accentuate nonuniform structural features with increasing thickness 
can in principle be overcome by continuously buffing off the high points. Spray 
processes are inherently uniform on a gross scale. Electrolytic processes 
present a relative unknown in this matter, needing exploration; fusion casting 
is presently inferior. 

Deliberate gradation in grain size through the use of incremental fluid pro
cesses as finishing operations appears particularly hopeful, since these methods, 
while capable of fine-grain structure, are costly on a mass basis. The prin
cipal problems (bonding and internal stress) are discussed below. 

lntergranular or interparticle bonding varies widely from process to pro
cess. In general, melt processes and molecular-transport processes can be 
excellent in this regard, but there are significant exceptions. 
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Inter- or intragranular Daws can result from differential contraction on 
cooling, which occurs at increasing frequency with increasing grain size. 
Consequently, bulk fusion casting as presently practiced is inferior. Other 
fluid processes (e.g., CVD), when conducted so as to yield large grains, are 
also susceptible. Glass crystallization yielding fine grains is excellent up to 
the point of complete devitrification. 

Any process yielding a high-melting solid at low temperatures, when con
ducted at a high deposition rate, risks poor bonding. Thus PVD and CVD pro
cesses, conducted at incipient "snowing out" (conditions favoring hyperfine 
grain size), can be subject to either occasional or general weak bonding. Elec
trolytic processes must similarly be controlled between slow but atomic depo
sition which is economically unfavorable, and more rapid rates which risk loss 
of bonding integrity with a sacrifice in strength. Further detailed investigations 
of subsequent sintering or pressure sintering to heal such Daws are indicated. 

The high-velocity molten-particle spray processes have been notoriously 
poor in regard to bonding, yet there seems no inherent necessity for this. Vari
ations of particle temperature and velocity must of course be controlled; but 
beyond this the use of a hot substrate seems an obvious approach, with little 
record of actual trial and no apparent record of definitive research. The dwell 
time of each particle in the liquid state could stand considerable extending 
before grain growth would become troublesome, and the interdiffusion of the 
particle with the solid base should consequently be markedly improved. Elim
ination of much of the presently characteristic porosity would be an expected 
byproduct, as well as elimination of residual stress. This approach should be 
vastly superior to a subsequent sintering step. 

The role of gas films ·in preventing bonding requires exploration for Duid 
processing as well as solids processing. Both CVD and spray processes may 
be susceptible to this source of trouble, particularly the latter. Electrolytic 
processes may be similarly troubled at high-deposition rates. 

Residual stresses and cracking are phenomena evidenced from nil to extreme 
by various Duid processes. Bulk fusion casting is presently quite inferior in 
this regard, the effect becoming more serious with increasing process tem
perature, grain size, and size of artifact. Glass forming is comparably sus
ceptible at large sizes, and some of the single-crystal growth processes are 
also size-limited on this account. Auxiliary heating or heat-flow control during 
processing, and subsequent annealing, are presently practiced with dramatic 
success for glasses and single crystals. 

Given a reasonably isotropic material and not-unreasonable configurations, 
the incremental processes hold great promise for avoiding this type of general 
or occasional defect. When conducted to yield very fine grains, either low
temperature processes (e.g., PVD) followed by annealing, or high-temperature 
processes (CVD, spraying, electrolytic) utilizing a hot substrate and subsequent 
annealing, should be practically size-unlimited in consequence of differential 
shrinkage. 

SURFACE CHARACTER 

The surface character of fluid-processed ceramics is not, on the whole, per
ceivably different from that of the immediately underlying bulk. Large-grained 
CVD and PVD products show an appreciable change in character with increas
ing thickness of deposit, but this can be minimized or nullified if there is 
adequate new nucleation leading to very fine grain size or SRO structure. 
The character of electrolytic deposits tends to change continuously with thick
ness, owing to the increasing electrical resistance. This can be overcome to 
a substantial degree by a carefully programmed increase in potential aimed 
at constant current. A peculiar and advantageous quality of some fluid proces
ses (viz., glassmaking and glass crystallization and the incremental deposition 
processes generally) is that the surface character is not appreciably altered 
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by increasing the dimensions of the artifact in the plane of the surface. 
Present practice in melt-freezing produces a compressive surface stress, 

while present molten-particle-spraying practice leads to tensile stresses in 
the growing surface. Means of overcoming the latter are mentioned above. 
Control of the surface stress state in glasses and crystallized glasses by sub
sequent finishing operations has been notably successful. Also, in these mate
rials the introduction of a large density of mild surface fiaws (by hyperfine 
etching) has been shown to decrease the concentration of stress at the occa
sional accidental surface fiaw and consequently to reduce the scatter of 
strength values by an impressive amount. Although some of these techniques 
have recently been attempted on polycrystalline materials, the bodies utilized 
were relatively large grained and relatively porous. Where nonporous, hyper
fine-grained or SRO bodies (or surface layers) of good integrity can be pro
duced by fiuid processes, these products should be capable of still more marked 
improvement in strength and in reduced scatter of strength by finishing opera
tions analogous to those used with glass. 

The faithfulness of some fiuid-processed artifacts to useful shapes and to 
useful dimensional tolerances can be superb. Although fusion casting may be 
persistently inferior in this regard, the precision achievable in glassmaking ls 
by contrast excellent. Little research appears to have been invested to date 
in making single crystals of predetermined useful shapes and dimensions; but 
the potential of such variants as shaped crucibles, "float" modifications, and 
elegant withdrawal and boule techniques appears exciting. 

Incremental polycrystal and SRO deposition processes employing a remov
able form can be quite faithful to both its shape and its surface finish. Elastic 
relaxation on removal of the form, due to residual stress, should be minimized 
or eliminated by proper annealing. The growth surface, however, would ordi
narily require some machining if dimensional or finish tolerances are demand
ing. Because of the heavy emphasis to date on the use of incremental processes 
for coating, efforts to prepare free-standing objects by these means will prob
ably require innovations in the area of removable, reusable forms and of part
ing agents. 

CONFIGURATIONS 

The configurations achievable by selected fiuid processes include numerous 
unique or superior contributions to ceramic technology. The immense fiexi
bllity of fiuld molding or casting methods, utilized in the fields of metallurgy 
and organic polymers, has not been equally exploited in polycrystalline oxide 
ceramics because of their unfortunate resultant microstructural characteristics. 
But present practice in glass casting and molding evidences a sophistication and 
a range of applicability comparable to that in plastics and superior to that in 
metals. It can be anticipated that casting and molding methods for polycrystal
line ceramics will partially close this gap if compositions can be found that yield 
satisfactory microstructures, uniformity, and avoidance of flaws. 

The range of configurations achievable in glasses and crystallized glasses 
by forming methods other than casting is relatively familiar and is vast. Al
though there are size limitations imposed on castings, on sheets, and on ex
trusions, for example, by the nature of glass, these limitations obviate very 
few potential applications of this material. With the advent of photosensitive 
crystallizable glasses, details of configuration such as embossing and per
forations of a wide and complex variety can be accomplished without machin
ing and with remarkably precise dimensional control. 

A very few oxide compositions (notably Al203) have been developed in large 
bulk single-crystal form. Size limits are inherently technological and conse
quently not permanently fixed. The spur given recently to sapphire-growth 
technology by laser needs illustrates that the same advances can be made in 
numerous other oxides under suitable incentive, and it may be predicted that a 
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small arsenal of built single-crystal materials will emerge, like sapphire, from 
the domain or rare gems into that of economically attainable, technically useful 
components. In one area, of transparencies, these will complement glasses 
and probably remain superior to the best polycrystalline transmitting materials 
of the same compositions. Methods of growing refractory oxide single crystals 
in ''window" configurations of large size should accordingly be advanced. 

Single-crystal materials are capable of exhibiting near-theoretical strength 
and retaining useful strength and creep properties to temperatures far higher 
than ls the case for glasses and glass crystals. Many new mechanical applica
tions will be called forth. It can be anticipated that cubic crystal structures 
will be superior to the hexagonal structure of AI2o3 for numerous of these, and 
consequently cubic refractory oxides (such as spinel and yttrium aluminum 
garnet) should be developed as large single crystals of reasonable cost. At 
the same time, the technical and cost obstacles to "hogging" useful shapes out 
of shapeless blanks will become increasingly important. Methods will be needed 
for growing single crystals economically in shapes closely approximating 
finished artifacts, within the size range of current technology. Concepts of 
such methods presently exist. 

Sheets, tiles, and thin-walled bodies of revolution (hemispheres, cones, 
ogives, cylinders) of greatly extended lateral dimensions are achievable by 
glass-forming methods and by incremental deposition processes. As has been 
noted, such elements of character as the built and surface mlcrostructure, the 
residual stress, the occurrence of occasional flaws, and dimensional fidelity 
do not present unusual difficulties with increasing size when appropriate fluid 
processes are used. Furthermore, if the very high strengths of which these 
processes appear capable can actually be realized, wall thicknesses can be 
reduced and elastic accommodation to small mismatches in attachment will 
give rise to lower stresses. 

Many superior materials of construction are composites, and the design 
problems associated with the brittleness of ceramics can be substantially re
lieved by their incorporation also into composite materials. Two approaches 
are apparent: (a) the use of fiber or filamentary forms of oxides within ma
trices of plastics, metals, or even other ceramics, in which the high elastic 
modulus and high strength of the reinforcement are coupled with a flexibility 
or compliance that minimizes local stress concentration; and (b) the use of 
oxides as matrices in which are embedded metal or other fibers, wires, or 
filaments, wherein the reinforcing medium is utilized primarily for compres
sive prestresslng. 

Filamentary materials are excessively strong when their internal structure 
is without boundaries (e.g., glasses; "amorphous" B or C; single-crystal graph
ite, SIC, B4C, or sapphire). The potential of hyperfine-grained polycrystal 
filaments for high strength ls still indistinct. Oxides of such structure and 
ranging down to SRO structure need to be developed as filaments and evaluated. 
For such purposes, fluid processes are the only available resources. Adapta
tion of the withdrawal method to the forming of filamentary sapphire has been 
begun with encouraging results. Deposition of aluminum oxide in SRO form on 
a metal wire by CVD appears feasible, and electrolytic methods hold some 
promise for making filaments of SRO or hyperfine grain structure. The need 
in glass filaments ls for greater refractoriness, higher modulus, and higher 
strength, achievable through a search for new compositions. Glass crystals 
of hyperfine grain size need to be made in filamentary form and evaluated. 
Short fibers are currently made by CVD and by crystal-growing processes 
from the melt or from flux. 

For building an oxide matrix around a fibrous reinforcing medium, again 
fluid processes appear attractive. Low temperatures are desirable to eliminate 
interaction between oxide and wire, the result of which would be to deteriorate 
the strength of the wire. Low-temperature buildup and bonding of matrix 
layers to wire· ls possible by CVD and by spraying-from both sides if neces-
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sary. Multiple composite layers can be built up by diffusion bonding of single 
composite layers. The potential of electrolysis is essentially unknown. 

Incremental fluid processes are uniquely capable of finishing operations
coating, material addition, patching, and joining-without requiring reheat of 
the base materials to sintering temperatures. The need to reach only annealing 
temperature allows for the potential preservation of complex assemblages 
through such operations, in which less refractory components might otherwise 
be ruined. Emphasis should be on CVD and on spraying. 

Finally, particulates for solids processing feed can be prepared with unique 
characteristics, including purity, particle surface and internal structure, den
sity, and sinterability, by variants of CVD, the sol-gel reaction, and spraying. 
Thus fluid processing means are available for increasing the arsenal of raw 
materials for more conventional ceramic fabrication. 

2. Basic Science Areas 

In consideration of the general importance of condensation to the solid state 
from the liquid or gaseous state, and of the general paucity of basic informa
tion on oxides or their precursors near their transition temperatures as well 
as of information on the transitions (or reactions) themselves, a number of 
areas of basic science and of basic material-property data are evident in 
which progress in research will be of quite general benefit to fluid processing. 

This list is presented in Table 8. At this stage the list is deliberately kept 
broad. No specifications are given as to what material should be studied, what 
phenomena or properties are most important, what data are most urgently 
needed, or to which fluid processes they relate. The reason for this mode of 
presentation lies in the quality of basic research that results and interpreta
tions are generalizable and often produce understanding in unforeseen direc
tions. The list is reconciled with more specific objectives in Section 5. 

3. Areas of Applied Research and Engineering Development 
R&D objectives that are more or less specific to the individual types of fluid 
processes are compiled from the observations of the characteristics, needs, 
and opportunities made in Section 1 (p. 112) and detailed in the status reports. 
There are presented in Table 9. 

This list is intended to be comprehensive, and is oriented toward the oppor
tunities for fullfillment of the technological potential of the various fluid
processing methods. It is reconciled with DOD needs in Section 6. 

4. Establishment of "Priority" Fluid Processes and 
Their Material Objectives 

The condensing of the long lists of desirable R&D given in Sections 2 and 3 
into a manageable "Priority Program," without sacrificing the detachment of 
the objectives from specific end-items, was accomplished in the following way: 

First, the broad needs of the Department of Defense were examined for the 
existence of groupings of oxide ceramic components or applications that have 
similar qualitative performance requirements and configurations (quantitative 
differences were ignored). To these groups, based on needs, were added some 
considerations of the unique or special opportunities of fluid processes to per
form certain functions also important to the DOD. 

The result is a set of eight "Model Objectives" of ceramic processing, each 
related to DOD structural applications of oxide ceramics, and to each of which 
at least one fluid process merits an attractive rating (see Table 7) for a pre
ferred composition, general configuration class, suitable internal structure, 
polycrystal character (where appropriate), and in the over-all uniformity and 
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Table 8. Areas of Basic Science and Basic Data Important to Fluid Processing 
of Oxide Ceramics 

High-temperature structures, properties, and phenomena related to oxidic compounds, 
solutions, and related materials 

SOLIDS 

Structure and physical properties near the melting point 
Defects and transport properties near the melting point 
Surface structure and composition (vis-h-vis bulk), surface energies 
High-temperature phase relations, solubilities, homogeneity ranges, and thermodynamic 

quantities 
Internal stress and plastic-deformation phenomena 

LIQUIDS, INCLUDING GLASSES 

Structure and theory of structure; influence of now, composition, and temperature 
Physical properties: density, thermal expansion, compressibility, surface tension; rela-

tions to structure and composition 
Transport properties: electrical conductivity and solute transport, diffusion, viscosity, 

fiow characteristics; relations to structure, composition, temperature, and gradients 
Phase relations, solubilities, and thermodynamic quantities 
Surface structure and properties (vis-a-vis bulk) 
Properties of supercritical liquids 

GASES 

High-temperature thermodynamic quantities 
Equilibria with condensed phases 

INTERPHASE PHENOMENA 

Interfacial structures, energies and transport kinetics; interphase impurity distribution 
Nucleation and crystallization mechanisms and kinetics; undercooling; impurity dynamic 

behavior; electrolytic and anodic phenomena 
Physics and thermodynamics of epitaxy; structural relations (including films) at inter

faces and in interphase transitions (e.g., melting and freezing) 
Surface changes and interactions with environment 
Volume and other physical (e.g., viscosity) changes with melting, freezing, and under

cooling 
Accommodation and condensation coefficients 
Molten-particle now and substrate interaction on high-velocity impact; high-speed 

freezing phenomena 
Particle-gas exchange phenomena: kinetic and thermal 

reproducibility evaluations. The rating may represent either present capability 
or future potential. The cost element was then invoked in a few cases to reduce 
the number of candidate processes. These eight objectives are presented in 
Table 10. 

The fluid processes included in Table 10 as candidates for achievement of 
these eight Model Objectives follow, together with the kinds of oxide configura
tions which are to be sought, or are needed, through their development and 
exploitation. The numbers in parentheses reference the identification of the 
corresponding Model Objectives in Table 10. These may be taken as indicating 
those fluid processes and their material objectives deemed by the Panel to be 
worthy of ''priority" status for research and development: 

Glass and glass-crystallization processes: built forms (1, 2) and filament (5). 
Chemical-vapor deposition: built forms (1, 2), filament-reinforced sheet, 

(3), coaxial filament (5), surface finishing (7), particulates (8). 
Incremental freezing single-crystal processes: large crystals (4), filaments 

(5), short fibers (6). 
Incremental flux single-crystal processes: filaments (5), short fibers (6). 
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Table 9. Areas of Applied Research and Engineering Development Important to Fluid Processing of OXide Ceramics 

FUSION AND FREEZING 

Investigate electron-beam heating of 
oxide melts for improved control of 
composition and purity. 

Investigate programmed cooling of 
molds for Improved control of gratn 
size and habit 

Investigate the use of applied isostatic 
pressure on the melt !DBtead of tem
perature reduction to cause freezing, 
I.e., use of t.(PV) to replace C.E as 
driving force, as means of controlling 
crystallization 

Investigate the following to control 
crystal size, morphology, and orien
tation In the solid product: 

Eutectic or perltectlc oxide compo
sitions 

Solid solutions wtth a large tempera
ture coefficient of solubility of one 
component 

Compositions contalDJng an ln&oluble 
and inert particulate foreign phase 

"Metallurgical" beat treatments, 
following freezing, of compositions 
having appropriate subsolldus phase 
changes 

GLASS AND GLASS CRYSTALLIZATION 
PROCESSES 

Investigate means of forming glass ob
jects economically In small numbers 

Investigate refractory and high-modulus 
glass compositions (probably nonaillcate) 
for preparation as filament 

Investigate refractory and high-modulus 
crystalllzable glasses (probably non
sillcate) 

Investigate methods (and appropriate 
compositions) for nucleation and crys
tallization of refractory glasses yield
ing extremely fine ~0.011') gratn size 
upon complete crystallization 

Investigate new methods and materials 
for melting and formlllg of refractory-

glass compositions, e.g .. molten-parti
cle spraying 

INCREMENTAL GAS-PHASE 
MOLECULAR TRANSPORT 

Investigate new and Inexpensive meth
ods and materials for removable molds 
and mandrels, including parting agents 

Investigate CVD or combined PVD/CVD 
methods for depositing oxides (e.g., 
A12o3, Th02, Zr02, Tt02) and for co
deposltlng these with inert Insoluble 
foreign atoms (e.g., C, pt metals, re
fractory metals) to yield 1/ 4 In.- to 1/2-
ln. -thick freestanding ceramics of high 
density and extremely fine grain size 

Investigate new CVD approaches to 
form coatings of A120 3 or BeO on metal 
wire (after the method of depositing B 
on W); objective is short-range-order 
oxide 

Investigate and evaluate CVD methods 
of preparing very-high-purity slnterable 
particulate oxides by gas-phase oxida
tion, reduction, or bydrclysis and by 
"snowing out" 

MOLTEN-PARTICLE-SPRAY 
PROCESSES 

Investigate tbe use of programmed beat
ing of substrates during deposition by 
high-velocity processes to relieve stress 
and Improve lnterpartlcle bonding, lead
ing to freestanding shapes 

Investigate systematically the process 
variables of arc or RF plasma deposi
tion of an oxide, relative to complete 
characterization and mecbanlcal evalu
ation of tbs product 

Develop tbe liquid-fuel-spray method 
for optimum mechanical performance 
of an oxide product, using tbe systematic 
approach outlined above, and m•tnt•lnlng 
high deposition rates 

Investigate tbe postfabrication beat treat
ment (including use of pressure) of free
standing spray-deposited oxides to Im-

prove lnterparticle bonding and me
chanical strength and to convert meta
stable phases; with and without hot-sub
strate spraying 

Develop methods and materials for inex
pensive removable forms and mandrels 
for spraying oxides, including parting 
agents 

Investigate and evaluate methods of 
spraying oxides over a pattern of re
inforcing fibers (e.g., metal, carbon, or 
boron), sequentially from both sides to 
yield a reinforced or prestressed sheet 
configuration; ultimate object will be 
multUayering of these by pressure 
bonding 

Investigate spraying of complex ceramic 
compositions, including: 

Refractory-glass and crystallizable
glass compositions 

Mixtures of oxide and metal to yield 
mlcrocoll\posites analogous to Co-WC 

Develop and evaluate techniques for high
strength seam welding of ceramic sheets 
by high-velocity spray methods 

Investigate and evaluate the preparation 
of very-high-purity slnterable particu
late oxides by spraying of decomposlble 
or combustible particles into an appro
priate atmosphere (e.g., high-purity Al 
in 0 2) and "snowing out" 

INCREMENTAL LIQUID-PHASE 
MOLECULAR TRANSPORT 

Develop shaped-crucible method of grow
ing single-crystal A1 2o3 directly In use
ful form and nearly to tolerance, e.g., 
for turbine buckets, nozzle inserts, lead
ing edges; object includes easy removal 
and some reuse of molds 

Investigate modified crucible method of 
growing single crystals of A120 3, yt
trium aluminum garnet, or sp!nel In 
disk or sheet form by floating the melt 
on top of a denser liquid 

Investigate "floating-orifice" technique 

for growing very long A1 20 3 or BeO 
whiskers from melt or from flux 

Develop improved beating devices and 
methods for float-zone melting of oxides 

Evaluate tbe "sol-gel" process for 
making possible bulk oxides with supe
rior mechanical performance. through 
improved particulates for solids pro
cessing; investigate modification of tbe 
"sol-gel" process to yield ceramic 
mlcrocomposltes (containing C. pt 

metals. or refractory metals) of ex
tremely fine grain size 

Develop superior and larger autoclaves 
and closures for bydrotbermal crystal 
growth 

·Investigate means of improving uniform
ity of distribution of dopant& In large 
oxide single crystals, either in the 
course of growth or by subsequent zone 
leveling 

Investigate and evaluate anodic sparking 
for forming freestanding sheet, shell, 
and tube configurations 

Investigate comp!• anodizing of other 
metals than aluminum, followed by heat
curing, to yield sheet or wire configura
tions of oxide in SRO or very-fine
grained polycryatal form 

Investigate and evaluate methods of 
electrolytic deposition of oxides from 
molten electrolytes, followed by heat
curing, to yield either freestanding 
dense material or dense coatings on 
wire or sheet 
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Table 10. Model Objectives: Fluid Processing for DOD Structural Applications 

PRESENT 
DEFICIENCIES 

REQUIRE
MENTS 

APPROACH 

PROCESSES 

CANDIDATE 
COMPOSITIONS 

1. Oxide (or Microcomposite) 
Nonrefractory Shapes 

DOD needs: Pressure vessels, 
low-temperature structural mem
bers, armor, transparent armor 

Configurations: Sheet, shell, 
tube, bar 

Glasses are generally reliable but 
relatively low in elastic modulus 
and strength; polycrystals exhibit 
adequate elastic properties and 
the best compressive strengths 
are sufficient, but strength prop
erties are variable and toughness 
is absent 

Very high modulus, hardness, and 
strength; very high uniformity and 
reliability; some toughness to 
withstand stress concentrations, 
especially due to joining and 
thermal shock; moderate cost 

Very-fine-grained uniform dense 
microstructure; for toughness, 
second phase or reinforcing 

Glass, glass crystallization, 
spraying, CVD 

Al203, MgAl204, Si02, high
modulus glasses, crystallized 
glasses 

2. Oxide (or Microcomposite) 
Refractory Shapes 

DOD needs: Radomes, turbines, 
hot structures 

Configurations: Sheet, shell, 
tube, bar 

Nonoxides are generally brittle, 
lacking in corrosion resistance, 
and of unfavorable electromag
netic characteristics; oxides are 
brittle, susceptible to thermal 
shock, and lacking in uniformity 
and reliability; glass-base mate
rials lack refractoriness for 
some applications 

High modulus, hardness, and 
strength to high temperatures; 
high thermal shock resistance; 
toughness, spalling resistance; 
moderate cost 

Very-fine-grained uniform dense 
microstructure in refractory 
compositions; for toughness, 
second phase or reinforcing 

Spraying, refractory-glass crys
tallization, CVD 

Al20 3, BeO, Zr02, spinel, Si02, 
refractory crystallized glasses 

3. Oxide Shapes with Filament 
Reinforcing 

DOD needs: Reentry and leading
edge surfaces, rocket-engine 
liners, throats, plus low-temper
ature uses 

Configurations: Shell, sheet, tube, 
and variations 

Nonoxides and metals generally 
lack high-temperature corrosion 
resistance; oxides lack thermal
shock resistance, uniformity and 
reliability 

High tensile and shear strength 
to high temperatures; high uni
formity; bonding to monofilament 

Very-fine-grained uniform dense 
microstructure in refractory 
compositions; possibly micro
composite; dimensional uniform
ity; (for use with high modulus, 
high strength filament) 

CVD, spraying: adapted to cover 
filaments from both sides 
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4. Large Oxide Single 5. Oxide Monofilament 6. Oxide Single Crys- 7. Joining, Material 8. Oxide Particulates 
Crystals and Long Fibers tal Short Fibers Addition, and Patching 

DOD needs: Windows DOD needs: Reinforced DOD needs: Reinforc- DOD needs: Especially DOD needs: Improved 
(radar, infrared, visi- composites for service 1ng for metal, glass, for joining segments raw feed for solids 
ble), transparent ar- to moderately high tem- plastic, and ceramic of ceramic sheet (etc.) processing 
mor, structures, bear- peratures: structural matrices into larger assem-

Configurations: High-
ings, turbines, leading members, reentry blages; potential also 
edges surfaces, vehicular 

Confi~rations: Short exists for surface 
purity ultrafine 

stressed skin, armor 
fiber or platelet finishing powders 

Configurations: Sheet, crystals 
shell, tube, rod, Confi~rations: Mono- Configurations: Depo-
sphere, and variations filament, long fibers sition on surfaces, and 

(for joining) linear 
buildup 

Size and shape limita- Glass filaments lack Low yields, high costs, No reliable means of The combination of 
tions; cost maximum elastic prop- tedious harvesting and welding or joining purity, reactivity, den-

erties and refractori- classification ceramics (other than sity and uniformity 
ness; there is yet no glass) exists; means needed is often lacking 
proven means of pro- are also desired for in conventional powders 
ducing monofilament patching minor surface 
single crystals damage, increasing 

thickness, or modify-
ing surface compo-
sition, microstructure, 
or stress state 

Up to 8 in. in two di- Short-range-order ox- Short single-crystal Means of adding ce- Reactive pure uniform 
mensions, controlled ide or refractory glass fibers, platelets, etc., ramie material to a powders at moderate 
surface character; filament, or single- of high modulus and surface (of the same cost 
reasonable cost; form- crystal filament; E ~ strength at moderate or different composi-
ing in shapes 30 x 106 psi, a~ 150 x cost tion), with excellent 

103 psi bonding and without 
damaging the under-
lying material 

Advance engineering Explore and advance Advance processes Dense fine-grained Modify and develop 
processes holding processes holding holding maximum surface layer of con- fluid processes to 
maximum promise: maximum promise promise trolled thickness and yield particulates of 
especially, shaped- extent; moderate cost superior properties 
crucible and ''float" for solids processing 
methods 

Incremental freezing Refractory glass and Melt- or flux-growth, Spraying, and (for CVD, spraying, sol-gel 
glass crystallization; using crystal fiber finishing only) CVD 
single-crystal fibe~ withdrawal: ''floating 
withdrawal; coaxial orifice" 
CVD, anodizing, or 
electrolysis 

AI2o 3, MgO, spinel, High-AI2o 3 or BeO- Al203 AI2o 3, MgO, spinel, AI2o 3, MgO, spinel, 
yttrium aluminum base glasses; AI2o 3 Zr02, glasses Zr02, refractory and 
garnet crystal fibers; coaxial crystallizable glasses 

AI2o 3, Zro2, spinel 

Copyright © National Academy of Sciences. All rights reserved.

Ceramic Processing
http://www.nap.edu/catalog.php?record_id=20276

http://www.nap.edu/catalog.php?record_id=20276


126 

Sol-gel process: particulates (8). 
Anodizing: coaxial filament (5). 
Fused-salt electrolysis: coaxial filament (5). 
High-velocity spray process: bWk forms (1, 2), filament-reinforced sheet 

(3), joining and surface finishing (7), particulates (8). 

5. Derivation of Abbreviated List of Pertinent Areas of Basic Science 

The purpose of this section is to reduce the number of Areas of Basic Science 
listed in Table 8, by reference to the foregoing list of priority processes, 
their material objectives, and their candidate compositions. Since aluminum 
oxide is a prominent candidate in many cases, and a large number of the mate
rial objectives involve refractory-crystallizable glasses (see Table 10), basic 
scientific investigations that employ Al203 or refractory-crystallizable glass 
compositions as vehicles would be considered most pertinent to the advance
ment of these priority processes. 

A further criterion was used to reduce the Basic Science Areas list to 
manageable size. Even though Table 8 may be regarded as containing ''basic" 
research objectives, many of the measurements listed are required in order 
to determine process parameters in any sophisticated "applied" study of pro
cesses. Such measurements were removed. The residuum of Basic Science Areas 
accordingly comprises those studies that should result in greater understanding 
of the nature of materials and of phenomena pertaining to those fluid processes 
of highest priority for advancement, but which would not be called for automat
ically in the process investigations themselves. This reduced list is given in 
Table 11. 

The performance of government-supported basic research is rarely on a 
solicited basis, hence it is not suggested that such work can or should be orga
nized as a ''program." There are not too many scientists in the United States 
who qualify and are interested in these areas, which compounds the difficulty 

Table 11. Abbreviated List of Basic Science Areas Pertinent to the Fluid 
Processing of Alumina and Refractory Glass Ceramics 

High-temperature structures, properties, and phenomena pertaining to Al2o3, and to 
refractory-crystallizible glasses where appropriate 

SOLID AI2o3 

structure and physical properties (specific volume, thermal expansion, elastic properties, 
compressibility, and optical properties) near the melting point 

Defects and transport properties (thermal conductivity, electrical conductivity, diffusion, 
and deformation) near the melting point 

LIQUID AI2o3 AND GLASSES 

Structure and theory of structure; physical properties (specific volume, thermal expan
sion, compressibility, surface tension, and optical properties) 

Transport properties (thermal conductivity, electrical conductivity, diffusion, viscosity, 
and flow) 

Liquid- liquid phase relations in glasses; surface structure of molten glasses 

INTERPHASE PHENOMENA IN Al20 3 AND GLASS CRYSTALS 

Solubilities of common gases in AI2o3 and in glass compositions as functions of pressure 
and temperature, above and below tli8 mp (or liquidus) 

Interfacial structures and energies; supersaturation phenomena; positive and negative 
catalysis mechanisms; physics and thermodynamics of epitaxy 

Nucleation and crystallization mechanisms and theory 
Changes in bulk st~cture and physical properties occurring with isothermal (equilibrium 

and nonequilibrium) change of phase 
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of the science itself with an extreme difficulty of performing good experimen
tal work at temperatures ranging from about 1,000 to 2,300°C or higher with 
corrosive materials and under rigorous environmental control. Therefore the 
work outlined must be regarded as having a very long-range purpose: A major 
contribution to the practical advancement of processing ts not likely to occur 
in less than five years. Nevertheless, it ts important that an incentive be pro
vided by the government by expression of interest in these areas of work 
(some of which are indeed already funded and in progress), in order that oppor
tunities for advancement of fluid-processing technology through basic under
standing will not be overlooked. 

6. Derivation of a Priority Program of Applied Research 
and Engineering Development 

The most urgent applied R&D objectives for DOD consideration in the advance
ment of fluid processing are logically derived from Table 9 by reference to 
Table 10 and the corresponding list of priority processes on page 122. For pur
poses of obtaining and demonstrating the maximum potential achievement of 
these processes, it will generally be perfectly satisfactory to perform the 
processing investigations using only aluminum oxide, refractory glasses and 
glass crystals, and minor (e.g., composite) modifications of these as product 
compositions. Exceptions will be noted. Two important virtues of concentrating 
most of the work in the Priority Program on only two basic types of composi
tions are that the work will be more mutually reinforcing, and that a better 
intercomparison of accomplishments will be possible among fluid processes 
and between fluid and solids processes. This nominal restriction was therefore 
adopted, in the interests of research economy. 

In order to condense still further, those R&D objectives that are concerned 
purely with engineering and cost tactics (e.g., removable mandrels) were 
omitted. It was felt that a search for elegant engineering, while important to 
the advancement of technology, should be subordinated in this Program to the 
central theme of deriving maximum performance from fluid processing prod
ucts by investigating the essentials of processing operations themselves. The 
condensed list of recommended R&D work is described in Table 12. 

Within this Priority Program, the tasks may be advantageously grouped 
according to the configurations to which each ts addressed. Two groups of 
four task areas result, which are indicated in the footnote of Table 12 and 
repeated in full on pages 69 and 70. 

7. General Recommendations 
In the preceding derivation of recommended areas for research and develop
ment, listings have been included of many basic science objectives that pertain 
to fluid processing (Table 8), and of many applied-research and engineering
development objectives that offer important opportunities for exploiting fluid 
processes and their ultimate capabilities (Table 9). Numerous oxldic composi
tions are included among candidates for processing by one or another of these 
means, which offer excellent poss1b111ties for achievement of improved per
formance in the kinds of advanced DOD applications described. 

In reducing these listings to what has been termed a Priority Program of 
Applied Research and Engineering Development (Table 12), and a supporting 
Abbreviated List of Pertinent Ba,sic Science Areas (Table 11), arbitrary cri
teria as well as considered judgment have been employed to achieve a small and 
manageable number of objectives. In some cases (e.g., fusion and freezing and 
anode-sparking processes), eliminations or priorities have been determined 
with the knowledge and comfort that government-supported programs are cur
rently in progress, and in the expectation that these will continue. It is the 
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Table 12. A Priority Program of Applied Research and Engineering Development for Fluid Processing of Alumina and Refractory-Glass 
Ceramics 

A. BULK GLASS AND GLASS-CRYSTALLIZATION PROCESSES 

1. Conduct a combined investigation and exploration of 
a. Techniques for nucleation and crystallization of refractory-glass 

compositions to yield extremely fine gran size ~ 0.01 J.&) upon 
complete crystallization, together with 

b. New refractory and high-modulus glass and crystallizable-glass 
compositions (probably nonsilicate) 

Ultimate objective is either or both of bulk and filament confjgura
tions: high modulus and high strength 

B. INCREMENTAL GAS-PHASE MOLECULAR TRANSPORT 

1. Investjgate CVD or combined PVD/CVD methods for depositing 
Al2o3, or for codepositing Al2o3 with inert, insoluble forejgn atoms 
(e.g., C, Pt metals, refractory metals) to yield 1/4-in.- to 1/2-in.
thick freestanding bodies of high density and extremely fine grain 
size, high modulus, and high strength 

2. Investjgate CVD methods for depositing Al20 3, or codepositing Al20 3 
with inert, insoluble forejgn atoms (C, Pt metals, refractory metals) 
on refractory-metal wire, to yield a coaxial coating of extremely fine 
grain size or abort-range-order structure and full density, high mod
ulus, and high strength 

3. Investigate CVD methods of depositing dense fine-grained Al2o3 (or 
codeposits) as a sheet on both sides of an array of refractory metal, 
boron, or carbon-reinforcing filaments; for good bonding and high 
strength 

4. Investigate CVD methods of preparing very-high-purity sinterable 
Al2o3 powders by "snowing out," from halides, metal-organics, etc. 

C, INCREMENTAL LIQUID-PHASE MOLECULAR TRANSPORT 

1. Develop shaped-crystal methods of growing single-crystal Al2o3, 
apinel or yttrium aluminum garnet, etc., directly in useful form and 
nearly to tolerance, e.g., shaped-crucible method for turbine buckets, 
leading edges, or fioat method for windows, transparent armor, and 
other articles requiring disc or sheet forms; high strength is required 
in both examples, high transparency as well in the second 

2. Investjgate withdrawal techniques. using freezing or nux method, to 

grow single-crystal Al2o3 in filament or long-fiher configurations of 
high modulus and high strength 

3. Investigate anodizing or fused-salt electrolysis of appropriate chemical 
systems, followed by heat-curing as necessary, to yield oxides of ex
tremely fine grain size or short-range-order structure and full density, 
high strength; intended ultimately for coaxial filament 

4. Investigate the sol-gel process for preparing pure, dense, sinterable 
powders of Al2o3 or Al20 3 admixed with an extremely finely subdivided 
forejgn phase (C, Pt metals, refractory metals, or carbides) 

D, INCREMENTAL MOLTEN-PARTICLE-SPRAY PROCESSES 

1. Investigate systematically all the process variables of electric flame 
and liquid-fuel-fired spray deposition of Al2o3, including the use of 
programmed heating of the substrate and postfabrication annealing, for 
optimum mechanical performance and deposition rate; intended for 
bulk configurations of high modulus and high strength 

2. Investigate spraying of complex ceramic compositions, including: 
refractory glass and crystallizable-glass compositions, and admixtures 
of Al2o3 with an extremely finely s.ubdivided foreign phase (C, Pt 
metals, refractory metals, or carbides); intended for bulk confjgurations 
of high modulus and high strength 

3. Develop techniques for high-strength butt welding of Al2o3 sheets by 
high-velocity spray methods; evaluate relative to the base material 

4. Investigate methods of spraying dense fine-grained Al2o3 (or codepos
its) as a sheet on both sides of an array of refractory-metal or boron
reinforcing wires, for good bonding and high strength 

5. Investigate the preparation of very-high-purity sinterable Al2o3 powder 
by arc or RF plasma spraying of decomposible or combustible particles 
into an appropriate atmosphere and "snowing out" 

Group I. Bulk Configurations: A-1, glass and glass-crystallization approaches; D-1, molten-particle-spraying approaches; D-2, logical follow-on to D-1; B-1, 
chemical-vapor-deposition approaches; C-1, shaped single-crystal approaches. 

Group n. Special Configurations: joining: D-3; filaments: C-2, B-2, C-3, A-1; matrices: D-4, B-3; powders: C-4, B-4, D-5. 
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intent of the Panel that no current work falling within the scope of Tables 8 
and 9 should be set aside, but rather that the objectives ltsted in Tables 11 and 
12 represent areas where greater effort ts needed than ts currently tn progress 
under either government or private funding. 

It ts tmpltctt tn these recommendations that, in the opinion of this Panel, 
the fluid processes included in Table 10 (and in the Priority Program) show 
relatively good prospects of achieving the general objectives for oxide ceram
ics with which each is identtfted-relattve, that is, to other fluid processes and 
to solids-processing approaches. It is not implted, however, that other pro
cesses or other compositions will not satisfy selected specific hardware needs 
falling within the scope of the eight Model Objectives of Table 10. Nor can tt 
be guaranteed in advance that all the research recommended here will meet 
with success. Risks are Inherent, and redundancy has been butlt in where the 
present base of knowledge ts tenuous. 

Thus, the recommended Priority Program ts not Intended to displace worthy 
baste or applted research relevant to other than fluid-processing methods or 
to other compositions than oxides. Indeed, If there ts any supported effort 
which should be sacrificed to enable increased systematic research in oxtdic
ceramic processing, tt is the wasteful, hurried, and unreported search for a 
satisfactory material or fabrication method that so often accompanies sched
uled hardware-development work. 

This Panel Report also recognizes the need for a "new" methodology tn 
ceramic processing and in processing research and development. There have 
been numerous Materials Advisory Board expressions of this need and of a 
rational philosophy to ftll tt: for example, by the Ad Hoc Committee on Proces
sing of Ceramic Materials, tn Report MAB-195-M; by the Ad Hoc Committee 
on Characterization of Materials, tn Report MAB-229-M; and by the parent 
Committee of this Panel. The Fluid Processing Panel supports and concurs in 
the general conclusions of the above bodies, in respect to the needs: for fur
therance of a science of materials (ceramics); for furtherance of a science of 
processing (of ceramics}; for the experimental foundation of both in the ade
quate characterization of materials; for interpretations of the process -
character relationship and the character - property (or, behavior) relation
ship tn terms of the fundamentals of chemistry, physics, and mechanics as 
their scientific foundation; and for materials-related R&D to be conducted 
increasingly upon these experimental and scientific foundations. 

In particular tt is absolutely necessary, for the purpose of achieving the 
Inherent potential mechanical qualities of ceramic materials, to increase the 
amount of processing research and development work that ts scientific in the 
above sense; and to decrease the amount of work that is founded on the short
cut fiction of ''process - properties," or on the identification of accompltsh
ment with a piece of hardware (however useful tt may be), unless accompanied 
by published descriptive and performance information. 

This Panel therefore recommends that research programs such as devel
oped tn this Report be held aloof from Immediate and specific hardware ob
jectives, and that any processing R&D tasks be so specified and funded as to 
ensure their conduct in accordance with the above principles of a science of 
ceramic processing. 

Several detailed recommendations for the execution of such a program follow: 
1. Work conducted under the task objectives ltsted in the Program must be 

performed with an extreme regard for sophisticated characterization of raw 
and in-process and product materials, and for systematic coverage and where 
possible, isolation, of the processing variables. Methods of characterization 
must be described. Correlation of processing with features of character and 
explanation of behavior in terms of the atomistic mechanics of briWe mate
rials are of paramount importance. In no part of the Program should proces
sing be correlated with indices of mechanical performance without dlltgent 
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effort being made to interpose character, coupling to it from both sides. Con
tract funding must be provided for this essentially scientific aspect of the work. 

2. Knowledge is desired, in consequence of performance of these tasks, of 
how processing parameters influence the mean or modal mechanical behavior 
(i.e., ''performance") of products, and through what features of character. Also 
important is determining how the scatter of mechanical properties is influenced 
by processing parameters, and through the variations of what features of char
acter, especially as a function of location within a part (t.e., ''uniformity"). A 
search for the rare flaw or variation and its sources in processing must also 
be included. Piece-to-piece variation tn processing (i.e., "reproducibility"), 
its origin and control, should be investigated. The development and exploitation 
of continuous in-process control instrumentation should follow the determina
tion of quantitative process-parameter - character relationships of impor
tance, and should be an additional objective as tasks mature toward defined 
engineering processes. Again, these objectives will have to be explicitly spe
cified and funded in R&D contracts. 

3. Because each task objective should be framed in terms of the couplinss: 
processing - character - behavior, there is a need for uniform and 
reliable test methods in each task. Even though the science of physical ceram
ics ts yet naive and imperfect, the risk in a haphazard and piecemeal ap
proach to testing ts far greater than the risk In using unitorm and standardized 
test procedures. Ways of qualifying participants for performing their own 
testing should be considered. Alternatively, consideration should be given to 
the concept of having a single laboratory perform a few well-understood and 
valid tests for all participants in the Program. 

4. It is recommended that research participants be selected on the primary 
basts of their competence in materials science, as exemplified by past history 
of intense concern for characterization, experimental rigor, and a scientifically 
sound and methodical approach to materials problem-solving, and by the scien
tific quality of the proposed work and interpretation. 

5. It is recommended that, as far as feasible, the applied research and de
velopment of Table 12 be conducted as a Program, with all participating re
searchers meeting periodically in workshop sessions for mutual aid and stimu
lation. A means of administration of the work as a coherent whole rather than 
as disjointed individual projects should be considered. Such a treatment seems 
especially necessary in view of the extreme variation in difficulty among indi
vidual projects, and in the likelihood of early hardware achievement that at
taches to the several tasks. Under ordinary procurement policies, the less 
certain tasks will be badly delayed or omitted, whereas their timely inclusion 
and the corresponding provision of reliable information (even if sometimes 
negative in the hardware sense) is required If the DOD ts to attain its desired 
goal. 

Finally, tt ts recommended that periodic reviews be made of the course and 
accomplishments of such a Program, tn the light of the amount of funding actu
ally expended and the tasks actually mounted, pursued, and concluded. Follow
on efforts in a number of cases will be obvious; but more difficult decisions 
will also need to be made, between the continuing of efforts that have not yet 
proved successful and discontinuing them tn favor of untried alternatives. New 
information and new inventions to meet or circumvent problems will appear, 
none of which ts visible at the present time. These will call for changes of 
approach or of emphasis. 

Reviews made under a program philosophy and commitment should, more
over, ensure continuing attention to the gaps in progress rather than encourage 
''bandwagon" rushes to the areas of success. The former is the role of re
search, which should be neither shut off by discouragement nor suffocated by 
the pressure to exploit other accomplishments. To the extent the material 
objectives described tn this Report remain valid with time, the means to the 
achievement of each of them should continue to be explored and developed. If 
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CHAPTER 4 

Report of the Panel on Finishing 

ABSTRACT 

Finishing processes are used in the manufacture of ceramic products to obtain a speci
fied shape, size, and surface fiDish and to achieve improved or new properties different 
from the original fired ware. These processes change the character and properties of 
the product, and therefore the proper selection and control of these finishing operations 
are imperative for obta1n1ng product reliability and reproducibility. 

To control finishing processes properly, it is necessary to determine the effect of the 
processes on the character of the surface and body and hence the final properties of the 
finished product. Methods of characterization are discussed and the needs of further 
development are recommended. 

The finishing processes considered are discussed under four major headings: Mate
rial Removal, Surface Treatment, Body Treatment, and Joining and Assembly. Each is 
further subdivided into separate specific processes. The present state of the art for each 
specific process as developed in the~ is presented. This is followed by recommenda
Uons for further research and development in each area. ID many cases, the recommen
dations were scaled to the iDitial research effort. The extension of this work wW depend 
upon the success of the initial investigation. 

New and improved finishing processes, focused on the enhancement or stension of the 
properties of present ceramic products, were also studied. These processes are discussed 
under their proper process categories, and recommendations are included for further 
research and development. 

SUMMARY OF RECOMMENDATIONS 

Finishing processes on ceramic products usually change the character or prop
erties of the original body. The control of these processes is therefore critical 
in contributing to the reliability and reproducibility of the product. To better 
understand and to establish improved processes, the following recommendations 
are made for future research and development in ceramic-finishing processes. 

Characterization 

1. Develop methods for characterizing surfaces 
2. Analysis -and measurement of stresses 

a. Mathematical model of local stresses in a polycrystalline body 
b. Develop a method of measuring local stresses 
c. Develop a method of measuring large-scale stresses 
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Material Removal 

1. Abrasive machining 
a. Engineering study of techniques and their effects on surface character 

and properties 
b. Baste study of mechanism of abrasive material removal 
c. Coolants and lubricants 
d. Ultrasonic material removal 

2. Chemical methods of material removal 
a. Research on chemical methods 
b. Continue development of leaching and machining process 

3. Evaluate energy-beam methods of material removal 

Surface Treatment 

1. Strengthening processes 
a. Chemical strengthening by developing a compressive surface layer 

(1) by changing thermal expansion 
(2) by causing phase transformation 
(3) by chemical reaction and stuffing 
(4) by developing preferred orientation 
(5) by studying the effects of compressive surface layers on the resis

tance of ceramics to environmental factors and on reliability 
b. Physical strengthening by developing compressive surface layer 
c. Methods of chemical strengthening that do not produce a compressive 

layer 

Body Treatment 

1. Precipitate secondary phases in a body by special composition additions 
and/or heat treatment to give new properties 

Joining and Assembly 

1. Develop study techniques and establish essential criteria for ceramic 
joining 
a. Organic adhesive bonding 
b. Ceramic adhesive bonding 
c. Sintered joining 
d. Ceramic welding 
e. High-temperature brazing 

2. Engineering study to generate design guidance information for good 
ceramic joining 
a. Mechanical joints 
b. Bonded joints 

Many ceramic products require some type of finishing operation to obtain the 
specified shape, size, surface finish, or other new or improved property differ
ent from that of the original fired ware. Since the finishing process usually 
changes some character or property of the original body, the degree of under
standing and control of the processes will have a major influence on the reli
ability and reproducibility of the product. 

A Panel on Finishing was appointed to study the ceramic-finishing area, 
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evaluate the state of the art and recommend future actions. Specific objectives 
of this panel were defined as: 

1. Evaluate the capabilities and limitations of ceramic-finishing processes 
2. Outline the factors that relate the character of the finished product to the 

selection and performance of the finishing process 
3. Recommend scientific or engineering research to improve the understand

ing of the ceramic-finishing processes and to determine the effect of these 
processes on the surface properties and total character of the product 

4. Survey new finishing processes for enhancing the properties of ceramic 
products and recommend research to achieve controlled property improvement 
by these processes. 

Ceramic finishing ls any process or treatment accomplished on the material 
subsequent to the final firing treatment by the producer. It often consists of 
some type of mechanical material removal or abrasive process such as sawing, 
drilling, contouring, grinding, or polishing. There exist in the ceramic industry 
today a broad capability and a body of empiri~al knowledge that can be applied 
to attain excellent surface finishes and dimensional tolerances. Many of these 
abrasive processes, based on existing knowledge, are operator-dependent, time
consuming, and costly. Their proper selection, controlled operation, and under
standing will improve the quality of the final product and also offer a potential 
for considerable cost savings. 

Chemical and energy-beam methods of material removal currently in the 
research or experimental stages represent possible revolutionary solutions to 
some ceramic-finishing problems and must therefore receive serious long
range consideration. Chemical methods, in particular, offer potential opportuni
ties for economical processing and controlled results not readily envisioned for 
mechanical methods. 

Ceramic surface and body treatments used for producing physical, chemical, 
or mechanical changes in ceramic parts must also be considered as finishing 
processes. Some, such as annealing, fire polishing, and the application of vari
ous coatings and glazes, are commonly used and well understood. New processes 
such as chemical strengthening of ceramics give promise for significant en
hancement in strength, reliability, and other properties. The capabilities and 
limitations of these processes warrant careful study and evaluation. 

The character of ceramic surfaces has such a marked influence on properties 
and, in turn, is so significantly altered by most finishing operations that surface 
characterization must logically be treated as part of the over-all ceramic
finishing problem area. It is a complex subject with limited experimental data 
and is faced with serious deficiencies in instrumentation and techniques. 

Joining and assembly of ceramic parts to other ceramic or metal parts is 
also considered as a finishing process. Many ceramic surface-finish and toler
ance requirements arise directly from joining and subassembly considerations. 
Furthermore, the frequently observed inverse relationships between size of 
manufactured ceramic parts and their strength, reproducibility, and quality em
phasize the need for the component build-up approach by joining and assembly. 

The Panel considered these various aspects of ceramic finishing, and the 
study results are presented under five headings: (a) Character of Finished 
Ceramic Surfaces, (b) Material-Removal Processes, (c) Surface-Treatment 
Processes, (d) Body-Treatment Processes, and (e) Joining and Assembly. An 
outline of the finishing processes studied by the Panel is shown in the Matrix 
Chart in Table 1. 

