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ABSTRACT

The purpose of this research was to compile into a single volume present
knowledge which will be useful to a designer applying ceramic materials in
aerospace structural applications. All efforts were directed toward the
collection of information to acquaint designers with the properties,
fundamental principles, characteristics, limitations, utilization and
performance of high-temperature, load-bearing ceramic products and with the
characteristics, limitations and utilization of ceramic processes. The
ilformation provided in this manual was obtained by means of intensive
literature surveys and through contacts with various government agencies,
industrial concerns, and academic institutions. The case-history approach
was used for the compilation of information on the behaviox of ceramic
products and material systems subjected to thermal loads to provide the
background for a possible correlation between known thermal shock theories
and brittle materials behavior.
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I. THE PROBLEM OF DESIGNING WITH CERAMIC MATERIAIS

1.1 Background

Ceramic materials have been used throughout the history of civilization.
Historically the use of these materials has required only nominal physical
and mechanical propert'.es. The coming of the space age, however, found the
designer's problems mv..'a serious than ever before. He needed to use ceramics
in high stress applications. The materials engineer was of little help. He
offered materials which were only slightly improved over those of recent
history. Communications between the designer and the materials engineer
began to break down. The designer wanted to design with ceramics as he haa
learned to do with metals and plasitcs. The materials engineer felt that his
materials vere adequate for space age structural requirements and that aLl
the designer needea to do was to design shapes without sharp corners and
use ceramics in compression. Neither side had the answer to the problem.
Neither understood the complexity of the problem.

The criteria for selecting brittle materials for hyperthermal applio-
cations depend upon design considerations, environment and materials
properties.

First, it is important to keep the weight of all flight hardware at a
minimum. Therefore, strength-to-weight relationships are much more meaningful
than strength values alore.

Second, the design strength is not simple to define, and should always
be considered in light of the application and the material properties. For
example suppose that aluminum oxide were being considered for use as a
Mach 3-4 sea level radome applicatiot, Analysis would probably show that
the strength requirements from the standpoint of thermal shock considerations
would be an order of mignitude greater than those required from the standpoint
of aerodynamics or other mechanical considerations. Typical transverse strength
requirements might be 20,00C to 40,000 psi for thermal stress and 2,000 to
4,000 psi for mechanical stress. Since the strength requirement for thermal
stress is so much bigher than for mechanical stress, the designer would
probably neglect the latter. If, in the course of the program, it were
found necessary to consider alternate materials, the relationship of material
strength-to-application requirement might be forgotten. In this case the
designer would find himself searching materialk property tables for materials
with transverse strengths above 20,000 psi. What is so easy to overlook in
this situa o, the f,"ct that a material with a very low coerficient of
thermal expansion and/or low modulus of elasticity will require less strength
v) withstand thermal stress. If this strength were found to be well below
the requirement for mechanical load, th e designer might be able to use a
material with a transverse strength of the order of 4,000 to 5,000 psi.
Therefore, in this case the materials screening program should have coneidered
a strength-modulus of elasticity-coefficient of therm-1. expansion re3iqtionship,
rather than Just strength alone.



1.2 Complexity of the Problem

In order for brittle materials such as ceramics to be efficiently used
in the severe thermal en,,-Ironments associated with rocket nozzles, leading
edges, nose cones, radomes, etc. the ultimate in performance is required.
All aspects of materials and design technology must be developed to a level
neer before attempted. Not just one, but at least three branches of technology
n.rt coutribute vital information to describe the complex interaction betueen
the desired piece of hardware and its environment before significant progress
caz, be made towards predicting its behavior. These branches of technology
involve the materials engineer, the design engineer, and the aero-thermo-
dynamics engineer. In other words, the performance of a material in a severe
thermal environment depends upon the properties of the material, the design
(shape, size, etc.) of the piece, and the thermal environment. The performance
is dependent upon the interaction of all three. Because of this, it is
necessary that each of these contributory factors be completely characterized.
If even one parameter of any one factor is not known then the design is
compromised.

1.3 The Materials Problem

In order to appreciate the magnitude of the problem, each factor will be
dealt with separately, remembering the interdependency of all three. First
consider material properties. Aluminum oxide will be used as an example since
it represents a single oxide ceramic uhich has been studied extensively during
-te past twenty years. The literature is filled with dc+.a on this mate.ial.

The properties which are most critical to the engineer who is designing
for a hyperthermal (thhermal shock) environment are as follows: 1) strength,
2) thermal conductivity, 3) thermal expansion, 4) emittance, 5) modulus of
elasticity, 6) specific heat, 7) density.

What is the strength of aluminum oxide? First, it must be decided what
type of aluminum oxide is desired. Assuming it will be a polycrystallne
material, will it be hot pressed, pressed and sintered, or slip-cast? What
purity? What porosity? All aie related to the fabrication te.chnique used,
maturation paraeters, ra material, etc. Certain techniques are suitable
for scale ur to large shapes, others are limited. Any one selected will
raquire compromises at some stage in the design. Assuming that the designer
wants a strong material with a high density (90 - 100%) a range of room tempera-
ture modulus of rupture values between 20 and 40,000 psi was reported by Hague
et al (Ref. 1). Two years later in Supplement 2 Lynch (Ref. 2) reported values
between 18,000 and 66,000 -si for hot pressed aluminum oxide of 98% density.
The only variable was grain size, which ranged from 1-2 V for the highest
strength to 150-250 g for the lowest strength. Mitchell, Spriggs and
Vasilos (Ref. 3) haNv presented these data graphically as a function of
temperature as shwn in Figure 1. Figure 2 shows wimi!t.r data for magnesium
oxide.

These strength data offer enough confusion to the designer without further
complication. However, the designer must be aware of the fact that the actual
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value obtained for any particular grain size is dependent upon specimen size,
surface finish, loading rate, breaking span to thickness ratio, method of
loading (4-point or 3-point) etc. To properly design with a given material
it is important that the stress field in the test specimen simulate the stress
field resulting from thermo-mechanical loading in service. He must know if
the behavior of the material in a specific application depends upon the
properties of the bulk material or whether the surface condition of the
specimen is the limiting factor.

An additional confounding factor is one of size. First there is the
problem of relating the strength behavior of a large specimen to data obtained
on a small specimen, assuming the character of both specimens is identical.
The practical problem is compounded by the fact that the character of the two
specimens is very unlikely to be the same, and that this difference is not
consistent. A large specimen usually tends to vary through the cross section,
particularly as it becomes thick. This problem varies with the fabrication
technique used and maturation parameters.

In order to provide the designer with meaningful strength data it is
necessary to test enough specimens so that such data will have statistical
significance. This creates an additional problem. Since ceramics are brittle
they are unable to deform under load and adjust in such a way as to assure
uniform stress distribution over the tV..T area. Therefore, test data tend
to vary over a relatively wide range. Thia is due primarily to two factors.
First, there is the problem of non-uniform loading resulting from specimen
misalignment or poor testing procedures. Second, there is the problem of
material variability, particularly from the standpoint of flaws or defects
in the material itself and surface defects on the specimen. This last
problem is the one which may well cause the designer to become so suspicious
of ceramic materials that he will use them only as a last resort and then
penalize them to the point that service performence is essentisally iudependent
of the imp:.oved properties that the materials enginear worked so hard to develop.