CHARACTER OF FINISHED CERAMIC SURFACES 

The character of finished ceramic surfaces is the sum of textural, structural, 
and compositional descriptions that identify a specimen uniquely and may be 
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Table 1. Matrix Chart of Material Removal and Other Finishing Processes 

State of Art Pertinent Characterization 
Type of Process Function Process Variables (normal values) Parameters 

MATERIAL REMOVAL 

Mechanical Process 

Grinding Shaping Machine tool: Chips and breakage 
Lapping Dimensions Speeds 4,000-6,500 sfm Body cracks 
Polishing Surface finish Feed rate Variable (0.0005-0.05 in./rev) Microcracks 
Sawing Cleaning Depth of cut Variable (0.0001-0.01 in./pass) Pullout 
Drilling Pressure Depends on other variables Scratches 
Crush-forming Rigidity Limited by part geometry Residual surface material 
Blasting Loose abrasive A1203, SiC, B4C and diamond Grain topography 
Ultrasonic finishing Grinding tool (wheel, belt): Changes in surface chemistry 
Tumbling Type of bond Metal, resin, and vitrified 

Body Abrasive composition A1203, SiC and diamond 
Grit size and shape 50-1,000 mesh Composition 
Abrasive concentration 50-150 cone Voids (macro) 
Tool dressing Body porosity (micro) 

Coolants Water Grain size 

... Water-soluble oils Grain orientation 
w Water-based solution Grain boundsries ..., 

Nonhydrous fluids Nonuniformity 
Part character: Residual stress (micro and 

Size and geometry Machines available in wide range macro) 
of sizes and compound shapes Solute segregation 

Surface finish 2-5 µin. on small pieces; 10-20 Stoichiometry 
µ in. on large pieces Glass-phase concentration 

Tolerances 0.0001 in. for small pieces; Component hardness 
0.002 in. for large pieces Superficial hardness 

Material characterization Rate of material removal in- Resilience 
creases with grain size Toughness 
and/or porosity 

Chemical Process 

Polishing Shaping Reagent Mostly experimental Loose grains 
Machining Dimensions Reagent concentration Residual compound 
Etching Surface finish Time Nonuniform removal 
Electrochemical Cleaning Temperature Residual crystal orientation 

Pressure 
Body 

Effective potential 
Same as for Mechanical 

Removal above 
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Table 1. (continued) 

State of Art Pertinent Characterization 
Type of Process Function Process Variables (normal values) Parameters 

Energy Beam Process 

Electron beam Holes Energy Mostly experimental Grain size 
Plasma jet Cutting Atmosphere Composition 
Laser Surface integrity 

Body cracks 
Microcracks 

Body 

Same as for Mechanical 
Removal above 

SURFACE TREATMENT 

Coatings Process 

Ceramics: Control surface properties Geometry Processes and materials Composition 
Glass Chemical Density available Chemical interaction 
Crystalline Mechanical Thickness Specific to process and materials Thickness .... Metallizing Thermal Composition Characterization, evaluation, Residual stresses w 

co Films: Optical Time, temperature and control are needed Adherence 
Inorganic Texture Crystallization Continuity 
Organic Atmosphere 

Body and Surface 
Metallic Pressure 

Electrical potential Same as process and body 
Vacuum parameters in sections 

above 

Chemical Process 

Diffused: Compressive stresses Composition Mostly experimental Composition 
Surface layers Control surface properties Temperature Specific to materials Crystalline phase 
Stuffing Mechanical Pressure Characterization, evaluation Grain boundary 
Low expansion phase Electrical Time and control are needed Grain growth 
New phases Chemical Atmosphere Solute segregation 
Solid solution Thermal Solvent reagent cone Residual surface stresses 

Healing of surface defects Optical Agitation Microcracks 
Cleaning Texture Etching 

Bodl and Surface 

Same as process and body 
parameters in sections 
above 
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Table 1. (continued) 

State of Art Pertinent Characterization 
Type of Process Function Process Variables (normal values) Parameters 
---

Thermal Process 

Annealing Compressive stresses Time, temperature Mostly experimental Surface character 
Tempering Control surface properties Medium SpecWc to materials Stresses 
Degassing of surface Chemical Environment Characterization, evaluation, Body strength 
Redox surface Electrical Geometry and control are needed 

Bociy and Surface 
Fire polishing Texture 
Thermal etching Cleaning Same as process and body 

parameters in sections 
above 

BODY TREATMENT 

Thermal Process 

Annealing Stress relief Time Process well known Composition 
Temperature Proper control and evaluation Grain size 

needed Grain growth 

... Grain boundaries 
w Phase changes co 

Residual stresses 

Bodl and Surface 

Same as process and body 
parameters in sections 
above 

Chemical Process 

HF Leaching PurWcation Time New application not widely used Composition 
Fluorination Machinability Temperature Grain size 
Dehydroxylation Reduce defect concentration Concentration Grain boundaries 

Agitation Phase changes 
Density 

Bodl and Surface 

Same as process and body 
parameters in sections 
above 
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Table 1. (continued) 

Type of Process 

ASSEMBLY 

Bonding 

Fusion 
Ceramic - metal seal 

:; Cement adhesive 
0 

Mechanical 

Function 

Attachment 
Sealing 
Component buildup 
Joining 

Attachment 
Sealing 
Component buildup 
Joining 

Process Variables 

Geometry 
Composition 
Size 
Time 
Temperature 
Surface condition (chem) 
Mating geometry 

Geometry (part and mating) 
Size 
Time, temperature 

State of Art 
(normal values) 

Specific for materials 
and design 

Processor-dependent 
Characterization, evaluation 

and control needed 

Pertinent Characterization 
Parameters 

Process 

Composition 
Interaction and diffusion 
Bond integrity 
Bond structure 
Bond dimensions 
Size 
Design 

Body and Surface 

Same as process and body 
parameters in sections 
above 
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correlated with its properties. Since the characterization of ceramic surfaces 
is a very complex subject, with limited experimental data, it is appropriate to 
discuss here some of the most obvious aspects of ceramic surfaces. 

Surface microstructure of commerical oxide ceramics such as beryllili., 
alumina, and zirconia may exhibit different characteristics from those found 
internally. In general, an as-fired ceramic surface exhibits the greatest integ
rity of the entire sample, even though the surface may not be smooth. A ceramic 
surface will not show voids that are perhaps inherent in the system nor will it 
show the same glass phase that exists internally. 

Methods of Surface Characterization 

Finishing processes required to attain surface finish, dimensions, or properties 
will certainly affect the character of the surface. It is important to be able to 
determine the character of the surface of a finished ceramic product so that 
proper controls can be applied to the processes. Methods now available for 
evaluation of surface include: surface-roughness measurements, optical- and 
electron-microscope studies, electron-microprobe analyses, x-ray investiga
tions, and residual-stress measurements. 

SURFACE-ROUGHNESS MEASUREMENT 

When smoothness of the surface is important, the specifications for ceramic 
products often include a maximum roughness number. This is expressed in 
microinches AA (arithmetical average), microinches CLA (center line average), 
or microinches rms (root-mean-square). Theoretically, rms numbers are about 
11% larger than the equivalent AA and CLA. 

Although a number of instruments for measuring surface roughness have 
been devised which employ optical, acoustical, mechanical, or pneumatic prin
ciples, nearly all manufacturers of ceramics use a stylus instrument with elec
trical amplification of the motion of the stylus perpendicular to the surface over 
which the stylus is traversed. The measurement of the roughness of the surface 
will depend primarily upon the diameter of the stylus point because this deter
mines the width and depth of the surface crevice it will measure. 

The stylus measurement of surface roughness is a helpful process guide, but 
its limitations should be kept in mind in using it as a sole characterization of 
the surface obtained from a grinding operation. It does not tell the presence or 
extent of those microchecks occuring in the surface that are smaller than the 
stylus diameter, nor does it measure the subsurface damage which may result 
from a harsh, rough grind. 

Surface-roughness measurements should be related only to materials of the 
same composition produced by the same process if the values are for product 
evaluation or specification. 

MICROSCOPY 

The visual character of the grain structure after surface finishing is an im
portant observation for the control of the process. 

If surface-removal processes are required, the surface skin must be com
pletely removed to obtain a uniform and reproducible surface, since the interior 
body is quite different from the unfinished surface. The measurement of the 
size of the exposed grain and the proportions or orientation of the different 
crystalline phases present could be a significant control method. The nature 
of the grain boundary, grain pullout, and any apparent grain or boundary damage 
are critical criteria. 

In other surface-finishing processes, including coatings, chemical treatments, 
and thermal treatments, the visual character of the resulting finished surface is 

Copyright © National Academy of Sciences. All rights reserved.

Ceramic Processing
http://www.nap.edu/catalog.php?record_id=20276

http://www.nap.edu/catalog.php?record_id=20276


142 

equally important. A study of a section taken through the surface, showing coat
ing interfaces and diffusion layers, may be essential to the control of the pro
cess. Similar observations of a joint made in an assembly operation may be 
needed for proper control of the finished product. 

The optical microscope, both petrographic and metallographic, is the most 
common microscope used for the inspection of ceramic surfaces. Unfortunately, 
it is often necessary to remove a specimen from the product for observation, 
and in this case the test is destructive. Table 2 shows the range of magnifica
tion, resolution, and depth of focus for optical microscopes. 

The electron microscope is almost essential today for characterization of the 
grain structure of our fine-grained ceramics. Although improved transmission 
techniques have recently been developed, usually a replica of the surface is 
prepared for actual observation. The surface is often treated with an etchant 
to obtain the relief necessary for proper contrast. The depth of focus is limited 
by the technique, but high magnification is possible. The range of capabilities 
of the electron microscope is also given in Table 2. 

Recently, a scanning electron microscope has been developed that provides 
a greater ability for visual characterization of ceramic surfaces than those 
described above. This instrument fills in a nearly blind range between the 
optical and the electron microscopes. It observes the specimen directly and 
thereby avoids the limitations of the replica technique. As shown in Table 2, it 
has an unusual depth of focus. Here again it is necessary to obtain a specimen 
limited to about 1/4-in. in diameter. 

ELECTRON-PROBE ANALYSIS 

The electron-probe analysis of a finished surface, a glaze interface, a diffusion 
layer, or a ceramic-to-ceramic or ceramic-to-metal seal yields significant 
data on composition changes from grain to grain and grain boundary. Recently 
improved instruments have the capability of showing composition changes over 
an area of about 1 µ in diameter as an electron beam traverses a specimen. 
Using x-ray emission techniques, these instruments are capable of analyzing 
for elements as light as boron. 

X-RAY DIFFRACTION 

The uses of x-ray diffraction for surface characterization include identification 
of the phases present and study of solid-solution composition, phase composition, 
degree of reaction and reaction rates, degree of preferred orientation, topog
raphy, particle size, and large-scale stresses. The use of x rays for residual
stress determination is covered in the section on that topic. 

Identification of the phases present is extremely useful for surface charac
terization in cases in which the surfaces are treated to form new phases or to 

Table 2. Comparison of Optical, Scanning, and Transmission 
Electron Microscopy 

Comparison Optical Scanning Transmission 
Factors Microscope Electron Microscope Electron Microscope 

Magnification range Up to l,200X 50 to 50,000X 500 to 250,000x 
Resolution possible -2,oool - 200 J. - 5 A transmission 

- 30 J. replica 
Depth of focus -1 µat lOOX - 100 µ at l,OOOX Limited by specimen 

- 1 f.& at 10,000X 
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remove unwanted ones. The phase profile can be determined by grinding away 
the outermost surface layer and examining the material at each level. 

Solid-solution composition is determined by measuring the lattice constants 
of the crystals and comparing these lattice constants with known standards. The 
concentrations of various phases that are present affect the intensity of the dif
fraction peaks so that by comparison of these intensities with the intensities for 
known standards the phase compositions can be determined. Using either of 
these techniques, the progress of chemical reactions can be followed and re
action rates can be determined. 

Preferred orientation (that is, the departure from random orientation) of the 
crystals in the surface affects the intensities of the diffraction peaks. X-ray 
methods are widely used to determine the degree of preferred orientation. 

Defects in the surface affect the degree of scattering, and low-angle x-ray 
examinations based upon this effect can be used to study surface structure 
and topography. 

The width of the x-ray diffraction peaks depends upon the crystallite size, 
among other things, when the crystallite size is less than about 1 µ. Therefote, 
in the size range below 1 µ, x-ray diffraction is used as a method of grain-size 
determination. 

Numerous methods of x-ray examination exist. The methods just described 
are expected to find increased use in examination of surfaces, and other meth
ods will be adapted for this purpose. 

LIQUID-PENETRATION METHODS 

The characterization of the surface finish and integrity with dye tests and radio
active penetrants ls being applied in some process-control procedures and has 
appeared in product specifications. 

Colored and fluorescent dyes are applied to the surface and then removed 
by washing or rubbing; this cleaning will not remove that which has penetrated 
into cracks or checks. This system is used with visual inspection, sometimes 
with magnification. Large cracks are made very apparent. Numerous small 
checks in grains or grain boundaries will produce an area discoloration. 

Radioactive penetrarits can be measured with radiation counters. 
It ls important that the exact condition causing the nonremoval of dyes and 

radioactive penetrants be known in order to apply this method properly. 

DIMENSIONAL AND GEOMETRIC MEASUREMENTS 

Many mechanical, optical, and electronic supermicrometers are available for 
measuring exact dimensions. The most sensitive measurements require accu
rate temperature control and temperature corrections for the instruments. 
F1atness can be determined to a fraction of a wavelength of light with properly 
calibrated optical flats. For precision measurements it is important to know 
the conditions of calibration and to completely fulfill these requirements for the 
measurement. The proper selection of the method of measurement to ftt the 
accuracy required is of prime importance. 

RESIDUAL-STRESS MEASUREMENTS 

The presence of residual stresses in ceramic bodies may enhance or limit the 
use of ceramics in structural applications. It ls likely that inadequate characteri
zation of these stresses is directly responsible for many of the unexplained 
variations in strength reported by many investigators. 

Properly controlled stresses in a product can increase its strength and 
toughness. Systems of surface compression for increased strength and tough-
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ness are now being used. Compression glazes, tempered ware, and chemical 
strengthening are designed to enhance the strength of ceramic products. The 
proper control of these processes is necessary for reproducibility and reliability. 

Conversely, the presence of stresses in a ceramic body often limits its use 
as a structural material. In massive pieces, the shrinkage, bond development, 
and grain growth may follow different timing schedules owing to temperature lag 
of a heavy section from outside to interior. Different parts of a piece may re
ceive different heat treatments. This may cause a difference in body character 
toward the interior. Additionally, on cooling massive pieces or pieces with dif
ferent cross-section thicknesses, various sections will cool at different rates, 
causing zonal stresses. Uncontrolled stresses of this kind will reduce strength 
and toughness and can result in spontaneous failure. 

Grinding and polishing of the surfaces of ceramic pieces can change stress 
distribution and distort thin sections. This is sometimes quite troublesome 
where very accurate flatness or dimensions are required. 

There are two principal types of residual stresses. Local stresses exist 
among the grains of all ceramic bodies. These stresses arise in several ways. 
They may result from unequal contractions of anisotropic crystals during cool
ing after sintering. They may result from unequal contractions of different 
phases in the same body. They may result from unequal transmission of large
scale stresses due to elastic anisotropy or variations in elastic properties from 
one phase to another. Large-scale stresses are characterized by the fact that 
tensile and compressive stresses may exist throughout large volumes of the 
body. These stresses may arise from differences in degree of preferred orien
tation, thermal expansion, plastic flow, and other ways because of different 
cooling rates. 

There are many examples of the effect of residual stresses on the properties 
of ceramic bodies. In cases of extreme thermal-expansion anisotropy of the 
crystals in single-phase bodies with medium or large crystal size, the crystals 
contract unequally on cooling after sintering and form microcracks between the 
grains. Where the cracks have formed, the stresses are relieved. Where the 
cracks have not formed, the stresses may be very large, up to the strength of 
the bonds between the grains. Bodies of tbs type may be very weak. These 
effects have been observed in alumina, titania, aluminum titanate, graphite, and 
lithium aluminum silicate bodies. 

In polyphase bodies, the presence of phases with different expansion coeffi
cients results in localized stresses among the grains when the bodies cool after 
sintering. In extreme cases, these stresses may be relieved by crack formation. 
In alumina bodies, the effectiveness of thermal conditioning in improving strength 
has been attributed to reduction of localized stresses among grains of the dif
ferent phases. Local stresses may contribute significantly to pullout during 
mechanical material removal. 

The most striking example of the importance of large-scale stresses is the 
use of compressive surface layers to strengthen glass, glass ceramics, and con
ventional polycrystalline ceramic bodies. After these successes, it is obligatory 
for each investigation of the effect of various factors on the strength to provide 
for characterization of the large-scale residual stresses, in order to assure 
that variations in residual stresses are not the reason for the observed vari
ations in strength. There are encouraging signs of progress in this direction. 

X-ray diffraction measurements of unit-cell dimensions show distortion in 
crystals. The strain thus measured may result from macrostress in zones of 
the piece. 

There are no other good methods of determining stress in a ceramic piece. 
Certain shapes can be tested by sectioning the piece and determining the dis
tortion that results when stress is released, but this is a destructive test and 
is limited to specific shapes. 
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Limitation of Techniques of Surface Characterization 

None of the methods of surface evaluation discussed above, in themselves, gives 
adequate characterization of the surface. Correlation between these measure
ments and the product properties is often obscure. New tests and measure
ment techniques are needed. Better correlation of the effect of the character of 
the surface and properties of the product are essential to improved control of 
finishing processes. 

Factors of surface character involved are: chemical composition, including 
absorbed layers; crystalline phase and morphology of the surface; grain bound
aries; the nature of the interfaces between surface coatings and the body; micro
and macro stress of the· surface layer; contour and dimensions; and surface 
defects. 

Recommendations for Research on Characterization of Ceramic Surfaces 

1. Develop improved methods of characterizing the surface of ceramic 
products. This should include an evaluation of present methods to determine 
their significance and limitations. This project may be divided into four sub
projects: topography, composition, morphology, and constitution. 

2. Determine the character of localized stresses and develop methods of 
measurement. 

a. Develop a unique mathematical analysis of localized stresses, particu
larly those resulting from differential expansion properties of aniso
tropic crystals and multiphase systems. 

b. The x-ray method of strain (stress) measurement should be further 
developed and other methods should be studied. 

MATERIAL-REMOVAL PROCESSES 

The purpose of material removal is to obtain specific final shape, accurate 
dimensions, and surface finish, or to eliminate surface contaminants. The vari
ous processes are listed in Table 1 and are classified as mechanical, chemical, 
and energy beam; process variables, state of the art, and pertinent characteriza
tion parameters are also tabulated. 

Mechanical Material-Removal Processes 

The most common material-removal processes for structural ceramics are 
mechanical in nature and can be categorized as abrasive machining. Both loose 
and fixed abrasive methods are included, encompassing sawing, drilling, and 
contouring, and ranging from mass removal with coarse abrasives to surfacing 
with fine abrasives in lapping and polishing operations. 

STATE OF THE ART OF ABRASIVE MACIUNING 

The state of the art of abrasive machining is defined as the sum of the technol
ogies of the suppliers of machines, abrasives, and coolants coupled with the 
specific skills of the individual finishing processors and the lmowledge and 
understanding of the investigators of the various abrasive processes. 

Machine Tools 

Machine tools are available for grinding large and complicated shapes and thus 
are not the limiting factors in the majority of grinding operations. Most of this 
equipment has been developed for metal and natural-stone finishing and has 
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been or can be adapted to the finishing of ceramics. Surface speeds of the abra
sive, pressure on the workpiece, and depth of cut are reasonably adjustable for 
ceramic grinding. This is not to say that there are no machine-tool problems. 
Hand finishing is often required for surface finishes below 32 µ/in., probably 
because the machining methods are generally developed from a metalworking 
technology and the machining characteristics of ceramics are frequently ob
served to be quite different from those of metals. Machining of ceramics is 
often done in the bisque state prior to hard firing, using single-point lathe tools 
or soft alumina abrasive wheels. This is analogous to machining of metals 
before hardening and might profitably be expanded. 

Abrasive machining is usually done with one operator per machine, and 
generally only a few pieces are undergoing simultaneous treatment, so that labor 
costs are high. However, it is usually economics (volume of demand vs cost of 
automation) rather than. technology that is limiting; great numbers of inexpensive 
and high-quality ceramic parts are produced dally for the electrical and 
electronic industries. 

Grinding Wheels 

The grinding wheel may be regarded as a multipoint cutting tool with irregu
larly shaped cutting points. The type of abrasive grain used, the size of the 
grains, the matrix of binder holding the grains together, the number of grains 
per unit area, and the interactions of these features are the wheel parameters 
that contribute to the efficiency of the grinding operation. The processes for the 
manufacture of grinding wheels are usually proprietary, and proper characteri
zation of these tools is unknown or unavailable. 

The most frequently used grains in a grinding wheel are silicon carbide, 
aluminum oxide, and diamond. Use of diamond abrasives is increasing because 
of hardness, stability of the grinding surface and, with the advent of the manu
factured diamond, development of an ability to relate diamond properties to 
specific applications. For example, with proper selection of the type of manu
factured diamond, it is claimed possible to change the volume of workpiece 
material removed per volume of wheel wear by a factor of two. Properties of 
selected abrasive materials are given in Table 3. 

A friable or frangible grain is one that readily shatters or breaks apart, 
forming sharp new cutting edges and points. A tough grain is one that will round 
over the cutting edges and points. In reality, tiny chips are broken from the 
cutting edges, thereby rounding them, rather than gross pieces being removed 
to form new cutting edges. 

The size of the abrasive grain in the wheel is one of the factors controlling 

Table 3. Properties of Selected Abrasive Materials 

Knoop Compressive Thermal 
Density Hardness Strength E Resistivity Conductivity Capacity 

Material (g/cc) (kg/mm2) (psi x 10-6) (psi x lo-6) (ohm/cm) (btu/hr /ft2 !° F /in.) (cal/g/°C) 

Diamond 
(natural) 3.5 7,000 1.2 156 lolO - 1015 1,040 (7cf) 0.18 

Diamond 
(manufactured, 

10-2 - 1010 semiconducting) 3.5 7,000 1.2 168 
Boron-carbide 2,750-3,000 0.41 106 
Silicon-carbide 3.2 2,480 0.22 55 105 620 (400-l,600°F) 0.22 
Aluminum-oxide 4.0 2,100 0.2-0.65 57 1011 - 1015 160 (200-l,600°F) 0.21 
Tungsten-carbide 15.6 1,550-1,800 0.54 <95 1,360 (70°F) 0.04 
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the depth of cut per pass, and vice versa. If the ratio of depth of cut to grain 
diameter is greater than 50%, the matrix or binder holding the grain together 
is brought into contact with the workpiece, injuring the bond, tearing out aµra
sive grains, generating excess heat, and wearing the wheel excessively. Effects 
on the workpiece are equally drastic. The surface finish is injured by chatter, 
glazing, burning, and deep scoring. Excessive pressure can build up rapidly and 
fracture the workpiece, the wheel, and the machine setup. On the other hand, a 
grain size which greatly exceeds the depth of cut can also be destructive. The 
desired surface finish on this and subsequent operations will be difficult to 
achieve, edge chipping will be prevalent, the surface-grain boundaries will be 
in a fractured state, and it will be hard to obtain accurate dimensions. 

The types of materials used to bond the grains in grinding wheels contribute 
materially to the performance of the abrasive. They range in consistency from 
resilient to brittle. A resilient bond is tough, energy-absorbing, and resistant 
to grain pullout but must be cooled to prevent grain shifting. It is especially 
good for finishing, with light cuts at high speeds. A brittle bond supports the 
grains very well and is self-cleaning but is subject to fracture. It ts good for 
heavy cuts (stock removal) and accurate dimensions. 

Binder materials include resins, rubbers, metals, vitrified materials, shellac, 
and silicates. Vitrified bonds are most common, but diamond wheels are fre
quently metal-bonded, and resin bonds are not uncommon. The resin bond has 
the characteristics of a resilient bond. The vitrified bond has the characteristics 
of a brittle bond. The metal bond has a high modulus of elasticity and provides 
an abrasion-resistant bond with good mechanical support. It has high thermal 
conductivity but may also create more heat during grinding, thereby requiring 
slow grinding and more wheel dressing. A metal-bonded wheel is ideally applied 
on nonmetallic intermediate or moderately "high-modulus-of-resilience" 
materials. 

The number of grains per unit area in a diamond cutting wheel will obviously 
influence the rate at which a wheel will cut and the rate at which it will wear. 
There are optimum levels, controlled by the type and size of grain, the type of 
binder, the nature of the workpiece, and the goal of the operation, viz., stock 
removal or surface finishing. 

Of equal importance is the structure of the wheel. An open-structure wheel 
consists of grains, binder, and air pores, like a heavy foam; it cuts faster, cools 
and self-cleans better, but wears faster and loses shape and dimension more 
quickly. A tight structure contains, to the extent possible, only grains and binder; 
it provides better dimensional control, a better surface finish and longer wheel 
life. The structure or spacing between the grains (from "0" for dense to "15" 
for open) is often indicated separately when specifying a wheel. 

Grinding wheels are often known as "hard" or "soft," with the hardness 
grade indicated by a letter system-from A for soft to Z for hard. Wheel hard
ness does not reflect the real hardness or strength but rather the performance 
of the over-all aggregate; it is a complex factor. At the extremes, a hard wheel 
will consist of a tough grain in a resilient bond with a tight structure, while a 
soft wheel will consist of a friable grain in a friable bond with an open structure. 
A soft wheel will cut rapidly, wear rapidly, and require little cooling or clean
ing; it will allow an increase in work speed or depth of cut or a reduction in 
grains per unit area. A hard wheel will provide tighter dimensional control and 
a better finish and will hold its shape better, but it will require better cooling 
and more frequent dressing to avoid glazing and will provide a lower rate of 
stock removal. 

Dressing is a means of putting a grinding wheel in optimum condition to grind 
efficiently: Sometimes it is removing the swarf or grinding debris from between 
the abrasive grains so the cutting edges of the grains can be exposed; sometimes 
it is removing the glazed or worn areas, causing and exposing new cutting edges; 
and sometimes it is changing or truing the shape of. the wheel. Generally, two or 

Copyright © National Academy of Sciences. All rights reserved.

Ceramic Processing
http://www.nap.edu/catalog.php?record_id=20276

http://www.nap.edu/catalog.php?record_id=20276


148 

more of the above operations are combined and the term "dressing" is used to 
describe the whole operation. Because of the expense involved in diamond wheels 
and their ability to withstand wear for long periods of production, dressing is 
generally limited to maintenance of wheel form, with abrasive wear being mini
mized by optimizing operating conditions. Therefore, it is frequently desirable 
to clean the cutting surface by removing workpiece swarf or matrix material 
that has "mushroomed out" under grinding pressure. This is generally accom
plished by using a soft abrasive stick or by grinding with a soft (aluminum oxide) 
wheel which will remove surface detritus without affecting the diamond grain. 

Loose Abrasives 

Loose abrasives are commonly used in wire saw cutting, in some fiat grinding, 
in lapping, and in polishing. Diamond dust, aluminum oxide, silicon carbide, and 
boron carbide are the usual abrasive materials. Quartz sand and garnet are also 
used in grinding; and cerium oxide, zirconia, and rouge (iron oxide) are common 
polishing materials. 

Lapping is done to control geometry and size as well as surface finish-that 
is, it is used to achieve flatness, perpendicularity, and accurate dimensions. 
Polishing is primarily a surface-finishing operation. 

Coolants and Lubricants 

The four major classes of coolants and lubricants are water, oil - water emul
sions, water-based solutions, and nonhydrous compound mixtures. Usually these 
fluids are complex mixtures of proprietary composition that cannot easily be 
characterized by the users. 

There has been extensive work on finding suitable fluids for grinding metals, 
but relatively little work has been done on fluids for grinding oxide-ceramic 
materials; however, there is some evidence that glass can be cut or polished 
better by using particular types of coolants or lubricants. 

The primary uses of coolants are to remove the products of grinding and to 
control the temperature at the tool - workpiece interface. The use of coolants is 
particularly important where high thermal-stress failures are encountered in 
grinding, such as in the low thermal-conductivity systems. The coolant usually 
acts also as a lubricant, reducing friction and thereby further augmenting the 
coolant function, but probably also reducing or promoting chemical interaction 
between the tool and the workpiece, usually through the control of absorbed sur
face films. The grinding fluid, acting as a boundary lubricant, may prevent oxi
dation of boron carbide or the dissolution of silicon carbide in steel, for example, 
or may promote the formation of antiwelding films on chips; in metal cutting, 
additions of sulfides, chlorides, and chlorates are often used for this purpose. 

It is generally recognized that there are basically two surfaces to be pro
tected by a lubricant: the workpiece and the abrasive. This may apply to alumi
nas, especially if a glass phase is present. Major diamond suppliers believe 
that although one can reduce friction and wear by using lubricants tailored to 
the workpiece, the greatest benefits will come from grinding fluids that effect 
direct protection of the diamond surface. 

Before an effective lubricant can be developed, there must be an understand
ing of the various categories of lubrication and a realization of which type is 
present during grinding. It has been shown that friction conditions can be classi
fied by the coefficient of friction. Below a coefficent of friction of 0.02, hydro
dynamic lubrication is present. In this case, there is complete separation of the 
solid surfaces, which means there is no transfer (metal) between solid surfaces, 
and therefore no possibility of chemical reaction between the two solids. Above 
a coefficient of 0.02, boundary lubrication is present, which signifies that unless 
special precautions are taken, there will be solid-to-solid contact, and chemical 
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reaction may take place. There is another defined area of lubrication called 
mixed lubrication that exists between coefficients of 0.005 to 0.1. In this case, 
both hydrodynamic and boundary lubrication can be present. In the grinding of 
metals, investigators have shown that the coefficient of friction is always above 
0.02 and generally greater than 0.1, which denotes that one is always dealing 
with boundary lubrication. This indicates that distinct measures must be taken 
to limit the rate of solid transfer and chemical reactions. 

It has been shown that such protection can be provided if the lubricant is 
capable of forming a protective layer on one or both of the solid surfaces. The 
family of fatty acids falls into this category for many applications. These illus
trate three main points indicative of all good boundary lubricants. First, the 
film must be a solid to afford maximum protection of the surface, and since the 
friction process generates heat, the melting point of the lubricant will be of im
portance; the higher the melting point, the lower the coefficient of friction and 
the lower the rate of solid transfer. Second, if the friction is to be low, the solid 
film must be an easily sheared sol~, which is the case for long-chain fatty acids. 
Third, the lubricant should adhere to the surface. 

Although some of the requisites of the boundary lubricants for diamond abra
sive have been identified above, it is a difficult problem to develop an end prod
uct specifically synthesized to meet these requirements. 

Current Abrasive Machining Capabilities 
(Industrial State of the Art) 

Grinding Although machines and technology are available for precision 
grinding and finishing of large parts for various special applications such as 
radomes, the present industry capability for general products is limited to 
about 14 in. in diameter, and this size is downgraded if the part geometry is 
too complex. Flat surfaces of considerable size (multiple square feet) can be 
ground on bed-type machines. Surface finish and tolerances attainable are usu
ally better on smaller pieces. On the smaller parts, surface finishes of the 
order of 2-4 microinches and tolerances of the order of 0.000010 in. are not 
uncommon. 

Knowledge of precise mechanisms and quantitative relationships relating to 
the grinding process is virtually nonexistent, but current technology extends 
somewhat beyond the information in the preceding sections. It is lmown, for 
example, that high body strength does not result from abrasive-machining opera
tions, but that the strength of a body can be reduced by abrasive machining. Fast 
hogging (gross-stock removal) followed by polishing will leave a weak body. 
Fast hogging must be followed by successively more shallow cuts, where each 
cut can remove the scratches or gouges left by the preceding cut, and where the 
total material removed by the last stages is sufficient to remove the intergranu
lar cracks, pullouts, and other damage generated by all the preceding operations. 
These are, however, empirical observations. They are usually true, but there is 
no public lmowledge of techniques whereby any exceptions can be predicted or 
even isolated after the fact without destructive testing (assuming no gross and 
obvious flaws are present). 

There is little information on the tool - workpiece interaction. Research has 
shown that the interface temperatures are quite high but it is not lmown how high 
they may be in most commercial grinding operations. This local heating may 
generate stresses that could have a major effect on microchecks, pullout, and 
chip formation. The combination of temperature and pressure alters permanent 
stresses in the surface to an extent that thin plates often distort when released 
from the grinding bed. This area of the correlation of the mechanical material
removal processes with the character of the final surface, to enhance reliability 
and reproducibility, remains virtually unexplored. 

There are several gross reasons for rejection of a part, such as chips, 
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breakage, and body cracks. These defects may result from the harshness of 
the grinding operation, as indicated in the previous paragraph, but may also be 
due to excessive feed rate or excessive pressure on the workpiece, for example. 
They may also be due to the character of the workpiece. For example, grain 
pullout may be due to underfiring or local stresses, and inability to achieve a par
ticular surface finish may be due to oversize grains or pores in the workpiece. 

Many decisions in setting up a grinding operation are affected by multiple and 
sometimes interrelated parameters. The choice of the wheel type will depend on 
the workpiece, the volume of material to be removed per pass (i.e., stock re
moval vs surface finishing), and the dimensional accuracy or surface finish 
desired. A major criterion for the choice of a wheel for initial stock removal 
is the grinding ratio, G, or wheel efficiency, which is defined as: 

G = volume of material removed 
volume of wheel wear · 

A plot of material removed vs the volume of wheel wear for metals is shown 
in Figure 1. The middle region, where the grinding ratio is high, is preferred. 
Similar information for ceramic grinding is desirable. 

The feed rate, d, and the grinding ratio, G, are related by: 

dGn=C, 

where n and Care constants. Thus, the grinding ratio is related to the feed rate. 
Typical wheel speed is 4,000 to 7 ,000 surface feet per minute. Doubling this 

rate and reducing the pressure on the workpiece will often increase efficiency, 
but the wheel may fly apart due to centrifugal forces. 

Ultrasonic Material Removal An interesting and valuable industrial ap
plication of ultrasonics is the process known as ultrasonic cutting or ultra-
sonic machining of brittle materials. The ultrasonic method is a form of abra
sive machining. The brittle material (e.g., carbides and aluminas) is removed by 
blows from grains of a harder abrasive, which is under the control of a tool that 
vibrates with a comparatively small amplitude. Of course, the abrasive also 
causes wear in the tool, but this is minimized by making the tool of a viscous 
material (one that has no tendency to cleave). The particles of abrasives are 
themselves cleaved in the process and so must be gradually replaced by running 
an abrasive slurry into the working area, which also serves to flush away the 
abrasion products. The material is cut away as very small particles, but these 
are produced by many abrasion grains, and the tool vibrates at a high frequency 
(18,000 to 24,000 cps), so that the total rate of removal can be sufficient for 
practical purposes. 

""· c Initial 
.: breakdown 

~1'4-~--.......... ~~~~~~.i 
Qi Low 
cu ..c 

Clow grinding ratio) 

== -0 
cu 
E 

-= 0 
> 

Volume of Metal Removed, in.3 

FIGURE 1. Schematic representation of grinding ratios 
found In grinding metals. 
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The tool may be advanced in the direction of vibration, in which case a cavity 
is produced whose profile corresponds precisely to that of the tool. Combina
tions of movements allow one to perform a variety of operations on brittle 
materials analogous to those of ordinary drilling, shaping, and profile milling, 
for example. 

Ultrasonic cutting, however, is a technique as yet far from perfected, and 
existing machines have many deficiencies; i.e., they are costly and operate at 
very low efficiency. Ultrasonic cutting techniques are only beginning to be ex
ploited. No reliable methods are available for calculating the dimensions of 
components, especially cutting tools. 

At present, the process is in use in this country in dental drilling and dental 
prophylaxis, machining die cavities in hard metals, machining ceramics and 
other nonconductive materials, machining cemented carbides for special nozzles, 
and cutting and drilling holes in glass and ceramics. 

Other Mechanical Material-Removal Processes Nearly all ceramic com
panies use either tumbling or vibrating to remove setter sand from ceramic 
parts. Some use tumbling to produce a mirror finish on certain parts where sur
face roughness is not critical. This is usually done on ceramics softer than 
alumina. 

Grit blasting is also used frequently to remove setter sand from fired ware. 
Some experimental work has been done with grit blasting in an attempt to obtain 
very intricate patterns on cylinders and plates, mainly for the inertial guidance 
and for electronic industries. The grit used on alumina parts is either silicon 
carbide or boron carbide; the finish and straightness of the walls in the indenta
tions leave much to be desired. 

Current Understanding of Abrasive Machining 
(Scientific State of the Art) 

Grinding of ceramics is presently an art based on experience. No scientific 
knowledge exists, and such technical information as is available has to do with 
empirically established procedures for obtaining particular results. The meager 
published information about the effects of grinding on the workpiece is limited 
to materials like metal-bonded carbides, glass, and semiconductors, which bear 
an uncertain relationship to alumina and other ceramics. 

This lack of scientific information is not due to experimental difficulties, 
because the nature of the breakdown of hard and brittle materials has been 
studied extensively in somewhat related operations. Sheldon and Finnie (1965a) 
have observed both brittle and ductile behavior in the erosive cutting of brittle 
materials. Tsuwa has made electron-microscope studies of fracture and plastic 
flow in abrasive grains while grinding steel. Eiss and Fabiniak have made simi
lar studies in which sapphire spheres were rubbed at high speeds against a steel 
plate. King has also studied the wear of ceramic tools when cutting steel, and the 
Air Force has supported recent efforts to improve ceramic cutting tools. Re
cent Japanese studies have shown how abrasive grains are affected by diamond 
dressing. 

The techniques used in these and other studies might be applied to the study 
of what happens when ceramics are machined. A better understanding could lead 
to more rapid improvement in the art than is realized by present empirical 
methods. In the meantime, hypotheses concerning the mechanisms involved in 
abrasive machining of ceramics are confirmed by the scope and applicability of 
information generated in studies on glass, metal-bonded carbides, and, in some 
cases, metals. 

The mechanism of chip formation, which affects the rate of removal and 
finish, has been studied in glass. Smekal found that in sawing glass with a dia
mond cutoff wheel, glass was all splintered by being crushed into particles 
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ranging from 10 µ to below 1 µ. The glass cracked ahead of the abrasive grain, 
to a depth equal to the grain depth of cut. There was no evidence of any deeper 
cracks or of any plastic flaw. On the other hand, Ishida and Ogawa obtained 
spiral chips when they cut glass with a diamond point, and they did not observe 
any glass splinters. Ryshkewitch observed very similar spiral chips in sap
phire cut slowly with a diamond tool. Kobayashi ground an unspecified ceramic 
material with a diamond wheel and found that all material came off in the form 
of brittle particles, some of which were partly fused. 

An immediate generalization seems possible, based on the foregoing paragraph: 
Fast machining, done at random (no predetermined path-using an abrasive wheel 
rather than a single-point tool), will cause splinters; slow machining with a con
trolled path (single-point lathe tool) allows crystalline fusion and the production 
of strands or spiral chips (length of sheared particle many times the diameter). 

A few attempts have been made to find relationships of physical properties 
and grindability of brittle materials (Gielisse). One of these proposes a ductility 
index, which is defined as a ratio of surface energy to the hardness of the work
piece or abrasive grain. Another study relates the "modulus of resilience," ex
pressed as a function of strength and modulus of elasticity, to the grinding per
formance of metal-bonded tungsten carbide. This modulus of resilience expresses 
the material's ability to resist impact before failure. These studies have not 
been applied to ceramic materials. 

Interesting as these concepts are, they remain qualitative since they are based 
on parameters pertaining to the abrasive, the matrix, or the workpiece alone. 
F\lrthermore, they presuppose that wear on both the abrasive and the workpiece 
is essentially a mechanical process rather than a thermal or chemical one. 

Interface friction, which causes thermal damage and enhances the various 
chemical effects that accompany the mechanical-wear process, was found to be 
expressed by the relationship K = cfll, where K =wear factor, c = constant, f = 
coefficient of friction, and n = 3. This indicates that small changes in friction 
can cause large changes in the wear factor. Thus, lubricants, not just coolants, 
have a large effect on grinding performance. 

In grinding any material, at least one other factor must be taken into account
namely, that of the temperatures developed at the wheel and workpiece interface. 
The temperature developed in the diamond on the periphery of the grinding wheel 
is reported to be proportional to the reciprocal of the square root of the thermal 
conductivity of the workpiece, when that workpiece is a metal-bonded tungsten 
carbide. 

To assist in the selection of an abrasive system that will generate the least 
amount of heat, Gielisse developed an intermittent-transient heat-transfer model 
as shown in Figure 2. 

Here, 

where qt = total heat flow, qw = heat flow in the wheel, qm = heat flow in ma
terial, and qc = heat flow into the chips produced during grinding. 

Now, assuming 

'""Ft""O(T)' 

where Ft= tangential load, and O(T) =total ultimate strength at temperature, 
and setting 

l 1 o =-andO =-v , w V m w m 

where Ow= contact time of the wheel, Om= contact time of the workpiece, 
l =length of the contact zone, Vw =speed of the wheel, and Vm =speed of 
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---Vm 

FIGURE 2. Transient heat-now distribution at a wheel-workpiece interface. 

the material to be ground, the interface temperature, T, as related to the phys
ical parameters of the system may be expressed as follows: 

T-H::.::)r . 
where Km= thermal conductivity of the workpiece, and~= conductivity of 
abrasive grain. 

Using, as an example, the grinding of glass with Al203 and diamond, we can 
illustrate what happens. In the case of Al203 on glass: 

TAlz03-glass • [I/::+:: r· = 0.4 ' 

where Ow= 0.01 Om, Ka= 0.0017 cal/cm sec°C, and KA= 0.0016 cal/cm sec°C. 
For the diamond-glass system: Tdiamond-glass = 0.17, or the temperature 

developed at the diamond - glass interface would be estimated at only 40% of 
that developed at the Al203 - glass interface. This implies that for the particu
lar application, the diamond grinding wheel provides for a lower interface 
temperature. 

An interesting experiment that measured the interface temperature was 
reported by Gielisse. By using a semiconducting manufactured diamond, con
nected as a thermistor, as the abrasive tool, he was able to measure the tem
perature of the diamond grain while it was cutting. 

RECOMMENDATIONS FOR FUTURE RESEARCH AND DEVELOPMENT 

General 

It is known that improper grinding and finishing techniques can seriously degrade 
the inherent properties of ceramic parts by causing surface cracks, residual 
stresses, particle pullout, and roughness. The problem seems to be more seri
ous as one develops higher-strength materials. Apparently, the high-strength 
materials have fewer natural defects, such as porosity or inclusions, and hence 
the surface flaws become the prime loci of failure initiation. 

There ts evidence that the various types of commercially available alumina 
bodies respond quite differently to cutting, grinding, and polishing. It is recom
mended that for any study of ceramic finishing the aluminas studied should 
cover reasonable ranges of composition, grain size, and processing. The 
ranges are identified as follows: 
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Composition 
1. 85 to 94% alumina 
2. 95 to 99% alumina 
3. 99 to 99.9% alumina 

Grain Size 
1. Fine 
2. Small 
3. Medium 
4. Large 

Porosity 
1. Up to 1% 
2. 1 to 5% 
3. Over 5% 

up to 5 IA 
5 to 15 IA 
15 to 30 IA 
30 to 50 IA 

To minimize body variables it is recommended that all alumina test pieces 
in any specific test program be made by the same process {e.g., isostatic press
ing and sintering) and by the same manufacturer. When comparing data from 
different test programs, particular attention should be paid to differences in 
character and resultant differences in abrasive machining behavior due to the 
forming process. 

It is also recommended that simple shapes be employed; that the surfaces 
studied include cylindrical OD's, cylindrical ID's, and fiats; and that at least one 
complex shape from each category be employed, especially when residual or in
duced stresses are to be studied. The purpose is to isolate the different surface 
character that may ensue from different types of abrasive machining that are 
used to achieve the various shapes. 

It is further recommended that, when applicable, investtgations be conducted 
on as-fired surfaces, ground surfaces, lapped surfaces, and polished surfaces. 

Recommendation for Specific Investigations 

Abrasive Machining The recommendations that follow are discussed under 
four headings: Engineering Study, Basic Study of Mechanisms of Material 
Removal, Coolants and Lubricants, and Ultrasonic Material Removal. 

Engineering Study. The purpose of this program should be to explore the 
function and reproducibility of each step of the abrasive machining process 
and the relationship of each step to the preceding and following steps. 

The objectives should be to assess the nature, extent, and predictability of the 
influence of abrasive machining on the character and properties of the workpiece; 
to explore, if necessary, the prospects for preventing, minimizing, or removing 
any deleterious results; and to examine the long-range prospects of abrasive 
machining vs chemical, energy-beam, or other material-removal processes. 

The scope of the program should including the following factors: 
1. Temperature gradients and temperature levels developed in ceramics and 

the interface during grinding; thermal stresses 
2. Grinding forces; forces necessary for grit movement, penetration, and 

cutting; tangential and radial forces on the workpiece; signature analysis of the 
vibrational spectrum 

3. Workpiece alterations; residual- stress distribution, deformation, surface 
stoichiometry, microcracking, incipient melting, hardness changes, recrystalliza
tion, physical and mechanical properties 

4. Workpiece properties such as type of finish, dimensional accuracy, and 
form 

The variables included in this program should include but not necessarily 
be limited to: 

1. Machine condition such as wheel speed, workpiece speed, depth of cut 
2. Properly characterized abrasive type 
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3. Type of bond system 
4. Coolants and lubricants 
5. Grinding mode 
From Table 1 (Material-Removal Processes) the Type of Process would be 

sawing, grinding, lapping, and polishing; the Function would be surface finish; 
the Process Variables would be machine tool (all those listed) and grinding tool 
(all those listed, and the abrasive is to be diamond); nearly all factors listed 
under State of Art; and nearly all features listed under Pertinent Characteri
zation Parameters. 

The surface character after each material-removal or polishing operation 
could be studied by the following methods: electronic contact analysis (pro
filometer, Talysurf), interferometric methods, microscopy (optical, electron, 
scanning electron), radiography, fluorescent dye penetration techniques (Zyglo, 
Spot-Chek), or other methods found suitable. 

Basic Study of Mechanisms of Material Removal. At least four mechanisms 
have been suggested as being involved in material removal: (a) atomic, i.e., dif
fusion, submicroscopic bonding; (b) 3.dhesional wear; (c) shear deformation into 
chips; and (d) chipping and fracture. Their presence or absence, the conditions 
for any mechanism, and the conditions for transition from one to another must 
be established. However, while these suggestions provide an initial reference 
point, any intense investigation of the basic mechanisms of material removal 
should not be limited to such current conjectures. 

A modest initial effort is suggested, concurrent with the Engineering Study 
recommended above. As specific objectives are defined and the work leaves the 
exploratory category, an increase in effort is recommended for as long as neces
sary to achieve a fundamental understanding of abrasive machining. The outcome 
of such knowledge may be the means of optimizing abrasive machining or it may 
provide unequivocal evidence favoring other means of material removal. 

Coolants and Lubricants. There is a need for a systematic study of the func
tions that may be served by a grinding fluid in the abrasive machining process 
and the subsequent development of an optimum fluid. The progress already re
alized from studies of the contributions of fluids to the grinding of metals may 
provide substantial background, but it must be recognized that physical and 
chemical differences in the abrading medium and the workpiece from one system 
to another can materially alter the utility of the fluid. For example, a metal 
workpiece can be an effective heat sink, while a low-conductivity ceramic may 
trap the beat at the working surface; similarly, one grinding medium or work
piece may be far more susceptible to oxidation or other chemical reaction than 
another. 

To bound the problem to workable proportions, it is suggested that efforts be 
confined to the alumina bodies described in the preceding section. Once knowl
edge and understanding of one family of the wheel-workpiece system is realized, 
techniques and probable routes should facilitate progress in other systems. 

Ultrasonic Material Removal. As an auxiliary effort to the Engineering Study 
recommended above, a study of the mechanisms, techniques, and competitive or 
unique advantages of ultrasonic abrasive cutting is recommended. 

Chemical Material-Removal Processes 

STATE OF THE ART 

Chemical material-removal processes are currently used mainly for experi
mental purposes. A comprehensive body of knowledge exists concerning the use 
of reagents to bring out various microstructural features in samples used for 
microscopic examination. Techniques for chemical polishing have been investi
gated, and a modest technical capability exists for polishing a small number of 
different materials. The chemical methods used to put ceramic materials into 
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solution for chemical analysis or chemical processing provide another source 
of information that can be used for development of practical methods of chemi
cal material removal. 

Opportunities for economical processing of polycrystalline ceramics exist 
because the parts can be processed in groups rather than singly, as is the case 
for mechanical material-removal operations on ceramics for structural appli
cations. Good results may be achieved because of the absence of the types of 
surface damage that are characteristic of mechanical material-removal pro
cesses as they are now performed. In addition, processing in groups by chemi
cal methods may lead to reliable results through the use of chemical process 
control procedures. 

Chemical methods can be used to remove material from all types of poly
crystalline ceramic bodies. For example, 96% alumina bodies packed in mix
tures of Cr2o3 powder, plus more than 20 wt% CrF3 · 3-1/2H20, and refired 
at 1,400 ° C for approximately one hour, lost weight and the dimensions became 
smaller. In an extreme case when 100% CrF3 · 3-1/2H20 packing material was 
used, and the escape of the decomposition products was prevented by a refrac
tory tube, the diameter of an alumina rod was reduced from 0.150 in. originally 
to about 0.100 in. after treatment at 1,450°C for 4 hours. The large proportion 
of material removed indicates that more than just intergranular siliceous mate
rial was removed by the reaction. 

Either acids or bases can be used to remove material from alumina bodies. 
For example, boiling phosphoric acid can be used to reduce the dimension of 
alumina bodies. In processes using boiling reagents, refluxing of the evaporated 
material is useful in reducing the deposition of reaction products on the surface 
of the body. Some materials are less soluble than the alumina bodies in boiling 
phosphoric acid, so that formation of these materials on the portions of the body 
that are not to be removed may constitute an approach to localizing the chemical 
material removal. 

Possibilities also exist for combining chemical processes with other pro
cesses to achieve efficient material removal. For example, the intergranular 
material in conventional alumina bodies can be removed by leaching with aqueous 
hydrofluoric acid or other reagents. In a current program, this leached material 
is machined to form complex shapes and then refired to form dense, strong 
bodies. Several hundred parts have been processed by these methods. Much re
mains to be learned before this process can be applied with optimum results, 
but the practicality of this method for machining alumina has been established. 
This new process has the following advantages over conventional processes 
that may involve shaping the part in the green or semifired condition followed 
by diamond grinding of the fired part. 

1. It represents a substantial step toward establishment of an industry that 
can create a large variety of complex shapes from a small number of stock 
shapes, much as machine shops usually do with metals. 

2. Complex shapes can be formed. Some of these shapes can be formed in 
no other way. 

3. Higher-alumina bodies can be produced from lower-alumina bodies. 
4. A higher-alumina surface layer can be produced on a low-alumina body. 
5. More rapid production of design prototypes may speed up the design pro

cess and allow designers to try out more of their ideas. 
6. Tooling (dies for pressing) can be eliminated in many cases, so that pro

duction of small numbers of special shapes may be practical. 

RECOMMENDATIONS FOR FUTURE RESEARCH AND DEVELOPMENT 

1. Research on chemical methods of material removal is recommended. One 
or two reagents should be chosen for reaction with a particular polycrystalline 
ceramic body. Techniques for localizing the chemical material removal should 
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be investigated. The effect of the reactions on the character of the surface 
should be investigated and compared with the character of surfaces resulting 
from mechanical material removal. Methods of process control and the uni
formity of the resulting materials should be studied. Some properties of the 
treated parts, including flexural strength, should be determined and, if possible, 
correlated with the observed changes in character. 

2. Continued development of leaching and machining as a method of material 
removal is recommended. This investigation should have the following objectives: 

1. Development of an alumina body in which the intergranular phase has a 
composition selected specifically for controlled reaction with the reagent selected 
for leaching. 

2. Development of iniproved methods of reconstitution or refiring. 
3. Development of processes that combine the leaching and machining pro

cess with chemical strengthening processes. 

Energy-Beam Material-Removal Processes 

STATE OF THE ART 

To date, the energy-beam methods of material removal have been essentially 
experimental in nature. The machining techniques employed include electron 
beam, ion beam, plasma arc, and laser. 

Electron-Beam Machining 

Electron-beam machining is a fusion process utilizing heat provided by the 
degradation of the kinetic energy of a beam of rapidly moving electrons. The 
energy conversion occurs at the point of impact of the beam with the workpiece. 
It is reported that this process allows for drilling holes as small as 0.0005 in. 
in ceramics, cutting thin slots about 0.005 in. wide, and scribing thin films. 
This technique is most frequently used for precision drilling of small holes in 
thin wafers or crystals. Precision drilling has been demonstrated by the cutting 
of 0.001-in.-diam holes in quartz crystals on 0.005-in. and 0.010-in. centers. 
Where the holes were cut on 0.005-in. centers, a density of 40 x 103 holes per 
sq in. was achieved. For example, a high-density "screen mesh'' obtainable by 
an electron-beam cut can provide fluid regulation for nuclear or space applica
tions and filtering for cryogenic fluids used in high thermal environments. 