Thermal conducti-vity, emittance and modulus of elasticity may vary in a
manner similar to strength. Thermal conductivity and emittance may be varied
over a wide range depending upon density. A very porous body will have a low
thermal conductivity and high emittance relative to a dense body. Although
the thermal shock resistance of a body would be expected to decrease with
decreasing thermal conductivity it has been reported that certain aluminum
oxide bodies increase in thermal shock resistant with increasing porosity.
In this case the thermal shock resistance would appear to be increasing as
the strength and thermal conductivity decrease, further contradicting thermal
shock theory.

Othor properties such as thermal expansion and specific heat are related
to the physical nature of the oxide and are relatively insensitive to the
fabrication and maturation techniques. However, they may be affected by
impurities.

In hyperthermal enironments where heat transfer is primarily by
convection .rAdr the body is free to radiate to space, as in the case of a nose



cone, leading edge, or radome, emittance is of critical importance. A high
e'ittance material may provide a surface temperature many hundreds of degrees
cooler than a low emittance material in the same environment. It is not
alwvys appreciated that the surface finish of . raterial greatly affects
its emittance. For example, a very porous foam structure may approach an
emittance of 1, while the emittance of a polished surface of the same mawerial
miCh , be 0.5 or lower. In a high temperature environment which would heat
the low emittance material to 40o ° F, the high emittance form of the smue
material could assume a temperataue 5000 F lower. This would have the effect
of making the porous form of the material appear 5000 F more refractory than
the dense low emittance form of the same material. Emittance is of little
importance for applications where the material is not free to readiate to a
cooler environment, as in the case of rocket nozzles.

It should be clear from this discussion that the use of tabular, handbook
data for ceramic materials is dangerous unless the material and test conditions
art, ccmpletely characterized and are consistent with the design criteria for
which the material is being considered. It is easy to see that the variations
available in a single oxide material such as altminum oxide may be greater
than between similar physical forms of two different materials. This situation
r-Ay be even more critical with other materials. A classic exaimle is the
thc . :'al conductivity of fused silica. The thermal conductivit'7 of clear fused
ll c4 at high temperatures is sufficiently high for it to be used as the glass

,nvtlope in quartz lamp heaters.. At the high temperatures generated by the
tungsten filament the heat transfer is largely by radiation, and the clear
fused silica is essentially transparent to radiant energy. On the other hand,
slip-cast fused silica (a sintered, polyparticulate form of fused silica) has
a very low thermal conductivity up to its melting point. In the range of
20000 to 30000 F there are several orders of magnitude difference in the thermal
conductivity between clear and slip-cast fused silica. However, in the physical
and chemical sense the materials are identical. They differ only in particle
Cizc and method of fabrication. Therefore, if the designer were to seek the
therml conductivity of fused silica, it would be Imperative that he know the
type of fused silica, or the value could be in error by orders of magnitude.
In fact, this very difference in thermal conductivity has resulted in one
agpl-letion where slip-cast fused silica vas used as a themal insulator anti
reflector for quartz lamp (clear fused silica) heaters. The bLmne material was
serving two f..nctions which required extremes in thermal conductivity.

1.4 The Environment Problem

The importance of characterizing the thermal environment in which ceramic,
systems are to function cannot be overemphasized. Ufortunately many materials
engineers and many designers have not appreciated the importance of this factor.
This is illustrated by the fact that a relative thermal rbok resistance merit
index is often included in material property data tables. Such indexes su&%est
that thermal shock resistance is s~mply a materials property. The expreseion:

6(1
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where

M merit index

k thermal conductivity

S tensile strength

E = elastic modulus

a = coefficient of thermal expansion

is usually useu. to give this index. What is overlooked in using this
expression is that this relationship holds only for conditions of mild thermal
shoc.k. Most engineers appreciate the fact that the thermal shock resistance of
a giveA material depends upon the severity of the environment. However, this
idea usually goes no further than considering the severity of the environment
as dependent upon the temperature range through which the thermal shock
operation (test) is carried out. Temperature is only one of the parameters
involved in this process. The primary factor is the net heat transfer rate
to the specimen. This may be altered by orders of magnitude without changing
the temperature of the environment. Design engineers have only recentli
recognized the fact that even the relative thermal shouk resistance between
two different materials may be reversed depending upon the severity of the
thermal shock environment. Manson (Ref. 4) and Kingery (Ref. 5) have developed
expressions which take into account the thermal shock environment. These
expressions relate the maximum temperature from which a material can be
quenched (ta roon, temperature) to the severity of the quench. The term ah
has been used to denote this severity, where

a = half thickness of the plate

h = heat transfer coefficient

IT the term t is the maximum temperature from which the material can
be quenched, tii

IkS (2)

but for severe conditions (high values of ah)

These expressions emphasize the fact that a material may havre satisfactory
themal shock resistLnce vnder mild thermal shock conditions by possessitug a
high thermal conductiv.ity. However, it will receive essentiaLly no benefit
from this property under very severe conditions. Manson determied the
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maximum temperature :'orm which A120 and BeO co'Id be quenched as a function
-f t ie 1hermal shock environment. The data are shown in Figure 3. Accordn.-
to these data, BeO should be superior to A 2 03 in a mild thermal shock environ-
ment while the reverse should be true under more severe thermal shock con-
dit.ins. Also in Figurc 1 are experimental data showing the mxbrimm temperature
from which BeO and A1203 withstood quenching into room temperature air and
water. The air represented a mild thermal shcck environment and water a
severe environment. The predicted reversal ir. the order of merit of these
materials vas observed exre -.;entally.

As missile speeds increase above Mach 3, particularly as they reach
IIaoh 5 and higher at sea level, a critical ceramic mater'ials problem develops.
These systems must function over a relatively wide range of heat fluxes for
varying periods of time depending upon the mission. In order to illustrate
the dependenc of the thermal shock resistance of candidate ra1ome materials
on the thermal shock envirc.ment, Walton (Ref.6) presented the data shown in
Figure 4. The thermo-mechanical properties used to calculate these data are
shovn in Table I. The data sho,,n in Figure 4 are based on room temperature
properties: and, with the exception of slip-cast fused silica and boron nitride,
po~orea performance data would have been presented had the effect of temperature
on property v .lues been taken into account.

,'AAhough constant property values were used, it can be seen that the
therral shock resistance order of merit among these materials is almost
er uIre .y dependent upon the severity of the thermal shock environment. For

. BeO sholild have the highest thermal shock resistance under mild
thewz a.. ,'h.ck conditions, out will be next to the poorest under severe
Oop~it~i, ,. It i interesting to note that the maximum quench temperature
to.r i,-cast fused silica is above its melting point for all conditions of
t1--,a shock.

i'l is brief review of one aspect of the interaction between t:he environ-
r. ,V and Lhe material and its effect on the performance of the material should
-erve h illustrate the complexity of the problem under discussion. It should
n,) be oifficult to predict the performance of a ceramic material under thermal
shock conditions if both the material and the environmenb are completely
characterized.

i.5 The Design Engi ,-er

Te JS3Vn engineer adds further restrictions to the problem of designing

wit> b ttle materials. Since he requires a particular piece of hardware to
serve a specific function, the shape and size of the piece must be within
certain limits. A nose cone, leading edge, radome or other exterior flight
hndware ite- must be avrodr amica~ly acceptable, and the heat transfer rate
to the material and the resultant thermal shock environment will be a function
of the actual shape. For example, the heat transfer rate at the stagnation
point increases as the shapes become more slender and pointed. On the other
had, the performance of a given material may be extended if a large radius is
used and/or the thickness of the section is reduced. If the design is thus
alte7red to accommodate a given material, it is possible that the performance of
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TABLE I

MECI NICAL AND THMAL PROPERTIES OF CERAMIC RADOME MATERIALS

Thermal Transverse
Conductivity Strength Young's Modulus Thermal Expansion

(BTU/hr-ft-°F) (psi x 103) (psi x 106) (a x 10 6/OF)

Alutinum
Oxide 20 47 52.L 4.35

Beryllium
Oxide 125 35 42.8 5.1

Boron

Nitride 18 15.9 12.4 4.2

Forste%,ite 1.94 20 5.4

Magnesium
Oxide 27 23 40.0 7-7

Pyroceram®
9606 2.1 20 17.3 2.7

Slip-Cast
Fused
Silica 0.4 4.5 3.8 0.3

Spinel 6.8 24.1 31.7 3.6
Steatite 2.5 15 14.5 4.6

Zircon 3.15 22 24 2.7

the vehicle wi2L be compromised. Such designs generally increase drag. This
could be particularly critical in the case of defensive missiles where speed
and range must be optimized.

Additional requirements may further compound the design problem. In the
case of radomes, the wall thickness is critical and is determined by the
dielectric properties of the material, the frequency of the radar and the
impingement angle of the radar signal on the surfac, of the radome. Conventional
ceramic radomes are usually designed as a one-half wave wall. This is of the
order of i/ 4 -inch for aluminum oxide, 5/16-inch for PyroceramP and 3/8-lnch for
slip-cast fused silica.
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One of the attractive features of ceramic radomes is their resistance to
rain erosion at high velocity. Aluminum oxide excels all other materials
in this respect. This results from the extreme hardness and high strength of
alumina. However, as flight velocities exceed Mach 3, the thermal shock
resistance of aluminum oxide radomes becomes critical. One way to increase
the thermal shock resistance of such radomes would be to reduce the wall
thickness (reduce ah). Electrical requirements dictate that if the wall
thickness is less than half wave (- 0.25 inches) it must be reduced to at
least one-tenth wave (0.050 inches) or preferably one-twentieth wave (0.025
inches) in order to maintain acceptable radar transmission properties. This
reduction in thickness might allow the radome to survive the thermal shock
environment associated with Mach 4 or possibly Mach 5 flight. However, the
structural and mechanical capabilities have been so compromised that only
very small radomes (12 to 18 inches long) would be practical, and such radomes
fail catastrophically from rain impact at Mach 3. Therefore, design restric-
tions for this particular application have defined a very narrow corridor of
applicability for one of our most completely characterized ceramics.

1.6 The Testing Problem

From an analytical standpoint, the test environment, particularly for
thermal shock testing, is probably the most difficult factor to characterize.
Also, judging from the great volume of test data reported in the literature,
it is the least understood and least appreciated factor in the problem of
designing with brittle materials. Essentially every laboratory engaged in
high temperature materials work has its ow. pet thermal shock test geared to
what it believes to best suit its test needs. Oxy-acetylene and plasma
torches, and quartz lamp heaters are used in great profusion. Probably no
two torches operate under the same conditions of gas flow, power setting,
exit velocity, gas temperature and enthalpy, heat flux, etc. In many instances
these parameters are not even known. Because of these problems and the almost
impossible task of determining the actual interaction between the hot gas
(conditions unknown) and the material (properties unknown) such devices are
used for empirical studies. These are usually restricted to oxidation tests
of coated refractory metals and ablation tests for ablative plastics and
resin filled ceramic foams.

The problem of developing thermal shock test facilities which can simulate
actual in flight environmental cunditions for any sustained period of time is
a serious one. At the present time the engineer must be satisfied with a test
which can simulate the net heat transfer which he predicts will be encountered
in flight. Such devices as large plasma jet wind tunnels, rocket motors. and
ram Jet engines havc bcen used £or this purpose. The results of such tests are
subject to all of the variables previously discussed plus the added variables
associated with the test itself. Conclusions drawn from such tests must be
considered in the light of the problems previously discussed. For example, a
poorly designed holding fixture and attachment system might cause the failure
of a radome being tested in a ram jet engine (Ref. 7). Such attachments are
usually designed only for the test and present problems in their own right
which are not encountered in the actual flight situation.
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Other types of tests are used to obtain thermal shock data and to evaluate
materials for hyperthermal flight applications. However, the tests are usually
designed to generate a thermal gradient in the material and to determine the
material's behbavior in the presence of the resultant thermal stresses. Such
devices as hot-flue gases, hot salt baths, and hot metal baths have been used
for this purpose. When a hot bath system is used, the investigator must
recognize that the bath simulates the flight environment at best only in terms
of heat transfer rate, and he mnst be aware of any chemical reaction which
might take place betweena the material and the bath. For example, it was
reported that slip-cast fused silica could not withstand the thermal shock
associated with repeated immersions in a hot salt bath (Ref. 8). On closer
examination it was learned that the molten salt was reacting with the fused
silica causing it to devitrify or change phase. Therefore, after several
cycles the material being tested was no longer fused silica but cristobalite.
This material would not be expected to withstand the thermal shock. This
problem would not be expected in actual service, unless it was required to
fly iu a hot salt bath.

In a similar manner a nose cap shape of aluminum oxide was shocked by
immersion in molten babbitt at 8000 F (Ref. 9). The temperature of the
inside of the wall was measured with a thermocouple, Figure 5. It was
assumed by the investigator that the outside wall rapidly reached the tempera.-
ture of babbitt. An analysis (Ref. 10) later showed that there was a large
thermal drop in the babbitt at the surfa 'e of the nose cap since the molten
babbitt was not in motion. From the analysis the outside wall temperature was
calculated and it was found that the maximum thermal gradient in the wall was
of the order of 500 F, Figure 6. The investigator had assumed it to be several
hundred degrees. Also an aluminum oxide ra.o_e was injected into a 30000 F
gas stream without failure (Ref. 9). From the performance of the radome it
was assumed that the radome would function satisfactorily in any flight
environment up to 30000 F. Heat transfer rate was ignored. Analysis (Ref. 9)
based on inside wall temperature measurements indicated that the maximum
thermal gradient in the wall was of the order of 1000 F (Figure 7) and that
the heat transfer rate was less than would be expected during flight, even
at much lower temperatures.