Ion-Beam Machining 

The ion-beam machining technique employs a stream of high-velocity ions that 
impinge on the surface of a sample and thereby effect material removal. This 
technique is presently experimental in nature and has been employed for thin
ning nonmetallic samples in preparation for examination under a transmission 
electron microscope. The rates of material removal by this process are 
extremely slow. 

Plasma-Arc Machining 

Plasma arcs have been used primarily with metals-for cutting, repairing blow 
holes in casting, and correcting machining errors. (Plasma arcs have also been 
used to apply composite coating and to coat ferrite parts, for example.) They 
could probably be used for profiling or line-cutting operations on low-expansion 
materials. However, the nature of plasma arcs and the generation of intense 
heat at the cutting faces make it doubtful that plasma-arc cutting will find wide 
use in ceramic machining. 
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Laser Machining 

Laser machining, the newest of the energy-beam techniques, is finding limited 
uses on a small scale. Holes as small as 0.0002 in. (5 µ)have been drilled in 
all types of materials by vaporizing small increments of material. The laser 
does not require any physical contact with the workpiece, and only a negligible 
temperature rise occurs in the surrounding region. 

RECOMMENDATIONS FOR FUTURE RESEARCH AND DEVELOPMENT 

As the energy-beam methods of material removal are still in the developmental 
and limited-application stages, It is recommended that the processes, limita
tions, and applications be Investigated to determine the potential of these pro
cesses for ceramic machining and material removal. 

SURFACE-TREATMENT PROCESSES 

State of the Art 

Surface treatments are presently used to enhance the strength, reliability, re
sistance to environmental degradation, smoothness, and other properties that 
are important in structural applications. Progress in the area of surface
treatment processes must be accelerated in order to take advantage of the in
herent advantages of ceramics in structural application. The treated materials 
may find applications in ceramic armor, impact-resistant goggles, radomes, 
leading edges, bearings, electrical insulation, and so forth. 

Surface treatments include penetrating solid-solution coatings; superficial 
coatings consisting of Inorganic crystalline phases, glass (glazes), organic com
pounds and metals; thermal treatments including annealing, tempering, degas
sing, fire polishing, and etching; chemical treatments including etching, polish
ing, oxidation, and reduction; and others. These treatments serve many purposes, 
including those listed in the previous paragraph. 

Chemical strengthening by surface treatments has been found effective for 
improving the strength of glasses, glass ceramics, and oxide single crystals. 
Abraded flexural strengths in excess of 200,000 psi, a 10-fold increase, have 
been observed for chemically strengthened glass ceramics, as well as a 4-fold 
increase for an abraded aluminum-oxide single-crystal rod. The standard de
viations of the flexural strengths are very low. Recently, the feasibility of this 
approach for strengthening conventional polycrystalline ceramics was estab
lished. Chemical strengthening may be accomplished by formation of compres
sive surface layers. Compressive stresses in the surface prevent surface flaws 
from acting to cause failure. 

The processes and their effects on the character of finished parts are sum
marized in Table 1 of this report. Specific areas of interest in surface treat
ment are discussed below. 

COATINGS 

Glazes are common on ceramic products, and the general processes are well 
known and amenable to control. Good methods of characterizing the surface of 
the substrate, the proper character of the glaze - body interface, and nondestruc
tive measurement of thickness of the coating are not readily available or com
monly used. This is also true of crystalline coatings from engobes to fiame
sprayed materials. It is questioned whether full use is being made of these types 
of coatings to enhance the properties of ceramic products; e.g., increased 
strength, cleanability, weather resistance and surface hardness, and friction 
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characteristics. Porosity of flame-sprayed and plasma arc-sprayed coatings 
is a problem and may detract from the usefulness of these materials. 

Metallizing is commonly used for decoration, ceramic - metal seals, and 
electrical contacts or shielding. 

Special films can be used for optical, thermal, mechanical, or electrical 
purposes. The proper characterization of the substrate and the film is not 
generally available. The processes are often specific to the processor. Although 
the application of films to ceramic products is not now in broad use, future 
demands may increase their importance. 

CHEMICAL TREATMENT 

It is believed that chemical treatments of the surfaces of polycrystalline ceramic 
bodies wilJ become more important in the future, particularly in the area of en
hancing the mechanical properties of ceramic products. Diffusion of ions into 
the surface may create composition or phase changes or structural stuffing that 
will affect surface stress, thermal expansion, grain size, grain boundaries, and 
local stresses between grains. 

Among the approaches that can be used for formation of compressive layers 
are the following: 

1. Chemical reactions at high temperatures to form low-expansion solid
solution surface layers. During cooling, the main body tends to contract more 
than the surface layers, resulting in compressive stresses in the surface layers. 
An example of such a process is the formation of Al203-Cr203 solid solutions 
on the surface of alumina by packing the alumina in Cr203 powder and refiring. 
Compressive surface layers are formed, and the strength of the resulting 
bodies is improved, demonstrating the feasibility of this approach to chemical 
strengthening. 

2. Chemical reactions at high temperatures to form new low-expansion com
pounds on the surfaces. The compressive stresses result in the same way as 
described above. The strengthening of magnesia by means of a forsterite sur
face layer as described by Rhodes et al., is an example of this approach. 

3. Phase transformations in the surface layer that result in an increase in 
volume. If the phase transformation occurs at a temperature that is low enough, 
the underlying body restrains the expansion of the surface layers, resulting in 
compressive stresses. At higher temperatures, the stresses may be relieved 
by plastic flow. An example of this approach is the "Mar stressing" process 
described by Koistinen and used to improve the durability of steel bearings. 

4. Chemical reactions that result in an increase in volume of the reacted 
surface. If the reaction occurs at a temperature that is low enough, the under
lying body may restrain the tendency of the reaction layer to expand, resulting 
in compressive stresses. An example of such a reaction may be formation of 
spinel (MgO · Al203) from corundum (Al203) and periclase (MgO) on the surface 
of an alumina ceramic. In this case the volume of the products is about 7% 
greater than the volume of the reactants. At higher temperatures the stresses 
may be relieved by plastic now. 

5. "Stuffing"-that is, substitution of a larger ion for a smaller ion at low 
temperatures in the surface layer. An example of this process is substitution 
of sodium or potassium ions for lithium ions in a crystalline lithium aluminum 
silicate phase. In some instances two ions (such as lithium) may be substituted 
for one (such as magnesium). The lattice tends to expand because of the greater 
volume of the substituted ions but is restrained by the underlying material, 
leading to compressive stresses in the surface. 

6. Chemical reactions that deposit a layer of crystals with preferred orien
tation with the low-expansion direction parallel to the sample surface. For 
example, corundum (A12o3) is anisotropic and has its low-expansion direction 
parallel to the "a" crystallographic axis. If the crystals of an alumina body are 
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oriented with the "a" axis parallel to the surface in the surface layers and ran
domly in the interior, the surface will be in compression after cooling. 

Other methods of chemical strengthening may include removal of secondary 
phases from the surfaces of polyphase bodies to avoid the localized stresses 
associated with these secondary phases and thereby obtain improved strength. 
Another approach is to reduce the thermal-expansion anisotropy or elastic 
anistropy of the crystals in the surface layers by composition variations. This 
reduction in crystal anisotropy may have similar consequences. 

The use of chemical surface treatments to reduce the severity of other types 
of surface defects has the possibility of enhancing the strength of polycrystal
line ceramics. The extent to which this is used or can be used has not been 
determined. 

THERMAL TREATMENT 

Thermal treatment to affect the surface properties of ceramic products includes 
the quenching (thermal conditioning) of ceramic bodies to obtain a surface com
pression. This process is commonly used for glass products and, in this case, 
is commonly called tempering. Quenching of glazed bodies results in much 
higher stresses in the surface layers compared with the same glazed bodies 
cooled slowly. These higher compressive stresses result in much higher flex
ural strengths. The use of these treatments on ceramic products has not been 
determined, but experiments have been reported that indicate possible application. 

Recommendations for Future Research and Development 

Of the processes discussed above, the chemical strengthening of Al20s and other 
conventional ceramics by compressive surface layers has been demonstrated to 
be an effective process. This research is in progress and should be continued. 
It may be noted that most of the research recommended here relates to strength
ening, but it is also obvious that surface finish and surface character will play 
an important role in affecting the properties of the finished parts. 

STRENGTHENING PROCESSES BY SURFACE TREATMENT 

Chemical strengthening of brittle materials by compressive surface layers has 
amply demonstrated its potential for improving the flexural strength of brittle 
materials. Several methods, as outlined earlier, are available for forming com
pressive surface layers. It is recommended that new programs be initiated to 
concentrate on each of these methods of forming compressive surface layers 
and such other new methods as may be conceived. In order to arrange these 
approaches into a manageable number of programs, somewhat similar ap
proaches have been combined to give programs of broader scope. The suggested 
programs are described below together with recommended priorities and levels 
of effort. 

1. Use of chemical reactions at high temperature to form low-expansion 
solid solutions or compounds in the surface layers. During cooling after treat
ment, the main body tends to contract more than the surface layers, resulting 
in compressive stresses in the surface layers. Recent research indicates that 
these approaches are feasible and very fruitful. 

2. Use phase transformations that occur with an increase in volume to ob
tain compressive stresses in the surface layers. The tendency to increase in 
volume, restrained by the underlying material, results in compressive stresses 
in the surface layers. This approach is commercially important in improving the 
wear resistance of metal-bearing materials. The feasibility of this approach has 
not been established for ceramics but it is considered promising. It is especially 
important because the stresses will not be relieved when the temperature is 
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raised, as is the case with the methods using the thermal-expansion differences. 
3. Use chemical reactions to form less dense phases or to exchange larger 

ions for smaller ones to increase the volume of the surface-layer material 
(stuffing). This tendency to increase in volume, restrained by the underlying 
material, results in compressive stresses in the surface layers. "stuffing" is 
used successfully for glass ceramics. The feasibility has not been established 
for conventionally sintered and hot-pressed ceramics, but these approaches are 
considered promising. 

4. Use reactions that form a layer of crystals with preferred orientation so 
that the low-expansion direction is parallel to the sample surface to form com
pressive surface layers. During cooling after the surface-layer formation, the 
main body tends to contract more than the surface layer, resulting in compres
sive stresses in the surface layers. 

5. The effect of compressive surface layers in improving the resistance of 
ceramics to environmental factors should be investigated. The following factors 
are among those to be considered: (3) thermal shock-in downshock, the com
pressive stresses must be relieved before the surface can go into tension and 
failure can occur; (b) static fatigue and stress corrosion; (c) abrasion and rain 
erosion; and (d) weathering and chemical attack. 

strengthening of brittle materials by compressive surface layers formed 
by physical methods. For example, quenching of glazed bodies leads to higher 
compressive-surface forces than are observed in slowly cooled bodies. Super
ficial crystallization and the resulting compressive layer may be induced on the 
body or glaze with proper heat treatment. Investigation of other physical meth
ods for forming compressive surface layers is to be included. 

Chemical strengthening by methods other than by compressive surface layers. 
For example, the following approaches might be used: 

1. Remove phases, such as sintering aids and grain-growth inhibitors, by 
chemical methods. Reduction of local stresses between phases is expected to 
lead to increased strength. 

2. Chemical strengthening by reduction of thermal-expansion and elastic 
anisotropy of surface-layer materials. The thermal-expansion anisotropies 
of several oxides can be modified by addition of solid-solution atoms as follows: 
(a) Ti°'l (rutile) by V°'l or Ge°'l, (b) Sn<l2 (cassiterite) by V<l2, and Al203 
(corundum) by Cr2o3. 

If the thermal-expansion and elastic anisotropies of the surface-layer crys
tals can be reduced, the local stresses between the grains will be lower and 
presumably the strength will be increased. 

3. If dislocations can be pinned at the surface by chemical methods, they may 
be prevented from moving. Therefore, formation of new flaws may be prevented 
and the strength and reliability improved. 

BODY-TREATMENT PROCESSES 

State of the Art 

The finishing processes that affect the entire body include both thermal and 
chemical treatments. The state of the art is described in the following sections. 

THERMAL TREATMENT 

Thermal treatments applied after the body is fired include annealing (reheating, 
holding at high temperatures, followed by controlled cooling), quenching (reheat
ing, followed by rapid cooling), and other processes. These processes may be 
used to relieve stresses, induce beneficial stress patterns, cause grain growth, 
precipitate new phases, and so forth. Some of these processes are discussed 
below. 
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In the normal firing and cooling of ceramic parts, particularly massive pieces 
or those with major differences in cross section, large residual stresses can 
result if the cooling is too rapid. This will cause the product to have reduced 
mechanical strength and toughness. When subsequent grinding is required, high 
losses due to breakage and chipping may result, and close tolerance finishing 
may be impossible. 

Although it is here recommended that the original cooling after firing be 
scheduled to minimize large residual stresses, these stresses can be removed 
by an additional heating to near the original sintering temperature and slow 
controlled cooling. This process is usually called annealing. 

The quenching processes described under surface treatments may also affect 
the entire body. As a specific case, if Insley and Barzak's explanation of the 
strengthening effect on thermal conditioning is correct, then these should be 
considered as body treatments. 

Thermal treatments can be used to precipitate secondary phases in ceramic 
bodies. These precipitates may have substantial effects on the mechanical prop
erties of these materials. In some cases, the results are similar to precipitation 
hardening of metals. 

CHEMICAL TREATMENT 

Chemical body-treatment processes depend upon diffusion of chemical species 
into the body. In spite of this limitation, a wide variety of reactions can be car
ried out that will affect the entire body rather than just the surface. These 
reactions include oxidation, reduction, dehydroxylation, and chemical leaching, 
among others. It does not appear that chemical treatments are broadly used. 

Recommendations for Future Research and Development 

Although surface treatments are considered to have the greatest potential for 
achieving strength and reliability in polycrystalline ceramics in the near future, 
it is evident that progress in treating the surface will soon result in evidence of 
the deficiencies in the main body. Therefore, rather fundamental long-range 
research on problems related to the enhancement of strength of the main body 
after firing is recommended. 

An experimental investigation of precipitation of secondary phases and their 
effects on local stresses, dislocation processes, and strength is recommended. 
Heat treatments would be used to obtain various degrees of precipitation. This 
research would be related to earlier work on thermal conditioning and to more 
recent investigations of the effect of dispersed metal phases on alumina. Chemi
cal treatment prior to heat treatment may develop phases that are not possible 
with normal processing. 

JOINING AND ASSEMBL V 

State of the Art 

In most applications of structural ceramics, parts must be joined or assembled 
into a final structure. Thus, assembly and joining normally constitute the final 
steps of the total processing and finishing cycle to which a ceramic piece is sub
jected during its incorporation into a useful structure or component. A primary 
requirement in the assembly of ceramics, whether with similar or dissimilar 
ceramic components or with metals and other materials, is that the desirable 
characteristics and properties of the material not be lost or compromised by 
the assembly operation. In general, an improved capability for assembly and 
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joining is essential if full advantage is to be realized from the unique proper
ties of ceramic materials. 

A further need for improved ceramic-joining techniques and processes arises 
from the fact that the strength, density, and uniformity of structure of ceramic 
parts usually vary inversely with size. In other words, substantial difficulties 
are frequently encountered in the scale-up of manufactured ceramic-part size. 
Reliable and efficient ceramic-joining processes, such as are available for 
metals, would permit the buildup of small parts into larger components or 
assemblies having higher and more-uniform properties. Practical realiza-
tion of the concept of ceramic "mill products" may also be an eventual out
growth of major advancements in ceramic-joining technology. 

Ceramic attachment and joining techniques can be categorized into two broad 
types: "mechanical" and ''bonded." The various mechanical joints and attach
ments are so numerous and so closely oriented with specific designs and uses 
that a further subdivision would be unnecessary for the purpose of this report. 
They would include such types as bolted, riveted, or pinned joints, clamps, 
shrink fits, snap rings, and threads, for example-many of which may be used 
with or without intermediate gasketing materials. Bonded joints, however, have 
been further broken down into brazed, adhesive, and sintered or fused types for 
consideration in this report. 

As reflected in the following discussion, the philosophy employed in analyz
ing research and development requirements in the area of ceramic assembly 
and joining was to determine the state of the art as related to general require
ments and needs that could be visualized. The desirability of such an analysis 
or study has been pointed out by the MAB Ad Hoc Committee on Design for 
Brittle Materials (Report No. MAB-198-M). Recognition of this problem area 
was also acknowledged by the previous Ad Hoc Committee on Processing of 
Ceramic Materials (Report No. MAB-195-M). One of the most comprehensive 
recent research efforts on the study of attachments for brittle components was 
accomplished by Hofer (1965) under Air Force Flight Dynamics Laboratory 
sponsorship. 

state-of-the-art capabilities in the area of mechanical joining of ceramics 
are closely related to specific applications and designs. This fact, plus the 
availability of considerable technical literature dealing with brittle-material 
designs and attachments, obviates the need for additional discussion here. The 
lack of such a discussion does not imply a lack of potential for further research 
and development in this area. 

There appear to be several bonding techniques that offer a distinct potential 
for certain types of ceramic applications. These are: organic adhesive bonding, 
ceramic adhesive bonding, sinter joining, ceramic welding, and high-temperature 
brazing. 

ORGANIC ADHESIVE BONDING 

Various organic adhesives, such as the epoxies, bond very well to ceramic 
bodies and are used in specialized applications for joining and attaching ceramics. 
Examples include the bonding of alumina pump plungers to metal actuating 
shafts and the bonding of ceramic composite armor facing tiles to glass-re
inforced plastic backup. The joints demonstrate shear strengths of 5,000 psi or 
more at room temperature in metal-to-ceramic bonds. The maximum service 
temperature of epoxy-type adhesives is low-approximately 300°F. This, plus 
relatively poor over-all environmental resistance as compared with ceramics, 
limits their utility for many ceramic applications. 

Reliable design and performance data on the utility of the newer, more heat
resistant resins for ceramic joining, attachment, and bonding are almost com
pletely lacking. The availability of such data should broaden the use spectrum 
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of organic adhesive bonding for ceramics and permit greater exploitation of its 
utility, versatility, and economy. 

CERAMIC ADHESIVE BONDING 

The various commercially available and useful ceramic cements or adhesives 
(many of which are based on phosphoric acid, potassium silicate, and calcium 
aluminate) are relatively poor performers when considered in the light of their 
ability to produce efficient tensile and shear joints in high-strength ceramics 
such as dense alumina. Joint efficiencies under these conditions have been found 
to be generally in the order of a few percent. If ceramic adhesive bonding is to 
"come of age" as a method of joining high-strength ceramic parts or segments, 
it must be developed to the extent that joint strength approaches that of the basic 
material being joined. Based on the current state of the art, this would appear to 
be a difficult but not impossible or unrealistic goal. 

A significant step toward indicating the potential of high-temperature and high
strength ceramic adhesive bonding is described by Jones and Barr. This report 
covers an Air Force-sponsored program for fabricating a large prototype ce
ramic radome by adhesively bonding together thin trapezoidal-shaped high
strength alumina tile segments. The glassy adhesive used had a bonding tem
perature of about 2, 150°F, wetted the alumina well, and closely matched it in 
thermal coefficient of expansion. It developed a room-temperature joint shear 
strength of up to 11,000 psi with the dense alumina material. 

Fusion bonding, or soldering, is commonly used in the glass industry to join 
and seal glass and glass - metal components. Likewise, ceramic glazes are 
sometimes employed as an adhesive for joining ceramic components-as for 
attaching the handles on certain dinnerware cups, and for the assembly of large 
porcelain insulators. General requirements for such adhesives are similar in 
many respects to those of ceramic glazes. They must melt or mature at tem
peratures below those at which the base body is softened or otherwise affected. 
They must also wet and adhere to the body without appreciable interaction and 
should match or "fit" the body with respect to thermal expansion. They should, 
in addition, produce a high-strength void-free joint when applied to the faying 
(bonding) surfaces of the ceramics to be joined and heated to the softening or 
maturing temperature under slight contact pressure. 

Of particular interest in connection with the development of ceramic adhesives 
and joining techniques is the experience of the glass industry with devitrifying 
solder glasses. These glasses are used in much the same manner as the common 
vitreous solder glasses, but once the joint or seal has been made, further heat 
treatment produces crystallization. This not only results in a stronger joint but 
also permits use or reheating at somewhat higher temperatures without affecting 
the vacuum holding ability. In addition, devitrifying glass compositions are ob
tainable with a wide range of thermal-expansion coefficients, which spans the 
expansion range of most common ceramic bodies. 

On the basis of this background experience and state of the art, it is con
cluded that there is considerable potential for improving the utility of high
strength ceramics through the development of better ceramic adhesive-bonding 
materials and techniques. Glass, devitrifying glass, and crystalline-type ad
hesives should be investigated and developed for use with the common high
performance ceramics such as dense alumina. The objectives should include 
both high- and low-melting adhesive compositions to meet a range of require
ments and ceramic applications with bonded-joint efficiencies severalfold 
higher than are currently considered practical. 

HIGH-TEMPERATURE BRAZING 

Brazing is widely used commercially for gastight joints or seals between ce
ramics or glass and metal. The procedures are generally available in the open 
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literature; however, the joints have limited mechanical and thermal capabilities 
that do not meet present requirements. The primary problem areas in direct 
metal-to-ceramic bonding or brazing are fairly well understood from a practi
cal standpoint at least. These areas are the wetting of ceramics by metals and 
the matching of the ceramic and metal expansion coefficients. 

"Active" metals such as titanium or zirconium are often added to the filler 
metal to enhance wetting on oxide ceramics. The required thermal-expansion 
match is obtained by proper metal or alloy selection. Kovar alloy, for example, 
provides a fairly good match with the expansion of alumina. Thus, Kovar, with 
small additions of an "active" metal, has shown considerable promise as a braze 
metal for joining alumina to high-temperature alloys and refractory metals. 

The existing state of the art in ceramic-to-metal and ceramic-to-ceramic 
brazing falls short of needs and requirements in at least three respects. First, 
available braze alloys that are otherwise suitable are limited to moderate
temperature applications. Second, joint-design data are very limited in both 
quantity and reliability, and joint efficiencies are low. Third, test methods and 
lack of understanding of the residual stress fields represent serious side prob
lems that should be investigated further. 

The current state of the art of ceramic-to-metal and ceramic-to-ceramic 
brazing is well summarized by Lintner et al. 

SINTER JOINING 

Although it is well known that grains of ceramic oxides can be sintered into a 
strong body at temperatures well below the melting point, little practical use 
has been made of this for joining purposes. In the case of alumina, for example, 
solid-phase sintering takes place appreciably at about 3/4 of the melting point, 
and the rate is increased significantly under pressure. This, of course, is the 
basis of hot-pressing techniques for pure oxides. Taking alumina as an example 
again, pure Al203 powder can be sintered to theoretical density in a few minutes 
under 150-200 atmospheres of pressure and a temperature of 1,800°C. 

The primary problem in achieving a good sintered bond between two oxide 
body surfaces held in contact under heat and pressure is that of obtaining inti
mate and uniform contact between the surfaces. The surface tolerance and 
finish requirements can be decreased to practical limits by use of a small 
amount of the finely powdered oxide as a "filler" between the surfaces. Vacuum
tight sintered joints in alumina bodies have been reported at temperatures of 
about 1,500°C; however, little strength data or experience on this bonding 
technique are available. 

Research to develop and assess the potential of sinter bonding of oxide and 
perhaps other ceramics further should include investigations of surface prepa
ration by leaching. This should reduce localized stresses and permit more
uniform contact when the surfaces are pressed together. Vibration might also 
aid in achieving a better fit between such surfaces. 

Another possibility that could be considered is the use of a radiation field to 
promote sintering and joint strength. Sinter bonding offers the potential of joints 
in pure oxide bodies that approach the strengths and characteristics of the basic 
sintered body. For certain specialized applications, this may be the only accept
able type of bond; hence the process warrants further development. 

CERAMIC WELDING 

During the past several years considerable interest has developed in the use of 
high-energy beams and plasmas for localized fusion and welding of refractory 
ceramic materials. The more commonly considered approaches include electron 
beams, laser beams, and various high-energy plasma beams. The potential at
tractiveness of such joining techniques stems from the facts that they introduce 
no foreign bond material into the joint which will compromise the essential 
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characteristics of the ceramic; no pressure contact is required; fusion can be 
localized; a wide range of dissimilar materials may be welded; and the opera
tion may be made in air or in a controlled atmosphere. These are especially 
important relative to various electronic applications where ceramics are find
ing increased use in power electron tubes, microwave windows, and similar 
components. The advantages of ceramics, such as alumina, for these applica
tions are not being fully realized because of difficulties in joining the ceramic 
parts and sections into vacuum-tight, structurally strong components. Organic 
or ceramic adhesive bonds lack the necessary strength or thermal resistance, 
while metallized and brazed joints present problems of thermal-expansion 
matching, reduced service temperatures, and lowered dielectric properties. 

Direct fusion welding of small ceramic sections has been accomplished 
experimentally by the use of controlled high-energy beams and plasma torches; 
however, several problems remain to be solved. Chief among these appear to 
be equipment and techniques developed to control heating and cooling rates within 
the weld area and in the surrounding body. It has been reported that welds can 
be made in alumina, beryllia, fused silica, magnesia, and other ceramic bodies, 
but that factors affecting welding quality and crack prevention must be better 
understood and controlled. In the case of electron-beam welding, these factors 
include accelerating voltage, beam current, and welding speed, plus preheating 
and cooling rates. 

On the basis of experiments to date, it appears that weld-joint efficiencies of 
40 to 5o% are attainable, at least in small sections, and further improvements 
in joint strengths and size capabiUties should be possible with additional 
development. 

Recommendations for Future Research and Development 

BONDED CERAMIC JOINTS 

The term "bonded" is employed here to designate all the various types of non
mechanical joints and joining techniques for ceramic materials. The ultimate 
design and development objective for any joint is too% efficiency; i.e., the joint 
properties should equal those of the limiting material being formed. Secondary 
objectives may also include such factors as thermal and electrical conductivity 
and transition for thermal-expansion differences between materials being joined. 
Since maximum efficiency and other required properties are difficult to achieve 
in a simple butt joint, there is a requirement for geometric joint design develop
ments for the various bonding techniques. &litable joint-testing procedures may 
also need developing in connection with the research and development programs 
suggested. 

Organic Adhesive Bonding 

Considerable progress has been made In raising the operational temperature 
limits of organic adhesives, the heterocyclic resins being an example. The 
utility of such high-temperature resins as adhesives for ceramic-to-ceramic 
and ceramic-to-metal joining should be investigated, and design guidance data 
should be developed. 

High-Temperature Joining Techniques 

Ceramic joining techniques that utilize high-temperature processing may affect 
the characteristics of the bodies being joined. The recommended research and 
development in all these areas should include: technique development for making 
joints; effects of these techniques on both body and joint characteristics; and 
joint strengths and the effects of joint design on strength. 

Copyright © National Academy of Sciences. All rights reserved.

Ceramic Processing
http://www.nap.edu/catalog.php?record_id=20276

http://www.nap.edu/catalog.php?record_id=20276


ACKNOWLEDGMENTS 

BIBLIOGRAPHY 

167 

Ceramic Adhesive Bonding Research and development is needed to develop 
ceramic adhesive compositions and procedural techniques for making bonded 
joints in high-strength ceramics. Both low- and high-temperature ceramic bond
ing compositions should be investigated, with emphasis on devitrifying glasses 
and crystalline ceramic compositions, in order to develop much higher tensile 
and shear strengths than are currently attainable. The objective should be a 
ceramic bonding or joining technology analogous to brazing and soldering for 
metals. 

Sinter Joining The potential of the buildup of ceramic components by 
pressure-sintering of prefired segments should be investigated. Investigations 
should include such approaches as leaching of the contact surfaces to minimize 
surface-fit and tolerance problems, and the use of a high-radiation field to re
duce sintering temperatures. 

Ceramic Welding The fusion welding of ceramics by the use of high-energy 
beams offers a unique potential for ceramics-joining applications and should 
receive further research and development support. 

High-Temperature Brazing Braze alloy and technique developments should 
be accomplished to obtain high-temperature performance more compatible with 
the service-temperature capabilities of various high-strength ceramics and 
the refractory metals. Such brazes are needed for ceramic-to-ceramic and 
ceramic-to-metal joining. 

Mechanical Joints and Attachments 

Generation of design-guidance information, or refined design philosophies for 
typical (model) mechanical joints and attachments for a few characterized high
strength ceramic bodies should be undertaken. Emphasis should be on a deter
mination of the statistical distribution and value of joint and attachment efficien
cies in relation to the statistical distribution of the strength of the ceramic 
materials used. 
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CHAPTER 6 

Report of the Panel on Evaluation 

ABSTRACT 

A principal difficulty in the use of ceramics for critical applications ls assoclated with 
their apparent lack of uniformity, reproducibility, and reliability. The Panel on Evaluation 
examined methods and techniques used for evaluating ceramics in an effort to determine 
their ability to identify the sources of variability in these materials. It also examined the 
methods and techniques used for relating properties to character. In order to be sure that 
the needs of the user of ceramics were being considered, the Panel reviewed the property 
data required by the designer. 

It was found that the state of art of evaluation (characterization and testing) was such 
that current techniques have not provided the information necessary to determine the de
gree to which the variability of ceramics may be assigned to processing parameters or 
testing techniques, or may be an intrinsic property of brittle materials. Also, these tech
niques, as presently employed, have not been successful in relating the character features 
of ceramics to their properties. These deficiencies appeared to be due as much to the 
lack of adequate application and control of the techniques as to the techniques themselves. 
In order to improve our understanding of the behavior of ceramic materials and to assist 
in the development of a science of ceramic processing, it was recommended that research 
be supported in the areas of developing improved characterization techniques, improving 
property measurement methods, and in studying property- character relationships. It was 
also recommended that, as a minimum requirement, the DOD make msximum use of cur
rent evaluation techniques in future materials-development programs. As an aid to the 
more effective use of ceramics for future DOD applications, it was also recommended 
that a program be initiated to advance the state of the art of design with brittle materials. 

SUMMARY OF RECOMMENDATIONS 

The primary objective of the Panel on Evaluation has been to examine that part 
of the Committee's activities that deals with the coupling of processor with 
user through evaluation. Although the state of the art of ceramic processing 
may be improved substantially by developing better evaluation techniques, lt 
has become apparent that significant improvement in control of ceramic pro
cessing ls possible through the proper application of currently available tech
niques. This situation suggested that the recommendations of the Panel should 
be presented in two parts. Part 1 recommends areas for research and devel
opment to improve evaluation techniques. Section A recommends research 
which offers the greatest probability for immediate payoff. Section B recom
mends research that is of a long-range nature. Part 2 ls directed toward en
couraging the wider use of present evaluation procedures. 
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Part I. Improvement of Evaluation Techniques 

A. IUGH PROBABILITY FOR IMMEDIATE PAYOFF 

1. Improve techniques for the characterization of surfaces. 
2. Develop standard materials both to improve communication concerning 

character features and for calibration. 
3. Mechanical tests should be improved to permit attainment of uniform 

stress distribution in the specimen over a wider range of environmental test 
conditions and specimen size. 

4. Conduct experiments and analytical studies of different test techniques to 
establish the criticality of the test conditions. 

5. Stress analyses of mechanical tests should be evaluated, developed, and 
organized (extended if necessary) to provide comparison of different tests and 
to determine how undesired variation in test equipment and operation affect 
stress distribution. 

6. Develop test methods for studying stress and strain in the microstrain 
region, fracture-surface energy, fatigue behavior, creep behavior, and multi
axial stress - strain behavior. 

7. Develop standard materials for elastic moduli and for tests of behavior 
in tension, compression, and flexure. 

8. Initiate studies to relate properties by nondestructive test techniques 
(NDT) with properties by destructive techniques. Surplus materials should be 
provided as a part of future material-development programs involving con
trolled processing, careful characterizing, and accurate property measurement. 
These samples would be stored for future characterization and testing as signif
icant improvements in characterization and property measurement techniques 
are realized. 

9. Initiate a study of the mechanisms of crack initiation and propagation. 
10. Initiate a study of processing variables that are responsible for character 

features which in turn control properties. 

B. LONG-RANGE PROGRAMS 

1. Improve methods for measuring residual microstrain. 
2. Improve the resolution of the electron microprobe or develop some other 

fine-scale analytical tool. 
3. Develop statistical measures of grain shape, relative orientations (other 

than crystallographic orientation), and description of the morphology of a 
second phase. 

4. Improve techniques for the characterization of grain boundaries. 
5. Improve techniques for using high-resolution instruments to examine 

areas substantially larger than the field of view. 
6. Develop NDT techniques for characterizing ceramics. 
7. A program of mechanical testing should be carried out to support flaw

characterization techniques (as they are developed) to help identify and deter
mine the significance of those fiaws controlling strength. 

8. Initiate studies to determine the dependence of mechanical and thermal 
properties on character features. 

9. Initiate a study of the mechanism of mass transport of ceramics including 
bulk and boundary transport. 

10. Initiate a study of solid solutions including their range of occurrence and 
the kinetics of precipitation. 

11. Initiate studies of the mechanism of inelastic deformation and the quanti
tative development of constitutive equations for mechanical behavior. 

12. Undertake a program to advance the state of the art of design with brittle 
materials. Particular attention should be given to the use of realistic models 
to describe the behavior of ceramic materials. 
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Part 2. Use of Current Evaluation Techniques 

1. Character features influencing properties of interest should be deter
mined and recorded as part of any meaningful physical test program. 

2. Property test procedures should be carefully evaluated to determine the 
scatter in the results caused by the procedure itself. 

3. Character features as well as physical properties should be determined 
and recorded as part of any meaningful material program. 

The properties and behavior of a ceramic are related to its character (sum 
of compositional and structural descriptions that identify a specimen uniquely 
and may be correlated with its properties). The Committee has recognized 
the central role of characterization in linking processing with use; this link
age by characterization is shown graphically in Figure 1 on page 5 of this 
report. 

A principal difficulty in the use of these materials is associated with their 
apparent lack of uniformity, reproducibility, and reliability. The viewpoint of 
the designers with respect to these factors is indispensable to the processor 
in understanding the degree to which use of ceramics is dependent on their 
supposed limitations. Much emphasis has been placed on the apparent relation
ship between the variability of ceramics and the lack of understanding and con
trol of ceramic processing. However, inadequate test techniques may introduce 
apparent variability, and some degree of variability may be an inherent char
acteristic of brittle materials. 

Empirical correlation of properties of ceramics with processing parameters 
has been a useful tool in past development of ceramics. Future development 
using this approach is fundamentally limited because it does not take into 
account how processing affects character and how character affects properties. 
Development of a science of ceramic processing depends strongly upon our 
ability to characterize ceramics. 

The complete or total characterization (including bulk and surface) of a 
ceramic (CT) would include all features of composition and structure that affect 
properties. For convenience, total character is separated into atomic character 
(CA), microcharacter (Cµ), and macrocharacter (CM). Their separation is 
represented by writing 

CT = CA + C µ + CM. (1) 

Ideally, total characterization would serve as the link between processing and 
properties and accordingly between processing and use. Unfortunately, total 
characterization of a ceramic is not presently possible because of experimen
tal limitations and because all the features of character may not yet be known. 
As a practical compromise the avallable features of character combined with 
sufficient property data (P) and historical data (H) to uniquely describe the 
ceramic may be employed as the linkage between processing and use. This 
combination is called description (D) and may be expressed as: 

D = XCT + (1-X) (P+H), (2) 

where X would be 1 if complete characterization were possible. 
Evaluation is concerned with methods and techniques for determining the 

character, properties, and behavior of ceramics, and the relationship between 
character and properties. The Panel on Evaluation examined that part of the 
Committee's activities that dealt with the coupling of processor with user as 
exemplified by the character-property relationship and its relevance to pro-
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cessing and to design. The objecttves of the Panel may be summarized as 
follows: 

1. To assess the capability of current characterizatton techniques to deter
mine adequately the character of ceramic products, and to recommend areas 
for research. 

2. To review and evaluate the capability of property test methods and asso
ciated analysis of data to determine quantttattvely the properttes of ceramic 
materials and to recommend areas for the improvement of test methods and 
procedures. 

3. To examine means of relating the property data available from these test 
methods to the character of ceramic products, with special reference to the 
sources of variability, and to recommend areas for study and improvement. 

4. To review special procedures required for quality control, and proce
dures to evaluate the environmental behavior of ceramics for specific applica
U.ons. 

5. To review properttes that will provide the data that are required in the 
design of ceramic hardware. 

The relatton of these objecttves to the Committee's over-all view of the 
coupling between processing and use is illustrated in Figure 1. 

To carry out the objecttves outlined above, the Panel on Evaluatton addressed 
itself to the following three areas: Descriptton of Ceramic Materials, which 
covers objecttves 1 and 3, as shown in Figure 1; Properttes of Ceramic Mate
rials and Test Methods to Detect Them, covering objecttve 2; and Interacttons 
Among Properttes, Structural Design and Analysis, Environmental Behavior, 
and Quality Assurance, which covers objecttves 4 and 5. In additton, objecttves 
4 and 5 are supported by detailed coverage in Appendix 1, Structural Analysis 
and Design in Ceramics Using Stattsttcal Fracture Theory; Appendix 2, Envi
ronmental Behavior; and Appendix 3, Quality Control and Proof Tests. These 
appendixes represent material outside the Committee's primary responsibility 
but are given detailed treatment because they are important to better under-

Description D = xCy +Cl-xi CP + to 

Objective l Obj. 3 Obj. 2 
,---~--------, ...... , . 
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Characterization CCTl 
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Objective 4 

Properties 
and 
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"- - - - - - - - - - - - - ______________ _, 
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FIGURE 1. Activities and objectives of the Panel on Evaluation. 
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standing of the user's needs and because processors have not generally had 
access to this material. 

It was pointed out at the beginning of the Committee report that the use of 
ceramics for DOD applications has been restricted because of their apparent 
lack of reproducibility and reliability as exemplified by a scatter of property 
and test data obtained under a set of fixed conditions. Later it was stated that 
it was the scatter of data that was normally the basis on which charges of poor 
ceramic-processing capability are made, rightly or wrongly. It thus becomes 
extremely important to determine unequivocally the reason for the scatter in 
data. Therefore, throughout its deliberations, the Panel on Evaluation has 
kept before it the primary objectives of determining the extent to which current 
evaluation procedures are capable of identifying the sources of the scatter in 
data of ceramics, and the amount of scatter in property data that can be attrib
uted to the testing methods and techniques themselves. 

Description of Ceramic Materials 

INTRODUCTION 

As has been stated previously in this report, the central motivation of the 
parent Ad Hoc Committee is ultimately to enhance the suitability of ceramic 
materials for structural and high-temperature applications and to direct re
search, development, and manufacturing attention to those areas that are cur
rently limiting. It is generally recognized that if a ceramic material is 
reproducible, within well-defined limits, it will be appropriate for certain 
structural uses. As the property reliability is increased and as selected prop
erties are improved, the material will find an increasing number of critical 
applications, particularly in the DOD. In attempting to attain the desired mate
rial characteristics, the ceramic processor is therefore concerned with how 
to describe and thereby reproduce his product adequately. This description 
must include all factors that in some way influence specific application-oriented 
properties. 

TOTAL CHARACTERIZATION 

The precise and detailed description of an object as complex as a ceramic 
body ls indeed a difficult problem. Unfortunately, words such as "description" 
and "characterization" carry different connotations for each individual. There
fore, to ensure that the scope and intent of the Committee's deliberations are 
clear, the following definitions and interrelationships have been developed. 

The total character of a body (CT), as defined by this committee, is com
posed of several constituents: an atomic character (CA), microcharacter (Cµ), 
and macrocharacter (CM). 

Atomic characterization ls concerned with the determination of the chemical 
identity and location of all the atoms in a solid. Such characterization leads 
directly or indirectly to the knowledge of the point- and line-defect nature and 
the chemical bonding in the material. (In practice, however, microcharacteri
zation techniques are used to determine defect nature and concentration.) 
Microcharacterization, however, deals with the scale of things that ln principle 
can be seen directly by microscope techniques: the existence of particulate 
inclusions; the size, shape, and relative orientation of grains; the distribution 
of dislocations; the nature of interfaces and grain boundaries; and intergranular 
stresses. Macrocharacterization is concerned with the size and shape, density, 
bulk chemical composition, homogeneity, surface topography, and gross stress 
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distribution. The sum of these types of character, then, comprises the total 
character, 

(1) 

This ls referred to as linkage 1 in the functional chart (Figure 1) developed by 
the Evaluation Panel. 

Information contained under total characterization, when combined with and 
related to certain properties of the body (P), provides a useful and meaningful 
description (D) of the material (linkage 3). In addition, because the present 
state of the art ln characterizing and measuring the properties of ceramics is 
still limited, lt ls necessary to introduce into a useful working definition of 
description the concept of sample history (H)-an accurate record of the con
ditions of fabrication. 

D =CT+ P + H. (2) 

The properties utilized ln this relationship may vary widely. Most common 
are those of direct application interest such as elastic moduli, strength, and 
dielectric constant. However, to permit meaningful correlations, basic inter
mediate properties, not themselves of direct structural interest but underlying 
the structural properties, are often required. 

The relative importance of properties, history, and the body character in 
describing a ceramic body is not fixed. At the present state of the art, primary 
evaluation is based on property measurements. In accordance with the objec
tives of the Ad Hoc Committee, however, this situation should be reversed. 
Equation (2)can thus be rewritten as: 

D = XCT + (1-X)(P+H), 

where as X approaches 1 the dependence of description on properties and 
history will disappear. 

(3) 

The question then arises as to the extent to which we can actually describe 
a ceramic body. At the present state of the art, the character parameters 
most commonly determined fall under the micro- and macro- categories. This 
is primarily because of the gross effects imposed by the polycrystallinity and 
the multiphase nature of ceramic materials. Atomic character, on the other 
hand, derives from the character of the raw materials and the details of pro
cessing and is fundamental to the behavior of all materials. 'Ibis part of the 
characterization process ls covered quite extensively by the report of the MAB 
Ad Hoc Committee on Characterization of Materials (MAB-229-M). 
- In attempting to maintain some degree of realism in the amount of character 
and property information that can be obtained for a spe~lfic piece of material, 
lt ls first necessary to determine what properties are most significant for the 
specific use, how one can best measure them, and which character features 
influence the properties of interest. For example, different sets of properties 
will be of interest if we are trying to describe the inherent properties of the 
material, as determined by processing conditions, from those desired if we 
wish to design a structure using the material or those needed to evaluate a 
material's response in a particular application. Similarly, we may wish a pre
cise description of the surface condition if we are measuring ultimate strength, 
but the elastic modulus would be little affected by surface alterations. 

This section of the report deals only with the character - property relation
ship; that is, the relationship of a selected group of inherent properties to well
defined character features so that we can evaluate material uniformity and 
reproducibility and deviations therefrom. How these properties are to be mea
sured, the relationship of properties to design, and the relationship of prop-
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erties to applications evaluation are considered in subsequent sections of this 
report. 

In Table 1 (p. 184) are listed many characterization factors known or sus
pected to be influenced by processing operations and known to be related to the 
properties of the body. Categories 1 and 2 in the first column of this table are 
included to provide a general processing reference. At the present time these 
factors provide the best means for obtaining reproducibility. With improved 
body description, however, it is hoped that these factors will become less 
essential. 

The remaining categories, 3 and 4, include those factors that are presently 
considered to be important for complete body characterization. Certainly, if 
each of these items couid be specified exactly, we would know a great deal 
about body variability. Unfortunately, it is not generally possible to examine 
a practical material to the extent suggested by this table. Some of the factors, 
such as strain in individual grains, cannot be measured with a meaningful 
degree of precision. It is therefore essential that at least those factors that 
can be measured and that are recognized to have a significant effect on the 
property being measured, be specified to the greatest extent possible. 

The major characterization features in the first column are arranged in a 
logical order for examining a polycrystalline structure. First, one would wish 
to know the general body composition. Subsequently, one would examine the 
grains that predominate the body and then any additional phases dispersed in 
the body. Grain boundaries would then hold one's attention, followed by the 
presence of pores or cracks in the structure. Finally, one might consider the 
surface condition over the entire piece and its possible influence on properties. 

Each of these features may receive an initial minimum examination and 
then, depending on the interest of the investigator, may be considered in much 
greater detail, as is shown by the subject breakdown in the first column. 
Phase identification of the predominant grains would tell whether they were 
alumina or mullite, for example. Quantity of these grains may be listed as a 
percentage to show if the body is essentially single p~ase or if a large amount 
of another phase is also present. Grain size has been reported to influence 
strength significantly, but size distribution may be an equally significant vari
able. Grain shape and relative orientation are other descriptive factors that 
may be altered by processing conditions and may, in turn, influence properties. 
Internal strain in grains is a more difficult factor to observe or to place on a 
quantitative basis but it is suspected to exert a strong influence on properties 
dependent upon ultimate strength. 

The internal composition and dislocation structure of grains are strongly 
influenced by the processing conditions and in turn may affect a variety of 
propertieE1. Stoichiometry of tantalum carbide (TaC), for example, may vary 
from Ta0. 7c to Tao.98C before either Ta2C or C may appear in the body as a 
second phase. Impurities may tend to concentrate at boundaries or surfaces 
or may move into ordered networks throughout the grain structure under suit
able processing conditions. Similarly, the density, type, and arrangement of 
dislocations depend to a considerable extent on certain processing conditions, 
frequently indicating the onset of plastic flow or showing other signs of re
sponse to severe external or internal stresses. 

Similar considerations are essential for other observed phases in a ceramic 
body. These phases may also occur as individual grains or as boundary phases
continuous or discontinuous-or as solid-state precipitates. Heading 4.2 in the 
first column of Table 1 permits a complete description of any such phases. 

Grain boundaries are considered to be the interfaces between grains or 
between phases. They do not include the bulk of identifiable phases segregated 
between grains. Thickness of a grain boundary is difficult to define but for 
this characterization table is considered to be that region that differs struc
turally and identifiably from either bordering bulk phase. Thus, for low-angle 
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grain boundaries, it may be only a few atomic spacings across the region of 
lattice distortion. In other cases, where both compositional and structural 
discontinuities occur, it may be quite thick and continuously varying across 
the thickness. Means are provided in Table 1 for describing the composition 
and composition distribution across the region as well as any observable lat
tice structure. The relative orientation of grains on either side of the boundary 
may influence considerably the state of strain in the boundary, particularly in 
anisotropic materials. However, this factor generally cannot be specified as 
a general feature in a ceramic body. 

Pores, mlcrocracks, and cracks generally occur throughout a polycrystal
line body. Normally, we are concerned with delineating the total number of 
pores. However, this ts undoubtedly less critical than the distribution of these 
pores throughout the body (concentration or depletion at grain boundaries) or 
the size and size distribution in the structure. Similarly, Table 1 has a heading 
to include the shape and shape distribution to indicate the spherictty and con
nectivity of pores. Relative orientation ls included to indicate whether cracks 
and pores follow grain boundaries or are oriented along crystallographic planes 
in grains. The effect of the composition of the gas held within a pore or crack 
ts largely unknown at the present time. 

Subheadings for detailing surface characterization appear to be few but are 
extremely inclusive. Topography ts not limited to an rms finish but includes 
mtcroftssures, notches, and blebs, as well as gross corners and curvatures. 
The state of stress refers to the entire region at the surface, which deviates 
significantly from the condition of the bulk material. By this definition, a sur
face as defined in terms of the stress state may penetrate a considerable dis
tance into the bulk. Stress distribution as a function of depth should be reported 
but such data are clearly years away. Adsorbed gases at the surface may or 
may not be a significant factor. Chemistry of the surface again includes any 
deviations from bulk compositions that may occur as a result of volatilization, 
contamination, or leaching during firing, finishing, or use. Such chemical 
changes may cause other variations such as an altered grain size or the devel
opment of a residual-stress state at the surface. 

Extrinsic defects include such factors as blebs, inclusions, and isolated 
massive grains. These are generally isolated features which may be extremely 
difficult to locate or to describe in any programmed manner. In some cases, 
if they are sufficiently large and well separated, nondestructive tests such as 
radiography or ultrasonic procedures may be effective. Otherwise, examination 
of fracture surfaces may be the only way to assure that such features are not 
responsible for failure. 

On occasion such defects reportedly have been found in fractured surfaces. 
If they are the primary cause of failure, additional care will be required in 
control of raw material, prevention of agglomeration, and mixing, for example. 
It may, ln fact, be necessary to make major alterations in processing methods 
in order to eliminate such defects. At the present time, however, the extent 
of influence of such defects ts unclear, and improved characterization methods 
for locating fiaws are urgently needed. 

The second column in Table 1 lists analytical techniques currently available 
for evaluating the character features listed. Table 2 lists the referenced tech
niques and shows the generally accepted analytical limits of these methods. 
These limits are also graphically illustrated in Figure 2. From these two 
tables, several ltmltatlons in our present capabtltties are apparent: 

1. Measurement of strain and stoichiometry both depend on diffraction 
techniques. Neither technique (electron diffraction or x-ray diffraction) for 
measuring strain ts accurate within several thousand psi and both are con
founded by slight shifts in stoichiometry. Neither can examine submtcron areas, 
which are of interest in examining localized strel[lses in grains or boundaries. 

2. The electron mtcroprobe and the scanning electron microscope are 
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essentially the only tools available for observing localized impurities, and 
their resolution limits are quite high. 

3. There are no suitable techniques at the present time for characterizing 
grain boundaries or surfaces. 

4. All high-resolution analytical techniques are Incapable of surveying 
sufficiently large areas to permit useful conclusions to be drawn. 

RELATING CHARACTER TO PROPERTIES 

In attempting to specify which elements of character may influence specific 
properties, it should be recognized that a considerable amount of interplay 
exists between the various character factors. For example, tensile-strength 
measurements on ceramic bodies having rough and heavily damaged surfaces 
would not be expected to show a large dependence of strength on grain size or 
porosity. However, as the quality of the surface is improved, the strength may 
be increased until it is infiuenced by the grain size utilized and a grain size 
effect is observed. As the grain size is altered to affect higher strength, the 
surface condition or some other factor may become limiting. It would then 
appear that beyond a certain grain size no size effect would exist. Contrarily, 
as the grain size of a body is changed by altering the thermal treatment, the 
extent of segregation of impurities to the grain boundaries may cause signifi
cant property variations quite unrelated to the grain size itself. Thus, before 
judging that a certain factor does or does not significantly infiuence some 
property, it must be established that another factor is not obscuring the test 
results. This also emphasizes that when one factor is judged, the state of 
several other potentially limiting factors must be specified. 