It is significant to note that although the type of data dis-Assed here
cannot be related to particular systems, theory of aerodynismic heating, or
design with brittle material# in particular, it is serving to awaken the
ceramic community to the problemrs that face the design engineer. The tests
are generating data which can improve a designer's understanding of the
problems involved in evaluating ceramic materials for future applications.

1.7 Problems of Mechanical Testing

In the area of mechanical testing -aiuable data are being generated.
Many investigators are studying the effect of stressing ceramics by various
methods, and these investigations should improve our understanding of brittle
materials. As test methods arte devised which reduce the scatter of data,
the designer should attempt to incorporate the methods in the design and use

13



8 0 0 1 I I
INSTANT IMMERSION OF OUTSIDE ONLY _

INTO SUPERHEATED, MOLTEN BABBITT-- - -
700 -No 5

0o o -2 F , AD0

3000

600 _

-NC FAILURES!-
tL500 - .BABBITT 625°F, AD - 99

O HEMISPHERICAL RADOME

r ,2. BABBITT 710F, AD - 99
400 - HEMISPHERICAL

I.U ... 3. BABBITT 8020F, AD - 99=:E 1. HEMISPHERICAL
Il- 300 -

4. BABBITT 718F, AD - 94
A TSS W R TOROIDAL RADOME

200 5. BABBITT 725°F, AD - 94
• : .... TOROIDAL RADOME WI''H-

_ METALIZED-BRAZED
/I KOVAR ATTACHMENT.

100 ALL CURVES ARE OF TEMPERATURES
ON INSIDE SURFACE AT NOSE.

-ALL TESTS STARTED WITH RADOME AT-
ROOM TEMPERATURE OF ABOUT 710F

0 1 1,,1.,0 I I -I I
0 10 20 30 40 50 60 70

ELAPSED TIME, SECONDS

co 5 9/16" O.D.00
+i 0.090"-*I. _ j

KOVAR w.. . .. / LIG. LEV. -

A6 I AIR
0 0.21 90°

WAL-. ,0.214

MOLTEN~,.? WALL
BABBITT "° -

HEMISPHERICAL TOROIDAL
THIS RADOME SUBJECTED TO 3

SUCCESSIVE SHOCKS, - NO. 1,2, & 3.

Figure 5. Inside Wall of Aluminum Oxide Shapes Immersed in Molten Babbitt.

14



%0

Lu

0 L

<Lu -4J

LU 4

z w 0
M u

0 L0

U) 04

0*

c4.
0 '3 C, 0

= r=
:jo~~ 38iddW)

z

Lu

0: 4-0

0

0 z
0 .J 0

LU

~~u1

LL15



1400 ...

DATA COURTESY OF
1300 HUGHES AIRCRAFT CO. -.- --..

D. L. LnYET & E S. I.FVITAN

0I

00 MAXIMUM
I-- TEMP. DIFF.6I00 --

I00000L//"

500 A MAX. TENSILE - -

STRESS = 13,750 LB./SQ. IN.

400- -------/
303 CALCULATED VALUES FOR

COORS HOT FLUEGAS TEST
200 ON RADOME & ATTACH'T.

FLUE GAS TEMPERATURE ABOUT 3000 OF
100 - AD - 99 RADOME, KOVAR ATTACHMENT

0 -I- I I I I I1
0 10 20 30 40 50

ELAPSED TIME, SECONDS

Figure 7. Thermal Gradient in the Wall of Radome Injected into Hot Gas
Stream.

16

16



of ceramic materials in flight, applications. Conversely, Lf the designer
is restricted to a .particular method of attaching, supporting, or loading
a piece of hardware, he shoul.d see that the materials being evaluated for
his program are tested in such a mann.r that stress fields are similar to
those encountered in service. I\i us,: data obtained under near ideal conditions
for an application in which the aterial will be used in a very non-ideal
situation would almost guarantee failure.

As mentioned previousiyn specimen conditions of microstructure, surface
finish, size factor, etc. niist all be taken into account in order to properly
characterize mechanical test data and make them meaningful to the designer,

1.8 Ceramic Systems

The information thus presented would suggest that it would be essentially
impossible to design with brittle materials for hyperthermal applicutions. If
this statement were qualified to say, "design for maximum efficiency with
monolithic brittle materials." it Yould be correct. Materials systems for
current applications are overdesigned, modified, and compromised to such a
degree that a precise knowledge of' propert.es, design, and environment are not
necessary for their use. Also, empirical testing of such systems provides all
of the necessary information to determine it's suitability for a particular job.

The nose nap development work on the X-20 program is a good example of a
combined empirical-analytical approach (Ref. U). The ceramic material was
used as small tiles, which covered a graphite support shell. By keeping the
size of the tile small enough so that each section could xithstand the thermal
shock environment, it was possible to construct a nose cap which would be
capable of survival. A second approach utilized zirconium oxide reinforced
with platina-rhodium wire. The outer surface was interrupted by a hexagonal
void pattern toa depth of 0.5 inches. The end result was the same as for the
tile. It was concluded that the techniques developed in the X-20 nose cap
program "--- provide an excellent analytical starting point for future design
studies on advanced vehicles."

1.9 Conclusions

From this review it is evident that the current state-of-the-art of
designing with brittle materials does not provide the designer with specific
data which will allow him to design an optimum system. It should also be
evident that the results of thermal shock tests or actual flight tests would
be of little value to the designer in those cases where the material and
environment were not at least partially characterized. In fact they could
be very misleading. Therefore, in this manual case historiei dealing wJI.h
thermal abock testing are limited to cases where some method of analyir3
was employed and where, hopcfully, meaningful material property da*A were
available and at least some attempt mas made to characterize the environment.
Such conditions were met in oily a few cases.

At the present time it appears that the radome designers have progressed
the furthest in developing analyses to relate the jwterall, (tesign and
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environment to the performance of a monolithic ceramic structure. This results
from the fact that the radome designer has been limited to the use of such
structures without the design freedom that is enjoyed by nose cone an& leading
edge designers.