In the third column of Table 1 are shown some of the specific descriptive 
properties of a ceramic body reported in the literature to be affected by indi
vidual character features. An attempt has been made to limit the properties 
listed to those most sensitive to the character category. All properties will, 
of course, depend upon the grain composition of the body, but gross composi
tion will be established by other means, and many properties will not be affected 
by minor changes that may result from variations In processing. The refer
enced properties are explained in Table 3. Unfortunately, in almost every case 
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Table 1. Total Characterization of Ceramics 

Characterization 

1. Description of material 

1.1 Nominal composition 
1.2 Trade name, code No., etc. 

2. Sample history 

2.1 Method of preparation 
2.2 Potential sources of contamination 
2.3 Special treatment-thermal, chemical, etc. 
2.4 Shaping technique 
2.5 Specimen size and shape 

3. Average composition (C) 

4. Geometrical factors 

4.1 Grains (G) 
4.1.1 Phase identification (GI) 

4.1.2 Quantity (GQ) 

4.1.3 Size and size distribution (GS) 
4.1.4 Shape and shape distribution 

(including connectivity) (GSh) 
4.1.5 Preferred orientation (GRO) 
4.1.6 Internal strain (GIS) 
4.1. 7 Composition (GC) 

4.1. 7 .1 Stoichiometry (GCS) 

4.1. 7 .2 Impurity clustering and 
ordering (GICO) 

4.1. 7 .3 Impurity concentration 
distribution (GICD) 

4.1. 7.4 Impurity defect sites (GIDS) 
4.1.8 Dislocations (GD) 

4.1.8.l Density (ODD) 
4.1.8.2 Type (GOT) 
4.1.8.3 Substructure (GOS) 

4.2 Additional phases (2P) 
4.2.1 Phase identification (2PI) 

4.2.2 Quantity (2PQ) 

4.2.3 Size and size distribution (2PS) 
4.2.4 Shape and shape distrlbuti'Jn 

(including connectivity) (2PSh) 
4.2.5 Preferred orientation (2PRO) 
4.2.6 Internal strain (2 PIS) 
4.2. 7 Composition (2PC) 

4.2. 7 .1 Stoichiometry (2PCS) 

4.2. 7 .2 Impurity clustering and 
ordering (2PICO) 

4.2. 7 .3 Impurity concentration 
distribution (2PICD) 

Analytical Techniquesa 

ES,CA,MS,XF,NA,S,VF,C 

TS,XD,ED,PE,CA,DTA 

PS, TS, XD, ED 

PS, TS, XD, ED 
PS,TS 

TS, XD, ED 
XD,ED 

XD 

PS,XD,ED,EMP,SEM 

EMP,XF 

EMP 

PS (EP), ET 
PS 
ET,XT 

CA, XD, ED, EMP, TS, PE, 
OTA 
PS,CA,DTA 

PS, FS, SEM 
PS,TS 

TS,XD, ED 
XD,ED 

XD 

PS,XD,ED,EMP,SEM 

EMP,XF 

Descriptive Properties Known 
or Suspected to be Affected by 
Small Character Variationsb 

UTS, SASI, SLSI, F, DC, FSE, 
DVSE, (, 6,p, E, SCor, Cor, 
TS, IR, TC, TD 

SAS, SASI, SLS, SLSI, DC, FSE, 
£, 6, p, T, Cor, TS, TE, HC, 
TC,TD 
UTS, SAS, SASI, SLS, SLSI, F, 
W, TS, IR, TC, TD 
UTS, SASI, F, FSE, TS, IR 
UTS, SASI, p, W, SCor, TC, TD 

UTS,SAS,SLS,F,TC 
UTS, F, W, TS, IR 

DC,DVSF,f,6,p,E,R,T,H, 
W, TS, TC, TD 
SASI, F, FSE, DVSF, (, 6, T, 
Cor, TS 
SASI, DC, FSE, £, SCor, Cor, 
TC 
DC, DVSF, 6, TC 

UTS, SASI, F, DC, DVSF 

UTS 

UTS, SASI, SLSI, (, 6,p, DC, 
FSE,T,H,Cor,TS,TC,TD 
UTS, SAS, SASI, SLS, SLSI, F, 
W, SCor, TS, IR, HC 
UTS, SASI, SLSI, F, FSE, TS 
UTS, SAS, SASI, SLS, SLSI, 
FSE, 6, p, TC 

UTS, F, W, SCor, TS, IR 

F,£,6,p,T,SCor,TS,TC, 
TD 
SASI, F, FSE, DVSF, £, 6, T, 
Cor,TS 
SASI, DC, FSE, (, SCor, Cor, 
TC 
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Table 1 (continued) 

Characterization 

4.2. 7 .4 Impurity defect sites (2PIDS) 
4.2.8 Dislocations (2PD) 

4.2.8.1 Density (2PDD) 
4.2.8.2 Type (2PDT) 
4.2.8.3 Substructure (2PDS) 

4.3 Grain boundaries (GB) 
4.3.1 Composition and composition 

distribution (GBC) 
4.3.2 Structure (GBS) 
4.3.3 Relative orientation of grains (GBRO) 
4.3.4 Grain boundary strain (GBSt) 

4.4 Pores, microcracks, cracks (PMC) 
4.4.1 Quantity (PMCQ) 

4.4.2 Distribution in structure (PMCD) 

4.4.3 Size and size distribution (PMCS) 
4.4.4 Shape and shape distribution 

(including connectivity) (PMCSh) 
4.4.5 Relative orientation (PMCRO) 
4.4.6 Gas composition (PMCGC) 

4.5 Surfaces (S) 
4.5.1 Topography (ST) 
4.5.2 State of stress (strain) (SS) 
4.5.3 Adsorbed gases (SAG) 
4.5.4 Chemistry (SC) 

4.6 Extrinsic defects (ED) 
4.6.1 Type (EDT) 
4.6.2 Position (EDP) 

asee Table 2 and Figure 1. 
bsee Table 3. 

Table 2. Analytical Techntquesa 

Abbreviation Method 

XT X-ray topography 

Analytical Techniquesa 

EMP 

PS (EP), ET 
PS 
ET,XT 

TS, FS, EMP, XT 

TS 
TS, XD(micro), ED 

PS, DM, P 

PS 

PS,P 
PS 

PS 
MS 

Pr, SEM 
XD 
MS 
EMP 

NDT,FS,PS,TS 
NDT, FS, PS, TS 

NA Neutron activation analysis 

MS Mass spectrometry 

s Spectrophotometry 

ED Electron diffraction 

ET Electron transmission 

VF Vacuum fusion 

ES Emission spectroscopy 

XD X-ray diffraction 

SEM Scanning electron microscope 

PS(EP) Polished section (etch pit) 

185 

Descriptive Properties Known 
or Suspected to be Affected by 
Small Character Variationsb 

DC,DVSF,6,TC 

UTS, SASI, F, DC, DVSF 

UTS 

UTS, SASI, SLSI, F, FSE, f, 6, 
p,T,SCor,Cor,TS,TC,TD 
UTS, SASI, F, FSE, TS, IR 
UTS, SASI, F, FSE, Scor, TS 
UTS, SASI, F, FSE, W, SCor, 
Cor, TS, IR, HC, TC, TD 

UTS, SASI, SLSI, F, DC, FSE, 
f, T, H, W, Cor, TS, IR, HC, 
TC,TD 
UTS, SASI, F., FSE, T, H, W, 
Cor, TS, IR, TC 
UTS,SAS, F, FSE,T,Cor,TS 
UTS, SASI, F, FSE, W, Cor, TS, 
IR, TC, TD 
UTS, F, FSE 

UTS, SASI, F, E, R, W 
UTS, SASI, F, W, Cor, TS, IR 
UTS, F, Cor 
UTS, SASI, E, R, T, W, Cor 

UTS, F, FSE, W, Cor, TS, IR 
UTS, F, FSE, W, Cor, TS, IR 

Limits of Resolution 

0-105/cm2 

0.1 -100 ppm ± 5% 

ppm - ppb range 

ppm± 1-5% 

10 A ultimate, 1 µ selected area, 0.1 % 

10 A. 

0.1-100 ppm 

0.1-100 ppm 

100 A ultimate, 50µ selected area, 0.1% 

0.05µ 

0-107/cm2 
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Table 2 (continued) 

Abbreviation 

PS 

TS 

FS 

c 
XF 

EMP 

Pr 

MH 

DM 

p 

CA 

DTA 

NDT 

Method 

Polished section 

Thin section 

Fracture surfaces 

Coulometry 

X-ray fluorescence spectrometry 

Electron microprobe analysis 

Profllometer 

Microhardness 

Density measurement 

Porosimeter 

Wet chemical analysis 

Differential thermal analysis 

Nondestructive testingh 

Limits of Resolution 

0.5µ optical, 10 A electron replica 

0.5µ optical 

0.5µ optical, 10 A electron replica 

0.002% 

20-200 ppm 

2µ, 0.1% 

5µ diameter, 0.1µ vertical displacement 

5µ 

± 0.001% 

10-3 - 10-2µ ± 2% 

1.% 

aFor additional information and references, see Characterization of Materials, MAB-229-M, pp. 113-1138. 
bsee Appendix 3. 

Table 3. Properties Desired for Description of Ceramic Body (to permit identification and confirmation 
of reproducibtllty) 

Known (or Suspected) Critical Body- Minimum 
Critical Test Character Test Data Remarks and 

Property Conditions Parameters Required Recommendations 

A. Mechanical evaluation 
1. Ultimate tensile Temperature, stress C, GQ, GS, GSh, GRO, Average+ Variations with tern-

strength (UTS) rate, gage volume, GIS, GD, om, 2PI, variability perature and stress 
stress distribution 2PQ, 2PS, 2PSh, 2PIS, rate may assist 

2PD, 2PDS, GBC, GBS, characterization 
GBRO, GBSt, PMCQ, 
PMCD, PMCS, PMCSh, 
PMCRO, TS, SS, SAG, 
SC, EIYI', EDP 

2. Stress-axial-strain- Temperature, stress GI, GQ, GRO, 2PQ, Average+ 
elastic (SAS) rate (at high rates) 2PSh, PMCS variability 
a. static (SASS) 
b. dynamic (SASD) 

3. Stress-axial-strain- Temperature, stress C, GI, GQ, GS, GSh, Average+ Includes creep at high 
inelastic (SASI) rate (at high rates) GICO, GICD, GDD, 2PI, variability temperatures and 

2PQ, 2PS, 2PSh, 2PICO, grain-boundary sliding 
2PICD, 2PDD, GBC, 
GBS, GBRO, GBSt, 
PMCQ, PMCD, PMCSh, 
St, SS, SC 

4. Stress-lateral- Temperature, stress GI, GQ, GRO, 2PQ, Average+ 
strain-elastic (SLS) rate (at high rates) 2PSh, PMCS variability 

5. Stress-lateral- Temperature, stress C, GI, GQ, 2PI, 2PS, Average+ Includes creep at high 
strain-inelastic rat~ (at high rates) 2PSh, GBC, PMCQ variability temperatures and 
(SLSI) grain-boundary sliding 
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Table 3 (continued) 

Known (or Suspected) Critical Body- Minimum 
Critical Test Character Test Data Remarks and 

Property Conditions Parameters Required Recommendations 

6. Fatigue (F) Temperature, C, GQ, GS, ORO, GIS, Average+ 
a. Static (FS) amplitude, mode of GICO, ODD, 2PQ, 2PS, variability 
b. Cyclic (FC) loading 2PIS, 2PCS, 2PICO, 

2PDD, GBC, OBS, 
GBRO, GBSt, PMCQ, 
PMCD, PMCS, PMCSh, 
PMCRO, ST, SS, SAG, 
EDT, EDP 

7. Intermediate 
properties 
a. Diffusion C, GI, GC, GICD, GIDS, 

constants (DC) ODD, 2PI, 2PICD, 2PDD, 
PMCQ 

b. Fracture surface C, GI, GICO, GICD, 2PI, 
energy (FSE) 2PS, 2PSh, 2PICO, 

2PICD, GBC, OBS, 
GBRO, PMCQ, PMCD, 
PMCS, PMCSH, 
PMCRO,EDT,EDP 

c. Dislocation C, GC, GICO, GIDS, 
velocity-stress ODD, 2PICO, 2PIDS, 
function (DVSF) 2PDD 

B. Thermal evaluation 
1. Conductivity (TC) Temperature, C, GI, GQ, GSH, ORO, Average+ Influenced by radiation 

environment GC, GICD, GIDS, 2PI, variability at high temperatures 
2PSh, 2PCS, 2PICD, 
2PIDS, GBC, PMCQ, 
PMCD, PMCSh 

2. Diffusivity (TD) Temperature, C, GI, GQ, GSh, GC, Average+ Influenced by radiation 
environment 2PI, 2PCS, GBC, variability at high temperatures 

PMCQ, PMCSh 

3. Expansion (TE) Tempera tu re, GI, 2PI Average+ 
environment variability 

4. Heat capacity (HC) Temperature, GI, 2PQ, PMCQ Average+ 
environment variability 

c. Electrical evaluation 
1. Dielectric constant (() Temperature, C, GI, GC, GICO, 

environment GICD, 2PI, 2PCS, 
2PCIO, 2PCID, GBC, 
PMCQ 

2. Loss tangent (6) Temperature C, GI, GC, GICO, 
environment GIDS, 2PI, 2PSh, 2PCS, 

2PICO, 2PIDS, GBC 

3. Resistivity (p) Temperature, C, GI, GSh, GC, 2PI, 
environment 2PSh, 2PCS, GBC 

D. Optical evaluation 
1. Emittance (E) Wavelength C, GCS, ST, SC 

2. Reflectance (R) Wavelength GCS, ST, SC 

3. Transmission (T) Wavelength GI, GCS, GICO, 2PI, 
2PICO, GBC, PMCQ, 
PMCD, PMCS, SC 
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Table 3 (continued) 

Property 

E. Behavioral evaluation 
1. Hardness (H) 

2. Wear (W) 

3. Stress corrosion 
(SCor) 

4. Corrosion (Cor) 

5. Thermal shock (TS) 

6. Impact resistance (ffi) 

Known (or Suspected) 
Critical Test 
Conditions 

Critical Body
Character 
Parameters 

GCS, 2PI, PMCQ, 
PMCD 

GQ, GSh, GIS, GCS, 
2PQ, 2PIS, GBSt, 
PMCQ, PMCD, PMCSh, 
ST, SS, SC, EDT, EDP 

C, GSh, GICD, 2PQ, 
2PIS, 2PCS, 2PICD, 
GBC, GBRO, GBSt 

C, GI, GICO, GICD, 
2PI, 2PICO, 2PICD, 
GBC, GBSt, PMCQ, 
PMCD, PMCS, PMCSh, 
SS, SAG, SC, EDT, EDP 

C, GI, GQ, GS, GIS, 
GCS, GICO, 2PI, 2PQ, 
2PS, 2PIS, 2PCS, 2PICO, 
GBC, GBS, GBRO, GBSt, 
PMCQ, PMCD, PMCS, 
PMCSh, SS, EDT, EDP 

C, GQ, GS, GIS, 2PQ, 
2PIS, OBS, GBSt, PMCQ, 
PMCD, PMCSh, SS, EDT, 
EDP 

Minimum 
Test Data 
Required 

Remarks and 
Recommendations 

the relationships between body character and properties are at best qualitative. 
No clear-cut mechanistic relationships permitting a rigorous theoretical analy
sis are available. Further, the few experimental relationships that have been 
explored are open to much speculation, principally because the bodies being 
studied were not characterized in any meaningful way. In other cases, the 
property measurement procedures employed were not suitable for the genera
tion of such property data. (This latter factor is discussed more extensively in 
the following section.) 

In Table 3, the information contained in Table 1 is presented in reverse 
order. Here, properties considered to be of maximum importance for body 
description (P in Equation 3) are listed, and the body character features con
sidered most critical to each property are noted. 

Empirical correlations between descriptive properties and the character 
features controlled by ceramic-processing parameters are very useful in re
producing and improving desired properties of a product. However, to profit 
most rapidly from such correlations they must also be supported by an im
proved understanding of the factors controlling the property. This view leads 
to consideration of a number of intermediate properties not themselves of 
direct structural interest but underlying the structural properties. Thus, frac
ture mechanics indicate that the fracture surface energy is a property control-
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ling brittle fracture. If the body character of a ceramic is completely specified, 
all properties are, by definition, fixed. However, one cannot yet calculate 
fracture surface energy accurately from a knowledge of character. Therefore, 
in addition to complete character determinatiop, the measurement of fracture 
surface energy is needed to assess the mechanism by which a variation in 
ceramic processing affects the strength. Self-diffusion constants and the 
velocity-stress function for dislocations are additional examples of intermedi
ate properties whose measurements are needed in order to determine the 
mechanism by which certain properties are affected by processing variables. 
Some of these intermediate properties have been listed as item A-7 in Table 3. 

In order to illustrate the use of these tables, let us consider that we are 
interested in the effect of grain size and size distribution on the properties of 
a ceramic body. Looking under the heading 4.1.3 in Table 1, we see that this 
feature can best be characterized by microscopy using polished sections (PS) 
or thin sections (TS) or by x-ray or electron diffraction (XD or ED), depending 
on the size range. While these techniques give a very limited picture of grain 
size, particularly with respect to the size distribution, they are essentially the 
only analytical tools available. In the third column of the table, we see that 
the descriptive properties that appear to be seriously affected by variations 
in this character feature are the ultimate tensile strength (UTS), inelastic 
stress - axial strain (SASI) (this includes permanent deformation caused by 
the introduction of microcracks, plastic deformation, and grain boundary slid
ing, for example), fatigue strength (F), fracture-surface energy (FSE), thermal 
shock resistance (TS), and impact resistance (IR). All these properties involve 
failure of the specimen. It ls noteworthy that purely elastic properties such 
as the elastic moduli are not seriously affected by grain size itself. Thus, in 
establishing property tests to evaluate process control over consistency of 
grain size and size distribution, one would utilize strength tests rather than 
sonic modulus measurements. 

On the other hand, if an ultimate strength test is to be used to evaluate 
grain-size control, the other character features known to influence tensile 
strength must be maintained constant, and it must be ascertained that none of 
these factors is actually the limiting-strength feature so that the grain size 
effect ls masked, as was discussed previously for the case of the surface finish. 
Table 3 was designed to assist in this type of an evaluation. Here, in column 3, 
the character parameters known to influence each descriptive property are 
listed. Thus, in the case of ultimate tensile strength, used as a descriptive 
property, there are 29 other character features which must be controlled and/ 
or described in order to assure that grain-size and size-distribution effects 
are actually being examined. In addition, some of the critical testing conditions 
which must be controlled to provide meaningful data are shown in column 2. 
The types of test data that should be reported are indicated in column 4. Thus, 
an average value of tensile strength is of limited value, particularly in making 
comparison"' between bodies, unless some indication of the variability of re
sults is provided. The latter may consist of distribution curves or may be as 
simple as standard-deviation values if normal distributions are obtained. Fre
quently one is concerned with stress values causing a low probability of failure. 
In this case complete distribution curves are essential. 

Table 3 points up several areas requiring additional work if property mea
surements are to be suitable for use in the total description of ceramic bodies: 

1. Additional attention must be directed to providing improved control over 
the testing conditions in order to ensure that data generated are actually indi
cating true material properties. For example, if the specimen gage volume 
under maximum stress is nearly zero, effects that may result from changes 
in grain-size distribution will not be observed. Similarly, if the stress rate 
is not closely controlled and it influences strength data, variabilities reported 
will not represent material properties. Such features of specific tests will be 
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reported in the next section of this report, but the importance of these factors 
must be recognized in characterization studies. 

2. Increased attention must be given to the interplay of various character 
features as they influence specific properties. In any study to ascertain the 
effect of a character change, other features that may change with a shift in 
processing conditions or techniques must also be evaluated. 

3. Research effort should be directed to establishing which character fea
tures are currently limiting the properties of ceramic bodies processed by 
conventional techniques. In this way, for example, the list of 30 character 
features shown to influence tensile strength can at least be arranged in an 
order of importance; some may even be eliminated. 

4. Further statistical work should be directed to the presentation of experi
mental data so that much of the information will not be lost or misinterpreted 
as a result of abbreviated reporting in the technical literature. 

The tables presented ln this section of the report are undoubtedly incomplete. 
Many of the entries may, in fact, be proven incorrect. As additional factors 
are recognized by individuals attempting to utilize this information, they should 
be added. Factors considered not applicable in a specific circumstance may 
be omitted. The tables are intended only as a guide for the producer and user, 
to permit them to organize some descriptive rapport ln attempting to obtain a 
desired reproduclblllty in ceramic products and, ultimately, materials having 
radically improved properties which may be tailored to meet specific require
ments. 

Properties of Ceramic Materials and Methods to Detect Them 

INTRODUCTION 

When considering the properties of ceramics and test methods to detect them, 
the first problem involves relating properties to the total spectrum as it must 
be viewed by the tester. This interrelationship is discussed ln detail in recent 
literature by several investigators.I If we restrict the review to mechanical 
properties, the total spectrum for strength of materials includes: mechanical 
behaviors, such as stress - strain, from which one can obtain properties; test
ing of specimens; stress analysis of members or analysis for theory studies; 
quality assurance; proof testing; and production control or feedback to mate
rial processors. A detailed discussion of the selection of these terms is also 
included ln recent literature. The selection was based on an agreement with 
classic terms blended with interdisciplinary compatibility. 

The mechanical behaviors include stress - strain diagrams, stress concen
tration, impact, fatigue, creep, hardness, modulus of rupture, thermal shock, 
and others. Certainly, there are some arguments here in listing all these 
items as behaviors. For example, stress concentration may be a behavior but 
could be a product of analysis. For metals it has been included under behaviors 
in much literature, probably because intensification factors were developed 
by experiment and simply ''plugged into" subsequent analyses. For ceramics 
it seems doubtful that we know enough about it to delete it from this category 
of behaviors, even though we may wish to include it also under analysis. 

But let us proceed to the general outline of strength of materials and find 
properties listed under the various behaviors. Specifically, under the behavior 
of stress - strain, the classic literature lists such properties as strength, elas
tic moduli, Poisson's ratio, and strain energy rate, among others. Certainly, 
these are properties obtained from the stress - strain curves. Now observe 
that there are "controlled conditions" and "observed conditions" that one 
encounters and that influence the value of the property. That is, the value for 
the strength (property) ls influenced by such controlled conditions (controlled 
by the tester) as quality of influence, temperature, strain rate, specimen geom-
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etry, surface finish, anisotropy, and volume. The observed conditions (ob
served rather than controlled by the tester) are fractology, structure, vari
ability, density, failure mode, and so on. 

Perhaps all these controlled and observed conditions can be called simply 
"conditions" that alter the simpler concept of single intrinsic properties and 
that often operate differently than is commonly recognized from past studies 
on metals. Information concerning these conditions is necessary to isolate 
them, establish their unmasked influence, and permit the design of testing 
experiments. One logical approach to a study of the conditions is to explore 
different theoretical and empirical relations used in analyses, such as the ones 
for Weibull volume and Neuber notches, while controlling or isolating the 
conditions. Consistencies among theories will lead to confidence in their 
isolation. 

This outline implies that one obtains behaviors and thus properties by speci
men testing, makes a design and/or analysis, comes up with a stress member 
or a check of a theory, tests the member or structure in the case of a design, 
modifies the design and/or analysis as indicated by proof testing and/or model 
testing, and finally delivers a product or concludes that he has indeed checked 
a theory. This certainly sounds routine and easy! With metals that provide 
load distribution, and with structures that permit large factors of safety, the 
problems related to design requirements have been overcome with nominal 
difficulty. Also, with metals there is a sense of consistency developing between 
different properties, suggesting that the theories and empiricisms are becoming 
quite adequate. 

With ceramics a few new actors enter the scene and the problems are mag
nified. There is little loa.d relief and little boundary deformation; there is un
certain reproducibility; specimens may be unlike larger bodies; and analytical 
relations established for metals may not persist. The nature of brittle materials 
as related to their constitution and their use is discussed further in the litera
ture.3,4 

Once the properties and conditions of interest are defined, the problem 
of selecting a suitable test method remains.2,5 Because of the stringent re
quirements introduced by the nature of ceramics, this selection demands ex
treme care and demands further that the tester be oriented to the total problem. 
There is no single simple test that can be recommended for all properties 
under all conditions. The chances are that there is no single value for any 
property but that each is a function of "conditions," among other things. Hence, 
a detailed discussion of the influence of conditions on properties is necessary 
as a prelude to discussing test methods. See Table 4 for one arrangement of 
the properties, test methods, and conditions that are of interest in this discus
sion. 

INFLUENCE OF CONDITIONS ON PROPERTY VALUES OBTAINED 

When considering the relations between properties and conditions, one major 
problem area is immediately obvious in that there are properties of "materials" 
and properties of "specimens" evaluated or tested in a-particular way. Webster 
defines property as "a quality belonging specially to something." For this dis
cussion, the property is intended to relate to the inherent or constitutuve re
sponse of the material and not the specimen. Now let us observe how the prob
lem operates. 

If the temperature is varied in a perfect test on a perfect material, one 
might obtain the material property as a function of temperature unconfounded 
by any other condition. However, it would be perfectly possible to have an 
unwanted condition in surface finish or residual stress that created as big an 
influence as temperature on the value obtained so that the change in property 
observed was not really a function of temperature as far as the constitution of 
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Table 4. Test Methods and Conditions Influencing Properties 

Property or 
Behavior 

Tensile ultimate 
strength 
(homogeneous) 

Tensile stress -
axial strain 
(homogeneous) 

Tensile stress -
lateral strain 
(homogeneous) 

Tensile fatigue 
(homogeneous) 

Tensile creep 
(homogeneous) 

Flexural MOR 
(behavior) 

Flexural midpoint 
deformation 
(behavior) 

Fle.xural stress -
lateral strain 
(behavior) 

Flexural fatlgue 
(behavior) 

Flexural creep 
(behavior) 

Compressive ultimate 
strength 

Compressive stress -
axlaJ strain 

Compressive stress -
lateral strain 

Compressive fatigue 

Compressive creep 

Shear propertiesa 

Controlled Conditions Observed Conditions 

---------------~-,,,.....__~~------~------ ---------------

Test Method 

Gas-bearing system 
Monitoring system 
Pressurized rlng 
Indirect 

Gas- bearing system 
Monitoring system 
Pressurized ring 

Gas- bearing system 
Monitoring system 

Gas-bearing system 
Monitoring system 
Pressurized ring 

Gas- bearing system (short time) 
Pressurized ring (short time) 

4 polnt 

4 point 

4 point 

4 point 

4 point 

Gas-bearing system 
Precision guides and universals 

Gas-bearing system 
Precision guides and unlversals 

Gas-bearing system 
Precision guides and universals 

Gas-bearing system 
Precision guides and unlversals 

Gas-bearing system 
Precision guides and universals 

Gas-beari.ng system with slotted 
tensile 
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Table 4 (continued) 

Property or 
Behavior 

Fatigue 

Dynamic modulus 
(behavior) 

Combined stressb 
(behavior) 

Thermal conductivity 

Thermal e."(]lallsion 

Heat capacity 

Thermal diffusivityb 
(behavior) 

Emittance 

Test Method 

Slotted tensile with universals 
Pin 
Torsion 

Pressurized ring 
Gas-bearing 

Flexing reed 
Sonic 

Pressurized cylinders axially 
loaded 
Gas-bearing system and torsion 
Cubes face loaded 

Have methods to 2,000° F ± 3% 
Have methods from 2,000° F to 
4,000 ° F ± 15%---need better 

Have met.hods to 5,000° F ± 
5%-need better 

Have methods to 5,000° ± 
5%-ne d better 

Have methods to 5,000° F
need better 

Have methods to 2,000° F 5% 
Have methods from 2,000° F to 
5,000° F :I: 20%-need b tter 

193 

Controlled Conditions Observed Conditions __________ .-....._ _________ ------

8 MAB should recommend work to develop the problems and solutions, but not recommend methods now-use torsion for 
modulus and slotted tensile for ultimate. 
bMAB should recommend work to develop the problems and solutions, but not recommend methods now. 

the material was concerned. This very result has been observed many times 
where the strength at the lower temperatures was lower than at the higher one, 
probably from surface-finish effects and residual stresses being more influen
tial at lower temperatures. Thus the molecular or ionic bond could not be 
studied as a function of temperature since the overriding influences of surface 
finish and residual stress were masking the results. It would be desirable to 
inspect any given behavior while holding all conditions either negligible, well 
defined, or on a plateau. There is a word of warning here. The plateau must 
exist where the effect of the condition under inspection is not negated by other 
effects. That is, an extremely rough surface finish might provide a strength 
plateau where small variations in surface finish did not change the strength, 
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but volume effect could not be explored because the rough surface condition 
reduced the strength of all specimens to a common value. 

There is a second major problem area related to the conditions. In some 
test methods it is possible to control or know most conditions but in others it 
is not. For example, in tensile testing, parasitic (unknown and unwanted) 
stresses must be minimized and the initial fracture must be preserved and 
identified to permit studies of fractology. Some test methods that permit good 
definition of these conditions may not be amenable to other controls such as 
quite high stress rates, and, conversely, high-stress-rate systems may not be 
capable of providing uniform stress fields in the gage length. Careful selection 
of the test method for a given property and set of conditions is mandatory. 

Another problem area involves the uncertainty of theoretical behavior and 
the many unknowns that still surround the behaviors of brittle materials, leading 
to the lack of control in test conditions that unwittingly results. For example, 
since smaller volumes have larger strengths, it ts obvious that studies of, say, 
notches, must consider not only the theoretical stress intensification involved 
in a notch geometry but also the volume upon which this peak stress is imposed. 
Another even more subtle effect may involve variability as it ts used to deter
mine material constants or statistical response; that ts, surface finish may 
induce failures and influence the variability in a manner that precludes the 
accurate study of strength of an internal increment of material. As another 
example of uncertainty in theoretical understanding, the influence of conditions 
is not always the same for different types of tests; that ts, surface finish has a 
definite and orderly influence on the tensile strength of uniaxially loaded rods, 
while there is not a demonstrated quantitative agreement with results from the 
flexural test. 

A final problem involving studies of properties and conditions is the vari
ability of the material within a piece and reproducibility from piece to piece 
and between lots. This has been a major problem in the past in that failure to 
recognize the degree of variability and reproducibility has resulted in insuffi
cient control, and there has been more difference in specimens than in the 
property or condition under study. Work has been started in characterizing 
the basic powders6 as well as the final bodies. 

Thus, the major problems related to property values, condition, and testing 
have been interaction of "conditions" confounding results; unsatisfactory test 
methods; uncertain theoretical relationships; and specimen reproducibility, 
variability, and control. 

There ts another general area involved in property studies, which involves 
the use of the property values and the motivating reasons behind the particular 
investigator. This consideration has an influence in the selection. of some of 
the controlled conditions. 

Properties are obtained for the following reasons: as a guide to the 
material developer, particularly in quality control and processing; to assist 
in the development of theories for mechanics (Griffith crack theory, Weibull 
volume theory, Neuber notch theory, and others); to assist in the development 
of theories for the stress analysts of complicated pieces and structures; and 
for the design of components and structures. To further confound the problem, 
there may be screening tests, engineering tests, and statistical tests, all re
quiring different precision and accuracy, different stress states, and different 
numbers of specimens. Unfortunately, each of these areas is quite extensive 
in itself, and the generalizations are difficult. 

Influence of Conditions for Tension 

Now let us consider the influence that the following conditions have on proper
ties as related to uniaxial tension in a rod or uniform stress in a pressurized 
ring. 
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Quality of Influence When studying the tensile response of a brittle ma
terial, it is mandatory that the stress field be well defined (no parasitic 
stresses). In a rod or pressurized ring, this proper definition demands a stress 
field that is constant or homogeneous within a few percentage points. Attempts 
to accept minimum parasitic stresses have been unsuccessful, resulting in 
low corrected average values, standard deviations unrelated to theory, and the 
inability to relate the property to a consistent analysis of any type. As exam
ples, volume effects have been missed, surface-finish effects have been ran
dom, stress-rate effects have gone undetected, and attempts to explain failures 
in terms of probability of fracture have been rather futile. The single most 
important condition is to ?rovide a uniform stress field. 

One literature source has put it very well: ''Intrinsic and intensive proper
ties should be established first, whenever possible. Test methods should be 
designed so that only one of those properties is being evaluated at a time. One 
way of achieving this will be the use of a simple and homogeneous state of 
stress or strain." 

Macro- and Microstructure First, consider a hot-pressed alumina, well 
characterized and reported in the literature. 7 Out of 24 tiles of this mate-
rial (about 1-1/8 in. thick by 12 in. sq.) most had a rather uniform structure 
with a grain size of 2 to 5 µ. A few of the tiles had large 25-µ grains scat
tered through the matrix. An electron micrograph of the adjacent fine and 
large grains revealed a third structure that contained the original flour essen
tially in an unsintered condition. The weaker specimens of this total lot (24 
tiles) had the mixed structure of small and large grains and, had this structure 
not been detected, these weaker values may well have confounded other parts 
of the study of things such as volume, surface finish, and strain rate. 

The inclusion of macroflaws or voids in an otherwise dense structure can 
confound the study of properties. Observe in Figure 3 that macroflaws in the 
range of 1/64 in. to 1/32 in. in the same hot-pressed alumina reduced the 
strength of small specimens, 1/8 in. in diameter, quite significantly (25 to 30%) 
and had only a minimum effect of about 5% on larger specimens about 3/4 in. 
in diameter. This effect is more than "area accountability" and is not consis
tent with the theoretical prediction of a critical stress for a given flaw. 
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FIGURE 3. Influence of visual macrocracks on strength of different volume specimens 
of a hot-preeeed alumina (Source: Peare and Starrett, "An Experimental Study of the 
Weibull Volume Theory," AFML-TR-66-228). 
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The influence of grain boundaries could come here under Microstructure 
but is discussed later under Temperature, where the influence is more 
dramatic. 

Reproducibility When several ceramic pieces are made in a kiln or by 
hot-pressing, there is not total consistency between pieces, even though pro
cessing schedules have supposedly remained constant.4,8 Observe in Figure 
4 that the average strengths of the different hot-pressed alumina tiles of the 
prior reference varied from about 22,000 psi to about 48,000 psi. Both small 
and large specimens were investigated and the results for both are shown. 

In another instance the strengths of a pressed and fired alumina varied as 
much as 10% from lot to lot. Three different investigators eventually recog
nized this difference after trying to conduct comparable variability studies. 
These were competent investigators. This particular material also is well 
characterized in the references9,10,11,12 and is referred to later in this report. 

Thus, different lots of materials introduce a reproducibility question, not 
necessarily intrinsic to the material, that can confound studies of mechanical 
responses unless one looks for and detects them. 

Density The literature contains considerable evidence that strength is a 
function of density4 and/or porosity. In general, large differences in density 
can be related to strength differences by modifications of the law of mixtures 
and other empiricisms. For small differences in density, the correlations 
become more questionable and certainly must be limited to a given material. 
One mistake often made is to try to "normalize" results to a common density, 
irrespective of other considerations. As often as not, density probably ls only 
an indication of some other operating mechanism such as incomplete slntering. 
Density normalizing requires care. 

Fractology The type of fracture can indicate uniform loading, structural 
deformities, surface nonuniformity, and other points of vital interest in the 
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FIGURE 4. Influence of furnace lots on strength of a hot-pressed alumina (Source: Pears and Starrett, "An Experimen
tal Study of the Weibull Volume Theory," AFML-TR-66-228). 
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evaluation of results; for example, the large grains discussed for the hot
pressed alumina, and their influence on strength. Other experiments have been 
reported in the ltterature12 where extensive macrocrack systems were visual 
in the unbroken ends of the specimen; that is, several macrocracks were 
generated before one proceeded to failure. More sophisticated explanations 
have been offered in terms of dislocation tangles and grain-boundary arrest.14 
This geometric event probably explains the range in elastic moduli that can be 
obtained for a given material, since the deformation ts not truly elastic but 
includes macrocrack generation and its geometric contribution to strain. Other 
work on precision elastic limit and dimensional stabtltty15 suggests that these 
irreversible strains and visual macrocracks are generated in beryllta at about 
50% of the ultimate tensile strength at room temperature, and hence have a 
geometric and hidden influence on supposed "elastic responses," particularly 
as related to crack blunting. 

Temperature As shown in Figure 5, the strength and elastic modulus of 
the pressed and fired alumina decreased quite drasticall[i at about 2 ,500 ° F, 
or well below the melting point of the parent material. 9, 0 The total unit strain 
showed a sharp increase. (Incidentally, one can observe in the same figure 
that the room temperature tensile and flexural strengths are about equal on 
some brittle materials when the tensile values are obtained properly. Concern 
remains about flexural responses, particularly where early macrocracking 
occurs and/ or at temperatures where the tensile and compressive elastic moduli 
may be varied and the force centroid of the flexural specimen may shtft.16,17 
More study ts required here.) 

A major conclusion here is that studies at temperature can be made in ten
sion, but that material characterization by the tester ts mandatory and that one 
must be cautious in assigning temperature effects to the parent grain material. 
Grain boundaries or other anomalies may be controlling and their analysts is 
extremely dtfftcult.9,10,14 

Figure 6 provides additional information on the influence of temperature on 
the strengths of a brittle material, this time beryllia.18 Observe that the 98% 
dense hot-pressed beryllta was stronger at 70°F than the 95% dense one, but 
that their strengths were about equal at 2,000 and 3,500°F. Also observe 
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FIGURE 5. Ultimate tensile strength and initial modulus of a pressed and fired alumina 
from 70° F to 5,000° F (Source: Pears and Digesu, "The True Stress-Strain Properties 
of Brittle Materials to 5000°F," AEC ORO 461, 1961). 
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FIGURE 6. Intimate tensile strength of some berylliae as a function of temperature 
(Source: Peare et al., "The Tensile and Compressive Intimate Strengths and Moduli of 
Berylllum Oxide," presented at Ceramics Society Meeting in Seattle, Washington, 
October 1962). 

that one of the cold-pressed beryllias had strength through 3,500°F about 
equal to the hot-pressed ones, but that the strength of another cold-pressed 
one decreased to practtcally zero at 2,500 to 3,000°F. It seems apparent 
that grain boundaries or other structural anomalies were confounding the study 
of the parent beryllia. The weaker material was only 91 % dense; however, it 
seems obvious that density cannot explain the difference since a theorettcal 
accounttng of this variable is not nearly sufficient. Silica in the grain bounda
ries seems a more probable explanatton. Thus, again, temperature studies 
require extreme care in the drawing of conclusions concerning the parent 
material. It is interesttng that the approach of mechanics uncovered these 
effects in 1962, as reported by Pears et al.,18 but that general understanding 
is sU.11 subject to arbitratton. - -

Volume The strength of alumina does decrease with larger volumes, and 
the Weibull analysis permits a reasonable esttmate of the order of this decrease. 
Figure 7 shows that the strength of the pressed and fired alumina with 35 rms 
surface finish decreased from 39,000 to 26,000 psi as the volume was increased 
by a factor of about thlrteen.9,10 With a surface finish of 120 rms, the strengths 
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FIGURE 7. The effect of volume on the ultimate tensile strength of a pressed and fired 
alumina at two different surface finishes (Source: Pears et al., "Evaluation of Tensile 
Data for Brittle Materials Obtained with Gas-Bearing Concentricity," ASD-TDR-63-245; 
Pears and Digesu, "The True Stress-Strain Properties of Brittle Materials to 5000 ° F," 
AEC ORO 461, 1961). 

of the different volumes tested were about equal. Additional values on the 
same material (but a different lot) were reported on the pressurized ringl 1 
for a much larger volume, indicating a lower strength than for the smaller 
uniaxial rod specimens. The range for the rings is shown in the figure to 
cover different stress rates, but a comparable stress rate would give 29,000 
psi compared with the 39,000 psi for the small rod specimens. The reported 
conclusion for the ring was that there was no volume effect; but results on the 
uniaxial rods would refute this. 

Additional data on the hot-pressed alumina 7 are shown in Figure 8, where 
the strength of the smaller-volume specimens (0.031 in. 3) was 43,000 psi and 
that of the larger volume (1.33 in. 3) was 29,800 psi. Some curves are 
shown in the figure indicating the predicted strength for different volumes 
when using a given volume as a base point and applying the Weibull analysis. 
For those who are interested in this particular analysis, Figure 9 shows the 
frequency plots for different-sized specimens. A total analysis of this aspect 
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FIGURE 8. lnfluence of volume on strength of hot-pressed alumina (Source: Pears and 
Starrett, "An Experimental Study of the Weibull Volume Theory," AFML-TR-66-228). 
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FIGURE 9. Frequency plot for hot-pressed alumina speci
mens (Source: Pears and Starrett, "An Experimental Study 
of the Weibull Volume Theory," AFML-TR-66-228). 

also is given in the literature. 7 Observe the dual node in Figure 9 suggesting 
that the smaller-volume specimens failed by two mechanisms of fracture. 
Perhaps undetected macroflaws would explain this; recall that the evidence is 
that these macroflaws do not respond in a theoretically predictable fashion and 
have a disproportionately large effect on the strength of the smaller volume 
specimens. It is also possible that a different mode of fracture becomes con
trolling for the smaller-diameter specimen. 

Figure 10 contains a plot of the probability of fracture for these hot-pressed 
alumina specimens vs applied stress. A total discussion of this curve is in the 
reference and further discussion is in the literature,19 but observe that one 
could test the smaller specimens _and predict a safe working stress for the 
larger ones. Also observe that the lower portion of the curve for the smaller
volume specimens does not tail off toward a zero stress allowable. Rather, a 
working stress of over, say, 20,000 psi is indicated and, indeed, no specimens 
of any sizes (including the specimens with macroflaws) failed at less than 
16,000 psi. 

The conclusion is that there is a volume effect that must be considered 
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FIGURE 10. Tensile stress vs the probability of fracture for the hot-pressed alumina 
(Source: Pears and Starrett, "An Experimental Study of the Welbull Volume Theory," 
AFML-TR-66-228). 

when studying conditions and properties and that the test method must accom
modate it. Extreme caution is necessary to isolate conditions without directing 
the results; for example, surface finish can negate the volume effect, and gross 
macroflaws can have a different influence on different volumes. Yet one can
not indiscriminately discard all specimens with obvious flaws or the calculated 
volume effect can be shifted drastically. 

If one is studying intrinsic material behavior of a given microstructure, it 
is reasonable to discard all specimens that have an abnormal structure; how
ever, if one is interested in obtaining statistical strength for designs of a mate
rial as it is produced, specimens with flaws cannot be discarded. 

Surface Finish Surface finish has a marked influence on the strength of 
brittle materials. 4, 7 ,9 ,10 Observe in Figure 11 that the strength of the pressed 
and fired alumina at 70°F decreased from about 37,000 psi at 20 rms to 23,000 
psi at 300 rms. 

Figure 12 shows that surface finish can totally mask other effects, in that 
the pressed and fired alumina had a decreasing strength with temperature at 
20 rms but an essentially constant strength (at a lower absolute value) as a 
function of temperature at 120 rms. This same masking was observed under 
volume earlier, where 120 rms negated most of the volume effect primarily 
by decreasing the strength of the smaller volumes more than the larger ones. 

Surface finish can also hide the stress-rate effect, as shown in Figure 13 
where a higher stress rate gave a higher strength at 20 rms but had no effect 
at 120 rms where all values were lower. 

Hence, all studies of conditions and properties should select surface finishes 
that permit the detection of the condition and property of interest and are con
sistent with the end use of the results. 

Notches Notches probably belong under stress concentration (behaviors) or 
in analysis but to some extent are an extension of the thoughts of surface finish 
and are discussed here until a spot for them becomes better defined. Notches 
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FIGURE 11. The effect of surface finish on the ultimate tensile strength of unnotched 
alumina at 70° F and one stress rate (Source: Pears and"Digesu, "The True Stress
Strain Properties of Brittle Materials to 5000° F, AEC ORO 461, 1961). 

about 30 mils deep and 4 mils wide with a 2-mil notch root radius reduced the 
nominal fracture stress of the hot-pressed alumina discussed previously 7 from 
about 39,000 to 15,000 psi. This latter value is obtained by dividing the load 
on the specimen by the area of the unnotched portion. However, by applying 
the Neuber analysis, the stress at the root of the notch is theoretically deter
mined to be about 80,000 psi at failure or approaching the value that Weibull 
analysis predicts for the strength of that volume. See Figure 14 for a plot of 
the Weibull strengths and Neuber stresses. The point is that volume account
ability brings sense into the analysis of stress intensification. This notch in
fluence is reported in detail in forthcoming literature.20 Similar work has 
been reported on 'brittle metals. u2 l 

Stress Rate The strength of brittle materials does vary with stress rate 
at room temperature and even more dramatically at higher temperatures. 
Figure 13 indicates that for a 20-rms surface finish the influence of stress 
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FIGURE 13. Influence of strain rate on strength of pressed and fired alumina as a func
tion of temperature for two different surface finishes (Source: Pears et al., "Evaluation 
of Tensile Data for Brittle Materials <btained with Gas-Bearing Concentricity ," ASD
TDR-63-245; Pears and Digesu, "The True Stress-strain Properties of Brittle Materials 
to 5000° F ," AEC ORO 461, 1961). 

rate over the small range investigated was quite small at 70 ° F but significant 
at 1,000 and 1,600°F. Other work on this same material, shown in Figure 15 
and reported in the literature,11 indicates that a much larger range of stress 
rates could introduce a range in fracture strength of from 24,000 to 34,000 psi. 

Here again, stress rate is a significant controlled condition in the mechabt
cal response of brittle materials and, therefore, must be controlled in studies 
of behaviors. 

Environment The influence of the environment (gas chemistry and density) 
of the test specimens on results undoubtedly is critical. Considerable informa
tion is available in the literature on glasses22 and on some single crystals. 
A first search of ceramic abstracts back to 1961 revealed no information for 
polycrystalline magnesia or alumina. Dramatic effects are reported, such as 
a 20% strength increase for glass with removal of moisture at, say, 1,000°C 
and 10-5 torr. Stress-rate effects may be invalidated here; that is, many ob
served stress-rate effects may be masked by environmental effects, particularly 
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FIGURE 14. Stress-strength of notches in hot-pressed alumina (Source: Starrett and 
Pears, "A Study of Notches in Brittle Materials by Relating Stress Intensification and 
Volume," AFML-TR-67-254). 

in fatigue and creep. This is because studies that have time as a variable may 
be permitting the environment to become operative. For polycrystalline struc
tures the information is not so complete. This "condition" is not discussed 
further here other than to say that for a given material and program a total 
and complete definition is necessary. 

Number of Specimens The number of specimens that must be tested is 
quite important. Experience with graphites and aluminas 7 has indicated some 
consistencies; for example, 5 to 10 specimens may provide good mean strengths 
and perhaps 10 to 20 may provide meaningful standard deviations. In the same 
example, 40 or more specimens were necessary for Weibull's material con
stant such as m and au. 

Three points are often used to obtain mean strengths for screening purposes, 
with five points for engineering design and more, as indicated above, for statis
tical analysis. The tester must be cautious in agreeing to or recommending 
the number of specimens to provide meaningful conclusions. 
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FIGURE 15. Effect of stress rate and gage volume on ultimate tensile strength of alumina 
(Source: Sedlacek, "Tensile Strength of Brittle Materials," AFML-TR-65-129). 

Variability Variability is that feature of a material that has to do with its 
inherent response and contributes to data scatter. The scatter of the test 
machine is not inferred here. This variability affects the number of specimens 
that must be tested, particularly for a meaningful statistical analysts. Thls 
condition is interwoven in the studies of all properties and conditions. 

Anisotropy Anisotropy refers to the different mechanical behaviors of a 
material on different axes. This effect on brittle materials such as metal 
oxides made by cold-pressing has been reported to vary from zero to over 20%, 
and for other refractory materials it may be as high as a factor of 3o.23,24 

Geometry Geometry relates to the configuration of the specimen that must 
be used in a given testing apparatus, particularly if it may introduce variables 
unique to geometry or anisotropy. For example, ln a controlled experlment20 
on ATJ graphite, with grain, a round cross section gave 22-1/2% higher ulti
mate strength than a square one and one-half the standard deviation (4% for the 
coefficient of variation for the round one). The surface finish was 30 to 50 rms. 

Time at/to Temperature Most brittle materials have residual stresses 
and/or undergo structural changes at temperature. As a result, the time at/to 
temperature must be defined in obtaining the property. 

Residual Stress Since it is quite difficult to anneal brittle materials and/ 
or define the residual stress that remains upon cooling, property studies must 
consider thls effect in terms of specimen size, heating condition, and surface 
treatment. 

Amenability to Analysis "Amenability to Analysis" relates to the confi
dence in relating the numbers obtained to the actual stress, or property, cal
culated and of interest. For example, the Brazil test permits easy alignment, 
but the determination or definition of the stress field ls quite uncertain.I Or 
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as another example, in most shear tests, it ls relatively simple to measure 
the total strain but quite difficult to determine the volume influenced and hence 
the unit strain.17 For the uniaxial rod and the pressurized ring, this condition 
ls no problem when the test ls performed properly. 

Thus it has been demonstrated that controlled and observed conditions do 
influence values obtained for tensile properties. The argument remains whether 
or not even those properties and conditions obtained on unlaxial rods and pres
surized rings relate to the constitution of the material. This answer can only 
be inferred from the consistency in results and in theory testing. Certainly 
the evidence is mounting that "properties" are obtained. For examples: Weibull 
predicts a volume effect and there ls one 7; Neuber stresses and Weibull 
strengths show reasonable agreement20; relations between elastic modulus, 
Poisson's ratio, and shear modulus are ln quantitative ¥reement even for 
anisotropic materlals17; the predicted triaxial strains2 are obtained experi
mentally and recorded ln plastic deformations17; calculations of the shift of 
the force centroid from the area centroid for beams permit an explanation of 
beam (fiexural) responses from tensile and compressive data; and the existence 
of a "damage" or threshhold stress at perhaps 5o% of ultimate ls appearing ln 
tensile, fatigue, and fiexure separately. Thus, we proceed with some confidence. 

Now consider, but in less detail, the influence of conditions on other behav
iors and/or properties of interest. 

Influence of Conditions for Flexure 

The maJor conditions that influence values obtained in fiexure involve quality 
of influence, fractology, temperature, volume, surface finish, variability, an
isotropy, geometry, and amenability to analysis. Most of these effects are 
obvious; however, a few deserve specific mention. Quality of influence ls re
lated to the large stress gradient and the uncertainty in such things as fiaw 
orientation, blunting of the peak stress at the surface, biaxial strain effect, 
and departure from plane strains. The volume of the material under stress ls 
lll defined. The maximum stress occurs at the surface, emphasizing the sur
face finish and probably precluding rlgld volume studies, and an analysis of 
the results demands some questionable assumptions such as elastic behavior, 
anisotropic accommodations of the elastic constants, shear deflections, and 
the equivalence of compressive and tensile moduli. This latter assumption ls 
quite dangerous at higher temperatures. There are other pitfalls. In the fiex
ural specimen, only the surface ls subjected to the peak stress, and the gradient 
falls rapidly. In a specimen with a height of 1/2 in., only the sµrface of 25 mils 
ls subjected to stresses within 10% of the peak value. Thus, for example, 
studies of grain-size effect would have to recognize that a grain 1/32 in. ln 
diameter transgressed the entire area of "peak stress." Finally, strength 
values obtained are a function of the specimen size and geometry in a fashion 
still rather m defined. 

Influence of Conditions for Compression 

The maJor condltlons related to compression involve fractology, variablllty, 
geometry, anisotropy, and amenabillty to analysts.15,17 Most failures include 
an axial plane and a shear plane; the originator of fracture ls difficult to deter
mine. Anisotropy of the material demands accommodation of elastic constants. 
Amenability of analysts ls subject to doubt from column buckling, squashing of 
the material thus changing the area, and determination of the actual failure 
mechanism, whether total strain, lateral tensile strength reduction, or shear 
failure. 
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Influence of Conditions for Shear 

The maJor conditions related to shear involve quality of influence,_fractology, 
stress rate, variability, anisotropy, and amenability to analysls.h It ls prac
tically impossible to define the gage volume (in other than torsion) and thus 
determine the modulus. Anisotropy again demands triaxial treatment of the 
elastic constants. Shear failures are practically impossible to obtain; fractol
ogy almost always indicates superimposed tension. 

Influence of Conditions for Dynamic Modulus 

The conditions related to dynamic modulus include quality of influence, stress 
rate, variability, anisotropy, and amenabllity to analysis. Quality of influence 
can be obtained with considerable experimental care. Stress rate and peak 
stress are invariably high and low, respectively, limiting the results to the 
material response at these levels; anisotropy demands triaxial treatment of 
elastic constants, and amenablllty to analysis requires equivalent tensile and 
compressive modulus.26,27 

Influence of Conditions for Combined Stresses 

The development of combined stress theories for the fracture of isotropic 
brittle materials has been studied by a number of investigators, and reasonable 
progress has been made theoretically. Experimental studies are badly needed. 
For anisotropic materials almost no work is available. Some information ls 
avallable.28 

Influence of Conditions for Thermal Conductivity 

The conditions related to thermal conductivity include quality of influence, 
structure, temperature, variability, anisotropy, time at/to temperature, and 
amenability to analysis. Many accepted test methods demand a relatively large 
temperature gradient in the gage section so that the property varies, though 
assumed constant; that is, the average of a variable is detected. For a given 
chemistry, the property varies with structure. There are phase changes at 
different temperatures, giving discontinuities. Anisotropy defies thermal defini
tion in some orientations. Amenability to analysis ls confounded by uncertain
ties related to heat-flow patterns, anisotropy, and subtle structural changes. 
The problems related to refractory materials are well discussed in the Utera
ture.17,29,30,31 

Influence of Conditions for Thermal Expansion 

The conditions related to thermal expansion include structure, variability, 
anisotropy, and amenability to analysis. Inflections in expansion often occur 
from structural changes related to both additional sintering and phase 
changes.4,29,30 Anisotropy leads to physical restraint (or assist) of free ther
mal expansion. Since the unit expansion usually is measured and the coefficient 
is required in, say, thermal-stress analysis, the analytical procedure in going 
from unit expansion to the coefficient is critical and adds to the uncertainty in 
the value. 

Influence of Conditions for Heat Capacity 

The maJor conditions related to heat capacity include quality of influence, struc
ture, temperature, variability, and amenability to analysis. Quality of influence 
is important in that phase changes and other endothermic and exothermic events 
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related with many materials are uncertain and result in a measure that truly 
is not heat capacity. As more information is gained on the refractory materials 
this problem will diminish. A final condition involves amenability to analysis 
in that the heat capacity usually is obtained by the slope of the enthalpy - tem
perature plot, thus introducing uncertainties in instantaneous values, particu
larly where inflections occur. These aspects are well reported in the litera
ture.29,30,32 

Influence of Conditions for Thermal Diffusivity 

This quantity can either be measured directly or calculated from the specific 
heat, thermal conductivity, and density; the direct measurement requires great 
care. For the calculated value, other conditions seem secondary to the problems 
involved in the determination of instantaneous heat capacity and the analysis. For 
literature, see the references used in the following discussion of test methods. 

Influence of Conditions for Emittance 

The conditions of concern include quality of influence, structure, temperature, 
surface finish, variability, anisotropy, time at/to temperature, and amenability 
to analysis.30,33,34 The major problems involve measurement of surface tem
perature and spectral variations introducing major problems at over 2,000°F 
and on a surface that will not accept a welded thermocouple. At lower tempera
tures the problems become those of degree. 

TEST METHODS, THEm DESCRIPTION, CAPABILITY, AND LIMITATIONS 

Once the material processor, designer, or one interested in the response of 
materials selects a property and the conditions of interest, the next step is to 
select a suitable test method that is capable of isolating the behavior and prop
erty. This section describes these methods, their capabilities, and their limita
tions for the different properties shown in Table 4. 

Since the ultimate tensile strength (with a homogeneous stress field) is a 
property of major interest, a detailed discussion of this property and the ability 
to isolate the conditions with different test methods will provide a better appre
ciation of the considerations for the other properties or test methods where 
more general discussions are employed. 

Homogeneous Tension 

There are several types of "tensile" tests, including a rod or bar with uniform 
tension, an internally pressurized ring, and several other configurations such 
as the disk (Brazil test) or thick-walled ring in which a specimen is loaded on 
a diameter and a theoretical tensile stress exists on one plane. The flexural 
test is included elsewhere as a behavior rather than one that provides a rea
sonably uniform stress field and thus a tensile property. 

There are several vital factors involved in selecting the tensile test for use. 
The tensile test is much more useful lf it is amenable to axial stress - strain, 
lateral strain, temperature scans, and studies of the other parameters men
tioned in addition to the ultimate tensile strength. These elastic constants, 
temperature effects, and other considerations are vital to design and also to 
process control for material development for all applications where the prop
erty must be optimized. Certainly these measurements should be accommo
dated where the total test is not seriously hindered by the accommodation. 

There is another aspect that requires some philosophic understanding. This 
aspect concerns the degree to which one tries to control all variables in a test, 
such as parasitic or bending stresses. There are at least three levels of per-
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formance advocated. One level involves "rough process control," whatever 
that is-perhaps engineering screening programs ln which the "relative 
strengths" of material or the strength profile across a billet ls desired. The 
inference is that comparisons can be obtained even with 'bad" data. The second 
level involves obtaining "good" data with a minimum scatter attributable to the 
testing technique. The inference is that one knows the degree of uncertainty 
within reasonable limits. The third level involves precision testing in which 
uncertainties of such things as parasitic stresses are limited to 1 or 2%, and 
the data actually are correlatable with volume, surface finish, strain rate, and 
other conditions. 

The third test probably is the only one acceptable for significant studies. 
Investigators have used precision guides, chains, adjustable platens, and other 
devices and find that parasitic stresses can be controlled one time and the next 
time they cannot.12 Hence, every separate test becomes an experience in 
making fine adjustments. 

Within thls general framework there are a few tensile test methods for 
brittle material that have demonstrated an ability to detect properties and 
conditions. 

Gas-Bearing One method of tensile testing that can adequately detect the 
properties and conditions and that provides a defined stress field is the gas
bearing system. Its capabllitles are discussed in the literature9,10,13,17,20 
and are described briefly as follows: 

A typical tensile facility is shown schematically in Figure 16. The primary 
components are the gas-bearings, the load frame; the mechanical drive system, 
the furnace, the optical-strain analyzers, and associated instrumentation for 
measurement of load and strain. 

The gas-bearings are positioned at each end of the load train on the cross
heads. Each gas-bearing has a diameter of about 9 inches, which is sufficient 
to provide the design-load capacity of 15,000 pounds. The purpose of the gas
bearings is to eliminate parasitic stresses in the specimen by accommodating 
the misalignments that usually occur at the crosshead attachment and inevit
ably occur as the crosshead moves, and by permitting detection and elimination 
of ''kinks" in the load train by virtue of the ability to rotate the load train be
fore each run and check its "run out" with dial indicators. 

The load train must be designed and fabricated to insure alignment of the 
specimen and extension rods between the crossheads. All members are ma
chined true and concentric to 0.0005 in. and the entire load train is checked 
to insure over-all alignment within about 0.001 in. following assembly of the 
individual members. The load-train assembly is statically balanced and all 
leads are routed through the center of the top extension rod and fixed at the 
pivot point of the spherical gas-bearing. 

A schematic of the precision tensile grip (part of the load train) also is 
shown in Figure 16. The design ts much like the jaws of a lathe head or the 
chuck of a drill motor made with precision. Observe from the figure the long 
surface contact of the mating parts and the close fits to establish precise 
alignment with the specimen. As the load ls applied the wedges maintain align
ment to fracture. 

Some acceptable configurations of the tensile specimen are shown in Table 
5. This specimen provides a straight shank for measuring strength, axial strain 
(modulus), and lateral strain (Poisson's ratio). The flags for the measurement 
of axial strain are positioned 1 in. apart so that unit strain is recorded directly. 
The flag attachment for measurement of lateral strain is positioned between 
the flags for axial strain (see Figure 17). 

Strain measurement consists of measuring optically the elongation between 
two flags, or targets, which are mounted on the specimen and separated initially 
by a predetermined gage length. The travel of the targets is measured by 
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Mating Surface Flat and 
Perpendicular to 0.0005" 

3-piece Split Ring 
Compression Nut 

l"!:M~-True, Concentric, and 
Parallel to 0.0005" 

Upper Spherical-n.,.........::inn_c:.,..,,_;JJ-
Gas-Bearing 

Lower Spherical 
Gas-Bearing 

Power Crosshead 

Mechanical Screw-Load 
Application 

FIGURE 16. Schematic arrangement of gas-bearing 
universals, specimen, load train, and grips (Source: 
Pears and Starrett, "An Experimental Study of the 
Weibull Volume Theory," AFML-TR-66-228). 

sensing the displacement of the image of the edge of the targets and then elec
tromechanically following the image displacement. The relative travel of the 
two targets provides the strain. Readout ls continuous and automatic on a milli
volt recorder. 

The precision of the strain measurement is to 0.000020 in., and the parasitic 
stress introduced in a tensile specimen is about 0.1 %. 

Now consider the capabilities and limitations of the gas-bearing system in 
terms of the conditions of the test. 

Suitability for quality of influence. The uniaxially loaded rod is excellent in 
terms of "quality of influence" because a homogeneous stress field can be ap
plied to a circular specimen and the stress level can be deflned at any point 
in the cross section within about 0.1% uncertainty (with the gas-bearing). 

Suitability for reproducibility. The uniaxial rod has demonstrated the ability 
to detect variations in reproducibility. 

Suitability for fractology. The uniaxially loaded rod is excellent on fractol
ogy because it provides a well-defined tensile fracture face. 

Suitability for volume. The uniaxially loaded rod is good in volume studies 
because it is amenable to different-sized specimens and it has demonstrated 
the ability to isolate the volume effect. 

Suitability for surface finish. The untaxially loaded rod has a well-defined 
surface and has demonstrated a good ability to isolate surface finish. 

Suitability for notch. The uniaxially loaded rod ts a specimen that receives 
grooves nicely and is amenable to notch studies. 

Suitability for stress rate. The uniaxially loaded rod is adequate as a tool 
to study stress-rate effects, but there is a limit to the stress rates obtainable 
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Table 5. Typical Specimens for Collect Grip and Configuration of Gage Section for Split Sleeve Grip (adapted 
from Reference 7) 

0.25 
H 

Note: Can be 
replaced by split 
ring grips. 

Gage 
Specimen A, Length B, Length C, Length D, Diameter E, Diameter F, Diameter G, Diameter H, Length Volume, 
Type :I: 0.002 :I: 0.002 :I: 0.002 :I: 0.002 :I: 0.002 :I: 0.002 :I: 0.002 :I: 0.002 tn.3 

1 0.500 0.910 3.070 0.250 0.271 0.500 0.453 0.516 0.0240 
2 1.000 1.410 3.070 0.250 0.271 0.500 0.453 0.516 0.0491 
3 0.894 1.252 2.952 0.187 0.203 0.500 0.453 0.516 0.0246 
4 2.000 2.296 3.052 0.125 0.136 0.375 0.347 0.438 0.0246 
5 1.000 1.296 3.052 0.125 0.136 0.375 0.347 0.438 0.0120 
6 1.400 1.722 3.104 0.150 0.163 0.375 0.347 0.438 0.0247 
7 1.334 1.588 2.992 0.094 0.102 0.375 0.347 0.438 0.00926 
8 1.000 1.410 3.070 0.250 0.271 0.500 0.453 0.516 o.0491 
9 0.188 0.440 2.992 0.094 0.102 0.375 0.347 0.438 0.00130 

10 3.000 5.000 0.750 0.815 1.000 1.3300 
11 2.5000 5.000 0.562 0.610 1.000 0.6180 

Notes: 1. All diameters are true and concentric to 0.0005 in. 
2. Both ends are fiat and ..1. CL to O. 0005 in. 
3. Do not undercut radii. 
4. All dimensions are in inches. 

Axial Strain 
Attachments 

Tensile Specimen 

Optical Targets 
:3--Axial <Rotated 90°) 

Lateral 

Lateral Strain 
Attachment 

FIGURE 17. Location of the fiag attachments on the tensile specimens 
(Source: Pears and Digesu, ''Gas-Bearing Facilities for Determining Axial 
Stress-Strain and Lateral Strain of Brittle Materials to 5500°F," Proceed
ings of Annual Meeting of ASTM, 1964; Digesu and Pears, ''The Determina
tion of Design Criteria for Grade CFZ Graphite," AFML-TR-65-142). 
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in this system while still maintaining uniaxiality. The limit is unknown but the 
maximum stress rate demonstrated to date is about 10,000 psi per second. 

Suitability for environment. The uniaxial rod as used in the gas-bearing is 
only fair for environment because of practical limitations. That is, performance 
in a vacuum has not been integrated in the system yet. 

Suitability for number of specimens and variability. The uni axially loaded 
rod is good in studies of variability because it permits a study of this variable 
with minimum parasitic stresses. 

Suitability for anisotropy. The uniaxially loaded rod is good in studies of 
anisotropy and limited only by the ability to remove a specimen from a billet 
to the desired orientation. 

Suitability for geometry. The uniaxially loaded rod is good for geometry 
because it will accommodate almost any length and cross-sectional configura
tion in the gage section. 

Suitability for temperature and time to/at temperature. The uniaxially 
loaded rod is limited in temperature only by the furnace technology for the 
environment involved and is limited in time to/at temperature only by the 
ability to transfer heat to the specimen in an acceptable way. 

Suitability for residual stress. The uniaxial rod ts sufficiently precise to 
permit isolation of residual-stress effects if meaningful specimens could be 
made. 

Suitability for amenability to analysis. The uniaxially loaded rod is easy to 
analyze because the stress in the gage section is uniform and known with 
certainty. 

Pressurized Ring Another method of testing that ha8 been demonstrated 
for some parameters ls the pressurized ring. The reader again is invited to 
review open literature and find a description of the bladder type.11 A brief 
description follows. 

This method has been developed over recent years for the purpose of avoid
ing, in tensile testing of brittle materials, the generation of parasitic stresses 
caused by misalignment, gripping, and various other stress-concentration 
factors. 

The method employs basically a modified hoop stress and takes advantage 
of the intrinsic properties of hydrostatic pressure, i.e., the fact that this force 
is always normal to the confining surface and absolutely uniform at every 
point of contact. The test specimen is a short thin-walled cylinder against 
whose inner wall hydrostatic pressure ts applied through a rubber bulb. This 
pressure, pushing radially, creates in the wall of the specimen a tangential 
tensile stress whose magnitude can be computed exactly from the value of hy
drostatic pressure applied and the geometry of the specimen. 

The experimental arrangement ts very simple and can be seen in Figure 18, 
which shows the specimen holder. The apparatus consists of two steel plates 
provided with cavities of exactly the same diameter as the lnslde diameter of 
the specimen. In the assembled unit the cavities face each other, being aligned 
by three sturdy dowel pins. The bottom cavity, which is conical in shape, opens 
to the outside and contains a matching conical steel plug provided with a canal 
connected to the pressure line. When the rubber bulb is slipped over the plug, 
the latter is pushed down in the bottom cavity and a leak-tight seal is made. 
Next, the specimen is slipped over the rubber bulb and made to rest on the face 
of the bottom plate. Then, three spacers are placed symmetrically around the 
specimen and the upper plate is lowered into position. The spacing of the two 
plates is very important. H done properly, the specimen is free-floating and 
absolutely free of any compressive constraint. The gap between the specimen 
and the adjacent steel plates must, however, be kept small enough to prevent 
the rubber from extruding into the gap. In practice, this is easily achieved by 
using spacer blocks 0.001 or 0.002 in. higher than the specimen. Since the 
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FIGURE 18. Tensile test specimen bolder: (a) exploded view, (b) assembled unit (Source: 
Sedlacek, "Tensile Strength of Brittle Materials," AFML-TR-65-129). 

hydrostatic pressure would push the confining plates apart, the entire assembly 
is clamped together in a steel frame rigid enough to withstand the applied 
force and to maintain the proper width of gap between the specimen and the two 
steel plates. The rubber bulb is then inflated by the working fluid causing it to 
push against the inner wall of the specimen. Hydrostatic pressure is constantly 
monitored up to the point of failure. The ultimate tensile strength is computed 
from the value of hydrostatic pressure at the moment of failure, and the geom
etry of the specimen from the formula 

Pri
2 

( r 0
2

) 
er t(max) = 2 2 1 + 2 ' 

ro -ri ri 

where P = hydrostatic pressure in psi, ri = internal radius in inches, and r 0 = 
external radius in inches. 

By placing strain gages on the outside wall of the specimen, simultaneous 
measurements of strength, Young's modulus, and Poisson's ratio can be made. 

Another type of internally pressurized ring (floated ring) has been developed 
as shown in Figure 19. In this apparatus, the specimen ring is floated between 
two conical end pieces that permit a controlled gas leakage from the gap between 
the ring and end pieces. Thus there is no end restraint on the specimen. The 
advantage of this floated ring is that it permits the possibility of operation at 
high temperatures since an internal bladder is not required. A disadvantage is 
that the specimen material must be nonpermeable and that the gas preheater 
will require large power inputs and relatively complicated operation. 

Now consider the capabilities and limitations of the bladder-type of pres
surized ring in terms of the conditions of the test. 

Suitability for quality of influence. The pressurized ring is good from the 
standpoint of quality of influence, but less than excellent because a small stress 
gradient does exist and because a round specimen cannot be used and the influ
ence of a rectangular one on the stress distortions in the corners is uncertain. 
Concerning the small stress gradient, it is known and subject to easy analysis. 

Suitability for reproducibility. The pressurized ring is excellent as a moni
tor of reproducibility and has demonstrated good sensitivity to this variable. 
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0.040" 
to 0.080" 

LONG SLEEVES 
Tapered 'Encl Plug 
· Clarance Gap 

Test Sleeve 

-11-1111-Hlgh Presswe 
Gas 

Note: Requires 40 scfm at 
160 pslg far 4,000 psi 
ultimate on ATJ 
Graphite with 40 mil 
wall 

---High Presswe 
Gas 

SHORT SLEEVES 

FIGURE 19. Schematic: gas-floated sleeves tensile test rig (Source: Starrett and Pears, 
"A Study of Notches In Brittle Materials by Relating Stress Intensification and Volume," 
AFML-TR-67-254). 

Suitability for fractology. The multiple fractures obtained wlth the pres
surized ring make lt uncertain whlch fracture face occurred flrst on many of 
the specimens. Hence, fractology studies may suffer. 

Suitabllity for volume. Over the range of volumes studied no volume effect 
has been observed wlth the pressurized ring. 

Suitability for surface finish. The pressurized ring probably has a good 
ability to isolate surface finish but has not demonstrated thls capability yet. 

Suitability for notch. The usefulness of the ring for notches has not been 
investigated. The stress gradient would make the analysis of the stress intensi
fication in the notch quite difficult. 

Suitability for stress rate. The pressurized ring ls quite amenable to the 
immediate application of all but very hlgh (explosive) stress rates. 

Suitability for environment. The pressurized ring is only fair for environ
ment because lt has some practical limitations such as, say, performance at 
hlgh vacuum or in some corrosive environments. 

Suitability for number of specimens and variability. The pressurized ring 
is good in variability studies in that lt permits a minimum of confounding by con
tributions of the test apparatus itself. 

Suitability for anisotropy. The ring ls limited in studies of anisotropy since 
the weaker plane in the ring (for one orientation) wlll initiate fracture, and lt 
often is impossible to get a typical ring wlth a single orientation entirely 
around the circumference. 

Suitability for geometry. The ring has limitations for, say, a round cross 
section. 

Suitability for temperature and time to/at temperature. The pressurized 
ring ls temperature-limited to about 600° Fusing the bladder and fiuld and ls 
only fair for time to/at temperature because lt wlll not handle extremely rapid 
heating rates; however, lt would be good for normal heating rates to 600°F. 

Suitability for residual stress. The ring ls sufficiently precise to permit 
isolation of residual-stress effects if meaningful specimens could be made. 

Suitability for amenability to analysis. The pressurized ring ls easy to 
analyze because the stress in the gage ls known wlth certainty except for the 
small gradient that exists from inside to outside. 
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Monitoring System It seems reasonable that another method of testing 
could be developed, lf necessary, by one who did not want to copy the gas-bear
ings or one of the pressurized rings. This method would involve a rod speci
men and sufficient monitoring (and perhaps adjustment) on each run to insure 
that the bending stress was no more than about 2%. 

The solutlon to the problem of providing a uniform tenslle fleld on a rod 
specimen without using a gas-bearing involves six different areas: (a) the speci
men conflguratlon, (b) the grips, (c) the flexible load train, (d) the attachment 
to the crosshead, (e) the crosshead, and (f) monitoring of parasltlc stress. The 
requirements in each area are lnfluenced by what ls occurring in the other 
areas, so a brief discussion of the over-all ldea seems mandatory. Consider 
the schematlc of a tenslle system as shown in Figure 20. 

The only two real requirements are that the specimen have an identifiable 
geometry and that the centerline of force be coincident with the centerllne of 
the specimen. In order to accomplish this latter condltlon though, there must 
be precision alignment (to within 1/2 mll for most typical specimen lengths 
and diameters of, e.g., 3/8-ln. diameter by 4 ln. long) at the grlps, ln the ex
tension rods from the grlps to the machine crossheads, at the attachment to 
the crossheads, and in the travel of the crossbeads lf thelr attachment to the 
extension rods ls rlgld. Another way of th1nklng of the problem ls that the 
specimen and extension rods must not have any "kinks" and that the actlon of 
the crossheads must pull on the centerline of the assembly-not at some angle 
nor with a lateral force component such as ls necessary to pull a heavy cross
head laterally into posltlon. 

Within this general framework the different areas can probably be discussed 
ln the same order ln whlch one should attempt to resolve the problems. 

tcrosshead Motion 

Upper Crosshead 

'--cE==:E:=t;:;::::~- Bending Relief Mechanism 
11t-11---- Upper Flexible Load Linkage 

---- Load Cell 

11'"',__ __ Bending Stress Detector 

---Upper Grip 

:1+-- Lower Flexible Load Linkage 

_....!:;:==3~3~::::;- Bending Relief Mechanism 

Lower Crosshead 

f Crosshead Motion 

FIGURE 20. Schematic of a proposed tensile facility with 
monitored bending. 
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The specimens should be round in cross section and have a uniform diameter 
over the gage length of, e.g., 1 to 2 in. The reasons for selecting a round speci
men are obvious. Machining is simple and the comer effects are by-passed. The 
uniform gage length has the obvious advantage of providing a defined volume and 
the ability to provide a desired surface finish over an appreciable area. Also, 
the specimen is amenable to the measurement of the elastic constants and other 
parameters. In addition, a geometry of the total system is provided over which 
one can monitor the specimen motion laterally during the test and thus detect 
bending stresses. At least 95% gage breaks can be anticipated for a homogene
ously loaded rod even though one must use fillets in specimen design. 

The attachment between the specimen and the extension rods is called the 
grips in this discussion and can involve a threaded end, a button, a tapered 
shoulder, a split sleeve with concentric grooves, or a collet. Any one probably 
can be made with sufficient precision. However, the collet-type grip probably 
is the only one that repeatably and reliably holds the alignment necessary. 
Other techniques will on quite a few occasions result in parasitic stress that 
must be detected by the monitoring process and will require reassembly or run 
rejection. 

The load train includes the grips, the flexible extension rods (chains) from 
the grips, a load cell of some type for measuring load, a connection necessary 
to permit the installation of the specimen, and a way to monitor kinks. Chains 
are flexible and have been used with satisfaction35; but remember that a chain 
must transmit its force to the specimen on the centerline and this is not easy 
at all in terms of 1/2 mil. Also, the bending monitor must be on the specimen 
side of the chain. 

Several methods can be used to monitor the parasitic strains in a specimen. 
Strain gages on the specimen are often adequate. Some laboratories use this 
technique and use the peak circumferential stress as the ultimate. The problem 
here is that the entire gage volume is not subjected to a uniform stress; infor
mation on volume effects, surface-finish effects, notch effects, and such vari
ables is lost. The only way to retain the additional information on the variables 
is by holding the parasitic stress to, say, 1 or 2%. (This discussion concerns 
induced parasitic strains; there are inherent strain variations where the mod
ulus varies across a specimen.35) 

Strain gages can be mounted on a link in the load train so that they do not 
have to be mounted on each specimen. This procedure is cheaper and has both 
the advantages and disadvantages of mounting the gages on the specimen. It 
does require a careful correlation to specimen bending stress. 

Another way of monitoring the parasitic stresses is to relate them to the 
"swing out" that occurs when rotating the load train or to the straightening 
(dekinking) that occurs during loading. For the gas-bearings, this tolerable 
swing out for less than 1 % parasitic stress ls about 1 mil for a specimen about 
1/4 in. in diameter. This, of course, is a function of the particular arrange
ment but is a reasonable guide for other systems. 

Considering the problem of measuring strains, one must ''hold the specimen 
still" to within 1 mil and not let it move laterally in optical systems. If it 
moves, all known optical-strain systems give readout error of perhaps 10% of 
the lateral motton.13 Other strain-measuring systems are available,1,24 but 
it is doubtful their sensitivity is sufficient for most ceramics except, of course, 
for strain gages at near room temperature. 

Flexure 

The first decision involving the selection of a flexural test involves the use of 
three- or four-point loading. For extremely small specimens, three-point 
loading is almost mandatory from geometric considerations. If a specimen of 
sufficient size is available, four-point loading with three-axis rotation of 
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three of the load points as shown in Figure 21 is preferable.37 The four-point 
system permits an inspection of more of the material and a better definition of 
the surface area and volume under inspection. That is, the moment is uniform 
between the shorter load span rather than just a line transversely across the 
specimen. The use of load points with three-axes freedom (properly imple
mented) eliminates the effect of friction at the bearing points and superimposed 
torsion in the specimen. The first gives an erroneously high (typically 10%) 
indication of strength and the second, an erroneously low indication (typically 
5 to 15%). Alignment of the load applicators is important. Transverse displace
ment on the specimen by 1 mil gives typically a 3% parasitic stress. These 
typical values are for specimens nominally 1/2 in. x 1/2 in. x 5 in. 

Now consider the capabilities and limitations in terms of the conditions of 
the test: a homogeneous stress field is not applied; fractology studies are of 
little consequence; ·volU:me definition cannot be made as yet; surface-finish 
effects are amplified; and notch studies involve a large stress gradient. There 
are some capabilities: stress rate can be controlled; anisotropy can be handled; 
geometry cannot be varied in a satisfying fashion; and the test is cheap. 

Compression 

The compressive test appears deceptively simple but requires as much care 
as others. The major test requirements are that a dumbbell-type specimen be 
selected, the force application be on the precise axial centerline of the speci
men, and extremely "free" universals preferably be inserted in the load ram 
to permit the ram to rotate about a center falling at the end of the specimen.17 
Obviously, buckling must be prevented. These points are usually begged so that 
parasitic or column stresses of 10 to 50% are introduced. For example, cheap 
small imprecision universal joints are used that do not have much freedom 
after the load is applied. Further, such a universal cannot truly accommodate 
misalignments in a fashion to keep the forces applied on the specimen axis. 

Shear 

There is no good shear test for brittle materials.17 The torsion test provides 
a measure of shear modulus but is poor for ultimate because most materials 

Dimensions: Size A Size B Size C 

Specimen Height, d 1/2 1 2 
Specimen Length, I 4 8 lb 
Support Span, L 3 b 12 
Load Span, 1/3 1 2 4 

p 

i 

t 
p 

FIGURE 21. Beam with four-point loading (ASTM Test C-75-64). 
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fracture in a tensile mode at less than the shear strength. This has led investi
gators to conclude that shear strength is less than tensile and related by factors 
such as 0.58 in a way traceable to theoretical expectations. About the only 
meaningful shear specimen found to date seems to be a notched tensile one in 
which ''V" notches are machined on the centerline of a specimen pulled in ten
sion so that the load is resisted by shear between the points of the ''V", 17 
Invariably, these specimens provide higher shear strengths than ones with 
small round holes where failure starts at the edge of the circular hole, undoubt
edly from superimposed tension. Unfortunately, this test for shear ultimate is 
poor for shear modulus because the gage volume is difficult to analyze even 
when the shear zone between the notches is recessed. 

Dynamic Modulus 

There are at least two general types of tests referred to as dynamic modulus. 
One involves the use of longitudinal-wave velocity and the other the excitation 
of a laterally vibrating reed or beam. The first is discussed in detail in the 
literaturel 7 ,26; a precision of elastic modulus of a few percentage points is 
claimed for several brittle materials. The latter technique also is discussed 
in detail in literature, with claims of good precision. 7 ,15 These test techniques 
produce numbers that, without extremely careful analyses, are dependent on 
specimen geometry and size and too often depart from values obtained from a 
stress - strain curve obtained by direct loading and strain measurement. 

Combined Stresses 

No good tests for combined stresses have been demonstrated and proofed with 
relation to specimen work by an accepted theory. See the literature28 for some 
initial studies. 

Thermal Conductivity 

Some type of comparative rod, axial rod, or similar apparatus17,38 seems 
simplest and best for thermal conductivity to 2,000°F (within the range of 
thermocouples and precision guarding where radiation is not excessive). A hot
plate method has also been developed. 39 Uncertainties of 2 to 5% can be ex
pected. In the "rod" method a cylinder of the specimen material is stacked in 
series with either cylinders of known conductivity or in series with a rod (or 
rods) that has been calibrated as a heat meter. The axial temperature gradient 
is measured and the conductivity calculated. In addition to the rod techniques, 
different types of stacked disk techniques40 using radial heat flow either from 
a hot wire on the axis or to a cold sink on the axis (such as length of tubing 
with internal water flow) are used and are perfectly adequate to 2 ,000 ° F. 

Above 2,000°F, the uncertainty in this measurement increases rapidly29,30,31 
(to perhaps 10 to 15%) as guarding becomes difficult and thermocouples more 
uncertain. The stacked-disk methods29,30,40 seem preferable at the higher 
temperatures from the standpoint of better guarding. 

Thermal Expansion 

Up to 1,800° F, thermal expansion probably is best measured by dilatometers 
(quartz and others).17,29,!0,41Above1,800°F, direct optical viewing of the 
elongation of a gage length is preferred by some over dilatometers, although 
there are considerable difficulties in maintaining a sharp reference mark on 
the specimen and in eliminating refraction errors of the optical line of sight 
proceeding from the hot interior of the furnace to the colder one in the vicinity 
of the tracking telescopes. Uncertainties of 0.001 in./in. can be expected. 
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Heat Capacity 

Heat capacity can be determined by the drop-type calorimeter (cup or 
ice)17,29,30,42 with an uncertainty of 2 to 5% at temperatures up to 5,000°F. 
One main limitation is that the apparatus gives the enthalpy between a drop and 
a cup temperature and hence is not as sensitive as some others to endothermic 
or exothermic events that occur at discrete temperatures and may be of inter
est. Up to 2 ,000 ° F, good precision and sensitivity for these heat spikes have 
been obtained by transient methods in which the heating or cooling curve of a 
specimen is monitored43,44 so that either the heat input or heat output from 
the specimen is monitored. 

Thermal Diffusivity 

Thermal diffusivity usually is determined directly by exposing one face of a 
disk of material to a known heat-flux density, monitoring the temperature 
change at some location through the thickness of the disc, and analytically 
resolving the parameter (diffusivity) involving heat capacity, density, and ther
mal conductivity. The actual techniques vary so much that the reader must 
go to the literature.45,46,47,48 It appears that the use of a quite uniform heat 
field such as a laser, attached thermocouples, and a detailed analysis that con
siders all conditions is resulting in far better results than were apparent a 
few years ago. 

Emittance 

Emittance can be measured in many ways. The most direct is to compare the 
irradiance from a surface of the specimen to the irradiance from a blackbody 
cavity maintained at the same temperature. Spectral information is obtained 
by the use of a spectrophotometer to inspect the signals at different wave
lengths. Normal and hemispherical values can be obtained by geometry 
considerations. The major concern is in knowing the surface temperature of 
the specimen, which means that ingenious methods are necessary to attach 
thermocouples where direct spot welding is not possible and values above 
2 ,000 ° F are suspect. Emittance also is adequately measured by observing the 
temperature - time relation while heating or cooling in a known environment or 
in a calorimeter. Uncertainties of 0.01 to 0.05 can be expected where surface 
thermocouples can be used. At high temperatures the uncertainties are higher. 
This subject also demands an extensive review of the literature by one seeking 
understanding. 33,49 ,50,51 

Nondestructive Testing 

Nondestructive testing could be a major device in assisting both the processor 
and the designer if sufficiently sensitive techniques could be developed and the 
results correlated with properties and behaviors. There is interesting work 
proceeding in this correlation.26 All studies of materials' response should 
consider this tool and, as often as possible, use it, if only to generate data to 
permit an accumulation of information on its actual correlation. The various 
methods include x ray, sonic, laser, and an infinite list of others as discussed 
in more detail elsewhere in this report. There is considerable difference in 
opinion on the state of this art. 

CONCLUSION 

The quantitative influence of conditions on properties has been demonstrated 
in some detail and test methods and their amenability to the control of condi
tions have been discussed more thoroughly. 
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As a final thought, it should be emphasized that these test methods were 
selected as ones that could produce property values related to the constitution 
of the material if sufficient care were exercised. It is perfectly obvious that 
there are other tests that will be used by the processor, the designer, and 
others as screening devices or in detecting differences. These other tests 
include the concentric ring test, the Brazil test, the thick-walled cylinder, and 
many, many others. Their use is absolutely proper so long as it is understood 
that the value obtained may not be a property and may not be responsive to 
conditions. 

The best insight to the probable performance of a test method can be ob
tained by an inspection of the ability to control the conditions as exemplified 
for uniform tension. Use Table 4 as a guide in making this inspection. 

Interaction among Properties, Structural Design and Analysis, 
Environmental Behavior, and Quality Assurance 

INTRODUCTION 

An attempt is made in this section to describe the continuum mechanics point 
of view with respect to the structural utilization and testing of ceramic mate
rials. In a completely general vein, the fields of structural design and struc
tural analysis are reviewed to indicate to materials and testing engineers how 
requirements for material properties arise and how the various response 
models give rise to testing guidelines. At the same time, we expose the na
ivete of the structural engineer who attempts to control the behavior of mate
rials by understanding only their "macro" features. Our general remarks are 
followed by a number of subjective observations, which are directed specifi
cally to polycrystalline ceramics at both room and elevated temperatures. 

STRUCTURAL DESIGN 

The problem of structural design is the disposal of material in such a way that 
it will, within some level of reliability, equilibrate given systems of loading 
under appropriate environmental conditions without exceeding permissible 
amounts of deflection. Formulated in this way, the solution to the design problem 
ts not unique and merely represents a synthesis which satisfies the functional 
requirements within the confines of existing limitations. There are other addi
tional requirements, such as weight and cost, that can be taken into account. 

The conventional approach ts for the most part concerned with stress or 
deflection analysis of given structures. This means that in practice it can 
only be used in design by a process of trial and error in which the structural 
layout and sizes are first guessed or very roughly calculated and are then 
subjected to as complete analysis as theory will permit. The results of these 
calculations are compared to some performance yardstick, and on this basts 
the various parts of the structure are judged to be adequate or inadequate. The 
design ts then modified and the detailed analysis repeated as a check. In the 
case of a ceramic structure, the material might be approximated as linear, 
elastic, isotropic, and homogeneous, and a thorough analysis would result in 
a description of the stresses, strains, and deflections throughout the structure. 
The integrity is then established by applying fracture theories to determine 
the probability of fracture occurring under the imposed stress distribution. If 
this probability is sufficiently low, one can accept the design or modify it to 
lower its weight or cost. If the fracture probability is too high, the design ts 
unacceptable and modification ts required. The initial guess at the dimensions 
of a trial component ts a matter of art, and many of the dimensions will be set 
by functional requirements on the structure. 

In addition to establishing the geometry of a component, the design engineer 
is charged with the responsibility of selecting the best material from a finite 
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number of candidates. To fullill this responsibility, the designer must consider 
the many qualitative and quantitative aspects of successfully producing a com
ponent based on the state of the art for both the material and the associated 
design concepts, which account for the combined effects of thermal, mechanical, 
and chemical stability. 

The complex interactions of the many variables involved requires the de
signer to draw upon many disciplines for his tools. 

The design process for high-performance components typically includes: 

1. Analytical methods 3. Experimental techniques 
a. Loads a. Environmental behavior evaluation 
b. Thermal b. Analytical verification 
c. Stress c. Hardware verification 
d. Economic 
e. Chemical 
f. Electrical 

4. Quality assurance 
a. Raw-material control 
b. Process control 

2. Mechanics of materials c. Product control 
a. Properties d. Proof-testing 
b. Deformation behavior 
c. Fracture behavior 

Integration of the various procedures requires the exercise of" engineering 
judgement based upon experience and a certain amount of black magic. 

While the design process outlined above is equally applicable to ductile and 
brittle materials, the care required in each step of the process is much greater 
when brittle materials are used. Those topics pertinent to the design - proper
ties interface will be expanded in subsequent discussions. 

ANALYSES 

Quite generally, the purpose of analysis is to determine the response of a 
given component, that is, one whose material, geometry, and loading are speci
fied. It is the function of the engineer to conduct such analyses with efficiency, 
which usually means that he strives for minimum cost. Three approaches can 
be identified for evaluating a component. The first of these deals with the simu
lated testing of full-scale prototypes; the second, with the testing of small scale 
models; and the last with behavior theories that utilize small specimens to 
establish the associated theoretical parameters. 

At the outset, let us dispel any notion that the engineer operates under any 
scientific constraint that motivates him to describe behavior in terms of first 
principles; that causes him to seek out those intrinsic properties that form the 
common denominators of all structures; or that inclines him to the analytical 
rather than the empirical. Indeed, his constant allegiance is to practicability, 
and only when the scientific goals promise also to be the most pragmatic will 
he adopt this viewpoint. Several examples may help to clarify these observations. 

In the manufacture of wire, the processing produces different materials on 
the surface and in the interior of the wire. This makes the specification of wire 
strength in terms of unit stress quite meaningless, since no useful number can 
be found that will reflect the change in wire strength as we go to different wire 
diameters. The problem is economically circumvented by recording the frac
ture and/ or yield load for each wire product. On the other hand, complete 
homogeneity is achieved with respect to the elasticity of the constituent wire 
materials. Here, the modulus of elasticity provides a useful common denomi
nator for the determination of the stiffness of wire of any size. 

Another example may be found in the field of fiber-reinforced plastics, where 
two distinct approaches can be recognized for predicting the strength and stiff
ness of composites of various size. One of these attempts is to describe behav
ior in terms of the properties of the matrix material, the reinforcing material, 
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and the matrix - fiber interface. The other, called the phenomenological ap
proach, uses the behavior of a particular composite as the building block for 
composites of different geometry and loading. The latter approach ts presenUy 
the more accurate and less versatile of the two and is usually the more econom
ical. In reinforced concrete analysts, the first approach ts the less expensive. 
We note that the data required for the phenomenological approach ts entirely 
different from that needed to predict behavior from individual constituent 
properties. 

We observe that only one of the three analysis methods mentioned is sub
stantially uninfluenced by theoretical considerations-full-scale simulated 
testing. In the other cases the required data is specified by the prediction 
scheme contemplated by the designer. Furthermore, the type of tests used to 
obtain this data is highly dependent upon the analysis method adopted. Specif
ically, such methods provide necessary conditions for the design of the tests. 
To be sure, these conditions are not sufficient, and many other considerations 
may be introduced by the testing engineer, which form additional necessary 
conditions on the proper design and conduct of a testing program. 

The procedure for establishing a mathematical model for approximating 
the behavior of a material involves a sequence of steps of ever-increasing re
finement, which demand greater and greater ingenuity and skill. Beginning 
with either exploratory experiments or a preliminary hypothesis, the sequence 
alternates between hypothesis and experiment as it proceeds to a satisfactory 
description of the material response. 

The following discussion is presented to ouUine the general functions, limita
tions, and requirements of the various analytical methods that might be used 
in predicting the response of a structural component for any application or 
environment. Similar analytical procedures and techniques must be employed 
in evaluating material response and properties from a laboratory test sample. 
In this sense, the analytical treatment required for the simple laboratory 
sample is analogous to the detailed analysis applied to the structural component, 
and, based on the complexity of the problem, it is obvious that the designer, 
theorist, experimentalist, and material developer cannot work effectively alone. 

Loads 

The analysis of any component begins with the specification of mechanical and 
thermal loadings. The mechanical loadings may take the form of body forces 
and tractions. Body forces act throughout the body, such as gravitational forces; 
tractions act on the surfaces of the body and may be concentrated or distributed. 
Residual- and thermal-stress loadings generally are classified as self-equili
brating forces. Since stresses, and hence the integrity of a component, are 
directly related to loading, it is clear that these loads should be defined as 
functions of time in either an exact or a conservative manner. However, inef
ficiency results from the latter approach. 

Loadings induced by both environmental conditions and installation must be 
considered, and often statistical definition of such loads is necessary. 

Thermal 

The detailed knowledge of the thermal history of all points in a component may 
be a requirement of the design analysis for any one or all of the following 
purposes: 

1. To establish the magnitude of the self-equilibrating forces if a thermal 
gradient exists, i.e., evaluate thermal stresses. 

2. To account for the time-independent influence of temperature on the 
material constants used in analysis. 
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3. To account for property variations due to microstructural changes that 
might occur in a material under the combined influences of time and tempera
ture for the prescribed "use cycle" of the component. 

Heat-transfer analyses based on numerical computing techniques are avail
able for calculating thermal histories of complex shapes. The material prop
erties are required as functions of temperature and include thermal emittance, 
thermal conductivity, and specific heat and density. Density variation with 
temperature is generally of secondary importance and is usually neglected. 

While the uncertainties in predicting the externally applied heat flux from 
environmental conditions are great, once the applied heat flux has been defined 
the major inaccuracies in the predictions from the heat-condition analyses 
arise through the uncertainties in defining thermophysical properties. 

Chemical and Electrical 

From the standpoint of structural analysis, chemical or electrical effects are 
considered only in terms of their influence on mechanical or thermal proper
ties of the material at all points in the component. If changes in chemical or 
electrical reactivities are evident throughout the "use cycle" of the component, 
successive analyses must be performed using the appropriate mechanical 
properties for several intervals of time. 

Thermal, electrical, and chemical variations that affect one portion of the 
component more than another seriously complicate the problem of analyses, 
since this behavior must be accounted for analytically through the provisions 
for handling heterogeneity and/or anisotropy. For example, thermochemical 
reactions at one surface of a body acting for a period of time will change the 
material properties at and near the surface. The magnitude and location of 
these changes must be identified in terms of changes in mechanical properties 
for input into the stress analysis. It may be difficult or impossible to obtain 
the mechanical test samples needed from the proper location in the billet. In 
addition, the stress analysis employed must be capable of handling these com
plications. 

A variety of analytical techniques are used for studying the thermal - elec
trical - chemical behavior of materials. Investigations of these effects are 
usually conducted independent of the structural evaluations except in cases 
where the combined effects, including stress, are known to produce gross 
variations in behavior. Stress corrosion is one example of this type of behavior, 
and, due to the complexity of the phenomenon, empirical laboratory evaluations 
are used to study the problem. Often the laboratory experiment is not capable 
of producing an appropriate environmental condition and one must resort to 
subscale simulation testing. However, the uncertainty of scaling these results 
to the end-item hardware imposes the need for extensive verification testing of 
full-scale hardware. Simulation, verification, and qualification testing is em
ployed extensively throughout aerospace industry in the development of rocket 
engines, reentry vehicles, and other high-performance hardware that must 
withstand severe thermochemical - mechanical environments. 

Structural Analysis 

General Objectives To determine whether a given component will do its 
job, it is usually sufficient to examine the component's deformations and integ
rity. In both cases a stress analysis is required; in the latter, a theory of 
fracture must also be used. The general structure of these analysis methods 
is described in this subsection in order to illustrate how the various material 
constants and parameters arise in the prediction process. 

Stress - strain analysis. The normal approach to the problem of stress 
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analysis is to adopt the methodology of continuum mechanics. This carries 
with it the tacit assumption that one's material can be approximated as having 
a continuously distributed mass. As the mass of a continuum is continuously 
distributed, so any force or displacement stemming from the mass is also 
continuously distributed. Generally speaking, the continuum hypothesis accu
rately describes gross phenomena such as deflections and redundant forces. 
As we address ourselves more to pointwise behavior such as the displacements 
at grain boundaries or the stress at the tip of a crack, the reliab111ty of con
tinuum predictions is open to serious question. 

Some of the physical considerations that give rise to the equations that 
determine the states of stres19 and strain in a body are described in the follow
ing brief remarks: 

Equations of motion. The requirement that every part of a body in equilib
rium remain at rest leads to three partial differential equations involving 
six unlmown stresses or stress rates at every point in the body. The equations 
hold for any continuum, and, consequently, they do not require any information 
concerning the mechanical properties of the material. If the body is in motion, 
the equations will also contain terms for the density and time derivatives of 
the three unlmown displacements. Thus, for heterogeneous materials subjected 
to accelerations, the structural engineer will require a density profile for the 
component. 

Kinematics. Using purely geometric arguments, relationships can be estab
lished among the six strain components at every point in a continuum and the 
associated three displacements or among the corresponding strain rates and 
velocities. If we expect a continuum to remain continuous after loading, i.e., 
if all the infinitesimal elements are to fit together perfectly after they hav~ 
been strained, we must maintain certain relationships among the six strain 
components. Mathematically, we have six strains that can be expressed in 
terms of only three displacements, and, consequently, they cannot be taken 
arbitrarily. Specifically, for any continuum, six differential relations among 
the components of strain must be specified. Since these compatibility condi
tions hold for any continuum, they do not contain any information regarding the 
mechanical properties of the material. 

Constitutive relationships. So far, we have six stress components, six 
strain components, and three displacement components, which are unlmown. 
We have only three equilibrium equations and six compatibility or six strain -
displacement relationships. For most solid materials the required six additional 
equations are furnished by the constitutive equation; this is a tensor equation, 
which establishes a relation between statical and kinematical tensors, for in
stance the stress or the stress rate and the strain or rate of deformation. The 
coefficients in this tensor equation are properties of the material and will, as 
a rule, depend on temperature. However, since the temperature field is usually 
regarded as known beforehand, this temperature dependence does not introduce 
any new unknowns into our system of equations. 

The most familiar example of a constitutive equation is provided by the 
general linear elastic material, 

(1) 

where the indices take on the values 1, 2, and 3, and the repeated subscript 
indicates summation over the index that is repeated. Here, Okm is a component 
of the stress tensor, £ij is a component of the strain tensor, and Cijkm repre
sents 81 material constants that are independent of the deformation history. 
For an isotropic solid, only two of the 81 constants are independent, say, the 
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modulus of elasticity, E, and Poisson's ratio,µ.. In this case we have the follow
ing relationships based on linear infinitesimal strain theory: 

au 
<u =y-i <a22 +a33> (2) 

- 2(1 + µ.) 
<12 - E a12 • (3) 

In the temperature range where a material is linearly elastic and isotropic, E 
andµ. must in general be determined as functions of temperature. 

The elastic - perfectly plastic material furnishes an example of a constitu
tive equation that relates strain rates to stresses and stress rates. A basic 
assumption of plasticity theory ts that the total strain rate qij can always be 
decomposed into an elastic strain rate iij and a plastic strain rate Pij, where 
dots indicate differentiation with respect to time. The elastic strain rate may 
be obtained by differentiating equation 1; it then follows that 

iiiJ = cijkm°'km + i>ij . (4) 

Now, if the stresses akm remain sufficiently small, the behavior is elastic and 
no yielding or flow can occur Ci> = 0). The criterion for defining the elastic 
range ts given by a functional representation, f, called the yield condition, 
which generally depends upon the stress components and the previous stress 
history. When f is less than some preassigned number the material is elastic. 
For the particular case of a perfectly plastic material this yield condition, f, 
is by definition independent of the stress history and depends only upon the 
stress. Therefore, defining fin a suitably normalized fashion, we may write a 
condition for elastic behavior as 

f(aij) < 1 . (5) 

Further, it follows from the definition of perfect plasticity that f can never be 
greater than 1, i.e., no increase in resistance at a point can occur once yielding 
begins. 

For the remaining case, f = 1, we must generalize the role played in simple 
tension. When the applied stress remains at yield, flow takes place (f = 1). 
However, if we begin to unload we experience elastic behavior, i < 0. Now, we 
can write the constitutive equation for an elastic -perfectly plastic material: 

Elastic: f < 1 or f < 0 

i:tij = cijkm°'km ' (S) 

Plastic: f = 1 and f = 0 

. c . af 
~j = ijkmakm + ~ 3aij ' (7) 

where (af)/(aaij) is the gradient to the yield surface formed by f = 1, and ~ is 
an undetermined but nonnegative number. 

If we know Cijkm and f(au), equations 6 and 7 provide six relationships 
between the stress rates and strain rates in either the plastic or elastic condi
tions. Before we discuss how material properties enter into f, we shall com
ment on the implications of the observation that "energy put into plastic defor
mation can never be recovered." First, this implies that f is convex and 
second, that at a smooth point on the yield surface, the plastic strain rate i>ij 
is in the direction of the normal to the yield surface. Thus Pij = ~ 3f/3aij 
where the magnitude of this strain-rate component may be any positive quantity. 
This is called the flow law. 
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In two dimensions, five different forms for f may be represented by the ap
propriate yield surfaces. The tensile yield stress, ays• is the only material 
property entering the maximum-stress, maximum-shear, and distortion
energy theories. For the maximum strain and the maximum-strain-energy 
theories we must also have Poisson's ratio. For example, the two-dimensional 
yield surface for the maximum-strain-energy theory is 

2 2 

(:::) + (:;:) - 2. (:::) (:;:) = 1. 
(8) 

Boundary conditions. For the most solid continua, the constitutive equations 
and the field equations represented by the equilibrium and compatibility rela
tionships are sufficient for the complete determination of the stresses, strains, 
and deformations, provtded that the proper boundary conditions are specified. 
In an elasticity problem, for example, we might specify the tractions or forces 
acting at every point on the surfaces of a component. We might also have spe
cified the three displacements at each boundary point. When our problems deal 
with stress rates and velocities rather than stresses and displacements, the 
resulting boundary-value problems presuppose that a certain time t the dis
placements and stresses are known throughout the body, and stress rates and 
velocities are prescribed on the surfaces of the components. In such cases, 
the problem is to determine the stress rates and velocities throughout the 
interior of the component. These may be used with the specified stresses and 
displacements at time t to establish the stress and displacement histories. 

Failure analysis-excessive deformations. We have seen that the analysis 
of stress, strain, and displacement gives rise to material-property require
ments through the constitutive equations. Once these properties are known, a 
component may be anlayzed as the first step in its structural evaluation. The 
displacements that result from the stress analysis may be used directly to 
judge whether the deformations of the component exceed the functional limits 
imposed by the application. If these are tolerable, we pass into the next stage, 
which concerns itself with the component's integrity. Here, either the stress 
or the strain history will provide the required input to a strength analysis. 

Failure analysis-structural integrity. The integrity of a component will be 
taken as its ability to equilibrate a given load system. A loss in this ability 
may come about in two ways: the component may fracture into two or more 
separate parts, or the component may flow or continuously deform (become a 
mechanism) under the loading. To examine these failure modes in more detail 
we shall consider a basic element of finite volume in a structural component. 
Two factors are involved ln the determination of the component's integrity: 
the behavior of a basic element and its influence on its neighboring elements. 
We shall consider three distinct behavtor patterns. 

In the first situation an ultimate resistance will be achieved in the baste 
element, followed by a complete loss of strength caused by a crack penetrating 
the unit. Having been mobilized, the crack continues to propagate through the 
material until over-all fracture ls accomplished and the component can no 
longer equilibrate the applied loading. These characteristics may be called 
perfectly brittle behavior or series fracture. We observe that fracture at any 
point in a material necessarily constitutes over-all failure of the component. 

In our second case, we again experience a complete drop in the resistance 
of our basic element, only here the propagating crack will be arrested. For a 
homogeneously stressed component, this type of behavior enables the applied 
stress to break all the weak elements while it continues to equlllbrate the ap
plied loading with the strong ones. The fracture-arrest type of behavtor may 
be characterized as a series-parallel fracture mechanism to reflect the idea 
that, after fracture, alternative or parallel load paths are available to redlstrlb-
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ute the loads that were carried by the basic element. We note that the removal 
of weak basic elements causes the stiffness of the over-all system to decrease. 
The load-deflection diagrams for such materials gradually bend toward the 
horizontal, producing a sort of pseudoductillty such as we experience in flber
relnforced composites. 