It is hoped that this report will mark a turning point in the design
with brittle material. I4dications are that the design engineer, materials
engineer, aud aero-thermodynamic engineer are responding to the seriousness
of the problem. Each is becoming increasingly aware of the other's problem
and attempting to provide all of the information needed from his field of
specialization. The successful implementation of this approach should
provide the information needed to efficiently design with brittle materials.
Therefore, this report will have served one of its major objectives if it
helps to promote more cooperation between. the design, materials, and aero-
thermodynamics engineer.
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II. SCOPE QF THE REPORT

This report deals Aith the existing iafcrmatioa which can be used to
improve a designer's understanding of ceraiic products and processes. The
general assets and limitations of ceramic materials are detailed, and the
critical gaps that must be filled to promc.te the successful and efficient
utilization of ceramics in aerospace structures a considered. The brittle
natu.-e of ceramics, ceramic forming procersses, and cermnic materials properties
are discussed in detail. Attention is focused on the oxides, carbides,
borinee, nitrides, and intermetallic compoiu~de and on composite systems. A
case-history approach is used to present Information on the behavior of
ceramic products and material systems subjected to thermal loads and to pro-
vide a background for the correlation between known thermal shock theories and
brittle materials behavior. Past and current research efforts to predict the
behavior of ceramic materials and to minimize their undesirable characteris-
tics are described in detail. Hopefully, this background of inforMation will
place the designer in a better position to cope with the problems associated
with the use of ceramic materials in aerospace structaral applications.

The Jinformiation provided in this report was obtained by means of inten-
sive literatvre surveys and through contacts with various government agencies.
industrial concerns, and academic institutions. No experimental work was
performed. Both unclassified and classified source material was explored.
The literature search included a state-of-the-art survey on brittle materials
in East and West Europe conducted under a sub-contract by the Kreidl, K. G.,
the Vienna affiliate of C2.yde Williams and Company, under the direction of
Dr. Theodor Chvatal.
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III. SUMMARY

Ceramic materials tend to favor extremes. Their melting points are high,
their densite;a and their thermal expansion coefficients are relatively low,
they are highly resistant vo corrosion at most temperatures, and they offer
the advantages of high-temperature strength and high resistance to creep.
Because of these reasons, because there is an abundant supply and a wide
occurrence of ceramic raw materials, and because many ceramics have unique
elpctrical and optical properties and resist oxidation, ceramic materials
offer many exciting possibilities for modern technology.

One of the most exciting possibilities for ceramics is their use in aero-
space structures. Unfortunately, however, ceramics are quite brittle at
ordinary temperatures and, as such, are highly susceptible to catastrophic
failure. While this shortcoming has been tolerated in conventional ceramics
for many years, the threat of brittle failure has limited the use of ceramic
materials in aerospace structures to areas where the conventional materials
have 'had insurmountable deficiencies.

It appears that the following rules describing the general nature of
ceramic materials result in part, either directly or indirectly, from their
brittle character:

1. The apparent strength differs from the strength calculated on the
basis of molecular structure.

2. A high aegree of scatter is associated with mechanical property data
on ceramics, and ceramics are less reliable than metals for structural
applications.

3. Ceramics are stronger in compression than in tension.

4. The average strength of a ceramic specimen decreases with an
increase in'the size of the specimen.

5. The apparent strenth of a ceramic material is influenced by the
features of the streEs field within the material.

6. The strength of some ceramle materials increases with an increase
in temperature.

7. Most ceramic materials are sensitive to thevival and irechanical shock.

Clearly, brittleness represats the most stri?,ing feature of ceramic
materiale %nd must be a major consideration in their ux-,. In most metals,

stored strain energy can be converted into heat through piastic flow, and the
aterials undergo considerable deformation before breaking. Pww ever, in a

brittle material stored strain eneefy can only be converted into sue'face
energy and kinetic energy of broken pieces. As a result, when a brittle,
component fails, stored energy is usus.l rel.ased in an uncontrollable
fashion, and shattering occurs. Thus, the design approach used for the
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conventional ductile materials cannot be directy applied to ceramics. A
completely new design philosophy may not be required for brittle materials,
but there are certainly many gaps that must be bridged in the present philoso-
phy before it can be successfully extended to brittle state members.

Much attention has been focused on the possibilities of devising ductile
ceramics, but the problem of obtaining ductile ceramics that are practical is
vast. To date, only a few ceramic materials have been known to exhibit
appreciable duct Aity at low or moderate temperatures, and these'have been
limited to single crystals with a particular type of structure. As a result,
many investigators have concluded that ductile ceramics will become a reality
only when they can be produced as crack-free bodies in which dislocations are
prevented from collecting together to produce stress concentrations at
barriers.

There seemo to be little agreement among scientists as to the prospects
of obtaining peIycrystalline ceramics in a ductile state. Preliminary studies
on such materials have failed to show ductility, but many believe that
ductility can be achieved in these materials by altering their microstructures.
Hcwever, some fear that ductility will be obtaired only at the expense of
losing high temperature strength, and it is a combination of strength and
ductility that is really needed. In any event, further studies in this
direction are warranted since most ceramic m.terials iave a low coefficient
of thermal expansion, and a small increase - ductility can be expected to
produce a rather large increase in the thermal shock resistance of a ceramic
material.

While progress toward the obtainment of ductile ceramics moves slowly,
there have been some particularly noteworthy successes in the area of
improved thermal shock resistance for ceramics. Major improvements have been
realized through:

1. The control of microstructure.

2. The modification of material properties.

3. Good design practicer.

There is good evidence ths-t the thermal shock resistance of a ceramic
can be improved when a coarse -sore system is present. Apparently, the pores
serve as crack arresters if the cracks are relatively small and if the strain
energy is diffuse, as in the case of high temperature spalling. The behavior
seems to be associated with the reduction of stress concentration through the
blunting of crack tips.

There is also good evidence that the thermal shock resistance of a ceramic
article %an be significantly improved through the careful control of the
particle size distribution. The thermal resistance increases with increasing
particle size at least up to a certain limit, which suggests that thermal
shock cracks are generally formed between the particles in a ceramic body and
not within them. The use of a wide range of particle sizes is also favorable.
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Apparently, the latter provides a structure with a heterogeneous character in
which crack propagation can be limited to small distances and still provide
adequate stress relief under certain thermal shock conditions.

Chemically bonded ceramics seem to be particularly well suited for use
under thermal shock conditions. Apparently, their outstanding thermal shock
behavior derives from relatively weak particle-to-particle bonding which
limits crack propagation to microscopic distances when temperature intensities
are localized. When these relatively soft materials are subjected to a
sudden temperature change, they fail locally at the exposed surfaces, but
retain their strength. Since the chemically bonded materials cannot be
sintered at high temperatures without sacrificing thermal shock resistance,
metal reinforcement may be essential to their successful use. Fortunately,
the chemically bonded materials can be cured in place and metal reinforcement
is easily achieved.

The thermal shock resistance of a ceramic can also be improved by the
presence of a metal phase or a low elastic modulus phase such as graphite.
The improvement appears to stem from an increase iii critical strain and/or a
decrease in the amount of elastic energy released during fracture, which
reduces the tendency toward catastrophic failure. Metal reinforcement is
part icularly attractive since it offers the potential of allowing a practical
prestressed system of the reirforced concrete type where the brittle phase is
held in compression.

Good design practices which have led to an improvement in the thermal

shock behavior of ceramic components include:

1. The use of metal reinforcement.

2. The use of ceramics in compression.

3. The cushioning of ceramic components to minimize the intensities of
localized stresses.

4. Careful machining of ceramic and adjacent components to close
tolerances to prevent mechanical mismatch.

5. Careful thermal analysis and materials selection to prevent thermal
mismatch.

6. The use of ceramics prestressed compressively.

7. The elimination of mechanical restraints on ceramic parts.

8. The avoidance of sharp corners, thick sections, and sudden changes
of section.

9. The use of generous radii at angles and edges.

10. The use of emissive coatings.

11, The use of ceramics in the f m of small individual elements.
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It is gratifying indeed that the thermal shock behavior of a ceramic
material can often be significantly improved. However, it must be understood
that the thermal shock resistance of a material is not an intrinsic material
property, but depends on complex interactions between the material properties
and the environment. As a result, the thermal shock resistance of a material
has not been clearly defined and there is no hope for the establishment of a
meaningful standardized thermal shock test. There is hope for the establish-
ment of a meaningful thermal shock test for a specific application. At the
present state-of-the-art, most workers use a particular thermal shock test
simulating the intended use conditions for their product. To date, the degree
of success has varied markedly according to the degree of simulation.

During the conduct of the program, it became apparent that there was no
source of principles available that would enable the immediate efficient use
of refractory structural ceramics. Ceramic materials are very complicated
and few details are known concerning their basic nature. in addition, there
is a general lack of data on ceramic materials, and much of the available
data is confined to areas of specific interests. The unfortunate consequence
of the situation has been a heavy dependence upon an empirical approach to
high temperature structural design, which has significantly increased the
cost of many aerospace programs.

While the current state-of-the-art of designing with brittle materials
does not provide the designer with specific data which will allow him to desiga
an optimum high-temperature structure, indications are that the design engi-
neer, materials scientist, and aerodynamist are responding favorably to the
Periousness of the problem, and the past few years have witnessed a considerable
amount of research, which should at least provide a guide line to the eventual
solution of the brittle design problem.



IV. USE OF CERAMIC MATERIALS IN AEROSPACE STRUCTURAL APPLICATIONS
GENERAL LIMI.TATIONS

In order to promote the successful and efficient utilization of ceramic

materials in aerospace structural applications, a number of critical gaps

must be filled. Six gaps appear to be outstanding, namely:

1. Many engineers are unfamiliar with ceramics.

2. No source of principles that would enable the immediate use of

refractory structural ceramics is available.

3. The existing data on the property values of ceramic materials are

widely scattered.

4. Many inconsistencies are found in the published data on ceramics,

and there is a lack of sufficient data for the intelligent use of

most high temperature brittle materials.

5. There is a dire need for improvement in -:.; ductility and shock

resistance of ceramic materials and matee.ial systems containing

ceramics.

6. The new technologies associated with the aerospace field have placed
demands on high-temperature materials which cannot be met with
existing techniques.

Each of the above points warrants further cr'isideration. First, it is
important that the designer who is unfamiliar with ceramics realizes the
problems and principles associated with their use. Most metals undergo

considerable deformation by plastic flow before breaking, while ceramics are

brittle and usually fail suddenly. As a reault, the design approach used for
the cornventional ductile materials is not applicable.

Second, ceramics are quite complicated. Little knowledge is available

on the behavior of ceramics at the molecular level, and, as a result, few

details are known concerning their basic nature. In addition, the ceramic
industry is highly product-oriented so that much of the available data on
ceramics is confined to areas of specific interests. An unfortunate conse-
quence of this situation has been a heavy dependence upon an empirical
approach to high temperature structiral design, an approach that has signifi-
cantly increased the cost of many aerospace programs.

Third, available data on the properties of ceramic materials are widely
scattered. For crPlc, Chenical AbsLracts lists over 4oo references on the
properties of the carl'des covering the period January 1947 to June 1964, and
many of these refer t- e specific property of a particular carbide over a
limited temperature range. Of course, the designer must have data on the
properties of ceramic materials, but it is important that these data are made
available in readily useable form.
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Fourth, most ceramic components contain a wide rariety of defects or

flaws. Because of these flaws, a high degree of scatter is associated with

mechanical property determinations. In addition, small amounts of impurities

introduced by preparation techniques may change the constitution of a ceramic

system (Ref. 12, 13), and the size and shape of the grain dictated to a large

extent by consolidation techniques can have a striking effect on many of the

properties of a ceramic part. Because of these reasons, because of a lack of

specifications for available ceramic materials, and because of a lack of

standardized test methods for determining thermo-physical properties, many

inconsistencies are found in the published data on ceramics. In addition,

the intelligent use of brittle materials in aerospace structures will most

likely require more property data than are generally available at this time.

Fifth, since ceramics are brittle and usually fail suddenly, ceramic

materials are less favorable than the conventional ductile materials for
structural applications. There is a dire need to improve the ductility of

ceramics, but the problem is vast. Progress towards the obtaimnent of
ductile ceramics moves slowly, and there is little agreement among scientists
as to the prospects of obtaining ductile ceramics that are practical.

Sixth, because of the severe environments encountered by aerospace

systems, great demands have been made for more sophisicated stru, ctural
materials. With attention focused on ultra-high operating temperatures,
extreme corrosive conditions, and unusual optical criteria, many designers

are turning to ceramic Laterials and to elaborate material systems containing
one or more ceramic materials (Ref. 14, 15), but in many cases the knowledge

that would allow immediate technological progress to be made is not available.
The requirements of the aerospace designer cannot be met with the existing
technology and processing limitations.

The traditional ceramics technology has utilized the basic capabilities
of i aterials quite well, and major advances must, in general, come from new
and different materials, or from materials radically changed by improved
fabrication methods (Ref. 16).

For an excellent summary on the problems associated with the use of
ceramic materials in aerospace structural applications, the reader is referred
to References 16 to 27.
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V. BRITTLE BEHAVIOR

5.3. Brittle Nature of Ceramic Materials

Modern technology in many branches of science and engineering has
approached the point where the environments encountered greatly exceed the
limitations of the refractory metals, and, in many respects, ceramic materials
appear to fulfill the requirements of a number of new applications. One of
the most exciting possibilities for ceramics is their use in aerospace
structures. Unfortunately, however, ceramics are quite brittle at ordinary
temperatures and, as such, are highly susceptible to catastropic failure.
While this shortcoming has been tolerated in conventional ceramics for many
years, the threat of brittle failure has limited the use of ceramic materials
in aerospace structures to areas where the conventional materials have had
insurmountable deficiencies.

Clearly, brittleness represents the most striking feature of ceramic

materials and must be a major consideration in their use.

The term brittleness has been clearly defined by no one; however, it
has been described in a nwhber of ways:

1. An absence of appreciable plastic deformation (before fracture)
(Ref. 28).

2. A material condition under which the shearing stress to cause slip

is high relative to the tensile stress to cause failure
(Ref. 29).