Our third behavior pattern involves yielding in the basic element, which pro
duces a maximum constant resistance that does not diminish. The unit can 
no longer equ111brate loads larger than those causing incipient flow. Yielding 
in the basic element does not affect the adjacent elements. As the external 
load on the component ls increased, more and more elements will be brought 
to the yield state untll the array of these elements forms a mechanism. We 
will then experience unconstrained plastic now of the entire component. 

For yielding failures, the methodology-of-plasticity theory provides a power
ful tool for predicting component strength. Unfortunately, this high state of 
development ls not shared by the other disciplines used for predicting incipient 
fracture. These are primarily represented by the fields of fracture mechanics 
and statistical-fracture theory. Fracture mechanics ls basically a determinis
tic theory that establishes the stress field necessary to propagate a crack of 
given size. Statistical-fracture theory attempts to correlate the strength of 
large components under combined stresses with the strength of small speci
mens under simple stress states. 

The development of fracture mechanics began with the work of Griffith, 1 
who assumed a brittle solid such as glass would contain tiny cracks of various 
dimensions. Examining the largest of these, he reasoned that crack propagation 
would occur when, with increase of tensile load, the strain-energy release 
rate became greater than the solid-state surface tension. Although his theory 
adequately described the behavior of amorphous brittle materials, it left aside 
the large dissipation of strain energy in the plastic now that normally accom
panies crack extension in metals. A new viewpoint was introduced by Irwtn2 
and by Orowan, 3 who recognized that unstable crack extension would develop 
regardless of plastic now if the plastic strains tended to localize near the 
boundaries of the crack. In the Griffith theory thus modified, work expended 
in plastic deformation replaces surface tension as the factor controlling frac
ture toughness. 

The applicability of the fracture-mechanics theory to polycrystalline ceramic 
materials has not been successful. Conversely, for both amorphous brittle 
materials and ductile materials the technique has considerable merit. In either 
case the analysis of integrity requires a description of the flaw sizes and loca
tions and their associated stress environments. In addition to the elastic con
stants, a new material property ls specified in fracture mechanics-the 
total energy required to create new cleavage surface. For amorphous mate
rials this is usually taken as the solid-surface tension energy; ductile materials 
add to this quantity the energy of plastic deformation. In this latter case, 
another concept has been introduced by Irwin, 4 which utilizes a property called 
the crack-extension-force for rapid crack extension. 

The approach of statistical-fracture theory, which ls described in Appendix 1, 
ls considerably broader than that of fracture mechanics. This theory does not 
examine the details of the fracturing process; it does not specify the nature of 
a flaw; and it does not attempt to characterize the exact state of stress in the 
neighborhood of cracks or crystals. Instead, it regards the imperfections of 
a material as one of its fundamental properties. It attempts to correlate the 
response of the imperfect material with the nominal or average stress states 
predicted from continuum mechanics. The input to this theory is a set of frac
ture test data obtained from nominally identical specimens drawn from a rep
resentative batch of material of interest. These tests result in a cumulative 
distribution curve, which usually must be fit with some analytical expression 
containing two or more parameters. When properly done, these statistical 
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parameters become constants of the material, i.e., they are independent of 
geometry or stress state. The statistical parameters are normally determined 
for static conditions at room temperature, and when we deviate from these con
ditions, as we do in elevated-temperature and high-strain-rate applications, 
we should anticipate a change in the values of the parameters. Indeed, the 
parameters will become meaningless when new phenomena are introduced by 
differing environments. 

The classical formulation of statistical-fracture theory was intended for 
perfectly brittle materials - serles-fracb.lre behavior. This ls also true of 
classical fracture mechanics, which assumed that the onset of crack propaga
tion was tantamount to complete failure of the component. Both these theories 
now recognize explicitly the posslblity of crack arrest mechanisms. 

Property Requirements A laboratory test to determine properties is 
governed by the same analytical models used in describing the stress-strain
fallure behavior of a component. Test conditions and environments again are 
defined by the preceding constitutive relationships, boundary conditions, and 
equations for equilibrium and compatibility. Thus the complexity of the test 
slb.lation requires varying degrees of experimental sophistication and the 
corresponding analytical complications. Historically, property tests have been 
defined by the simplest sets of loading, geometry, and boundary conditions. 
Test data taken from simple elements have the advantage of economy and re
liability in meeting the specifications dictated by analysis. 

Occasionally, the applicability of assumed constitutive relationships can 
be deduced from the simple test results. More often, however, a more com
plicated environmental-behavior test ls required to examine the design param
eters from the constlb.ltive relationships. In general, the material constants 
from these tests must be obtained indirectly through detailed analysis, since 
the test would be designed to prove some specific analytical point. Thus, it is 
intended that environmental tests will suggest improvements in the analytical 
techniques through refinement in the constib.ltlve relationships. In this sense, 
the environmental-behavior test forms the link in the hypothesis-test loop. 

The following information ls to be expected from property tests on a given 
material: 

1. A basis for establishing the appropriate constlb.ltive relationships. In 
general, these data will reflect the influence of inhomogeneity, anisotropy, 
temperab.lre, strain rate, and stress state. 

2. The determination of materials constants that enter into the constib.ltive 
relationships. These data can also be a function of temperab.lre, strain rate, 
and anisotropy, for example. 

3. A definition of the load-redistribution mechanism such as: the form of 
fracb.lre-strength-distrlbution curves for various stress states, the constants 
entering into a statistical fracb.lre theory, and the constants pertinent to a 
theory of fracb.lre mechanics. Based on these requirements, it is evident that 
property data must be obtained with a specific application in mind, and very 
often the type of application will dictate the analytical approach to be followed. 
However, in general, most analytical requirements are for mechanical-property 
test data obtained in uniaxial tension or compression. 

CERAMICS 

Elastic Behavior 

The first part of this chapter has addressed itself to the task of outlining the 
role of strucb.lral analysis in the material development - property testing - de
sign cycle. Although this has been done in a very general way, many specific 
recommendations for properties have grown out of these discussions. In this 
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subsection, our comments and recommendations will be directed toward poly
crystalline ceramic specimens. In particular, suggestions will be tendered 
that arise from the requirements for structural analysis of ceramic components. 

Reproducibility Perhaps the most serious shortcoming of ceramic tech
nology, from the analysis point of view, is the difficulty of consistently produc
ing exactly the same material. This ls a problem not only when relating the 
materials in laboratory specimens to those in full-scale prototypes, but when 
obtaining the same laboratory materials from time to time and from batch to 
batch. It is a major goal of characterization efforts to identify those differences 
in materials that affect their functional behavior. When ceramic materials 
cannot be reproduced, it is the job of the material-testing engineer to communi
cate this problem to the designer. We hasten to point out that the number of 
samples that must be studied to assure a consistent manufacturing capability 
may greatly exceed the number required to determine various statistical 
parameters accurately. Care must be taken to draw specimens from different 
batches and production runs before accepting a material. 

Homogeneity The problem of heterogeneity in a ceramic component is not 
fundamentally a troublesome problem in structural analysis. As the structural 
engineer moves from point to point in a component, he only requires that he 
can identify the material at each location and that its basic properties are avail
able to him. When more than a few distinct materials are present in a compo
nent, it is very costly to identify and characterize them. 

When a specimen ls chosen to measure a property, it ls highly desirable 
that it be homogeneous. In no case should one accept more than two materials 
in a specimen. We are, unfortunately, forced into such a situation when the 
surface material differs from the interior material. This will always happen 
if the material reacts chemically with the testing environment. Even when 
such effects are absent, however, the surface finish may change the behavior 
of the surface material so that it is effectively a different material. 

The response of a ceramic specimen may depend very sensitively on the 
"microgeometry" of its surface. At present, there is no way to describe or 
measure the topography of a surface so that the mlcrogeometry effects can be 
separated from the surface-material behavior. The macrogeometry effects 
are, of course, accommodated in stress analysis and failure theories. It may 
be useful to define a pseudomaterial on the surface of a component to account 
for surface finish; however, no attempt is currently underway for doing this. 
In any event, if the behavior of the surface is unknown it will be necessary for 
the structural engineer and testing engineer to devise some combined theoret
ical and experimental scheme for defining the properties of the interior 
material. 

Residual Stresses For linearly elastic materials, the structural engineer 
can account for residual stresses by merely superimposing them on his stan
dard-elasticity solutions for the applied stresses. This presupposes, of course, 
that the residual stresses are known. Clearly, this is seldom the case, and, 
furthermore, statistical means may be required to define them. 

The rational evolution of a design must anticipate the residual stresses 
that can arise in a ceramic component. For a specimen, every effort must be 
made to eliminate this condition. 

Strength For polycrystalline ceramic materials it is recommended that the 
procedures of statistical-fracture theory be adopted for fracture analysis when 
plasticity effects are absent or negligible. As input to this theory, we require 
that fracture tests be conducted on a sufficiently large number of nominally 
identical finite volumes of homogeneous materials subjected to a homogeneous 
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stress state. These data are used to establish the form of the cumulative-distri
bution function that characterizes the material strength. It also provides an 
estimate of the associated statistical parameters. This information will enable 
the structural engineer to predict the reliability of a series-fracture material 
or to estimate the reliability of a series-parallel material conservatively. 
To deal more efficiently with behavior of the nonseries-type materials, it 
will be necessary to establish the applicable load-redistribution mechanism. 
This latter problem has never been tackled in ceramic materials. The need 
for doing so can rapidly be determined from fracture data obtained from two 
different-size specimens of similar geometry and under similar loading. 

A number of guidelines arise from theoretical considerations that should 
influence the selection of test specimens: 

1. The applied stress state should be related to the loading and support 
conditions by a slrµple formula. 

2. The cumulative distribution function for the specimens should be repre
sented by a simple formula. 

3. Parasitic stresses in the specimens should be held to a low value; other
wise, we will greatly underestimate the strength of our material and our 
designs will be overly conservative. 

4. If the cumulative-distribution formula for this specimen describes only 
a portion of the specimen, which we shall call the gage section, we must estab
lish how the data will be handled for fractures outside the gage section. 

5. For combined-stress specimens, only homogeneous stress states in the 
gage section are acceptable. Furthermore, the same gage section should be 
used for all the stress states examined. 

6. For series-parallel materials, the smaller the specimen, the more con
servative will be the theoretical predictions (based on the series model). 

At present, statistical-fracture theory cannot account for anisotropic behav
ior. The effects of temperature and perhaps strain rate may, however, be 
accommodated by accumulating fracture data at each temperature and for each 
strain rate of interest. 

Number of Specimens It is customary to choose the number of specimens 
for a property determination on the basis of convenience, economy, or whimsy. 
Indeed, it ls possible to predict the reliab111ty of a component regardless of 
the specimen sample size; however, both the accuracy and the confidence in 
this prediction are directly influenced by the number of specimens. Once a 
particular statistical theory has been chosen, the confidence - accuracy -sample
slze relationship for a component can be established analytically. This makes 
it possible to select the required number of specimens in a rational manner. 

Constitutive Relationships The stress - strain relationship for most 
ceramic materials can be accurately represented by Hooke's law. This linear 
behavior usually persists over a substantial range of temperatures. However, 
the elastic constants will, in general, change with the temperature and must, 
therefore, be determined as functions of this quantity. As the temperature in
creases, the response of most ceramics becomes increasingly more sensitive 
to strain rate. It may be necessary, after a certain temperature has been 
reached, to adopt new constitutive equations that will reflect this strain-rate 
sensitivity. These remarks are equally applicable to creep. 

Thermal Properties One of the most important thermal characteristics 
of a material is its thermal strain - temperature relationship. Unfortunately, 
it usually does not remain linear at elevated temperatures, and measurements 
must be made at all temperature levels of interest. Furthermore, since thermal 
stresses often depend sensitively on the exact shape of the curve, this property 
determination places great demand on the testing engineer and his ability to 
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monitor high-temperature strains. If the temperature distribution in a compo
nent ls to be predicted, rather than measured, several other thermal properties 
must be determined as functions of the temperature. These may include thermal 
conductivity, thermal diffusivity, emittance, and heat capacity. The minimum 
accuracy required for each property determination must be established through 
analysis for each application. 

Screening or Material Evaluation The predicted behavior of components 
in complex environments depends in a complicated manner on the various 
material properties entering into the analysis. It is often necessary to run the 
properties of candidate materials through an entire computational algorithm to 
rate them for a particular application. It ls shown in Appendix 1 that the selec
tion of a material for a simple tension member can be rather sophisticated 
when its strength must be described statistically. 

Plastic Behavior 

At high temperatures (1,500°C), in the range employed for hot-forming ceram
ics, the stress - strain characteristics of most materials depart from linear 
elastic. When an application calls for duty cycles in this temperature range, 
one must consider the inelastic features of the constitutive relations. In the 
preceding discussion of the constitutive equations an additional plastic-strain 
term was added to the stress - strain relationship to mathematically account 
for plastic behavior. This additional strain term greatly complicates the prob
lem of stress analysis and reduces the selection of alternative analytical solu
tions to those which are based on numerical procedures. Since most of the 
theories of plasticity require a yield criterion to describe the plastic now, 
additional material constants must be obtained from the stress - strain curve, 
and it is necessary to measure the complete stress - strain curve with more 
care and precision. An example of these requirements is given in Appendix 2, 
along with the description of a thermoelastic-plastic stress analysis. A similar 
procedure might be followed if the material of interest was found to be non
linear elastic. Again, different mathematical models would be used to describe 
the stress- strain behavior. Probably the most important consideration in uti
lizing any behavior model ls to verify its applicability in describing the response 
of the particular material of interest. This must be done experimentally for 
each class of materials to determine if the model applies. If correlation be
tween theory and experiment does not exist in a given situation, modifications to 
the mathematical model may be possible to obtain a more realistic representa
tion of the real materials behavior. Appendix 2 deals with materials testing with 
these objectives in mind rather than the routine gathering of property data. 

Reproducibility In general, the preceding remarks addressed to elastic 
behavior apply to inelastic behavior, with a few exceptions. For example, when 
dealing with plasticity one usually is concerned with deformation rather than 
fracture as a mode of failure. However, in a thermal-stress problem one might 
consider both deformation and fracture: deformation in the hottest portion of the 
body and fracture at a cooler surface. Generally both types of behavior are 
dealt with concurrently. 

In considering deformation, one ls concerned more with the shape of the 
stress - strain curve than the point at which it terminates with fracture. Thus, 
reproducibility and scatter become less of a problem in describing the deforma
tion behavior of a ceramic body, since the shape of the stress - strain curve 
demonstrates less varlabi11ty than the fracture strength. It will probably still 
be advisable to treat the data statistically, since the transition from brittle to 
ductile behavior will be subtle and the magnitude of plastic strain in ceramics 
will be small. 
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The magnitude of strain and strain rates that one would consider will depend 
greatly on the application. For example, large strains may accompany creep 
loading, although it appears unlikely that plastic behavior in tension comparable 
to metallic ductility can be expected from any ceramic material. However, 
small plastic strains in compression may play a significant role in reducing 
the thermal stresses in tension for components subjected to a thermal-shock 
environment. This is true, since the maximum thermal strain (aAT) is small, 
amounting to only several percent from room temperature to melting for most 
materials. In addition, the thermal strain is divided between tension and com
pressive components, which further reduces the maximum resultant mechani
cal strain acting in any direction. 

At high temperatures the effect of strain rate becomes more significant due 
to the rate-dependent processes which govern plastic flow. Every effort should 
be made to obtain property data consistent with the rate of load application to 
the component. In the thermal-stress problem the effective strain rate may 
vary as a function of time during the duty cycle, based on the temperature dif
ference and material stiffness from point to point in the component. 

Homogeneity In measuring the elevated-temperature properties of ace
ramic material, the test environment may produce unwanted changes in the 
material structure of the specimen. Thus, it is important to choose a test con
dition that will not affect the chemistry of material during handling or testing. 
Although the chances for surface contamination are greater in an elevated
temperature test, the resulting influence on behavior will probably be less than 
for a room-temperature test. This follows, since plastic flow provides a force
redistribution mechanism to reduce the effect of concentrated stresses from 
inhomogeneity which might otherwise cause fracture when the material is in 
a brittle state. 

As stated previously, the prerequisite for analyzing the behavior of a com
ponent fabricated from a nonhomogeneous material is that the variatim in the 
material, along with its properties, be described as a function of location in 
the component. 

Residual Stresses Similar arguments may be made regarding other effects 
such as surface residual stresses from machining, internal stresses from pro
cessing and local stresses from attachments. It is not implied that residual 
stresses pose no problem; it is suggested only that the problem is much less 
severe at high temperatures. Moreover, by understanding the nature and be
havior of residual stress, which is possible through the application of a real
istic stress analysis, one may control residual stresses through processing 
and force them to act in a favorable direction to enhance the integrity of ace
ramic component. Prestressing is an example of this concept, although com
posite structures of several different materials are usually employed. 

Anisotropy The effects of anisotropy can be handled with the elastic - plastic 
stress analysis. The greatest difficulty is in obtalning the appropriate property 
data. This problem arises most often because of the size limitations in the 
part from which the test samples must be taken. The use of several different 
specimen configurations may reduce this problem but may produce widely 
varying results in terms of fracture strengths. Again, the variations in the 
high-temperature stress - strain behavior based on data from different speci
men configurations should not be as significant. In treating the anisotropy of 
small-diameter rod material, it may be efficient to obtain the transverse prop
erties using a ring specimen and the longitudinal properties using a straight 
tensile bar. 

An example of the requirements for mechanical-property data needed in 
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treating the effects of anisotropy in a thermoelastic-plastic stress analysis is 
given in Appendix 2. 

Porosity In predicting stresses and strains using the stress analysis, one 
assumes that the volume of strained material remains constant after yielding 
begins and during plastic deformation, i.e., µ = 0.5. The influence of this as
sumption on analytical predictions may be significant in evaluating ceramics 
whose densities are less than theoretical. Errors in this regard may be checked 
using the uniaxial tension or compression tests by making before and after test 
volume measurements on the sample. It is advisable to unload the sample be
fore cracking occurs. Having noted whether or not the constant-volume assump
tion is valid, one may proceed to make corrections in the stress - strain rela
tionships to account for the observed variation, if necessary. 

The materials-test engineer should familiarize himself with the theory used 
in designing his experiments and assume the responsibility for observing and 
reporting anomalies in behavior to the designer and theoretician. 

QUALITY ASSURANCE 

Since satisfactory service performance of a component is the objective of 
design, it is logical to expect the designer to be intimately concerned with qual
ity assurance; that is, the guarantee that each fabricated component will, in 
fact, perform its intended function. The production drawings of the component 
serve as the vehicle for specification of not only the over-all geometry but 
also for dimensional control, the construction material, and the inspections to 
be performed. Deviations from this total specification, which might be identi
fied during the quality-control operation, are reported to the designer, who 
then decides the disposition of the affected component-rejection, rework, or 
acceptance. 

Basically, the designer is interested in providing components whose service 
performance is not compromised by dimensional inaccuracies, defects, or 
material-property variations. Since performance requirements will vary from 
one application to another, it seems logical to expect the objectives and scope 
of the quality-control effort to vary for each specific application. 

A detailed discussion of quality control is provided in Appendix 3. It is 
sufficient here to identify the designer's interest in assuring quality and to 
note the differences in procedure that might be expected when ceramic mate
rials rather than more conventional structural materials are used. 

The type of construction material should have no effect on the method of 
defining dimensional requirements, despite the fact that ceramic materials 
may require closer tolerances in some areas, notably attachment points, than 
ductile materials. Specification of surface finish is expected to be more diffi
cult, however. For conventional construction materials, various industrial and 
government specifications are available to define inspection procedures, while 
extensive experience permits the establishment of acceptance and rejection 
standards. Furthermore, conventional material can be defined by available 
specifications that define chemical composition, processing, and heat treatment 
in sufficient detail to assure a minimum guaranteed level of properties. In 
contrast, for ceramics, meaningful inspection procedures are not well defined, 
acceptance and rejection standards are practically nonexistent, and specifica
tions do not insure reproducible material properties. This lack of definitive 
specifications for the control of ceramic structural components requires the 
designer to take a more direct interest in all phases of hardware production, 
including raw-material control and process control as well as inspection and 
control of the final product. It seems apparent that the fullest cooperative 
efforts of the material producer and the designer are necessary if efficient 
structural ceramic components are to be produced. 
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CONTRIBUTIONS TO SCATTER OF DATA 

As pointed out earlier in this report, the properties of ceramics of most interest 
to the Committee are those related to their use for structural applications at 
elevated temperatures. Therefore, the Panel on Evaluation has addressed it
self primarily to the task of determining the sources of the scatter of strength 
data for ceramics. Since this panel has been concerned with characterization, 
testing, and character - property and behavior relationships, it has been in a 
unique position for obtaining a broad-scope view of the various interrelated 
factors that have been responsible for the apparent variability in ceramics. 
The background thus obtained has emphasized the fact that much of the data 
upon which ceramic variability has been based were obtained under conditions 
where neither the test nor the material was adequately described or char
acterized and therefore do not aid in determining the source of variability of 
these materials. However, a few programs were found in which sufficient char
acterization of the material was performed and such care in testing was exer
cised that confidence could be placed on the property data obtained and where 
the scatter in data might be related to the material rather than the test proce
dure itself. This was possible only in cases where the test was properly used 
and the test specimens were properly prepared, machined, and surface-finished. 
The results of these programs have also shown that the ceramic processor 
tends to overestimate his ability to provide the same product from day to day 
and batch to batch. This has been observed with respect to research processors 
as well as production processors. This appears to be based on the assumption 
that he is aware of the ceramic process parameters that determine the char
acter of his product, and that he bas these under adequate control. However, 
as a result of sophisticated testing of certain of these products, it bas been 
possible to uncover character features that were not controlled and as a result 
were directly responsible for variability in property data. Therefore, one of 
the objectives of this report is to communicate the need for adequate characteri
zation and precisely controlled testing to reduce a major source of variability 
and therefore aid in developing and controlling the processing of ceramics for 
critical structural applications. 

Since so many factors contribute to the scatter in strength data of ce
ramics, and since they generally have not been considered in the vast majority 
of the work reported in the literature, it is not surprising that charges of lack 
of reliability have been made against these materials. In fact, under these 
circumstances it is rather more surprising that there bas been as much reli
ability observed as there has. This would suggest that, through the proper 
application of existing characterization and testing techniques, ceramic reli
ability could immediately be raised to a higher level than is now being achieved. 
One example was reported in which the allowable design strength of a particu
lar ceramic material was doubled just through the application of a suitable 
proof test. Therefore it is not necessary for the designer to wait until the 
ceramic processor develops some new material, or radically alters his pro
cessing, in order to consider these materials for structural applications. 
What is required, however, is a better understanding by the ceramic processor 
of how to apply the knowledge already available to aid in upgrading his product. 
This is primarily a problem of communication. 

The extent to which ceramics will find application in the more severe struc
tural applications of the future will depend upon the ability of the processor to 
provide ceramic products with the maximum desired properties and maximum 
reliability. Since this section is concerned with the sources of the scatter of 
data, and since there are so many interrelated factors, it will not be possible 
to discuss the independent contribution that each factor may make to the scatter 
of data. It is just this situation that has confounded the work of so many inves-
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tigators who have attempted to study the effect of a certain character feature 
on property data but who failed to control testing conditions, surface finish, 
or other more subtle character features. Therefore, this discussion will deal 
briefly with the more important factors that have been found to contribute to 
the scatter of data. 

Test Methods and Techniques 

The ideal test device for obtaining strength data should provide a uniform 
stress distribution in the specimen for all sizes and under all environmental 
conditions of intei:est. The accuracy of the data will vary as the stress distri
bution departs from uniformity. The scatter of data will be related to the ability 
of the test device to reproduce a given stress field from test to test. 

TENSILE STRENGTH 

It has been demonstrated that tensile test devices may introduce bending stresses 
that vary from 20 to 90% of the uniform tensile stresses and that it is as likely 
to be 90 as 20%. Such stresses are considered as parasitic and are present to 
some degree in all test devices. Therefore, parasitic stresses, unless mea
sured and reported, will represent uncertainties in the data obtained from all 
test devices. Such stresses will contribute to the scatter of data if they are not 
reproducible, as in the case referred to above. Since parasitic stresses will 
cause a specimen to fail at a lower applied load than if no parasitic stresses 
existed, such conditions will result in lower apparent strength values. These 
lower-strength values coupled with data scatter due to poor testing itself could 
well disqualify an otherwise satisfactory material. Precision tensile test de
vices are available in which parasitic stresses may be as low as 0.1 %. 

FLEXURE STRENGTH 

The same general comments apply for flexure testing as for tensile testing. 
Four-point loading is to be desired over three-point loading in order to pro
vide a more definable surface area and volume under stress. Fixed-load 
points impose frictional forces and torsion on the specimen. These conditions 
provide parasitic stresses that would not be expected to be constant from test 
to test. Uncontrolled parasitic stresses will likewise arise from any misalign
ment of the load when using fixed-load points. For example, in a specimen 
1/2 in. x 1/2 in. x 5 in., a displacement transversely on the specimen by 1 mil 
gives typically a 3% parasitic stress. 

CONCLUSIONS 

The use of tensile or flexure test devices for which parasitic stresses have 
not been determined and which are of unknown reproducibility may be expected 
to contribute significantly to the scatter of data. Typically, such values would 
range from 10 to 20% of the mean strength. 

Loading rate would also be expected to have some influence on the scatter 
of data for ceramic materials, as would the testing atmosphere. 

Variability in Body-Character Features 

The test specimen itself is a critical factor in determining the quality of the 
property data obtained for a ceramic material. It should be recognized that 
extreme care must be taken in the design and preparation of the test specimen. 
It is particularly important that the surface condition of the test specimen be 
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of sufficient quality to allow other character features to influence the property 
measurements. Assuming that this is done and that the test method used pro
vides a known and reproducible stress field, some confidence can be given to 
identifying character features that may be responsible for scatter in data. 

DEFECTS AND PORES 

It is recognized that pores, mlcrocracks, and cracks affect the strength of ce
ramics. However, it appears that the size, shape, location, and distribution of 
these defects, rather than quantity, are responsible for the scatter in data. 
Such anomalies are difficult to identify by existing characterization techniques 
and are usually found through postmortem examination of the fracture surface. 

GRAINS 

The effect of grain size on the strength of ceramics has been studied by many 
investigators. But, as in the case of defects, it would be expected that variations 
of grain size and geometry within the structure would be the primary source 
of scatter of data. One study of a polycrystalline alumina of 98 to 99 .5% of 
theoretical density and 1 to 3 µ average particle size provided tensile strength 
values that ranged from 20,000 to 50,000 psi. Fractography revealed that 
strength differences were probably more related to grain-size variations within 
a specimen and to other microstructure anomalies than to slight changes in 
total density and average grain size. These tests were carried out using pre
cision testing equipment with a minimum of parasitic stresses. Surface finish 
was controlled so that the major source of the scatter in data could be attributed 
to the ceramic body and that, in turn, to microstructure variability. 

CONCLUSIONS 

Variations in body-character features can be a major source of scatter of data. 
It would be misleading to assign any range of values to this scatter since the 
sensitivity of a ceramic body to such variation would depend upon the body it
self. An aluminum oxide body of moderate density and containing silica as a 
second phase would probably exhibit a different sensitivity to a given variation 
in grain size, porosity, and microcracks, for exampl,e, than a 99.9% alumina 
body of near theoretical density. 

Variability in Surface-Character Features 

The condition of the surface of a ceramic test specimen has a major Influence 
on the strength of the specimen. This is particularly significant when the speci
men is stressed in tension and flexure. Therefore, any variability In surface 
finish, surface-flaw concentration, or distribution would be expected to have 
a direct effect on the scatter of data. 

SURFACE FINISH 

The need for a high-quality (low-rms) surface finish can be compared to the 
need for high-quality testing methods. Both are mandatory if the data are to 
be indicative of the true strength of the material. A poor surface finish does 
not necessarily yield scatter in data but will result in lower apparent-strength 
values. However, if the surface finish is not uniformly "poor," scatter in data 
will result. It might be expected that surface-finish variations would be more 
critical with respect to scatter of data as the average surface finish becomes 
of higher quality. For example, a given alumina composition exhibited a drop 

Copyright © National Academy of Sciences. All rights reserved.

Ceramic Processing
http://www.nap.edu/catalog.php?record_id=20276

http://www.nap.edu/catalog.php?record_id=20276


237 

in tensile strength from 37 ,000 to 32 ,000 psi when the surface finish increased 
from 20 to 35 rms. A change in surface finish from 120 to 300 rms re-
sulted only in a change in strength from 25,000 to 23,000 psi. 

SURFACE DEFECTS 

The use of root-mean-square surface-finish indices at best provides only a 
measure of surface consistency for comparative purposes. They do not describe 
the integrity of the surface with respect to its ability to withstand stresses nor 
identify surface or subsurface microcracks or cracks. These flaws would be 
expected to be a major source of scatter of data and are not easily detected 
by current characterization techniques. Their contribution to the scatter of 
data can vary depending upon the size of the specimen and the size of the flaw. 
One example was given where microflaws in the form of 1/64- to 1/32-in. 
cracks reduced the tensile strength of 1/8-in. diam specimens of a hot-pressed 
alumina body by 25 to 30%, but the same defects reduced the strength of 3/4-in. 
in diameter specimens of the same body by only about 5%. 

CONCLUSIONS 

Variability of surface-character features is probably a major source of the 
scatter of data for ceramics. The criticality of the problem lies in the fact 
that this condition represents an inconsistency in or near the surface, and, 
therefore, in the area of maximum stress when exposed to tensile or flexure 
loading. Any defects in this area serve as stress risers and may be considered 
the weak link in the system. They are also critical because they are difficult 
to identify and may be associated with residual strains resulting from differ
ences in expansion between grains, hot-forming operations, or heat treatment, 
for example, or may be due to the finishing operation itself. As such, these 
defects not only contribute to scatter in data but often confuse or mask other 
factors that may be under investigation. 

Variability as a Character of Brittle Materials 

The previous discussions have illustrated the fact that there are numerous 
factors that contribute to the scatter of data. These may be related to material 
defects as well as to the test procedures themselves. Until each of these fac
tors has been systematically studied, with adequate attention given to controlling 
all the other potential sources of variability, it will not be possible to answer 
the question, ''How much scatter in data may be attributed to the intrinsic na
ture of brittle materials?" It is possible that the question may never be an
swered completely but will depend upon the quality of the product of the ceramic 
processor and the ability of characterization procedures to characterize that 
product adequately, particularly with respect to surface defects and other less 
obvious sources of scatter of data. One case has been reported where an alu
minum oxide body was carefully machined into specimens that were exposed 
to uniaxial tension with a minimum of parasitic bending. The average tensile 
strength of 8 specimens was 23,680 psi with a standard deviation of 2.6%. It 
is highly unlikely that these specimens were free of surface microflaws, strains 
in grains, strains at grain boundries, or many of the other potential sources 
of variability. Therefore, it would be reasonable to assume that some of the 
scatter in the data for this particular material was due to microstructural 
anomaly. Thus it appears likely that the great majority of the scatter in data 
may be related to defects in the body and in the surface that may be eliminated, 
or at least their effect reduced, through improved ceramic processing. 
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DEVELOPMENT OF RECOMMENDATIONS 

The primary objective of the Panel on Evaluation is to examine that part of the 
Committee's activities that deals with the coupling of processor with user. 
Evaluation is considered to be made up of character determination and prop
erty determination, followed by analysis of their relevance to processing and 
to design. The examination of evaluation procedures for ceramics for struc
tural and/or high temperature uses is directed toward recommending measure
ments and analysis procedures to constitute a minimum evaluation based on 
present knowledge, and recommending areas of study that should lead to im
proved evaluation. It has become apparent that significant improvement in 
control of ceramic processing is possible through proper application of current 
evaluation techniques. In addition, this combination of improved process con
trol and optimum use of present evaluation techniques should lead to more 
effective utilization of ceramics for structural and/or high-temperature appli
cations. 

The first section of our recommendations is directed toward the develop
ment of improved evaluation techniques and study of character - property rela
tionships. These recommendations are organized into two groups. The first 
group offers a high probability for immediate payoff. The recommendations 
of the second group are of a long-range continuing nature. The second section 
of our recommendations is directed toward encouraging the wider use of pres
ent evaluation procedures. This section will include minimum evaluation 
procedures. 

Improvement of Evaluation Tachniqum 

This committee emphasizes the linkage of processor to user through evalu
ation. As pointed out previously, character and property determinations are in
cluded in evaluation, but it is emphasized that the development of the science 
of ceramic processing is dependent upon the capability of relating controlled 
ceramic processing to the production of a characterized material or product. 
The properties and behavior of a ceramic, in turn, are related to its character. 
This relationship is shown in Table 3 (p. 186). The critical character parameters 
of Table 3 are listed again in Table 4 (p. 192) together with analytical techniques 
for determining these parameters. The limits of resolution of these analytical 
techniques are given in Table 2 (p. 185). A review of these tables will show that 
many character features have some influence on the properties of ceramics. 
The practical use of these tables is restricted by the fact that analytical tech
niques are not yet capable of providing complete characterization and by the 
fact that the relative importance of some character parameters is not fully 
established. The limitations on characterization techniques require some reli
ance on properties in addition to the available characterization in order to 
provide an adequate coupling between processor and user. As discussed pre
viously, this combination of character and properties is called description (D) 
and may be written as D = XCT + (1- X) (P + H), where CT is total character, 
Pis properties, and His sample history. Therefore, adequate description of 
ceramics for structural and/or high-temperature use requires judicious selec
tion of good character determination and good property measurements. 

The user of ceramics desires both optimum properties and minimum vari
ability of properties consistent with the economics of the application. Although 
substantial progress in this direction can be made by the application of currently 
available techniques, future development of ceramics for high-performance 
applications will be seriously limited unless characterization and property
measurement techniques are improved. A better understanding of character -
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property relationships must be developed-such understanding will be assisted 
by the improved techniques and will in turn support the development of the 
techniques themselves. The recommendations in this section are directed 
toward improving these techniques and developing this understanding. They 
are organized along the lines of the five objectives set forth in the Introduction 
to the Report of the Panel on Evaluation. 

OBJECTIVE 1 

The first objective is to assess the capability of current characterization tech
niques to determine the character of ceramic products adequately and to rec
ommend areas for research. 

Research That Offers High Probability for Immediate Payoff 

Recommendation 1: Improved techniques for the characterization of surfaces 
are needed. These should be able to detect residual microstrain, defects in
cluding surface cracks (transgranular and intergranular), and composition 
(including phase distribution). This area has been identified by the Panel as 
one of the most critical areas of need. The traditional use of root-mean-square 
surface-finish indices at best provides only a control of surface consistency 
for comparative purposes. 

Recommendation 2: Standard materials are necessary both as a means of 
communication concerning character features and for calibration. Character 
features for which standard materials would be helpful in communication are 
microstructure and surface condition. Specific examples of standard materials 
needed for calibration purposes are materials of controlled impurity content 
in the ppm range and materials of controlled surface finish. 

Long-Range Programs 

Recommendation 1: Improved methods for measuring residual microstrain 
are required. Present methods using x-ray diffraction are limited because the 
volume for which the average strain is determined is relatively large and be
cause variation in composition (including departure from stoichiometry) affects 
the result. 

Recommendation 2: Improvement in the resolution of the electron micro
probe or the development of some other fine-scale analytical tool is needed. 

Recommendation 3: Statistical measures of grain shape, relative orientations 
(other than crystallographic orientation), and description of the morphology of 
a second phase are wanted. 

Recommendation 4: Improved techniques for the characterization of grain 
boundaries are desired. In particular, the distribution of impurities, defects, 
and microstresses is a character feature generally assumed to influence 
physical properties, including mechanical properties. Chemical and physical 
events occurring at grain boundaries are directly related to ceramic processing. 
Improved characterization would substantially improve our understanding of 
ceramic processing. 

Recommendation 5: Improved techniques for using high-resolutions instru
ments to examine areas substantially larger than the field of view are necessary. 
Continuous recording and computer analysis of the area scanned should be 
considered. 

Recommendation 6: Nondestructive testing techniques are wanted that can 
be used to characterize ceramics. Particularly, equipment and techniques 
should be developed that would allow in-process characterization of ceramics. 
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OBJECTIVE 2 

The second objective is to review and evaluate the capability of property test 
methods and associated analysis of data in order to determine the properties 
of ceramic materials quantitatively and to recommend areas for the improve
ment of test methods and procedures. 

Research That Offers High Probability for Immediate Payoff 

Recommendation 1: Mechanical tests should be improved to permit attain
ment of uniform stress distribution in the specimen over a wider range of 
environmental test conditions and specimen size. One source of variability of 
the strength of ceramics results from the lack of control of stress (e.g., bend
ing moment in tensile tests) during testing. Better control of mechanical test
ing is urgently needed to permit the determination of other sources of vari
ability. 

Recommendation 2: A comprehensive program incorporating experimental 
testing and analytical studies of different test techniques should be undertaken 
to establish the criticality of the test conditions. This would be similar to the 
work being done for uniaxially loaded rods and the pressurized ring. 

Recommendation 3: Stress analyses of mechanical tests should be evaluated, 
developed, and organized (extended if necessary) to provide comparison of 
different tests and assessment of how undesired variation in test equipment 
and operation affects stress distribution. In addition, such stress-distribution 
information should aid in selecting test procedures best suited for evaluating 
materials for a given end-use application. Many existing analyses assume 
linear elastic behavior. This consolidation of stress analyses should indicate 
limits of applicability and areas where analyses based on nonlinear elasticity 
or inelastic deformation are needed. 

Recommendation 4: Other areas of mechanical testing that require develop
ment are related to methods for determining stress and strain in the micro
strain region, fracture-surface energy, fatigue behavior, creep, and multiaxial 
stress - strain behavior. 

Recommendation 5: Standard materials are needed for elastic moduli and 
for tests of behavior in tension, compression, and flexure. 

Recommendation 6: Studies should be initiated to relate properties by 
destructive techniques. Surplus materials should be provided as a part of 
future material-development programs involving controlled processing, careful 
characterizing, and accurate property measurement. These samples would be 
stored for future characterization and testing as significant improvements in 
characterization and property-measurement techniques are realized. 

Long-Range Program 

Recommendation 1: A program of mechanical testing should be carried out 
to support improved flaw-characterization techniques (as they are developed) 
to help identify and determine the significance of those flaws controlling strength. 
Consideration should be given to means of introducing controlled flaws. 

OBJECTIVE 3 

The third objective is to examine means of relating the property data available 
from these test methods to the character of ceramic products, with special 
reference to the sources of variability, and to recommend areas for study and 
improvement. 
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Research That Offers High Probability for Immediate Payoff 

Recommendation 1: Study of the mechanisms of crack initiation and propa
gation is needed. One source of variability of the strength of ceramics is 
attributed to brittle behavior on a macroscopic scale, which reflects the behav
ior on a microscopic scale taking place at the end of a crack and permitting it 
to propagate. Such studies should aid in assessing the degree to which this 
source of variability is intrinsic. 

Recommendation 2: Study of processing variables that are responsible for 
character features which in turn control properties, ts necessary. One source 
of variability of the strength of ceramics results from inadequate control of 
processing. The purpose of this study is to evaluate their source of variability. 
Although this recommendation falls within the service of the Processing Panels 
it is also recommended by the Evaluation Panel in order to stress the impor
tance of the interface between processing and evaluation. 

Long-Range Program 

Recommendation 1: Studies of the dependence of mechanical and thermal 
properties on character features are needed. In its broadest sense this rec
ommendation points out the need for progress in the general area of physical 
ceramics as a basis for understanding the character - property relationship. 
Progress in understanding is interrelated with progress in characterization 
and property measurement; the three areas should receive balanced attention 
to insure simultaneous and mutually helpful progress. 

Recommendation 2: Study of the mechanism of mass transport of ceramics 
is required. Both bulk and boundary transport should be included. Creep of 
ceramics is thought to be influenced by mass transport acting directly (e.g., 
diffusional creep) or indirectly (dislocation creep). This study should provide 
information relating processing to control of character. 

Recommendation 3: Study of solid solutions, including their range of occur
rence and the kinetics of precipitation, is necessary. Many attempts to control 
properties are based on variation of trace components. Such studies would 
provide a more scientific basis for these efforts. 

Recommendation 4: Study of the mechanism of inelastic deformation and the 
quantitative development of constitutive equations for mechanical behavior ts 
needed. Improved knowledge of mechanisms ts needed to understand which are 
the controlling character features. Improved constitutive equations are needed 
for design and application. 

OBJECTIVES 4 AND 5 

Objective 4 is to review special procedures required for quality control and 
procedures to evaluate the environmental behavior of ceramics for specific 
applications. 

Objective 5 is to review properties that will provide the data that are re
quired in the design of ceramic hardware. 

Objectives 4 and 5 were included as part of this Panel's activities in order 
to assure the Committee that the needs of the user, as represented by designers, 
were being adequately considered. The results of our examination of this area 
indicate that the requirements of the designer will be largely satisfied if the 
recommendations under Objectives 1, 2, and 3 are carried out. Any recommen
dation of test methods and environmental test procedures necessarily depends 
upon the specific design and mission for which the material is being considered. 
This observation has focused attention on the critical roles that the designer 
and materials analyst play in the application of ceramics for advanced DOD 
applications. The use of ceramics for these applications ts limited not only by 
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the state of the art of ceramic processing but also by the state of the art of 
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APPENDIX 1 TO CHAPTER & 

STRUCTURAL ANAL VSIS AND DESIGN IN CERAMICS USING 
STATISTICAL-FRACTURE THEORY 

The problems associated with the structural analysis and design of brittle-state 
materials, such as ceramics at moderate temperatures, are explored in this 
appendix. Adopting the methodology of statistical-fracture theory, a capability 
is described for predicting the integrity of complex prototype components from 
information obtained with laboratory specimens or small-scale models. The 
analysis method is illustrated by a detailed example of the reliability calcula
tions for a circular brittle disk. A brief introduction to direct design methods 
is included, which is based on statistical behavior. 

The Behavior of Brittle Materials 

THE STRENGTH PROBLEM 

According to the classical theory of elastic structures, the ultimate strength of 
a body is determined by the stresses acting at a point, assuming that by a suit
able combination of the three principal stresses or strains, a characteristic 
value may be computed for the material considered. This value is supposed to 
be definitively decisive in judging whether or not the ultimate strength has been 
reached. It is, of course, implied in the theory that materials can be obtained 
with mechanical properties that are perfectly reproducible. Indeed, few real 
materials approximate this property; however, examples may be found in the 
case of ductile materials. 

An investigation involving 30,000 tons of structural steel showed only two out 
of 3, 124 specimens to yield below the minimum specified value of 33 ksi, and 
these fell no lower than 31 ksi. Such reliability is unprecedented in ceramic 
materials where fracture strengths are characteristically spread over a very 
wide range of values, which appears to broaden as more and more elements are 
sampled. To the designer, the significance of such scatter is to preclude the 
prediction of individual component strength and the associated development of 
a deterministic design theory. 

When no useful one-to-one correspondence can be established between a sam
ple and a prototype, it is reasonable to ask if there is not some relationship 
between a group of samples and a group of prototypes. In fact, the entire foun
dation of statistics depends on the existence of just such a relationship. One 
would hope, for example, that the average strength of a -sample group would be 
reproduced in subsequent groups of specimens. To be really useful it would be 
desirable to predict the entire distribution of strengths in subsequent groups of 
tests. This point of view is depicted in Figure 1, which contrasts the determin
istic problem with that of the statistical. Figure 1A shows a one-to-one corre
spondence between measured and predicted strength values; Figure 1B indicates 
only a group-to-group correspondence. 

The distribution of fracture strengths is described by a cumulative probability 
function such as that shown by the solid line in Figure 2. For any stress value 
along the abscissa, the ordinate to the curve gives the probability of fracture. 
The solid curve has been limited on the left and right at values of stress corre-
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FIGURE 1. The prediction of strength (Source: Barnett and McGuire, Amer. Ceram. Soc. 
Bull., 45, 595-602, 1966). 

sponding to the zero and the 100% probability strengths, respectively. For stress 
levels below the zero-probability strength no failures can occur; for stress 
levels above the 100% probability strength there can be no survival. For many 
brittle materials it appears that the zero-probability stress approaches its physi
cal lower bound, zero. In the case of the 100% probability stress there does not 
appear to be an obvious upper bound; however, it may be conjectured that 
strengths as high as the theoretical molecular strength are possible in view of 
recent evidence that single-crystal filaments approach such stress levels. 

For a deterministic material, the strength of a specimen can be specified 
using a single number; for a brittle material, a different strength value is given 
by the distribution curve for every level of reliability. For convenience, the 
distribution function is usually described analytically. This requires an expres
sion containing a minimum of two parameters to account for both a central 
measure of strength and for scatter. The Gaussian distribution, for example, 
is characterized by its mean and its standard deviation. The famous Weibull 
distribution 1 for fracture strength is described by the three parameters m, x0 , 

and xl' where x1 represents the zero-probability strength. 
In spite of the fact that the strength of a specimen is precisely defined by its 
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FIGURE 2. Typical cumulative probability curve for the strength of a brittle element 
(Source: "The Behavior and Design of Brittle Structures," AFFDL-TR-65-165). 
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distribution parameters, it is not necessarily simple to relate them to our con
ventional concept of strength specification. To illustrate this point, consider 
two materials whose fracture strengths are normally distributed with the follow
ing means and coefficients of variations: 

Mean: al = 50 ksi a2 = 40 ksi 

Coefficient variation: V 1 =10% 

From the information given, it is not clear which of these materials is the better. 
In general, low scatter is the more important property for structures of very 
high reliability, and, consequently, the second material is the better in these 
applications. At low reliability, the average strength or mode becomes the pre
dominant material characteristic and here the first material excels. Materials 
developers will note from this example that superior candidate materials may 
inadvertently be excluded from further consideration when they are evaluated 
on the basis of average strength alone. 

To compare materials in a rational manner, the modern approach is to con
sider their optimum usage in a given application of interest. For example, when 
a tension member of length L is designed with a reliability (1-:r), its weight is 
a minimum when its resistance is precisely equal to the applied load, P. Using 
a Weibull material in which ~ = O, the minimum weight W of the member be
comes2 

1 (PL)m/(m-1) 

W = [xo m/(m-1) /p] (-log (1- :r>)1/(m-1)' 
(1) 

where pis the weight density. When the load, length, and reliability of a tension 
member are specified, one can readily evaluate various materials by comparing 
their associated W's. This procedure is illustrated in Table 1, using three mate
rials. Because m/(m-1) is approximately unity for reasonably large values of m, 
the loading index term (PL) in equation 1 does not greatly influence weight com
parisons among materials. Furthermore, when m ... •,the weight approaches 
W = PL/(x0 /p) where Xc,IP is the specific tensile strength of a classical material. 

In the statistical approach to the description of strength, the tacit assumption 
is made that a capability exists for the consistent production of material from 
the same universe. Stated in another way, a distribution function must exist for 
the material. Unfortunately, there is considerable doubt concerning this capa
bility for many of the cermets and ceramics of current interest. Much of the 
data on fracture strength of ceramics leads one to suspect that the populations 
studied are mixtures of several different materials in spite of the fact that their 
chemical composition and superficial appearance are the same.2 Since the ratios 
of the various components in the mixtures are random, the problem of prediction 
is extremely complicated. This situation is illustrated schematically in Figure 
lC where we are trying to predict the behavior of a collection of populations of 
differently behaving materials which, nevertheless, have something in common. 
The statistics for such a cast are not well developed, and, consequently, many 
currently manufactured ceramics are beyond the state of the design art. 

Table 1. Tension Member Weights (P = 1,000 lb, L = 20 in., F = 0.01) 

Material 

Plaster 
Beryllium oxide 
Porcelain-white glazing 

m 

7.7 
7.25 

16.2 

x 
0 

(psi) 

1,680 
7,800 

13,220 

w 
(lb) 

3.1 
0.66 
0.176 
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STATISTICAL-BOUNDARY CONDmONS 

In a generalized sense, the normal procedure in "ductile design" is to proportion 
a structure in such a way that the assumed stress distribution nowhere exceeds 
the yield stress. When this is done, our plasticity theorems tell us that our de
sign is safe because we have designed in such a way that the final structure has 
a statistically admissible state of stress. The fact that the actual state of stress 
may be different than the assumed one ts of no concern to the designer. Con
versely, in brittle design tt is mandatory that the designer know the exact stress 
conditions throughout the structure. Failure to assess these stresses is certainly 
one of the major reasons that brittle design has been unsuccessful. 

Recognizing this problem, many investigators have strongly advocated the 
use of very exact methods of stress analysis. Unfortunately, one suspects that 
the problem is more complicated than this recommendation reflects. It is our 
contention that the exact boundary conditions are significantly statistical in 
nature and that they can critically influence the state of stress in a ceramic 
component. A preliminary investigation of this hypothesis was conducted by 
instrumenting a single ceramic-dogbone tension specimen to study the percent
age of bending introduced into the specimen through the grips. The dogbone was 
placed carefully in a set of grips, loaded to some level, and the total stress was 
compared to the nominal tensile stress. The specimen was then removed from 
the grips and carefully replaced again to repeat the procedure. The resulting 
rectangular distribution of "percent bending stress" is shown in Figure 3. We 
observe that bending stresses are obtained that are greater than 90% of the uni
form tensile stresses and that they are just as likely to occur as the lower stress 
values. In view of these parasitic bending stresses, it is not surprising that the 
simple tension test has fallen into disuse as a means of determining statistical
fracture-strength parameters. 

The statistical-boundary conditions that gave rise to the variable stress state 
in the dogbone specimen of Figure 3 are of the traction type. Similar manifesta
tations are perhaps more frequently encountered when the boundary conditions 
are of the displacement type. Current design, fabrication, and maintenance prac
tices for flight structures allow for rather sloppy tolerances, and this, in turn, 
requires "forced fit" of many component sections. For example, it is a common 
practice to pull mating components into place with mechanical fasteners. For 
ceramic elements, the resulting mismatch stresses will generally be substantial 
because of high component stiffness and the lack of ductility. 

The variability in the applied-stress state caused by statistical-boundary 
conditions presents a very thorny complication. There appear, however, to be 
several approaches for attacking the problem. It is, for example, possible to 
measure the variability in the applied stress, as was done for the dogbone speci-
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FIGURE 3. Cumulative distribution of bending stress in a tension specimen (Source: "The 
Behavior and Design of Brittle Structures," AFFDL-TR-65-165). 
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men, and to account for it analytically. If the fracture strength of an element is 
denoted by x and the applied stress by X, fracture will occur whenever the quan
tity y = x - Xis negative. The frequency distribution f(y) can be found from the 
known distributions of x and X and then a simple integration of f(y) over the re
gion y < 0 yields the probability of fracture for the element. For cases other 
than Gaussian distributions for x and X, the distribution of "strength minus load" 
will probably not have a simple closed-form expression, and recourse to numeri
cal schemes will be required. 

Various ideas have been proposed for controlling the forces and stresses 
occurring at the boundaries of ceramic structures. Nonredundant attachments 
have been used so that the loads at the junctures are unaffected by differential 
displacements. 3 In certain types of attachments it may be possible to use duc
tile inserts that limit the loads transferred to the yield of the inserts. Here, as 
long as the transfer forces are bounded, it may not be necessary to know their 
exact distribution. Sometimes it is possible to use the techniques of prestress
ing to impose compressive stresses in a component of sufficient magnitude to 
guarantee that all spurious forces will result in net compressive stresses. 

TEST SPECIMENS FOR BRITTLE MATERIALS 

To obtain the stress - strain relationship for a material, it is necessary to have 
some method of relating the load on the specimen to the stress at some point. 
In general, the determination of the relationship between load and stress in a 
solid body requires a knowledge of the material properties-precisely what we 
are trying to find. Fortunately, there exist some special combinations of loading 
and geometry that enable one to relate load to stress by appealing only to equi
librium considerations. Examples of such situations are provided by thin-walled 
cylinders under torsion of internal pressure and odd-shaped solids under hydro
static pressure and prismatic rods under uniformly applied axial end loads. 
Certainly, in this group the prismatic rod would seem to be the least involved 
method of producing tension. However, it is extremely difficult to insure a uni
form end pressure, and it is here that we must make an appeal to a physical 
assumption called Saint-Venant's principle. This principle essentially states 
that all stress distributions on the end of the bar, which are statistically equiva
lent to the uniform pressure, will produce a uniform stress in the central re
gions of the bar if the bar is sufficiently long. 

Saint-Venant's principle enables us to produce any number of varieties of 
grips and flanged ends and still get stress= force/central area. However, any 
moment transmitted to the ends of the rod disqualifies the application of the 
principle, since the presence of end moments makes it impossible to have a 
stress distribution at the ends that is statistically equivalent to a uniform pres
sure. In practice, it is an exacting feat to eliminate the terminal moments. The 
seriousness of the problem is clear from our previous consideration of Figure 3. 

Recognizing the difficulties of performing reliable tension tests even at room 
temperature, many investigators have proposed other tests for studying material 
behavior, which make use of the assumption that the stress is a linear function 
of the strain. An evaluation of various specimens for measuring room-tempera
ture strength is given in Figure 4. For materials which obey Hooke's law, any 
of the specimens shown can be considered; for nonlinear materials, only the 
"equilibrium specimens" can be used for unit- strength determinations. 

Ideally, specimens and loading conditions are sought that exhibit the proper 
combination of low variability in applied stress and a simple formula for the 
statistical distribution of their strengths. This latter property makes it possible 
to establish statistical parameters from ultimate fracture-strength data. A 
further attribute of a specimen and its loading apparatus would be its adapt
ability to elevated-temperature testing. (See p. 208, Test Methods, Their 
Description, Capability, and Limitations.) 
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FIGURE 4. Various specimens for determining strength (Source: "The Behavior and 
Design of Brittle Structures," AFFDL-TR-65-165). 

ESTIMATION OF STATISTICAL PARAMETERS 

With few exceptions, the vast body of work in the field of statistical-fracture 
theory has been based on the idea that an infinite amount of data is available for 
describing the strength of a material. In other words, investigators have as
swned that the distribution curve shown in Figure 2 can be precisely determined 
from experiments. Their design procedures reflect this assumption since they 
all begin by fitting the distribution curve with an assumed analytic expression 
in which the parameters are taken to be well-defined constants of the material. 

Unfortunately, real materials must be described using a finite amount of data, 
and under this condition the parameters associated with the hypothesized distri
bution function can only be estimated. Indeed, when various finite samples of 
fracture data are drawn from the same infinite population, the distribution 
curves for each sample will be different. It turns out that these parameter 
estimates are themselves statistical variants and possess a frequency distri
bution that is related in a nontrivial way to the original distribution of fracture 
strengths. 4 
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Four typical probability density curves for a parameter estimate m are shown 
shown in Figure 5. Consider, for example, the curve in Figure 5(a), which repre
sents samples of size 10. One could imagine that this curve is constructed along 
estimates of the parameter, m, obtained from an infinite number of samples of 
size 10. True values of this parameter µ are shown to coincide with the mode, 
as is frequently the case. Because large samples give more reliable parameter 
estimates than small ones, we would expect the scatter of such estimates to 
diminish with increasing sample size. Since the total area under a frequency 
curve must be equal to unity, the curves representing the large sample sizes 
are taller and more constricted. 

There are usually many methods available for estimating the parameters in 
a given type of distribution function. One can, for example, estimate the mean 
of a normal distribution by taking the arithmetic average or by finding the most 
frequently occurring value of the data-there are at least a dozen methods used 
to obtain Weibull parameters. Each estimation method will lead to a different 
frequency distribution for the parameter estimates and, in general, the superior 
method will lead to the least dispersion around the true value of the estimate. 
For example, Figure 5 clearly shows that for the same sample size, Estimation 
Method 2 is the better. 

Specification of a sample size and a method of estimation leads to a particular 
probability density curve for the parameter estimate. The probability that an 
estimate will fall between any two values can then be found by integrating the 
area under the frequency curve f(m) between these values. In particular, we 
can find the probability P that our estimate is accurate to within -a and +b of 
the true value of µ. Formally, we have 

P[(µ - a) s ms(µ+ b)] = J."'+b f(m) dm. 
µ-a 

(2) 

This probability is called the confidence level. For a given method of estima
tion we have a trade-off among sample size, accuracy, and confidence level. It 
is clear from Figure 5 that the larger sample size leads to a higher confidence 
of obtaining an estimate within a specified accuracy. For a fixed sample size 
the problem resolves itself to a trade-off between accuracy and confidence. We 
can have higher confidence of a lower accuracy and vice versa. 

Once the parameters have been determined, the assumption of the particular 
form of the distribution function can be checked. Essentially, this is a go or 
no-go situation. Using a chi-square test one can determine the credibility of 
the assumption and then decide whether or not it warrants being used as a work
ing hypothesis. This procedure is satisfactory for attempts to find a distribution 
function that fits observed data. Granted that a sufficiently good fit is obtained, 
we will then presume that the population is characterized by the parameters. 

True Value of r- Statistical Par-er,. 

I a I Estimation Method ~ 

True Value of 
Stotisticol Parameter,. 

Sample Size 1000 

Sample Size 10 

m 

I b I Estimation Method 2. 

FIGURE 5. Estimation of a statistical parameter (Source: Barnett and McGuire, Amer. 
Ceram. Soc. Bull.,45, 595-602, 1966). --
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The Analysis of Brittle Components 

RELIABILITY PREDICTIONS BASED ON FULL-SCALE TESTING 

Three approaches are available for predicting the strength of frangible struc
tural components. The first deals with full-scale prototypes, the second with 
small-scale models, and the last with small specimens. In each case the re
spective structures are fracture-tested in sufficient number to assure a well
defined cumulative distribution function in the sense of accuracy and confidence. 
In the first case, this leads directly to the relationship we seek between reli
ability and strength for the full-size component as shown in Figure 2. The use 
of such a curve in design differs from the usual statistical applications, which 
are concerned with the values of the variant close to the mean value. Here, the 
demand for structural components of high reliability forces the designer to deal 
with the low failure probabilities associated with the lower portion of the dis
tribution curve. 

Unfortunately, because of the rarity of extreme events, a suitable defini-
tion of the lower-distribution tail will require an enormous amount of data. The 
conventional and more economical alternative to such a prospect is to embrace 
the procedures of the previous section, i.e., to find an analytic expression of a 
distribution function that closely describes the available data and then to extrapo
late to find the stresses that correspond to low-failure probabilities. Indeed, 
this is the only possible procedure for defining the zero-probability stress. We 
hasten to point out, however, that regardless of the goodness of fit obtained for 
the existing data, the behavior at the lower-distribution tail will always remain 
a mystery. 

The establishment of a distribution curve based on prototype testing is gen
erally impractical in view of the costly procedures involved in the manufacture 
and testing of ceramic components. On this basis it seems reasonable to explore 
the possibility of basing performance predictions on either small models or 
small specimens. In both cases a scaling law will be required. This brings us 
to the second significant difference between conventional statistics and statisti
cal fracture theory. Here, a load redistribution model is utilized to reflect the 
effect of size on the strength of components. 

SCALING-LOAD REDISTRIBUTION MODELS 

When fracture occurs in some element in a brittle body, two possibilities arise. 
First, the resulting crack may be arrested and the loading on the body may be 
increased until this crack or some other finally propagates throughout the body, 
causing complete failure. In the second case, no crack-arrest mechanism exists, 
and the first crack to form propagates through the body, causing over-all failure. 
The lack of a load-redistribution mechanism in this latter situation can be de
picted by the model shown in Figure 6A. This weakest link or series model, 
first proposed by Peirce in 1926, 5 has received more attention than any other 
statistical mociel. Referring to Figure oA, a relationship can be derived be
tween the reliability of the entire chain and that of its links. Since the proba
bility that the chain will survive, 1 - F S' ts equal to the probability that the 
various links will simultaneously survive, 

n 

1- Fs = (1- F1)(1- F2) •.. (1- F0 ) = n (1- Fj), (3) 

j = 1 

where Fj is the failure probability of the jth link and n is the total number of 
links. 

Since its introduction there have been two extremely important advancements 
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FIGURE 6. Various types of load-redistribution models (Source: "The Design 
and Behavior of Brittle Structures," AFFDL-TR-65-165). 

in the development of the weakest-link theory. The first of these was due to 
Weibull, who proposed an extremely simple form for the distribution curve of 
a unit volume of material. He proceeded to use this distribution function to de
scribe the behavior of many simple and important load-carrying elements. For 
a tension member or specimen his theory takes the form 

[ 
v (x - x~mJ 

F(x) = 1 - exp - -! ~} x s: x t 

=O x<x 
t 

where xis the tensile stress, "'g is the volume of the tensile member or the 
gage volume of a specimen, v is a unit volume in the same dimension as vg, 

(4) 

and xt, Xa• and mare assumed to be constants of the material. Units should be 
chosen so that the argument of the exponential function is dimensionless. In 
order to maintain the consistency necessary to compare different geometries 
and materials, it is good practice to retain the units adopted for the tension data. 

Following Weibull's theory in 1939,1 many different weakest-link theories 
were proposed without any apparent unification. The second important develop
ment of the series model came with the recognition by Epstein6 in 1948 that the 
series model represents a special case of extreme value statistics. Among 
other things, this theory concerns itself with the distribution of the smallest 
value in k independent observations. Referring to the series model illustrated 
in Figure 6A, Epstein provided the tools for establishing the strength distri
bution of a chain based on the knowledge of the strength distribution of the in
dividual links. 
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A great deal of effort in the field of brittle design has been devoted to the 
verification of specific statistical-fracture theories, e.g., the Weibull theory. 
It cannot be overemphasized that the specific form of the fracture theory is not 
nearly as significant as establishing the statistical model that governs a mate
rial's behavior. Extreme value statistics furnish us with an important neces
sary condition for a series material that does not require the specific form of 
the distribution function nor a knowledge of the combined-stress theory appro
priate for the material. Specifically, when the loading and geometry of two 
different-size components are similar, their distribution function F(x) must 
scale according to the following relationship when the material obeys the series 
model. 

(5) 

where Fi is the fracture probability of the ith structure, Vi is the volume of the 
ith structure, and where 

(6) 

The statistical variants designated by the letter P can be taken as any load, load 
magnitude, or combination of loads on the member. We could also choose the 
stress fl acting at any point as our variate in which case the arguments of F 1 
and F2 are each a. To demonstrate the application of equation 5, two different
size circular plates in plaster• were fracture-tested using simple edge supports 
and a concentrated central load. The distribution curves for these experiments 
are shown in Figure 7, where we observe that the performance of the large plates 
differs from that predicted from the small plates using the volume ratio V 2/V 1 = 
125. We conclude that the plaster is not a series material. 

H the distribution function for the strength of a link in a series model has a 
zero strength xb this will also be the zero strength of the chain regardless of 
its length. Recognizing the possibility that a material has a strength level below 
which no failures can occur, many investigators have proposed that a determinis
tic design theory be based on this zero strength. This is, of course, impractical 

a SMALL PLATE DATA 

800 900 1000 1100 1200 1300 1400 

Variate: P/h2 

Central Load + Square of Plate Thickness 

FIGURE 7. Distribution functions for the fracture strength of small and large hydrostone 
plaster plates (Source: ''The Design and Behavior of Brittle Structures," AFFDL-TR-65-
165). 

*Hydro-Stone Super Strength Gypsum Cement; United States Gypsum Company, Chicago. 
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when X.t is very small or zero. Even when this is not the case we must remem
ber that the true value of x.t can only be determined from a population of infinite 
size. Using a finite sample size we can only estimate the value of X.t and, as we 
have seen, such an estimate is itself a statistical quantity. Consequently, we 
are faced again with a statistical design problem. 

The parallel model illustrated in Figure 6B has received only a fraction of 
the attention that has been devoted to the series or weakest-link model. Oddly 
enough, Peirce, who introduced the series model, was also first to consider the 
parallel model, and, furthermore, he did so in the same paper. 5 In this model, 
we observe that fracture at a point (or link) may not constitute fracture of the 
specimen. That is, alternate-force paths are available to the axial load. It 
should be pointed out that the parallel model seems appropriate for describing 
the strength of filamentary ceramic elements and perhaps for reinforced com
posites that derive their strength primarily from parallel ceramic fibers. 

Daniels 7 has shown that the fracture load S for a bundle of n strands will 
normally be distributed for large n if S is always divided equally among the 
unfractured strands. This result is independent of the distribution function F(x) 
governing the strength of the individual filaments. Specifically, the mean strength 
of the bundle is given by 

S = nx [ 1 - F(x)] mean 
(7) 

and the variance by 

2 2 
a (S) = nx F(x) [1 - F(x)], (8) 

where x maximizes the quantity x[l - F(x) ]. When the load, S, is not equally dis
tributed among the strands, the problem is a great deal more complicated, and 
a considerable amount of research is needed in this area. 

The actual behavior of most real materials is probably best represented by 
a statistical model that involves both series and parallel elements. Typical of 
such models are those shown in Figure 6, C and D. Many of their properties 
can be inferred from results obtained for the pure series and parallel models. 
For example, if we observe in Figure 6C that each link is actually a parallel 
model, we know from the work of Daniels that the strength distribution of the 
links must be normal regardless of the properties of the individual hoops. Thus, 
we have a chain composed of Gaussian links, and we can appeal to the work of 
Epstein6 for its strength distribution. 

The series-parallel model shown in Figure 6D represents a physical situ
ation where some cracks are arrested in a body and some propagate undisturbed. 
Our previous discussions would indicate that a minimum of two parameters is 
required to describe the series regime of the model, and two for the parallel 
regime. Furthermore, an additional parameter is needed to define the ratio of 
series to parallel elements. This, of course, results in a five-parameter theory 
which should be very demanding in its data requirements and awkward in its 
analytical versatility. 

Experimental investigations in statistical-fracture theory have primarily 
concerned themselves with the verification of specific weakest-link theories 
without trying to establish the underlying statistical models. Attempts to verify 
specific theories quantitatively have in general been inconclusive. Usually, 
too few tests were used to estimate the distribution parameters properly. Where 
great numbers of specimens were used, either the programs considered only 
one size of specimen or a distribution function did not exist for the materials 
considered. Typically, these experimental efforts support the predicted size
strength trends from a qualitative standpoint. Such verifications are not useful 
in selecting a statistical theory since almost every reasonable model shows 
decreasing unit strength with increasing size. 
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RELIABILITY PREDICTIONS BASED ON SMALL-SCALE MODELS 

Because direct methods are not presently available, the discovery of the appro
priate statistical model for a given material is an arduous task that requires 
the testing of many alternative model hypotheses. However, if we are willing to 
forgo an exact description of material behavior and accept instead a conserva
tive prediction of component strength, a suitable compromise can be effected by 
reinterpreting the series model. We recall that this is the only model that pro
vides no load-redistribution mechanism upon fracture initiation at a point. 
Consequently, predictions based on this model will underestimate the strength 
of materials that can redistribute stresses after a local fracture. More spe
cifically, if the fracture probability of a component is scaled according to equa
tion 5, the true fracture probability will be less than or equal to this prediction. 
This far-reaching result provides the basis for a conservative general-analysis 
capability that is applicable to any brittle material. This theory is applied to 
the plaster plates in Figure 7, where we observe that the data for the large plates 
fall to the right of the predictions based on the small-plate data. Similar dem
onstrations of this conservative scaling technique can be found in Reference 4 
for beams, cylinders, and leading edges. 

We see then that equation 5 provides a means for determining the distribu
tion curve for a full-scale component by merely testing small-scale models. A 
significant feature of this technique is that it does not require an analysis of the 
stress distribution; nor does it require the use of a multiaxial-fracture stress 
theory. Finally, it does not depend on the form of the distribution function ob
tained from the small models. However, the material must all come from the 
same statistical population, and there must be no variation in the applied stress 
from such sources as statistical-boundary conditions, random loads, or residual 
stresses. 

If the design material costs too much for scale-model trials, tests can some
times be run on cheaper materials. 8 The reliability of a prototype component, 
1 - GP, can be expressed as a power function of the reliability of a model com
ponenl, 1 - Fm• when the geometry and loading are identical. The validity of 
this relationship requires that both materials be of the weakest-link type and 
that their fracture distributions under combined stresses be related through 
the equation 

(9) 

where k is a constant found by plotting the tension reliability log [1 - G(S)] of the 
prototype against log [1 - F(S)] for the model, with Sas a parameter. The slope 
of a straight line fitted to this plot and passing through the origin is taken as k. 
This determination of k is illustrated in Figure 8. After k has been established, 
the component reliability can be found by the volume-scaling criterion 

(10) 

where (1 - Fsm> is the reliability, determined from tests, of a small model. 
The stress, a, appearing in the arguments of Gp and Fsm can be associated with 
any location in or on the component. If a load P sm is taken as the statisti~l vari
ate for the scaled model, the argument of Gp(Pp) is simply Pp= (V2/V1)2/3Psm. 

RELIABILITY PREDICTIONS BASED ON TEST SPECIMENS 

Analysis Algorithm 

When it is impossible or uneconomical to investigate the integrity of a component 
through tests on small models, the analysis can be based on data obtained from 
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ing law to be valid. These particular data are for an 
Al203 prototype and a TiB2 test material (Source: 
Barnett et al., Machine Design, 38, 184-191, 1966). 
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simple test specimens. For this method, a combined-fracture stress theory is 
needed to relate the behavior of a unit volume under a complicated stress state 
to the behavior of the test specimen. 

Development of such an approach is far from complete; however, a simple 
theory has been proposed. 4 

H S1, S2, and S3 are three principal stresses acting on a uniformly stressed 
unit volume 4V i• the reliability of the volume, 1 - Fu, is 

1 - Fu= [l - F(S1)][1 - F(S2)][1 - F(S3)), (11) 

where F(S) is the fracture probability of a unit volume under a pure tensile 
stress, S. This equation can be used for any homogeneously stressed basic 
unit for which F(S) has been established, including, for example, infinitesimal 
volumes. 

The simplest way to determine the reliability-strength trade-off ts to test 
full- scale prototypes. This method requires neither a stress nor strength anal
ysis. The big drawback is expense. The testing of scale models costs less than 
full-scale tests, but still avoids the need for an accurate stress analysis. How
ever, this technique requires knowledge of the strength- volume relationship. 
Neither of these approaches provides basic information about the material being 
tested. Therefore, subsequent designs with the material must be developed from 
scratch. 

The most sophisticated approach-the theory of which is explained above
requires not only data from test specimens but also requires a detailed stress 
analysis. Small, relatively inexpensive specimens are tested to determine the 
reliability characteristics of small volumes. A conservative algorithm, based 
on a series model, then ts used to predict prototype behavior. The entire analy
sis requires six steps: 
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1. Obtain the tensile-strength distribution Fvg(x) using a tension specimen 
with gage volume vg. 

2. Perform a complete stress analysis of the component. 
3. Divide the component into n convenient volumes, V 1, V 2, ... , V n• No volume 

should be smaller than the gage volume of the test specimen. Choose volumes 
with approximately homogeneous stress states. 

4. Determine the "worst" stress condition in each volume Vj and assume 
that the corresponding principal stresses sl' s2' and s3 act uniformly through
out the volume. 

5. Determine the reliability of each volume (1 - Fv)j by first finding the reli
ability of the gage volume under the principal stresses through application of 
equation 11, 

[l - F (S1, s2, s3)] = [l - F (S1)][1 - F (S2)][1 - F (S3)]. 
vg vg vg vg 

Then scale gage-volume reliability to find (1 - Fy) by using equation 5, 

(1 - F. ) = (1 - F ) Vj/vg . 
V j vg 

6. Use equation 3 to establish the reliability of the entire structure, 1 - F S' 

from the reliabilities of the volumes vj" 

Example - Circular Disk 

n 

1 - F s = TT (1 - F v>J . 
j = 1 

Calculate the reliability of a circular plate {Figure 9) loaded by uniform ten
sile stresses S0 on the outside edge and Si on the inside edge. Use the tensile
strength distribution in Table 2. 

The curve in Figure 10 was constructeci from fracture data for typical 
brittle-tension specimens (Table 2). To construct such a curve: 

FIGURE 9. Sample problem: circular plate containing 
a hole is loaded by inside and outside tensile stresses 
(Source~ "Fracture of Brittle Materials under Tran
sient Mechanical and Thermal Loading," AFFDL-TR-
66-220). 
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1. Order the data from smallest to largest. This will yield a sequence of 
numbers, x1 s ... s xi s ... s ~· 

2. Estimate the cumulative distribution function, F(x), by calculating Fn(xi) = 
i/(n + 1) for each value. This is a function commonly used in statistical work 

l.o.-----.---r---r-.------.---.,....-.-------.-~o 

~ 0 .8 t----+--t----+----il-'7'---+----;~-+----;0 .2 
ca Gage 

!!: 0.6>----+---+--+---++-VOlume = 0.125 in.3 
9 m=3 
~ 0.4 x, = 4.13 ksi 

x0 = 5,61 ksi ..D 

-8 o.2 x = 4 13 

~ 
0.4 = 

~ 
0.6 ~ 

~ 

0.8 
... 1 . • 

c... 0 1.0 
0 4 8 12 16 20 24 28 32 

Stress, x. Cksi) 
I 

FIGURE 10. Failure-distribution curve for typical 
brittle tensile specimens (Source: Barnett et al., 
Machine Design, 38, 184-191, 1966). 

Table 2. Failure strengths of Typical Brittle Tensile Specimens 

Failure 
Ordered Fracture Probability, 
Stresses, xi (ksi) Rank, i F = i/(n + 1) Xi2 

7.55 1 0.0625 57.00 
8.55 2 0.1250 73.10 

10.91 3 0.1875 119.08 
11.60 4 0.2500 134.56 
12.44 5 0.3125 154.75 
13.50 6 0.3750 182.25 
13.65 7 0.4375 186.32 
14.00 8 0.5000 196.00 
14.75 9 0.5625 217.56 
14.83 10 0.6250 219.93 
15.96 11 0.6875 254.72 
16.41 12 o. 7500 269.29 
16.60 13 0.8125 275.56 
20.00 14 0.8750 400.00 
21.50 15 0.9325 462.25 

!;xi = 212.25 

1 
xa = ; LXi = 14.15 

1 2 1 2 2 2 
m = - I;(x - x ) = - I;xi - <xa> = (213.49) - (14.15) = 13.26 

2 n i a n 
1 31 33xa 2 3 

m3 = ; I;(xi - x a) = ; I;xi - -;- I;xi + 2(xa) 

= (3403.69) - 3(14.15)(213.49) + 2(14.15)3 = 7.24 

3/2 3/2 
A3 = ml(m2) = 7 .24/(13.26) = 0.15 

~x12 = 3202.38 ~13 = 51055.34 

430.37 
625.03 

1298.60 
1560.40 
1925.13 
2460.38 
2543.30 
2744.00 
3209.05 
3261.55 
4065.36 
4419.02 
4574.30 
8000.00 
9938.38 
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to estimate the failure probability at a stress xi (i.e., the percentage of samples 
that will fail below a stress xi). 

3. Plot Fn(xi) against xi as shown in Figure 10. 
It is possible to use a smooth curve passed between the points as an esti

mate of reliability in the range for which test data are available. This is a good 
approximation for central values of x. For extreme values, however, the fit 
becomes questionable, especially when the number of test samples is small. 
Also, a purely graphical curve offers no information about failure probabilities 
in the regions beyond the maximum and minimum fracture strengths obtained 
in the test. An analytical approach, analogous to curve fitting, is necessary to 
carry the curve into these regions. 

The Weibull distribution function described in Equation 4 is used to fit the 
data of Table 2. This requires that we estimate the values of the three statisti
cal parameters, x.t, x0 , and m. One method for doing this, called the method 
of moments, requires that the first three moments of (dF)/(dx) and the data be 
equated. The first three statistical moments, Xa• m2, and m3, and the parame
ter A3 are evaluated at the bottom of Table 2. Using Figures 11 through 13, 
which have been reproduced from Reference 9, one can solve the three equations: 
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FIGURE 11. Parameter mas a function of A3 (Source: Gregory and Spruill, "Structural 
Reliability of Re-entry Vehicles Using Brittle Materials in the Primary Structure," IAS 
Aerospace Systems Reliability Symposium, 1962). 
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FIGURE 13. Parameter A1 as a function of m (Source: Gregory and Spruill, "Structural 
Reliability of Re-entry Vehicles Using Brittle Materials in the Primary Structure," IAS 
Aerospace Systems Reliability Symposium, 1962). 

A3 = m3/(m2)312 = function of m shown in Figure 11, 

l/m 1/2 . 
x0 = (v /v) (m2/A2) , where A2 (m) is shown in Figure 12, 

x.t = xa - A1 (m2/A2)112, where A1 (m) is shown in Figure 13, 

to get estimates of x.i, Xo• and m. 
For the data in Table 2, A3 = 0.15, so that m = 3 in Figure 11. Then, from 

Figure 12, A2 = o.105.= T(:.:25\113 (13.26\ 1/2 = 5 61 k . 

XO \ 1 I 0.105) . Sl. 

From Figure 13, 

A1 (3) = 0.893, 

and 

(i3.2~\ 1/2 
x.t = 14.15 - (.893) \O.lO'!J} = 4.13 ksi. 

The smooth curve shown in Figure 10 is the Weibull distribution with these 
parameters. Because of the small number of tests used for this illustration, the 
fit is not good at the extremes of the curve. Many more tests, sometimes hun
dreds, are required for practical problems. Sample-size requirements are 
discussed more fully in the literature. 4 

Now, using our analytical representation of the data given in Table 2, we may 
proceed with the reliability predictions for the disk. The numbered paragraphs 
that follow correspond to the numbered steps in the Analysis Algorithm. 

1. The fitted Weibull curve in Figure 10 is 

g x - 4.13 t v ~ ~3 J 1 - Fvg(x) =exp v 5.61 · (12) 

2. The material is assumed to be linearly elastic, and the radial and cir
cumferential stresses are found from elasticity theory 
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Table 3. 

a 
j 

(in.) 

1 1.0 
2 1.5 
3 2.0 .. 2.5 
5 3.0 

Given: S = 4.956 ksi, S. = 4.460 tsi, r = 4.0 in., r 1. = 1.0 in.., and h = 1.0 in. 
0 1 0 

1be expressions then reduce to 

"r = 4.99 - 0.4:5 
r 

0.495 "e = 4.99 +--2- . 
r 

3. Arbitrarily divide the plate into five concentric rings with the dimensions 
indicated in Table 3. Note that each ring YOlume is greater than the gage 'IOlume 
vg = 0.125 m.3 Also, the stress state becomes more bomogeneoas when the 
number of ring divisions is increased. 

4. 1be largest radial stress ill the jth ring occurs at its outside radmB 

er = 4.99 - 0.495 . 
r b2 

j 

The largest circumferential stress is at the inside radiDs, 

"• = 4.99 + 0.4:5 • 
a. 

J 

These ftlaes are bbn]ated in Table 3. 

PWe Re liability Calculations 

b v. "r "e [-. (··-U3n [-. (•·-··") '] j J 
1- FV 

(in.) (in.~ (ksi} (ksi} eq> \ j 5.61 eq> \ j 5.61 

1.5 3.927 {.76 5.48 0.99f.IS 0.94673 0..94141 
2.0 5.498 t..86 5.21 0.98796 0.9615' 0..9-49K 
2.5 7 .069 {.91 5.11 0.9798-4 0.96026 t..MGM 
3.0 S.639 {.94 5.06 0..9743-4 0.961-41 t..93614 
{.0 21.991 05 5.04 0.93368 0..9105-4 0..85115 
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5. There are several steps required to determine the reliability of the Vj" 
The reliability of the gage volume under the biaxial stresses s1 = a r and 
82 = 0 8 is 

(1 - F ) = (1 - F (o ))[1 - F (08)). vg' vg r vg 

If or and 0 8 are assumed to be uniform throughout the ring, the reliability of 
the ring becomes 

(1- FV) = (1- Fvg>V/vg 

= [ 1 - Fvg(or) J V/vg [ 1 - Fvg<ot J V/vg 

The bracketed quantities are replaced by equation 12 to obtain 

(1 - FV) = (- ~ 1 e• ;_;;1f J) 
(- ~ :l (a• ;_;;•3) 3]) 

Each of these bracketed quantities is tabulated separately in Table 3 together 
with its product (1 - Fy ). 

6. The reliability of the plate, 1 - F s• is simply the product of the ring 
reliabilities, 1 - Fv. 

5 

(1 - F s) = Tf (1 - F v)j 

j = 1 

(O. 94148)(0.94996)(0. 94090). 

(0.93674)(0.85015) 

= 0.670. 

If the material in the plate is known to be a series material, VJ need not be 
greater than vg. Then the rings may be infinitesimal and calculus can be used 
to obtain a reliability prediction of 0.696. Thus, in this example, the partition
ing of the plate into five subvolumes produces a fairly accurate estimate of the 
over-all reliability. 

The Design of Brittle Components 

CONVENTIONAL OR ADEQUATE DESIGN 

The problem of structural design is the disposal of material in such a way that 
it will, within some level of probability, equilibrate given systems of applied 
force under appropriate environmental conditions without exceeding permissible 
amounts of deflection. Formulated in this way the solution to the design problem 
is not unique, and the various possible designs are called adequate designs to 
indicate that they merely represent a synthesis that satisfies the functional re
quirements within the confines of existing limitations. If, in addition, designs 
are required to be minimum weight or minimum cost, we enter the more spe
cialized fields of minimum-weight design or minimum-cost design. 

The theory of adequate structural design is for the most part concerned with 
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stress or deflection analysis of given structures. This means that in practice it 
can only be used in design by a process of trial and error, in which the struc
tural layout and sizes are first guessed or very roughly calculated and are then 
subjected to as complete analysis as the theory will permit. The results of these 
calculations are compared to some performance yardstick, and on this basis the 
various parts of the structure are judged to be adequate or inadequate. The de
sign is then modified, and the thorough-going analysis is repeated as a check. In 
the case of a ceramic structure, the material would be approximated as linear, 
elastic, isotropic, and homogeneous, and a thorough analysis would result in a 
description of the stresses, strains, and deflections throughout the structure. 
The integrity is then established by applying our statistical-fracture theories 
to determine the probability of fracture occurring under the imposed-stress 
distribution. H this turns out to be sufficiently low, we can accept the design or 
modify it to lower its weight or cost. If the fracture probability is too high, the 
design is unacceptable and modification is required. 

The initial guess at the dimensions of a trial component is a matter of art. 
Many of the dimensions will be set by functional requirements on the structure. 
The remainder should be selected with a view toward minimizing stress con
centrations. When the first component has been proportioned we can proceed 
to analyze it by the most appropriate method, outlined previously (p. 252). How
ever, for definiteness we will describe the procedure for a very typical case, 
specifically, the multiaxial- stress problem in a material whose statistical 
fracture model is unknown. 

After a component geometry is selected, the distribution curve for uniaxial 
tension is obtained. Then, the previous analysis algorithm (p. 256) may be ap
plied to establish the component reliability. Now, if modification of the trial 
component is required to improve the reliability or to lower the weight, it will 
be very useful to have the maximum applied stress and the fracture probability 
Fyj recorded for each basic unit, j. The critical units can be identified in this 
way, and modifications can be made that tend to balance the design. This pro
cedure must be repeated until a satisfactory trial design results. Finally, we 
may check out this trial design by fracture-testing scale models in sufficient 
number to establish a satisfactory distribution curve. Using Equation 5, we 
obtain a conservative estimate of the reliability and, indeed, the entire distri
bution curve for the trial prototype. 

If at this point the trial design is not satisfactory, it means that the assumed 
combined-stress theory is too unconservative and that the conservative weakest
link theory cannot compensate for it. Additional modifications may require 
further model testing. 

MINIMUM-WEIGHT DESIGN 

The proportioning of either ductile or brittle structures through the use of con
ventional design theory is at best a clumsy procedure producing many candidates 
which are all structurally adequate. H we wish to achieve a structure which is 
optimum, in addition to having adequate integrity, we must impose other condi
tions on our design procedures, such as minimum weight or minimum cost. This 
extra condition generally enables us to solve the design problem directly for one 
or more optimum dimensions. Solutions of this type are expedited by having 
simple analytical expressions for both the resistance and the applied stress for 
the classes of structures of interest. 

To illustrate the minimum-weight design procedure in the setting of statisti
cal-fracture theory, let us consider the problem of selecting the optimum width 
of a rectangular beam under terminal couples M when its length L, its depth d, 
and its reliability (1 - F) are specified. For a Weibull material the bending re
sistance can be specified implicitly in terms of the maximum fiber stress "r' 
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V (a r - ')) m + 1 
- log (1 - F) = 2 (m + 1) m 

a x r o 

The maximum applied stress aa for such a beam is simply 

6ML/d 
aa = V · 
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(13) 

(14) 

If we plot the volume against the applied and resisting stress as in Figure 14, 
we find that the smallest admissible volume is obtained with aa = ar. This con
dition results in the following algebraic equation from which we obtain the opti
mum volume: 

2 1-m 1 
l+m l+m m l+m 

xt V - (6ML/d) V + [-2(m + 1) (6ML/d)x0 log(l - F)) = 0. (15) 

For x1 • O, the •P:~ =Tme Is (::~;llc!Uy i m~ 1 • (1&) 

op l-2(m + l)x0 log(l - F)J 

A similar expression is given in Reference 2 for the minimum volume of a ten
sion member. In both the beam and the tension-member problems, only one 
open dimension was sought. Problems in which many dimensions are optimized 
for a specified reliability can be found in the literature.10 

MINIMUM-COST DESIGN 

Introduction to Statistical Proof Testing 

Perhaps the most provocative characteristic of the distribution curve is that it 
indicates the existence of a few extraordinarily strong members in the popula-

v 

Applied Stress 

Acceptable Unacceptable 

a;;= a; 

FIGURE 14. Minimum volume bending member 
(Source: "The Behavior and Design of Brittle Struc
tures," AFFDL-TR-65-165). 
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tion. Because these strong components are indistinguishable from the weak ones 
that are also present, safety demands the assumption of low strength for all 
members. Thus, not only are weak elements intrinsically undesirable, but their 
presence precludes the full utilization of the strong ones. For this reason, it 
seems expedient to seek some method of screening out the weaker elements, and 
a mechanical proof test appears to provide just such a screening operation. 

The dashed line in Figure 2 (p. 246) is the distribution curve obtained by elimi
nating all the elements that fall under a proof stress of ap· If the components that 
survive the proof test are unaffected by the test, that is, if no damage is accumu
lated, the truncated distribution function Fp(a) for these survivors can be related 
to the original distribution function F(a) in a manner originally described by 
Weibull. The probability of failure at a stress a in the truncated population is 
equal to the ratio of the number of failures at stress a in a sample of size N, 
NF(a) - NF(ap), and the total number of survivors, N - NF(ap). Hence, 

F(a) - F(a ) 

F p (a) = 1 - F(a f 
p 

= 0 

O' " O' p 

a < a . p 

(17) 

When structural elements are proof-tested, the survivors show greater strength 
at every reliability level and less variability in strength. The shifting of the 
truncated curve to the right of the parent curve in Figure 2 illustrates the in
crease in strength; the constricted scatter between the 5 and 95% probability 
levels indicates the decreased variability. The improvement in strength and 
scatter with increasing proof stress follows immediately from equation 17, i.e., 
Fp(a) s F(a), and F' (a) s F' (a). 

The benefits of pfoof-testing continue to increase until ap is taken as great 
as the 100% probability stress, at which point all the survivors assume this 
strength. The disadvantages of high-proof-stress levels are, however, attended 
by economic disadvantages. Specifically, the number of weaker elements that 
are removed from the population increases with the proof-stress level. Figure 
2 indicates that the percentage of rejected elements F(ap) is found from the 
parent population at a stress ap. Clearly then, when ap approaches the 100% 
probability stress, the number of specimens screened from the population 
approaches 100%. 

Thus, proof-testing of a specific structural component provides the designer 
with an additional parameter with which he may achieve higher strength and re
liability at the expense of greater scrap. When no regard is given to cost, it 
is readily apparent that unlimited distribution functions lead to components of 
infinite strength, 100% reliabllity, and zero weight. Even with limited distribu
tions one can obtain exceptionally high strength and, therefore, very lightweight 
structures. FUrthermore, when circumstances permit the proof test to be 
matched identically with the actual loading, the surviving components are 100% 
reliable. The question, then, is: ''What must we pay for these achievements?" 

A rational approach to this question can be made using a concept from 
extreme-value statistics called the return period. The return period predicts 
the number of prototypes required, on the average, to produce one prototype 
that is satisfactory.11 Its formula is simply the reciprocal of the survival 
probability, i.e., 1/[1 - F(x)]. To utilize the return period as a design tool, one 
must have some means of selecting the good parts from the bad, that is, a ser
vice or proof test must be performed on the various prototypes. If the proof 
test does not damage the one good prototype that is present in the group pre
dicted by the return period, the resulting structure is 100% reliable. 

Having described the advantages of screening out the weaker members from 
a population of prototype components, we will now demonstrate the application 
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of the return period for the analysis and design of brittle elements in the 
presence of a proof-testing capability. Starting with the analysis problem, we 
assume that a component has been proportioned and that a trade-off is desired 
between integrity and cost. The return period - strength curve provides such a 
relation, and this can be established by fracture-testing a reasonable number of 
small-scale models of the prototype components. Combining Equation 5 with the 
definition of the return period, the return periods for the prototype distribution 
can be found from the strength distribution of the small models, F 1. Thus, 

1 1 Return period = -- s (18) 
l - F2 (1 - F )V 2/V 1 . 

1 

The inequality sign holds when the material considered is not of the series type; 
consequently, fewer specimens than predicted must be discarded. 

H we can assume a proof-testing capability, we can identify two distinct 
problems, which will be taken up separately: first, the use of proof-testing for 
existing or trial designs, and second, the proportioning of structures in the 
light of proof-testing. 

Cost - Strength Problem 

This first problem deals with components whose dimensions are fixed. Here, 
the strength f of a component can be increased by proof-testing, with an attendant 
increase in cost. H we assume that cost will be proportional to the number of 
components required to achieve a satisfactory one, it ls clear that we should 
examine the relationship between return period and ultimate load. For a given 
element, any of the analysis methods (p. 252) can be used to find its distribution 
curve F(f). We can then plot the return period 1/[1 - F(f)] against the load ca
pacity f. For example, if we designate our given component design by the sub
script 2 and we assume that F2 (f2) is determined through equation 5 in conjunc
tion with tests on a scale model designated by the subscript 1, the return period 
becomes: 

Return period= [ ( n 273)] n; n • V 2/V 1. 
1 - F1 f2/n 

(19) 

This is plotted against the integrity f2 in Figure 15. We should observe that the 
region of rapid rise in cost for only a modest improvement in integrity is charac
teristic of the proof-testing procedures. This figure enables us to select the 
greatest strength consistent with our budget. 

When the return period approaches infinity, the strength f approaches its 
100% reliability strength, which is either unbounded or of the order of magnitude 
of the theoretical strength of the material. This is true of any design, and, as a 
consequence, all designs can be made for all practical situations to have the 
same strength. Therefore, the real criterion of the best design is one that 
achieves a given strength at the least cost. 

Cost - Weight Problem 

When sufficiently simple analytical expressions exist for both the applied stress 
and the fracture probability of a class of elements, it is possible to impose the 
condition of minimum cost to establish one or more dimensions of the element. 
Whereas the cost - strength problem used proof-testing to increase the strength 
of given elements, we use it here as a direct design tool. 

The total volume of material G that is required to produce one acceptable 
component of volume V is given by the product of the return period and the 
component volume, 
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FIGURE 15. Variation of return period with design 
stress (Source: "The Behavior and Design of Brittle 
structures," AFFDL-TR-65-165). 

G = V /(1 - F). (20) 

In those cases where cost is proportional to volume, a minimum cost design is 
obtained by minimizing G. In the case of a bending member of span Land depth 
d, which is subjected to terminal couples M, and which is constructed from a 
Weibull material, the total volume becomes 

v2 (6M:/d - x~m+l 
G=Ve~ - , 

2v(m + 1) (6ML/d)x m 
0 

(21) 

where vis a unit volume. Setting the first derivative of G equal to zero, we find 
the optimum volume as the solution to the following algebraic equation: 

6ML/d 
V - xt 

m+l 

V m m - 2 (6ML/d) + vx0 = 0. 

Specializing for ~ = O, we obtain 

[ ] 

1/(m-1) 
(6ML/d)m m - 1 

m + 1 
V opt= 2vx m ; xt = O. 

0 

(22) 

(23) 

This volume identifies the lowest point on the curve of G vs V shown in Figure 
16 for Xt = 0. We observe that component volumes smaller than V opt can be 
obtained only at the expense of greater total volume. Finally, it should be 
pointed out that this general approach is applicable to more sophisticated cost 
criteria than Equation 20. A detailed discussion of proof-testing may be found 
in Reference 12. 
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FIGURE 16. Variation in total volume with component 
volume (Source: "The Behavior and Design of Brittle 
Structures," AFFDL-TR-65-165). 

Nomenclature 

Functions used in estimating Weibull (f2) Strength of given component 
parameters 

G Probability of failure of a unit volume of a 
Lower bound on accuracy ofµ prototype material 

Inside radius of subvolume VJ' in. Gp Probability of failure of a component made 

Upper bound on accuracy ofµ of a prototype material 

Outside radius of subvolume Vj' in. h Thickness of circular plate, in. 

Beam depth Rank number for individual observation 

Failure probability; the probability that Subscript denoting jth element 

failure occurs between O and x k Material-scaling factor 
Failure probability of subvolume V j L Length 
Probability of failure of a model m Parameter in the Weibull distribution 
component of a model material 

Fracture probability of nth link or volume 
m2 Second moment about the mean 

m3 Third moment about the mean 
Estimate of the failure of the structure 

M Terminal couple 
Probability of failure of the structure 

n = Total number of observations; number of 
Probability of failure of a small-model strands 
component of a model material 

N Total number of specimens 
Probability of failure of a unit volume 
under multiaxial state of stress p Magnitude of the load acting on the com-

Probability of failure for a tension speci-
ponent, lb 

men of gage volume v g pl Load on structure 1 

Reliability p2 Load on structure 2 

Reliability of the entire structure Psm Load on small element of a model material 

Reliability of the subvolume V j pp Load on prototype element 

Fracture probability of volume V ri Inside radius of the circular plate, in. 

Fracture probability of 1th element ro Outside radius of the circular plate, in. 

Truncated distribution function r = Polar radius 

Fracture probability of jth volume s Pure tensile stress, psi; load on bundle of 
strands 

Frequency distribution of x; strength of 
component Sl,S2,S3 Principle stresses acting at a point in a 

component under load, psi 

Copyright © National Academy of Sciences. All rights reserved.

Ceramic Processing
http://www.nap.edu/catalog.php?record_id=20276

http://www.nap.edu/catalog.php?record_id=20276


270 

Si Uniform tensile stress applied to inside "n largest fracture strength observed in tests 
radius of circular plate, psi 

so Uniform tensile stress applied to outside Xy Smallest stress at which failure will 

radius of circular plate, psi definitely occur 

v Volume of component or specimen, in.3 xl Smallest fracture strength observed in 
tests 

VJ Convenient subvolume of the component, in.3 
XO Parameter in Weibull distribution 

Vi Volume of 1th element 
Average of strength measurements, psi 

nth volume 
xa 

VD a Magnitude of the stress developed in the 

vopt Minimum component volume component, psi 

II Volume of the unit volume, in.3 Or Radial stress developed in circular plate, 

Ilg Gage volume of test specimen, in. 3 psi; resistance stress 

w Weight erg Circumferential stress developed in 
circular plate, psi 

x = Fracture strength (stress or load) Applied stress Oa 
i Maximum of quantity x (1 - F(x)J Proof-test stress Op 

xi Value of the 1th smallest fracture strength 
Ob Bending stress 

x = largest stress at which failure will Tensile stress 
definitely not occur, also a parameter in crt 

the Weibull distribution p General statistical parameter 

x.& largest stress at which failure will p Weight density 
definitely not occur, also a parameter in 
Weibull distribution 
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APPENDIX 2 TO CHAPTER & 

ENVIRONMENTAL BEHAVIOR 

The term "environmental behavior" ls used here to define and catagorlze ex
perimental and analytical activities that have been established to evaluate the 
response of materials subjected to complicated test situations and environments. 
The term "environmental" ls extended to include the influences of mechanical 
constraints in addition to those normally implied, such as electrical, chemical, 
and thermal. The experimental activities might include the familiar tasks of 
determining creep, fatigue, stress corrosion, or thermal shock resistance. 
Other activities could involve the development, refinement, or verification of 
analytical theories or techniques that would be used in predicting streBBes, 
fracture, or oxidation resistance. 

Very useful materials and design information, representing the interests of 
both the materials processor and user, often come from these activities, which 
are supported by both indostry and governmental agencies. Much of this infor
mation contributes to the advancement of material and design technology for 
specific hardware applications. New tests as well as new experimental and 
analytical techniques are developed. Results from these tests may be presented 
in the form of newly defined properties or parameters (dimensionless groups of 
conventional properties) where much of the information reflects to a high degree 
the influences of an environment for a particular application. The precise con
ditions of the test and the environment should be presented with these data to 
avoid the poBBibillty of misapplying the data in future applications. The danger 
of misapplication is more evident for data based on empirical analyses coming 
from complex test situations. For the sake of avoiding confusion, property data 
measured in an unconventional manner should be claBBlfied separately from the 
classically defined and well-established material properties. This is especially 
true for ceramics since lt ls recognized that the wide variability in property 
data may be the result of very subtle variations in testing techniques. Hence, 
the category of Environmental Behavior was established by the panel to permit 
classification of test data obtaJned by means difficult to analyze or by tech
niques other than those recognized for classical property determinations. It ls 
not meant to be implied that the new test techniques or analyses may not be su
perior to the ones established; only time can tell, through the correlation of 
theory with experiment. 

Most of the classical property tests are based on some fundamental analyti
cal consideration; time, the data from such tests must be interpreted in terms 
of the uncertainties, limitations, and assumptions of the analysis and the experi
ment. In the simple case of a untaxlal tension test, one expects to relate streBB 
to strain but measures neither variable in the experiment. Instead, one measures 
load and displacement that must be equated to stress and strain. streBB may be 
related to load simply over a limited range of strain if a pure unlaxial streBB 
state exists within the gage length of the specimen. The streBB state wlll be 
affected by a number of conditions such as alignment of the loading fixture, the 
isotropy and homogeneity of the material, and the magnitude of applied strain. 
Thus, the problem of determining stress may not be as simple as the test im
plies. The number of variables affecting strain and the difficulty of its measure
ment ls even greater. Two approaches may be taken ln dealing with the prob-
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lems of relating the measured variables to properties. The experimentalist may 
be ingenious in providing a clean experiment where the data may be reduced by 
simple analysis. Or, a comprehensive analysis may be applied to account for 
the conditions of a complicated test situation. The first approach ls recom
mended although the latter may be necessary when the environmental constraints 
of the test situation are severe. 

Modern computer technology is promoting significant advances in the develop
ment of analyses, which in turn emphasize the need for more meaningful and 
reliable property data in order to verify the supporting theories. At the same 
time the new and improved analyses provide a means for new property-measure
ment techniques. For example, a computer program designed to predict the 
transient temperature response of the thermal history of a body from thermo
physical property data may be adapted to work in reverse to determine the 
thermophysical properties of the body in a thermal environment measured in 
a definitive laboratory experiment. Before such a technique can be applied with 
confidence, one must demonstrate that the properties derived from such a pro
cedure are comparable to those obtained using the conventional methods. Deter
mination of the elastic modulus using dynamic resonance techniques is another 
example of property measurement by an indirect method. Although discrepancies 
very often occur in comparing these data with the results from static tests, the 
lack of correlation may be due to the poor experimentation techniques used for 
both the static and dynamic determinations. An additional example is brought to 
our attention by reviewing the methods used in evaluating the complex mechani
cal behavior of viscoelastic materials. For linear viscoelastic response, the 
elastic effects are Hookean and the viscous effects are Newtonian. In the mathe
matical model describing this behavior there is a linear time-independent elastic 
constant for each elastic effect that relates stress to strain and one constant for 
viscosity for each viscous effect to relate stress to strain rate. In a tension test 
one observes different stress - strain relationships for different strain rates 
and is compelled to make measurements over a wide range of strain rates. For 
small strain amplitudes one may perform this task more readily with greater 
accuracy using dynamic techniques to obtain the time-dependent modulus over 
a wide range of frequencies (a fraction to several thousand cycles per second). 
Again, this is possible only when the assumed mathematical model (linear visco
elastic) is shown to describe adequately the behavior of the material in question. 
This latter procedure gained rapid acceptance in dealing with the complex be
havior of viscoelastic materials used as solid propellants where the conventional 
uniaxial tensile properties were of limited value. 

Problems in predicting the high-temperature thermomechanical response of 
refractory materials offer the opportunity for similar approache"S. Materials 
that are heterogeneous or anisotropic, which vary with time at temperature, 
require greater sophistication in the measurement of properties than can be 
realized from tests based on empirical analyses. One should avoid tests for 
properties that cannot be substantiated by a fundamental analysis, or where it 
is known in advance that critical limitations in the analysis will be exceeded. 
This is especially true when dealing with thermochemical, thermophysical, or 
thermomechanical responses, since the test conditions and environments used 
for measuring properties may vary greatly depending on the particular analyti
cal prediction scheme followed in design. For example, the time-dependent 
properties required for a particular thermal-stress analysis may be more use
ful when measured in a short-time creep- or stress-relaxation test than from 
a uniaxial-tension test under conditions of varying strain rate. The best experi
mental and environmental conditions will often depend on the treatment of a 
particular type of material behavior, assumption, or boundary condition used 
in the analysis. Trial analyses using assumed property data may be employed 
as a first approximation to establish the appropriate conditions for subsequent 
property testing to be used in the final analyses. 
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The preceding examples point to the necessity of close coordination between 
design and analyses and the activities of property testing and materials charac
terization. The category of environmental behavior was defined to provide the 
means for coupling activities of property measurement with design. Analysis 
is the principal instrument for accomplishing this relationship, since materials 
are developed on the basis of character, and design on the basis of applications 
and hardware. Hardware must first be designed before it can be analyzed and 
then successively redesigned and analyzed for optimization. Properties must 
be measured before analysis can be applied and then remeasured and refined to 
optimize analysis. The scientific - engineering approach for making better use 
of existing materials appears to be an iteration process. 

The practical problems of implementing new test procedures and analysis 
arise through difficulties in maintaining communication between the designer 
and the materials processors. The designer is pressed by schedules, budgets, 
and the qualification of hardware and is seldom able to support the materials
oriented analytical-design approach, which usually requires more time and 
money than is available. The materials supplier is dedicated to the process 
development of high-volume low-value articles. In the aerospace field the main 
support for environmental-behavior work is provided by government agencies 
directly or indirectly responsible for critical mission-oriented hardware. Much 
of the related research and analysis is conducted by industry, universities, and 
independent research laboratories, making communication difficult. Improved 
liaison between these performers and the various supporting agencies could 
result in better utilization of the available resources. Specialists in the related 
fields of materials, processing, analyses, and design could be more effective 
working as a team. 