3. A lack of plastic deformation to accommodate stress redistribution
(Ref. 30).

4. A material condition when the flow strength is very high in relation
to the rupture strength (Ref. 31).

5. A tendency for low-energy fracture accompanied by little or no
plastic deformation (Ref. 32).

6. A tendency for failure as the result of a purely elastic interaction
(Ref. 33).

(. A tendency to exhibit relatively small deformation prior to
fracture (Ref. 34).

8. Accurately following Hooke's law up to the point of fracture with
no plastic deformation (Ref. 35).

9. An absence or partial absence of the shear-stress mechanism trans-
ferring stress from one strained portion to those around it at energy
levels safely below the bonding energy (Ref. 36).
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A few (Ref. 28, 37) have attempted to classify brittle materials, and in

regard to ceramics the most interesting classes are:

1. Those brittle under all conditions.

2. Those brittle at room temperature, but ductile at elevated
temperatures.

For all practical purposes, all structural materials are included in these
two classes since all materials may exhibit brittle behavior under certain
conditions of temperature and stress. For example, under low temperature
and under high rates of stress even the conventional metals will exhibit brittle
fracture if there is insufficient time to dissipate stress by relaxation. In
addition, in a body under a hydrostatic pressure or hydrostatic tension no
shearing stresses occur, and even the most ductile metals must then fail in
brittle fashion (Ref. 29). Most non-metallic materials fall within the second
class and deform plastically only at higher temperatures under ordinary stress
states. Unfortunately, only a few ceramic materials have been found to under-
go appreciable plastic deformation at moderate temper-ture, and these have
been restricted to single crystals with the rock salt structure.

The behavior of brittle materials is far from being fully understood.
However, the problem is in the description stage, and a few general. observa-
tions can be made:

1. Brittleness is a characteristic of materials with strong, directional
bonds which are not easily re-formed once they are broken.

2. Less symmetrical structures correspond to greater brittleness to
the extent that the only likely modes of deformatior in an amorphous
material are fracture and viscous flow.

3. There are indications that brittleress might be reduced by close
control of impurities, particle size distribution and morphology,
and pore structure (i.e., by decreasing grain size and porosity);
however, a systematic study of these effects has not been made.

4. Environmental effects can play a major role in brittleness. The
decrease in elastic energy caused by a fracture can be no smaller
than the increase in surface energy due to new surfaces which are
created so that any factor that modifies the surface energy of a
material will also modify its tendency toward brittle behavior.

It appears that the following rules describing the general nature of
ceramic materials result in part, either directly or indirectly, from their
brittle character:

1. The apparent strength differs from the strength calculated on the
basis of molecular structure.

2. A high degree of scatter is associated with mechanical property

data on ceramics, and ceramics are less reliable than metals for
structural applications.
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3. Ceramics are stronger in compression than in tension.

4. The average strength of a ceramic specimen decreases with an
increase in the size of the specimen.

5. The apparent strength of a ceramic material is influenced by the
features of the stress field within the material.

6. The strength of some ceramic materials increases with an increase
in temperature.

7. Most ceramic components exhibit a high tree of notch sensitivity.

8. Most ceramic materials are sensitive to thermal and mechanical shock.

During the conduct of this program, it became painfully evident that few
details are knowm concerning the behavior of ceramic materials. The experience
with metallic structures subject to brittle behavior, while significant, has
not added vastly to the knowledge. The reason is that the tendency toward
brittle behavior is not equally shared (Ref. 28). For example, the ductility
of cast iron, which is considered brittle among the metals, is an order of
magnitude greater than that of ceramic materials (Ref. 35). Thus, the aero-
space designer finds himself in an awkward position. He must turn to ceramic
materials for critical structural applications, and the basic knowledge (of
these materials) that would allow immediate technological progress to be made
is not available.

5.2 Ductile Ceramics - A Distant Future Possibility

Much attention has been focused on the possibilities of devising ductile
ceramics, but progress toward obtaining such materials moves slowly. Of
course, this is not surprising since an improvement in the ductility of a
ceramic can only follow a change in the basic nature of the material itself.

To date, only a few ceramic materials have been known to exhibit appre-
ciable ductility, and these have been limited to single crystals with a
particular type of structure. As a result, some have concluded that ductile
ceramics will become a reality only when they can be produced as crack-free
bodies in which dislocations are prevented from collecting together to produce
stress concentrations at barriers (Ref. 38).

There seems to be little agreement among scientists as to the prospects
of obtaining polycrystalline ceramics in a ductile state. Preliminary studies
on such materials have failed to show ductility, but many believe that
ductility can be achieved in these materials by altering their microsti.uctures.
However, some fear that ductility will be obtained only at the expense of
losing high temperature strength, and it is a combination of strength and
ductility that is really needed.

The problem of obtaining ductile ceramics that are practical is indeed
sizeable. However, further studies in this direction are warranted since
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most cer'iic materials have a low coefficient of thermal expansion, and a
small in'erease in ductility can be expected to produce a rather large
increase in the thermal shock resistance of a ceramic material.

5.3 Statistical proach to Brittle Fracture

Since recent publications are available which list the present knowledge
on the statistics of brittle materials, this section is by no means intended
to portray an extensive survey on the subject.

5.3.1 The statistical concept - material flaws

For ductile materials, the scatter of mechanical property determi-
nations is small, and structural designs can be based on the average strength
of a group of test samples. However, this is not generally true for
ceramic materials (Ref. 35). A high degree of scatter is usually associated
with the strength measurements on ceramic specimens, and the designer must
use a distribution curve(s) of the properties being considered so that he
can select the design criteria corresponding to a given probability of
failure (Ref. 34). In addition, the strength determinations on ceramic
samples do not, in general, conform to a normal (Gaussian) distribution,
and the use of the average (arithmetic) strength can be misleading (Ref. 35).

It is widely accepted that the dispersion of mechanical property Cletermi-
nations on ceramics is attributed to the presence of defects or flaws already
existing either in the interior or on the surface of the material. According
to the famous theory of Griffith (Ref. 39), such flaws, or microcracks, are
present in most materials, and in the absence of plastic flow the cracks act
as stress raisers with maximum stress and maximum elastic strain energy
occurring at the tip of the crack. By equating the elastic energy and the
energy to propagate the crack, Griffith was able to derive an expression
relating the applied tensile stress to cause failure as a function of the
surface energy and elastic modulus of the material and the length of an
incipient crack (Ref. 29). For an atomically sharp crack, Griffith's thbory
predicts crack propagatio, at stress levels normally observed for incipient
cracks approximately one micron in length (Ref. 40).

Thus, the notion that a brittle material contains a number of defects
or flaws iv based on sound reasoning and some experimental evidence. Immediate
corillaries to the notion are:

1. The strength of a brittle material is a statistical quantity de+rmined
by the chance occurrence of a flaw large enough to cause failure at a
given stress level.

2. The expected strength of a large specimen is lower than that of a
small specimen since there is a greater chance for a large flaw to
be found in the larger specimen.