The category of environmental behavior may be divided logically into me
chanical, electrical, thermal, and chemical responses and each response may 
be further subdivided for the sake of classifying environment in terms of the 
other responses. For example, one may be interested in mechanical responses 
as they are influenced by the complex interactions of thermal, mechanical, 
electrical, and chemical environments. The following brief outline gives some 
of the details for this example. Discussion of the many possible combinations 
of response and environments is beyond the scope of this activity. 

1. Environments 
a. thermal-changes character and geometry and influences all properties 
b. electrical-influences chemical and thermal properties 
c. chemical-changes character and other properties 
d. mechanical-influences geometry and chemical properties 

2. Loading (static-dynamic) 
a. traction forces-result in combined mechanical stresses 
b. body forces-result in combined mechanical stresses 
c. self-equilibrating forces-residual and thermal stress 

3. Response to stress 
a. deformation-elastic, inelastic, plastic 
b. fracture-brittle, ductile 

4. Material behavior 
a. time dependent 
b. temperature dependent 
c. isotropic-anisotropic 
d. homogeneous-heterogeneous 

Since analysis is the means for predicting the response of a body by relating 
material behavior to the environment, it is necessary to describe response, be
havior, and environment by the appropriate mathematical models. These models 
must in some way account for all the effects listed above. The properties of a 
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material that relate its behavior to an environment are represented by the same 
form of analysis. The properties required for design, discussed in the section 
covering properties, usually are based on a simple definitive analysis and ex
periment. Past experience has shown these properties to be useful in analyses 
when predicting the response of simple elements. The more complex design 
problems often require supplementary data obtained from auxiliary experiments 
to support or justify the analytical procedures and results. Tests commonly 
used to study the effects of time, temperature, and loading for a simple stress 
state are: creep, stress relaxation, fatigue, and impact. The results from these 
tests provide information that is useful in evaluating the applicability of the con
stitutive relationships used in analysis. The effects of multiaxial stress states 
may also be evaluated when required for a specific design application of a given 
material. The accumulation of data, on a routine large-scale basis, for this type 
of behavior cannot be justified, owing to the high cost of specialized testing and 
the limited application of the results. Material behavior in these tests may be 
measured in terms of deformation and fracture, or both. 

Numerous tests have been used to study phenomenological materials behavior 
when the complexity of environmental response was beyond the scope of detailed 
analyses. Many tests of this type are used to measure surface effects such as 
wear, erosion, hardness, and stress corrosion. The results from these tests 
provide a qualitative rating for comparing the behavior of one material with 
another. In general, both deformation and fracture mechanisms play important 
roles in determining the resistance of surfaces to these effects. However, for 
most structural applications, direct extrapolation can be made from the results 
of laboratory specimens to components of hardware. 

A similar approach has not been successful in scaling the results from labora
tory thermal-shock tests to full-scale hardware applications. In the past, numer
ous approaches have been taken to relate laboratory thermal-shock behavior of 
refractories to hardware, and the large variety of different tests correlates well 
with the large number of different investigations. A systematic review of the 
literature describing the many test techniques and analyses is reported by 
Boland and Walton.I Actually the thermal-shock problem can be classified sim
ply in terms of analyses for describing environment, loading, material response, 
and behavior as cited for other problems in structural design. The principal 
problem in evaluating the thermal-shock resistance of a material has been in 
relating the response of the material (deformation and fracture) to the loading 
(self-equilibrating forces) imposed by the environment. It is not logical to 
assume that the appropriate conditions of thermal loading and the materials 
response can be stated simply in a materials parameter. The force-generating 
mechanism is the temperature gradient through the thickness of the part that 
can be defined only in terms of the thermal histories of all points in the body. 
This temperature distribution must be determined in detail from experiment 
and/or analysis. Thermal analyses are available for three-dimensional shapes. 
The required thermophysical properties are thermal conductivity, specific heat, 
and density as functions of temperature. Other thermal properties and analyses 
may be required, depending on the boundary conditions of the heat-transfer prob
lem for the application or test of interest. The problem of measuring the tran
sient thermal history of a body is difficult under the most ideal conditions, and 
only a few experimenters have been successful at this task. Research and de
velopment is needed to perfect transient high-temperature measuring techniques. 

Nonsteady-state thermal stresses result from the temperature gradient 8nd 
the corresponding differential thermal expansion, which cannot be accommodated 
by purely geometrical compatible displacements in the body. U these stresses 
reach a critical value, usually at the coolest portion of the body, failure will 
occur. The two resulting problems are apparent: first, to measure or predict 
stresses and strains, and then to determine whether or not failure will occur. 
Experimentally, one may measure deformation by a variety of techniques at 
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selected locations on the body. Deformation may be related simply to stress, 
provided the appropriate stress - strain relationships are lmown. For example, 
lmowing the total strain and temperature at a point on the sample for a given 
time, one may obtain the mechanical strain by subtracting the thermal strain 
from the total strain. The mechanical strain may be converted to stress using 
the uniaxial stress - strain curve for the temperature corresponding to the time 
and location of interest. The alternate procedure is to perform a detailed stress 
analysis to determine the stresses and strains at all points in the body. Infor
mation required as input to the thermal-stress analysis is the complete thermal 
history of the body and the mechanical properties as a function of temperature. 
Solutions are obtained for selected time intervals of interest. In general, analy
ses based on numerical procedures are available for most geometries of interest. 
Unfortunately, most analyses capable of handling complicated shapes require re
stricting assumptions to describe material behavior. Most two-dimensional axi
symmetric and three-dimensional analyses require the assumptions of elastic, 
isotropic, and homogeneous behavior. The following discussion is given for a 
one-dimensional axisymmetric case to illustrate the special features and re
quirements for property data needed in accounting for the effects of plasticity 
and anisotropy.2 

In general, the analysis can be applied either to long hollow cylinders or to 
thin annular discs subjected to an arbitrary radial temperature. distribution. 
Axial symmetry is assumed, with no axial-temperature variations. Both plas
ticity and anisotropy are taken into account, and the material properties are 
treated as functions of temperature. The assumptions and basic equations used 
in this analysis follow. 

Stress - strain relations. By symmetry, the r, 8, z directions are the princi
pal stress directions for both the long cylinder and the thin disc, and thus the 
shear stresses and shear strains in the r, 8, z coordinate system are zero. In 
addition, the normal stresses and strains are only functions of the radial dis
tance, r. Each of the three normal strain components can be expressed as the 
sum of four terms: (a) an elastic strain, (b) a plastic strain, (c) a residual strain, 
and (d) a thermal expansion. Thus, 

et p R T 
fr = f + f + f + f 

r r r r 
(1) 

et p R T 
fe = fe + fe + fe + (e (2) 

et p R T 
f = f + f + f + ( 
z z z z z 

(3) 

The elastic-strain terms are defined in the usual way: 

et 1 11 Sr 11 zr 
fr =Ear - E8 ae - E az 

r z 
(4) 

(5) 

et 11rz 11 8z 1 
fz = - Er ar - E8 ae + Ez az' (6) 

where the first subscript in each of the Poisson ratios refers to the direction 
in which the stress is applied. It can be shown by means of Rayleigh's recipro
cal theorem that 
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The elastic constants in the above equations can be determined from uniaxial 
tensile or compressive tests. The measurements required to accomplish such 
a determination are as follows: 

1. Required whether isotropic or anisotropic: stress vs longitudinal strain 
and one transverse strain for loading in any direction (r, 9, or z) 

2. Additional data required if anisotropic if 2 directions same, 1 different: 
stress vs longitudinal strain and one transverse strain for loading in a direction 
not the same as in (1) 

3. If all 3 directions are different: stress vs longitudinal strain and one 
transverse strain for loading in each of the other two directions. -

If the material is anisotropic, care must be taken to choose directions for 
the transverse-strain measurements that will give independent Poisson's ratio 
data. 

The problem of obtaining an analytical formulation that will properly describe 
the plastic behavior of a material, particularly an anisotropic material, is a 
difficult one because the behavior to be described is usually extremely com
plicated and only partially understood. However, the symmetry and basic sim
plicity of this particular type of thermal- stress problem allows an especially 
simple analytical formulation, which avoids many of the complicating factors 
besetting similar problems. One simplifying factor, which results from the 
symmetry of the problem, is that the r, 9, z axes are the principal axes not 
only of stress, but of strain and strain increment, as well. In addition, the 
three components of stress, ar, ae, and az, at a given radial position will tend 
to increase more or less in constant ratio to each other (proportional loading), 
so that a deformation theory of plasticity, expressed in terms of total strains, 
can be used instead of an incremental theory that must deal with strain incre
ments. The use of a deformation theory has been shown to be valid even though 
some deviation from strict proportional loading is encountered. 3 

The equations chosen to represent the plastic-material behavior, then, are: 

3 (P 
f. / = 2 (F + G + 1) a [CG + l) a r - a 9 - Ga z ] (7) 

p 3 (P 
"e =2(F+G+l)~ [-ar+ (F+l)a9-Faz] (8) 

p 3 (P 
"z = 2(F + G + 1) a [-Gar - Fa9 + (F + G) az] , (9) 

where the effective stress, a, and the effective plastic strain (P, are defined as 

-a= 

and 

2 (F } G + 1) [ F (a 9 - a z) 2 + G (a z - a r) 2 + (a r - a 9) 2] , 

2{F + ~ + 1) 
2 

3(FG + G + F) 

and F and G are parameters characteristic of the state of anisotropy of the 
material. If the material is isotropic, F = G = 1. If the material properties 
happen to be the same in the rand 9 directions, G = F. If the 9- and z-direction 
properties are the same, G = 1. 

The plastic-strain components given above satisfy identically the constant 
volume condition, "rp + f.9P + "z P = 0, and, for isotropic materials, they also 
satisfy the von Mises condition. The extension to cover the anisotropic case is 
based on a work-hardening theory by Hill, 4 where it is assumed that the anisot
ropy is already present in the material and that it remains effectively the same. 

Copyright © National Academy of Sciences. All rights reserved.

Ceramic Processing
http://www.nap.edu/catalog.php?record_id=20276

http://www.nap.edu/catalog.php?record_id=20276


277 

In other words, it is assumed that the now stresses increase in strict propor
tion as the material work-hardens and that the relations between the strain ratios 
and the stress ratios remain invariant. This, too, is probably a very good as
sumption in this particular case, because the strains, being induced by differen
tial thermal expansions, remain relatively small-of the order of a few percent 
at the most. Another similarity between the anisotropic equations and the corre
sponding equations for isotropic materials is the fact that, in both cases, the 
area under the effective stress- effective plastic-strain curve is equal to the 
work per unit volume. 

The relationship betwl!en a and (P can be determined experimentally, along 
with values for the anisotropic parameters, F and G, and by means of uniaxial 
tensile or compressive tests. The measurements required for this purpose are 
described briefly as follows: 

1. Required whether isotropic or anisotropic: stress vs longitudinal plastic 
strain for loading in any direction (r, 9, or z) ---
--2.-Additional data required if anisotropic if 2 directions same, 1 different: 
yield stresses for loading in the "different" direction and one of the "same" 
directions [one of these will come from (1) ]; or both transverse strains for 
loading in one of the "same" directions 

3. If all 3 directions different: yield stresses for loading in all 3 directions 
[one will come from (1) ]; or both transverse strains for loading any 2 directions. 

These represent the minimum property-data requirements for the purposes 
of this analysis. In practice, some redundancy in measurement is desirable in 
order to achieve a ''best fit" to the behavior of the real material. 

The residual-strain terms, £rR, £9R, and 'zR• in equations 1, 2, and 3 repre
sent strain-history effects that could arise from several sources, stress reduc
tion or reversal being the most common. The means for determining the value 
of these terms will depend upon the nature of the particular problem. 

The thermal-expansion terms represent the total thermal expansion that 
takes place when the temperature at any radial position is changed from the 
starting temperature Ts to the temperature T. Thus, 

T 
£ =aT-a T r r rs s 

T 
£ =aT-a T, 

Z Z ZS S 

(11) 

(12) 

(13) 

where ~· a9. and az are defined as the average thermal expansion in the r' 9, 
and z directions, measured from 0 degrees to T (total expansion per unit length 
divided by T), and ars• <res• and azs are the corresponding values measured from 
0 degrees to Ts· The starting temperature is the reference temperature at 
which the total thermal expansion through the body is defined to be zero. 

Equilibrium and compatibility equations. Equations 1, 2, and 3, with the terms 
on the right-hand side as defined by equations 4 through 13, represent three 
stress- strain equations containing six unlmowns: £r,£9, £z, CJr, 09, and Oz. All 
the material properties, including iP (ci, T), and the temperature distribution, 
T(r), are assumed to be lmown. Geometrical restrictions, expressed in terms 
of two compatibility equations, plus a requirement based on the equilibrium of 
forces, provide three additional equations containing one additional unlmown (the 
radial displacement, u). The compatibility equations are 

(14) 

and 
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(15) 

and the equilibrium equation ls 

do a - a r _ 9 r 
dr - r (16) 

Axial-boundary condition. One more equation is needed to determine the 
stresses and strains in the body. This equation is provided by the axial-boundary 
condition. For a long cylinder, planes normal to the cylinder axis must remain 
fiat and parallel (plane strain). This condition can be written: 

f: = constant. 
z 

(17a) 

The value of this constant can be specified directly or it can be made to adjust 
itself so that the net axial force transmitted by the cylinder, J crz (2trr) dr, is 
equal to some specified value, normally zero. For the case of the thin disk, the 
additional equation ls provided by specifying the axial-stress distribution on the 
face of the disk. If the face ls free and unrestrained, the axial stress is zero 
(plane stress), 

a = O. z 
(17b) 

This stress analysis ls basically a time-independent plasticity analysis. 
Such behavioral effects as strain-rate dependence, stress relaxation, and creep 
are included only to the extent that they can be accounted for in the incorpora
tion of the material-property data. strain-history effects can be included by the 
proper use of the material-property data and of the residual-strain terms in 
Equations 1, 2, and 3. 

From the preceding discussion, it is apparent that the features of analysis 
influence greatly the requirements for property measurements. At the present 
time, uncertainties in the analytical solutions are due mainly to the lack of ade
quate property data rather than to limiting assumptions or conditions inherent to 
the analytical procedures. Future high-performance structures will most cer
tainly make greater use of advanced analytical techniques for optimum design. 
The crude empirical approach for evaluating environmental behavior will, hope
fully, lose its prominence. 

The argument for empirical thermal-shock tests is still made on behalf of 
comparing new or improved materials in screening tests for specific applica
tions when practically no property data are available. In this case it would 
seem advisable to rationalize and interpret the results of such tests in terms 
of analytical solutions based on assumed data. Valid comparisons could be 
made from parametric considerations with very meager data and in the absence 
of absolute predictions. 

Failure from thermal shock can be defined by excessive irrecoverable de
formation, by cracking, or by fracture and complete separation. Failure from 
excess deformation can be established from both experiment and analysis, since 
stresses and strains are calculated and strains are measured. Failure by frac
ture can be established from experiment but not from the results of the stress 
analysis alone. A criterion of failure such as maximum normal tensile stress, 
maximum shear stress, maximum principal strain, or maximum distortlonal 
energy must be verified for the material of interest under the appropriate 
environmental conditions before analytical predictions of failure can be justified. 

A detailed discussion on the fracture of brittle ceramics was presented in a 
preceding section. An additional source of information on this subject is given 
in "Mechanical Properties of Ceramics: An Introductory Survey," by J. B. 
Wachtman, Jr., presented at the Symposium on Ceramic Materials and Their 
Properties, Gaithersburg, Maryland, October 1966. 
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APPENDIX 3 TO CHAPTER & 

QUALITY CONTROL AND PROOF TESTS 

Introduction 

Regardless of the function of a ceramic component it is essential that it per
form satisfactorily in service. The basic design and material selection ls gen
erally verified during development testing under simulated or actual service 
conditions. Once the design is considered acceptable it is then necessary to 
insure that each particular component of that design will perform satisfactorily 
in service. To meet this objective requires verification of dimensional accu
racy, freedom from defects, and material properties that are within specifica
tion limits, that is, equal to or better than the properties used to design the 
component.• Therefore, quality control is concerned with the techniques and 
standards necessary to establish that these three requirements are met. 

Because of the present lack of knowledge, it is essential that the control of 
ceramic-component quality begin at the earliest stage of component production, 
namely the raw materials, and continue throughout the process and finishing 
cycles-inspection of the finished component is not sufficient. Because of cur
rent shortcomings with respect to inspection procedures, it is considered neces
sary to subject each component to a proof test, which involves the application of 
an external load system in order to establish a minimum level of confidence 
when high reliability is required. 

Discussion 

Before discussing quality-control considerations of ceramic materials it ts 
appropriate to consider briefly the type of quality control normally associated 
with components fabricated from ductile materials. 

Dimensional accuracy is important from two points of view: proper fit of 
components into assemblies, and structural integrity (which is a function of 
physical dimensions). Surface finish may be considered from both dimensional 
and defect points of view. Standard gages, comparators, wave plates, and pro
filometers, for example, can be employed to insure dimensional accuracy. With 
available techniques, component dimensions can be measured with ease to the 
nearest 0.001 in. Special techniques, such as air gages, can be used to measure 
dimensions to an accuracy of 1 x 10-5 in. Surface finishes as fine as 2 to 5 
microinch rms can also be measured. 

Freedom from defects that might impair operational performance is also 
essential. Years of experience with numerous ductile alloys have permitted a 
general appreciation for the types of defects that may degrade structural per
formance. Cracks, scratches, chips, inclusions, porosity, voids, and lamina
tions are among the more common types of defects that may be cause for rework 
or rejection. Visual, radiographic, dye-penetrant, magnetic-particle, and ultra-

•It should be noted that ''better than" depends upon the particular property and speclflc 
application. For example, a higher value of thermal conductivity would be ''better than" 
the design value when thermal stresses are of prime importance, while a lower value 
would be ''better than" when insulation ls of prime concern. 
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sonic techniques are commonly employed to detect such defects. In most in
stances, reliable, or at least conservative, standards can be established with 
relative ease for ductile materials because of extensive past experience and 
the general similarity in the response behavior of ductile materials to induced 
stresses. 

For ductile materials a number of approaches may be followed in establish
ing confidence that the construction material actually contained within the com
ponent is the same as that used for the design of that component, including: 
certification of chemical analysis, procurement to government or industry 
specifications, or procurement to user specifications. For materials that have 
been commercially available for a long period of time and for which service 
experience has been accumulated, the first two procedures are usually adequate 
to assure confidence in the performance of the components produced from these 
materials. When greater assurance is necessary, determination of mechanical 
properties or property-related parameters is often employed. The extent of 
these determinations will vary depending upon the level of confidence deemed 
necessary. Microhardness measurements, room-temperature tensile tests, and 
microstructrual examination are employed most frequently. In some instances, 
the testing of mill products may include impact tests, elevated-temperature 
tensile tests, creep tests, or fatigue tests. 

Quality control for ductile materials, then, is based on three primary con
siderations: (a) variability of material properties is small; (b) the structural 
performance can be predicted within reasonable limits by means of parameters, 
such as mechanical properties or characteristics that relate to properties that 
can be easily measured; and (c) a wealth of experience with similar materials 
enables establishment of meaningful standards of judgment. 

When ceramic materials are considered, however, the present state of the 
art indicates a rather different state of affairs: First, a variability of material
strength properties is expected to be large; second, there is little assurance 
that general structural behavior can be predicted by means of parameters that 
are easily measured; and third, experience with respect to efficient structural 
application is very limited and few meaningful standards exist. Therefore, the 
development of quality-control procedures can be expected to be an evolutionary 
process. Continuing improvement can be expected as experience is gained. This 
evolutionary process can be accelerated by relating material character to prop
erties, since such relationships should aid in reducing variability. 

All aspects involved in the structural utilization of ceramics, of which quality 
control is only one, are intimately related to brittleness and variability of prop
erties. Elimination of brittleness in ceramic materials, while certainly a de
sirable long-range objective, is not likely to be accomplished in the near future. 

The reduction of strength variability• is one of the most effective ways of 
promoting usage of ceramics. Hence, a major goal of quality control should be 
the reduction of variability of strength properties. However, reproducibility of 
properties can hardly be expected if the character of the material is not repro
ducible. Chemical composition, impurities, and processing variables all influ
ence the properties of ductile materials. No less can be expected of ceramics. 

The sensitivity of properties and character features to variations of raw
material characteristics and process parameters will depend upon a particular 
ceramic material and the basic process used to produce it. One part of the 
quality-control problem is undoubtedly due to ignorance of the relationships 
among raw-material and process variations and the resultant character and 
properties of the ceramic. The determination of character features of the 

•It has already been shown that the character features that influence strength properties 
also influence other properties. Thus, techniques that reduce the variability of strength 
should also reduce the variability of other properties. The converse is not necessarily 
true, however. 
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finished ceramic-body product appears to be a most promising and necessary 
link for the establishment of the necessary relationships. However, even if the 
relationships were known, it is not very clear whether or not presently avail
able technology could meet the challenge of providing the degree of control re
quired within the framework of practical economics. 

The most expensive point at which to reject material is when it is in the 
completely finished state. Therefore, in-process quality control of ceramic 
products is highly desirable. The first step should involve the characterization 
of raw materials with respect to chemistry (including elemental composition, 
impurities, trace elements, compound identification, and stoichiometry), particle
size distribution, and particle shape. If liquids are used in early stages of pro
cessing (such as compaction), their characteristics should also be evaluated, 
including the residue left by evaporation, thermal degradation, or oxidation. 

The second step should involve evaluations that can be conducted prior to 
production of the finished product. These will depend upon the particular pro
cess used. If any type of preform or green shape is available prior to final 
firing, it might be evaluated nondestructively with respect to density, density 
variations (by radiographic or ultrasonic techniques), and gross defects (by 
visual, radiographic, penetrant-dye, or ultrasonic-techniques). Care must be 
taken that the nondestructive in-process evaluations do not adversely affect the 
preform. The evaluations made after final firing but before machining might 
include the nondestructive types mentioned above as well as destructive tests 
conducted on samples cut from the fired body. With proper product design it 
should be possible to obtain a rather good description of the material within the 
fired item. Metallographic, chemical, and property-measurement techniques 
might be applied to the extent considered to be economically practical. The 
specific character features and properties that are of particular importance 
have already been discussed. Techniques that may be employed to determine 
the desired data have also been previously discussed. Special attention should 
be given to the adoption of techniques that have long been considered as tools 
for laboratory investigations to in-process evaluation of ceramic products. 

The third area of quality control for ceramics involves inspection of finished 
components. There are requirements for dimensional inspection, defect identi
fication, and assurance of reproducible properties among components of a given 
design and between the component and the test bars used for determining design 
properties. Faced with the incompleteness of present knowledge with respect to 
quality control, including nondestructive testing techniques, it may be desirable 
to conduct performance proof tests of ceramic components. Mechanical, ther
mal, electrical, or combined conditions may be used, depending upon the require
ments for the particular component. In all cases, the purpose of such proof 
tests is to provide greater confidence of satisfactory performance. In the case 
of structural applications, mechanical and thermal loadings will be of most 
importance. One approach might be to select a limited number of the finished 
components and load them to destruction using the critical combination of loads. 
Another approach might be to apply a nominal loading to all components pro
duced. With the latter approach the loading must not induce significant damage 
to the components. The degree to which performance proof-testing must be 
applied will, of course, depend upon the intended use of the ceramic component. 

The dimensional accuracy and tolerances of ceramic components generally 
will be more exacting than those of ductile material components. Particular 
attention must be given to such dimensional aspects as flatness, parallelism, 
perpendicularity, concentricity, and surface finish. Dimensional mismatch, 
particularly in regions of attachments or of load transfer, which would be in
significant for ductile components, can induce very high local loads and stresses 
in ceramic components. While greater care must be taken in the specification 
and production of more exact dimensional requirements, the quality-control 
tethniques available to insure compliance are adequate except in the case of 
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surface finish. Since ceramic materials are expected to be more sensitive to 
variations than ductile materials, a more accurate definition of surface finish 
than can be obtained from the standard rms approach ls necessary. F\lrthermore, 
the wide range of characters displayed by ceramic materials (the soft nature of 
the graphites, the porous nature of sintered products, in addition to the very 
hard nature of most ceramics) makes the rms approach meaningless in many 
cases. The difficulty of achieving identical surface finishes on the complex con
figurations typical of components and on the simple test bars used to determine 
properties should be obvious. Therefore, not only must an improved method be 
found for defining surface finish but meaningful standards must be established 
to define the tolerance range on surface finish that will not adversely influence 
the structural performance of the component. 

The need for standards is even greater with respect to defect identlflcation. 
Nondestructive techniques that can be used for the identification of defects in
clude visual, radiographic, ultrasonic, liquid penetrant, thermal, electromag
netic, and other inspection procedures, as listed in Table 1. All the techniques 
provided data regarding the nature of the material being examined, either at the 
surface or within the total volume, but only on a relatively gross or macroscopic 
scale. 

Visual examination provides information with respect to the surface condition 
of the product-cracks, scratches, voids, chips, and color variations, for example. 
Unaided observation detects only the larger defects, while various techniques 
such as magnifying glasses, surface comparators, and a wide variety of profi
lometer instruments permit higher resolution. With available instruments, it 
is possible to describe the nature of the surface to within 1 to 2 microinches. 

The internal features of ceramic products can be investigated by radiographic 
and ultrasonic techniques. X-ray, gamma-ray, and neutron sources can be used 
in conjunction with radiation counters, fluorescent screens, or film. Without 
much difficulty, it is possible to obtain indications of voids as small as 1 to 2% 
of the product thickness. Density variations can also be detected. The identlfl
cation of cracks by radiographic techniques is not expected to be significantly 
different from present procedures even when brittle materials are used. The 
tightness and orientation, with respect to the radiation, of the cracks are basic 
problems. 

When ultrasonic inspection is employed, normal and angle-beam techniques 
can identify subsurface defects, while surface-wave techniques can identify sur
face defects. Pulse-echo, through transmission, and resonant modes of operation 
can be employed. Display of information is commonly obtained by means of 
cathode-ray oscilloscopes. The A-scan technique is used to determine flaw depth 
and the amplitude of the flaw signal, the B-scan technique to identify flaw depth 
and flaw distribution in a cross-sectional view, and the C-scan to identify flaw 
distribution in a plane view. Gated techniques can be employed to actuate audio 
or visual displays of defects in excess of a predetermined limit. Automatic 
recording is also possible with the gated-system and transograph techniques. 
Defects detected by surface-wave techniques are normally displayed visually. 

Liquid penetrants provide another useful approach for identifying surface 
defects. Visual-dye, fluorescent-dye, and filtered-particle techniques can be 
employed. The first two techniques are preferable for high-density materials 
since the presence of porosity will generate a dye pattern that ls almost im
possible to interpret. The dye techniques essentiallf rely on the capillarity of 
surface defects, which draws the penetrant into the crevice and holds it there 
while the dye on the exterior surface is removed. The part ls then coated with 
a developer which draws the dye from the crevices in much the same manner 
as a blotter. Ordinary or black light is used, depending upon the type of dye em
ployed. The filtered-particle technique was developed primarily for materials 
of moderate porosity. Particles of a controlled size are suspended in the pene
trant dye. The dye penetrates the surface porosity and leaves the large particles 
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Table 1. Nondestructive Inspection Techniques-Defect Identification 

Primary Applicability 

Technique Surface Volume 

VISUAL 

Unaided x 
Magnified x 

RADIOGRAPHY 

X ray x 
Gamma ray x 
Neutron x 

ULTRASONIC 

Normal beam x 
Angle beam x 
Surface wave x 
Sound velocity x 

LIQUID PENETRANT 

Visible dye x 
Fluorescent dye x 
Filtered particle x 

THERMAL 

Coating 
Phase change x 
Color change x 

Infrared x 

ELECTROMAGNETIC 

Applied current x x 
Eddy current x x 

OTHER 

Electrified particle x 
Magnetic particle x 
Density x 

on the surface. Where surface defects are more severe than normal porosity 
there is sharper coloring because of the higher concentration of the suspended 
particles deposited by the greater degree of infiltration of the liquid into the 
part. The liquid-penetrant techniques accurately identify locations of defects 
but define the size of the defects in an approximate manner, since indications 
are larger than the actual defect. 

Thermal techniques can also be utilized to identify defects, but because ce
ramic materials are generally used in relatively thick sections and have low 
thermal conductivity, thermal techniques for defect identification do not appear 
promising for general usage. However, they may be applicable in specific in
stances. The thermal-inspection techniques rely on the conduction of heat 
within the part. The presence of a void or crack will alter the flow of heat and 
produce a slight variation in local temperature. The temperature variations 
may be detected by phase or color changes in a previously applied coating or 
by measurement of infrared radiation. The sensitivity of the technique will de-
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pend upon the factors that influence heat flow by conduction, namely the thermal 
conductivity of the material, the dimensions of the part, and the nature of the 
defect. Thermal-inspection techniques are used on a production basis for the 
inspection of brazed-core to face-sheet joints in metallic honeycomb panels. 
One face of the panel is heated, and the heat flows to the other face primarily 
by conduction through the honeycomb core. Voids in the braze retard the flow 
of heat and produce a local temperature variation. In such an application the 
direction of heat flow is well defined and the type of defect to be detected is 
oriented in such a way as to simplify detection. When the component shape is 
complex, the thiclmess of the part is large, or the size of the defect is small, 
it is more difficult to obtain indications of defects. 

Electromagnetic techniques for the detection of defects include applied
current and eddy-current approaches. With suitable variations these techniques 
can be used to observe surface defects and defects somewhat below the surface. 
These techniques are applicable only to electromagnetic materials and electrical 
conductors and are based on the fact that a discontinuity will disturb the elec
trical profile of a conductor. With the first method, current flows between two 
electrodes in contact with the sample and is measured by probes between the 
electrodes. The surface of the product is surveyed and points of electrical dis
turbance are noted. The significance of the disturbances must be determined 
by means of suitable calibrations. With the eddy-current technique, the part is 
surveyed by means of a coil that induces current flow in the product, and this in 
turn generates its own magnetic field. Disturbances in the induced magnetic 
field may be determined from measurements of impedance magnitude, reactance 
magnitude, losses, or vector orientation. While quite useful for metallic prod
ucts, application of electromagnetic techniques to ceramics will certainly be 
limited because of the requirement that the product being inspected be an 
electrical conductor. 

The electrified-particle technique is an approach employed for inspecting 
nonconducting materials. Positively charged particles are deposited on the 
surface of the ceramic material and are attracted to locations where electrons 
are available. To counterbalance the positively charged particles it is necessary 
to provide an electron source. A metallic substrate is one way of providing such 
a source, and this technique is widely used for the inspection of porcelainized 
steel products. When the ceramic is not integrally attached to a metallic sub
strate it is necessary to soak the ceramic product in a electrolyte, normally 
water with wetting agents and electrolytic salt, to wipe off the excess electro
lyte, and to rely on the electrolyte trapped in surface defects to provide a source 
of electrons. The sensitivity of the technique depends upon the ability of the 
electrolyte to penetrate crevices. A high degree of magnification of the visible 
display is obtained. Fine cracks which are totally invisible to the unaided eye 
can be detected. 

For those few ceramic materials in which a magnetic field may be induced, 
magnetic-particle inspection of surface defects is possible. This technique, 
however, is not generally applicable to many of the ceramic products. 

The various techniques that have been reviewed briefly are capable of identify
ing a variety of "defects" in a ceramic component, such as scratches, porosity, 
voids, chips, cracks, laminations, and density variations. But, the significance 
of such indications on product performance is not always clear. In fact, without 
definitive standards only the most gross defects can be interpreted by exercising 
engineering judgment. For example, cracks and large voids, which can be 
detected by the various techniques listed in Table 1, could be considered cause 
for rejection without much fear of having scrapped material unnecessarily. But 
should a part with a few small internal voids be rejected ? Are localized regions 
of porosity or density variations causes for rejection? 

The limited experience with ceramics and the uncertainty of their strength
behavior patterns limit the accuracy of generalized judgments. Density measure-
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ment is one of the frequently used techniques for assessing general quality of a 
ceramic material. Yet, there are instances in the literature where strength ls 
not related to density over as large a density range as 5% of theoretical. Even 
more disturbing are those cases where higher densities yield lower strengths. 
Pores that are detectable by the techniques of Table 1 are often considered in
dicative of poor strength, but the literature contains data where such a conclusion 
was unwarranted. Although the foregoing examples are exceptions rather than 
the rule, they occur frequently enough to necessitate caution when establishing 
standards based on limited experience. Where such exceptions occur, they are 
generally caused by factors other than the one observed. In many instances the 
factors that are really controlling strength are not detectable directly by means 
of conventional nondestructive techniques but may be identified indirectly. 

For one particular material where there was no correlation of strength with 
density or macrovoids, 0.015 to 0.050 in. in diameter, there seemed to be a 
correlation between strength and the presence or absence of density variations 
as determined radiographically. Ultrasonic-inspection records indicated that 
the degree of sound attenuation varied with location. Further examination sug
gested that strength correlated with the extent of microcracking, which was 
probably influenced by the presence or absence of density variations and which 
was probably the reason for the variation of sound attenuation. 

The identification of defects presents two basic problems. First, available 
nondestructive techniques yield data whose meaning is not always clear; second, 
there is no assurance that the techniques, as applied to a specific material, are 
sensitive enough to detect all significant defects. Associated with more sensi
tive techniques is the increased difficulty of interpretation. 

Regardless of the technique employed to locate and identify defects, the sig
nificance of the defects cannot be assessed without adequate calibration of the 
observation. It is essential that the observations be related to service per
formance of the product. Within the scope of present experience, it would seem 
necessary to establish such standards for each ceramic material and each par
ticular application. As standards are established and applied for more ceramic 
materials, patterns may emerge that will simplify the establishment of future 
standards. 

A point of caution should be noted with respect to future efforts on defect 
identification. It is usually more glamorous to investigate new techniques than 
to improve upon the older ones. A variety of nondestructive techniques have 
been developed for ductile materials and applied to the control of the quality 
of components made therefrom. The applicability of these established techniques 
to ceramic materials should be investigated with at least as much vigor as that 
devoted to the study of new techniques. 

Even after a component has been inspected to insure its dimensional accuracy 
and freedom from defects, the quality control effort must provide assurance 
that the material from which the component is made has properties which are 
the same as, or better than, those used for the design of the component and 
those possessed by the components used for design verification testing. The 
present lack of meaningful specifications with minimum guaranteed property 
requirements precludes the approach used for conventional ductile materials. 
While careful control of raw materials and processing tends to promote similar
ity, it does not provide adequate insurance of similarity. More positive checks 
are required. The assurance of similarity of material performance appears to 
be the most challenging aspect of quality control of ceramic components. 

Similarity of material performance can only be attained through similarity 
of material properties that determine performance. Similarity of properties 
can be investigated either directly or indirectly. With the direct approach, the 
component, or a portion thereof, must be cut into test specimens, whose proper
ties are then measured. The indirect approach utilizes nondestructive measure
ments that are related to properties in a well-defined manner. In general, both 
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approaches have limitations. If the component is cut into test specimens, it is 
no longer useful as a component, while if only portions are cut from the com
ponent there is little positive assurance that the actual component has the same 
properties. The indirect approach is even more limited, because definitive rela
tionships between easily observed material features and properties are ill defined 
for any particular material and are likely to be different for each material. 

Because of these problems it is considered desirable to employ a combined 
approach to insure similarity of material properties. Indirect, nondestructive 
methods should be used to examine the component, while both indirect and direct 
methods should be used to examine samples cut from the blanks from which the 
components are fabricated. However, care must be taken to insure that the 
samples cut from the component are as representative of the component mate
rial as possible. To illustrate this point, consider a component having local 
mass discontinuities where differential shrinkage or similar effects may be 
suspected of occurring. In such a case, it would be desirable to have a similar 
discontinuity present in the sample which would be cut from the component and 
used for the evaluations of material similarity. In other words, the blank from 
which the component is made should be designed with the inspection function, as 
well as the operational function, in mind. 

The similarity checks, among components of a group, that can be made on 
the actual components include all the nondestructive test techniques employed 
for detection of defects as well as speed of sound measurements and dynamic 
response characteristics. It should be recognized that when the nondestructive 
techniques are used to assess material-property similarity indirectly, the spe
cifics of operation are apt to be different than when they are used to detect de
fects. Regardless of the iDdirect method used, there is a need to establish the 
relationship, or calibration curve, between the observed material feature and 
the material property of interest. In addition, for each application it will be 
necessary to define the range of variation that would not significantly detract 
from component performance. Once established, these same techniques can be 
used to assess the similarity of the component material and the material present 
in the test bars used to evaluate the properties used for design. 

When samples cut from components are used to assess similarity, a much 
wider variety of techniques becomes available. Applicable techniques include 
all those mentioned in the preceding paragraph as well as microstructural and 
chemical features of the material samples and property measurements. Thus 
the results of the nondestructive observations from the components and samples 
cut therefrom can be compared with destructively obtained observations and 
property measurements from the samples. In addition, this information can be 
used to check for similarity with the test specimens employed for design-data 
generation. 

As discussed previously, there are about 50 microstructural and chemical
composition features that may be examined and compared to assess similarity 
of material among components and between component material and test bar 
material. Conclusions reached as the result of such comparisons are based on 
the assumption that if the microstructural and chemical features are the same, 
the properties are the same. While such an assumption is most likely true, it 
would be necessary to compare all possible features-an expensive procedure. 
The accuracy of the techniques used for the comparisons would be in question, 
and it would be difficult, if not impossible, to make a logical disposition of a 
component whose material features compared in most but not all ways with the 
material features of the test bars. 

A realistic solution to the problems just mentioned is to relate the micro
structural and chemical features of the material to properties. With such an 
approach it should be possible to identify the features of prime importance and 
to define ranges of property variations that are related to variations in mate
rial features. In addition, the question of accuracy in determining the material 
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features becomes less critical. If a useful relationship between a material fea
ture and a property is found, then the method used to define the material is of 
sufficient accuracy. Even with this approach the large number of properties to 
be considered suggests a sizable effort. 

Material properties are related to microstructural and chemical features 
of a material as discussed before. Most influence mechanical properties. Of 
the easily measured mechanical properties, short-time strength is lmown to 
be most variable. This is also one of the properties of primary interest for 
most structural applications. Hence, it would seem logical to attempt to relate 
observable features with strength. If strength variability can be controlled 
within reasonable limits, it is expected that the variation in most other prop
erties will be within acceptable limits. 

Destructive techniques that can be used to assess similarity of material 
properties indirectly were already discussed. It is interesting to note that both 
the features of importance in assessing material similarity and the techniques 
employed are those normally of interest during material-development efforts. 
Therefore, it seems logical that the foundation for the destructive-inspection 
procedures should be laid during the data-generation program for any particu
lar material. Measured properties should be related to the microstructural 
and chemical characteristics of the material so that the latter characteristics 
can be used as the basis for destructive-inspection techniques. 

In adopting any set of quality-control procedures, questions will arise re
garding the adequacy of each particular technique and the interpretation of the 
resultant observations. Unfortunately, such questions are not easily answered. 
Conclusions can be reached only after a reasonable amount of data has been 
accumulated, analyzed, and correlated with product performance. References 
2, 3, 4, and 5 are typical of recent attempts to apply nondestructive and des
tructive inspection and characterization techniques to ceramic materials and 
to correlate the results with variability of properties. 

The boride composite ceramic shapes produced for the work of Reference 2 
utilized single lots of raw materials. Each of the three types of starting pow
ders were characterized by wet chemical analysis, spectrographic analysis, 
particle- size distribution, absolute surface-area measurements, and particle 
shape. A processing specification was prepared and strictly followed. The 
material was produced as a cold-pressed and sintered body, thereby providing 
a green preform. Preform densities were determined and the preforms were 
inspected for cracks both visually and with penetrant-dye techniques. After 
firing, density determinations and visual and penetrant-dye inspections for 
crack detection were repeated. After final machining, the nondestructive in
spections of all parts included visual and penetrant-dye techniques for detec
tion of cracks and surface flaws, density determination, x-radiography and 
physical-dimension measurements. Modulus-of-elasticity determinations were 
conducted on bend-test bars that were used during the program, plus ultrasonic 
inspection of a limited number of bend-test bars and of all typical components. 
In addition, control tabs were cut from the bend-test bars prior to the applica
tion of load and a limited number were subjected to metallographic examination 
and x-ray diffraction studies in attempts to correlate character features with 
structural performance. 

Since only a single lot of each type of powder was used, variations due to 
differences in raw materials could not be assessed. It was found that variations 
of up to 10% in green densities resulted in variations of only 1% in as-fired 
densities. The penetrant-dye inspection identified several cracked preforms 
that would not have been detected by visual examination alone. The money saved 
by eliminating subsequent green-machining and sintering of the cracked preforms 
compensated for the cost of inspecting the total quantity of preforms. 

After room-temperature bend tests were conducted, the strength values ob
tained were correlated with characterization and inspection results. No correla-
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tion was found between strength and x-ray-diffraction patterns, or between 
strength and fracture-surface features determined by examinations at 30x. 
Surprisingly, no correlation was found between strength and density, though the 
density among the bars varied by as much as 5% (Figure l(a)]. Strength appeared 
to be related to modulus of elasticity, although there was a significant amount of 
scatter (Figure l(b) ]. The best correlations were obtained between strength and 
radiographic inspection results when the radiographs were examined with re
spect to density variations (Figure 2(b)], strength and ultrasonic inspection re
sults (Figure 2(a) ], and strength and microcrack severity (Figure 3). The cor
relations obtained suggested that the strength of this particular material was 
controlled by the extent of internal microcracking. The severity of microcrack
ing was associated with local density variations, which could be observed on the 
radiographs. The presence of the microcracks tended to scatter ultrasonic 
energy, thereby providing meaningful ultrasonic-inspection records. 

Although only 30 bend-test bars were evaluated, analysis of the results in
dicated that the application of the material-selectivity techniques based on the 
correlations established would provide more than a 100% increase in design
allowable strength at the low probabilities of failures associated with the design 
of aerospace hardware. In other words, the application of inspection techniques 
that would tend to reject less than 10% of the material produced would double 
the design-allowable strength of an existing material. The cost involved in the 
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development and application of the techniques was perhaps orders of magnitude 
less than the cost of developing a new material having twice the usable design 
strength of the material investigated, while retaining its excellent oxidation
resistance characteristics. 

The inspection, characterization, and correlation studies of Reference 3 
closely parallel those of Reference 2, although here the material was a graphite
based particulate composite. The correlation of strength with character features 
was much less pronounced in this case, however. The material was transversely 
isotropic, and results of the correlations differed in the two primary material 
directions. There appeared to be a correlation between density and strength in 
each of the two directions, but the amount of scatter obtained precluded the use 
of density as a true measure of structural performance. Modulus of elasticity 
also appeared to have a weak relationship with strength, although here too the 
amount of scatter precluded the use of modulus-of-elasticity measurements 
to predict strength characteristics reliably. The only definite character feature 
that appeared to correlate well with strength was the silicon content of the 
material. Two billets had been produced from the same lots of starting powder 
but were found after hot-pressing to have silicon contents of 6 and 9% as com
pared to the nominal silicon content of 9%. The billet having a lower silicon 
content exhibited significantly lower strength in the with-grain direction, but 
in the across-grain direction, material from the two billets exhibited essen
tially the same strength. 

In the work of Reference 4, three grades of graphite (ATJ, RVA, and CFW) 
were inspected by measuring longitudinal-wave velocity, electrical resistivity, 
and density variations (by means of Cobalt 60 radiometry). Modulus-of-elasticity 
and strength measurements were then made and correlated with the nondestruc
tive inspection observations. Good correlations with relatively little data scatter 
were obtained between: modulus of elasticity and longitudinal wave velocity, 
bulk density and modulus of elasticity, electrical resistivity and bulk density, 
electrical resistivity and modulus of elasticity, longitudinal-wave velocity and 
ultimate tensile strength, longitudinal-wave velocity and total strain at failure, 
and bulk density and ultimate tensile strength. By plotting longitudinal-wave 
velocity versus the parameter modulus of elasticity divided by density and the 
parameter ultimate tensile strength divided by the product of total density and 
strain at failure, composite plots were obtained encompassing data from with
and across-grain samples of the grades of graphite inspected. Relatively little 
scatter was obtained, as shown in Figures 4 and 5. 

The work of Reference 4 was extended in Reference 5 to additional grades of 
graphite, and the parametric relationships were modified somewhat with the re
sultant decrease in the amount of apparent scatter (Figures 6, 7, 8, and 9). 

The studies reported in References 2, 3, 4, and 5 all employed state-of-the
art nondestructive and destructive inspection techniques. None is particularly 
expensive to employ and most tend to observe rather gross character features. 
While the scope of the investigations was limited with respect to the number of 
materials studied and the number of samples inspected and used for correla
tion purposes, very positive correlations were obtained in most cases, the ex
ception being the work of Reference 3, which employed a particularly complex 
material. These extremely encouraging results suggest that increased emphasis 
in the area of nondestructive and destructive inspection techniques, including 
correlations with material properties, may permit significant increases in the 
usable design strengths of existing ceramic materials. Increased emphasis on 
inspection techniques that relate character features and properties may in fact 
be a more economical method of achieving higher design strengths than the 
development of newer materials whose major development criterion is strength 
alone. 

The shortcomings with respect to defect identification and assessment of 
material-property similarity necessitate a final check of components. Simulated 
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service proof-testing of components that pass the other quality-control proce
dures offers such a final check before parts are placed into service. 

Two approaches can be followed. The components being produced can be 
sampled, and the selected items can be loaded to destruction under simulated
service conditions; or, each component can be subjected to a simulated service 
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loading of modest severity to insure a minimum level of performance capability. 
There is little experience to serve as a guide in choosing the approach to be 
followed. If sampling ls used, there are the problems of selecting an appropriate 
sampling rate and the expense of the samples that are destroyed. If all com
ponents are subjected to a modest loading there are questions of test costs and 
of the test severity to be employed. 

The type of simulated service proof-testing to be conducted will depend upon 
the particular component and its expected environment. Therefore, procedures 
that would generally be applicable cannot be formulated. However, factors of 
importance can be indicated. 

Few aerospace components are designed for a single loading condition. 
Those applications where ceramics might be used to advantage will generally 
involve operation at high temperature. Hence, simulated service proof-testing 
will tend to be rather complex, so that all critical regions can be evaluated. In 
addition, the intent is to guarantee a minimum level of performance. If this ls 
to be accomplished by the sampling approach, the sample must be large enough 
to cover the range of performance to be expected, or the sampling must be done 
in a nonrandom manner so that the components tested to destruction tend to be 
those of more questionable performance. When every component is to be tested, 
the application of actually expected loads may induce damage within the com
ponent without causing complete failure. This is more likely to happen when the 
design reliability objective is low, as it might be for a component that is used 
for only a single mission. 

It might be argued that the use of a simulated service proof-testing approach 
would eliminate the need for prior inspections such as those associated with 
defect identification and similarity assessment. This ls not expected to be the 
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FIGURE 9. Product (pVL2) versus secant modulus (Es) extended to include grades ZTA, 
RVA (-1), and CFZ (Source: Lockyer et al., "Investigation of Nondestructive Methods for 
the Evaluation of Graphite Materials," AFML-TR-66-101, 1966). 

case except in rare instances. If the sampling approach is adopted, prior in
spections should aid in the choice of the components to be tested. Test results 
might then be compared with inspection results as a means of refining standards 
and revising sampling requirements. When each component is to be tested, the 
cost of testing will tend to be high because the test conditions are likely to be 
complex. Elimination of marginal components by means of defect identification 
and similarity assessment, as compared with proof-testing, would be justified 
in many cases on the basis of economics. 

Summary 
The control of quality of ceramic components provides the mechanism for de
fining the interfaces between processing, properties, and applications. These 
interfaces can be understood more clearly by considering the over-all design 
and production cycles. In the design cycle the particular application dictates 
component configuration and material-property requirements. These, in turn, 
define processing requirements. The production cycle, consisting of fabrication 

· and quality control, proceeds in the reverse direction, beginning with primary 
fabrication of a useful component of the desired configuration and material. The 
function of quality control is to provide assurance that the resultant configura
tion and material meets the requirements of the application. If these require
ments are not met, processing parameters or component configuration must be 
changed so as to decrease the economic penalties involved. 

Quality control of ceramic components parallels that for ductile materials in 
that the user must have assurance that each part meets dimensional require
ments, ls free from defects that would adversely affect performance, and is 
made from a material with properties equal to or better than those used in the 
design of the part. Of these, assurance of similarity of material properties 
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is the most difficult. Available techniques are adequate for assuring dimen
sional compliance except in the area of surface finish. Many nondestructive 
techniques are available for the detection of defects. Material similarity can 
also be assessed by nondestructive techniques, but destructive techniques which 
utilize samples cut from the material blank used for the component are also 
considered necessary. Available techniques can provide a wealth of information, 
but the significance of the data is not always clear. Therefore, it is difficult to 
determine if available techniques are adequate or if new techniques are required. 
In either case, a major problem with respect to defect identification and similar
ity assessment is the lack of meaningful standards. The most logical starting 
point for establishing meaningful standards is in the area of destructive inspec
tion techniques. Material-design data-generation programs, if slightly expanded 
in scope, could provide much of the necessary basic data. Until such standards 
are firmly established, proof tests of finished components will be necessary for 
critical applications. 

Conclusions and Recommendations 

The following conclusions were reached with respect to quality control of ce
ramic components: 

1. The raw materials used to produce the ceramic components must be well 
characterized and controlled. 

2. Every step of the process employed to produce the ceramic component 
must be standardized and controlled to the highest degree possible. In-process 
quality control is advantageous. 

3. Control of raw materials and processing procedures is not sufficient to 
provide components of consistent performance when high structural efficiency 
and reliability are the design objective. 

4. Quality control of finished components must provide assurance of: dimen
sional accuracy, freedom from defects that would adversely influence perfor
mance, and material properties equal to or better than those used for design. 

5. Assurance of adequate material properties is the most important and 
difficult aspect of quality control. 

6. Available techniques are adequate for insuring compliance to dimensional 
requirements except with respect to surface finish, where meaningful standards 
are lacking. 

7. A variety of nondestructive inspection techniques are available for the 
identification of defects, but meaningful standards are lacking. 

8. Both nondestructive and destructive techniques should be used to assess 
material similarity and hopefully, thereby, similarity of properties. Nondestruc
tive techniques should be applied to components and to pieces of extra material 
cut from components. Destructive techniques can be applied only to the latter 
on a regular basis and should include actual measurement of properties. 

9. Meaningful standards for assessing similarity of material performance, 
without actual property measurements, are lacking. 

10. The most logical place to begin developing meaningful standards for 
assessing similarity of material properties is during material-design data
generation programs. 

11. Until adequate standards are available to assure freedom from defects 
and adequate material properties, simulated service proof-tests will be required 
prior to putting components into service. 

Based on these conclusions, the following recommendations are made with 
respect to quality control of ceramic components: 

1. Intensive efforts should be devoted to the establishment of meaningful 
standards for assessing the adequacy of surface finish, the criticality of ab
normalities that might be identified as possible defects by nondestructive in
spection techniques, and the similarity of properties among components of a 
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given type and between components and test bars used to generate design data. 
2. While new inspection techniques should continue to be investigated, major 

emphasis should be placed on the evaluation of available techniques to determine 
their applicability to ceramic materials. 

3. All future material-design data-generation efforts should include studies 
to define the effects of surface finish. 

4. All future material-design data-generation efforts should be expanded 
from their normal scope to include characterization of the material used and 
correlation of observable material characteristics with properties, particularly 
strength. Such efforts would then provide a foundation for establishing meaning
ful standards for destructive and possible nondestructive inspection techniques. 

5. The relative advantages of sampling and proof-testing as final inspection 
techniques should be investigated. 
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