3. A group of large specimens will exhibit less scatter of strength
measurements than a group of small specimens since a large specimen
contains more flaws than a small specimen.
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5.3.2 Weibull distributicri function

Several investigators have proposed distribution functions in an
attempt to quantify the statistical nattire of brittle fracture. The most
widely accepted distribution function was proposed by Weibufl (Ref. 41).
Weibull assumed that t iws of random size distributed throughout a cereiate
material caused the scatt-r observed in Its mechanical properties, and, on
the basis of the weakest-link concept of failure, devised a dis-cribution
function of the form:

cy - c m
S():- ex.p a -- m 4

0

where

F = probability of failure

V = volume subjected to stress

a = stress

a = zero strength; that is, the strength below which
o fracture will not (cannot) occur

= a scaling factor0

m = flaw density

5.3.3 Evaluation of Weibull parameters

The s* ject is only considered briefly in this section. For a more
extensive covers.e, the reader is referred to the recent and excellent survey

nA,,-ed b- W. B. Shok a + Ohi State (Ref. L2),

Equation 4 can be expressed in the form

a- a M

Fexp (e-- ) (5)

where B = ao cMn be viewed as a working parameter. The equation
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suggests that a plot of:

log in i- F(a)f versus log (a - a)

should result in a straight line with slope m. To facilitate making such a
plot, it is desirable to devise a special graph paper such as that shown in
Figure 8. The instructions for the use of this graph paper follow.

1. Let N represent the number of strength determinations made using N
nominally identical specimens subjected to nominally identical
loads.

2. Number the strength determinations from n = 1 to 11 = N in the order
of increasing strength. That is, the lowest strength value will be
associated with the number n = 1, the next lowest with n = 2, and so
on, until the highest strength value has been assigned the number
n = N.

3. Plot N n1 x 100 versus (a - a ) for various trial values of a
n

The quantity is used as an approximation to F(a). If only a

limited number of specimens are used (say 50 or less), the use of

median ranks (instead of the numbers n) is highly recomended.

For a discussion of median ranks, the reader is referrd to

Reference 43.

4. The parameters are estimated as follows:

a. a is -that trial value which produces a straight line in Step
3 above.

b. m is the slope of the resultant straight line x 1.71. The need
for scaling the slope results from the fact that arbitrary scales
were used when devising the special graph paper.

c. B is the abscissa of the point of intersection of the resultant
straight line and the horizontal dash line.

5. Ohe abscissa is on a logarithmic scale so that any constant multiple
of the numbers displayed along the abscissa may be used.

Exarnle:

For the locus of points shown in Figure 8 and for a constant
abscissa multiple of 1000 psi:
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1. The .cple factor B = a V m was estimated to be 31,300 psi.

2. The slope was estintated to be 1.875 giving the
estimation m = !.875 x 1.71 '-1 ,2.

Assuming that the volume of the test specimen under critical
stress was 10 cubic units (for example, if a volume of 10 cubic
units of material had been loaded in pure tension), the following
estimate was obtained

1
=B m  ' (1 )0* "
B V m 31,300 Al0.32 64,00 psi.

5.3.4 Critique

Weibull's theory is based on the assumption that flaws of random
size exist in a ceramic component and that fracture of the single most severe
flaw results in the failure of the entire component. That is, it is based on
the so-called weakest-link concept. One of the most noteworthy advantages
of Weibull's theory is that, like most weakest-link theories, it is not
mathematically complex. Under the additional assumptions of the tensile-stress-
criterion for failure and a uniform dispersion of flaws throughout a ceramic
material, the Weibull distribh1tion function has given reasonable correlation
with experimental data. As a result, Weibull's theory and its associated
assumptions have been rather widely accepted. However, a number of investigators
have questioned the general applicability of the theory, or at least questioned
it in its present state-of-the-art.

Because ceramics are often highly sensi+ive to surface effects, a number
of investigators believe that the most serious flaws in a ceranic material
exist eJther on or near the surface*. They contend that a surface layer, with
proper ties different from the bulk material,, must be considered and that both

the surface layer and 'he bulk material must be characterized either by single
strength values or by statistical techniques. In the case of sinSle strength
values the behavior of a component would depend on the geometry and on the
thickness of the surface layer. In the case reqiyiring statistical descriptions
the problpm would be confounded I.! the thickness of the sur-ace layer 'vried from
component to component.

Another contention holds to the classical concept that a single strength
value characterizes even a brittle material and that the variability observed
is attributed tr ucontrolleO factcrs in raw materials, processing and testing

. In a recent study at the Lawrence Radiation Laboratory more flaws initiating
fracture were found sear the surface of fractured bend-specimens than were pre-
dicted by the Weibull theory, and flaws appeared to be especially heavi.lV
concentrated at sharp corners of tent samples (Ref. 44).

33



and to differences in internal stresses in different components. While such
a concept implies the j'tential of a simple design guide, it has met little
favor to date.

There are also a number of researchers who would replace the weakest-
link or series model with a parallel model. This contention allows the
fracture of a ,;ingle flaw bo result simply in a redistribution of stresses.
Total fracture would occur only if the undamaged portion of the material was
incapable of supporting the redistributed load, While the parallel model
has not found wide acceptance, many feel that a combination of the series
and panrllel models may hold the key to the successful design of brittle
structures. Unfortunately, however, the mathematics associated with the
combined model are abominable.

Finally, Weibull's distribution function does not lend itself readily to
the bimodal distributions of strength which are frequently observed, none of
the statistical theories lend themselves to a description of internal stresses,
and none describe the differences in the processing of small and large
specimens.

5.4 General References on .Brittle Behavior

A number of recent publications by the Armour Research Foundation provide
an excellent summary of the present knowledge on the statistics of brittle
materials (Ref. 45-47). Earlier work in the area of statistical failure
concepts is reported by Battelle Memorial Institute (Ref. 48-50). For recent
publications which deal with the general concept of brittle behavior the
reader is referred to References 19, 23, 24, 28, 51, 52, and 53.
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VI. CERA41C FORMIG 1PROCESSES

The following sections deal with the advantages, limitations and possi-
bilities of various forming processes. Processes currently being used to
produce ceramic structural elements are considered.

6.1 Cold Forming

6.1.1 Slip-casting

The method of slip-casting offers the potential of allowing the
fabrication of large and intricate shapes, of making the production of short-
run parts economically feasible, and of giving a fabricated part which is
isotropic (Ref. 54). These basic advantages are not offered by conventional
hot or cold pressing because of the complex tooling requirements and because
of the non-uniform pressure distribution in a pressed powder arising from the
inability of 3o.id powders to transmit pressure uniformly. In addition, since
powder particles are uot deformed or worked during slip-casting, little or no
nucleation should oc zur in a slip-cast part, and continuous grain growth should
be favomed during sintering (Ref. 55).

The basic advantages of the slip-casting techniques have prompted a number
of workers to consider the extension of slip-casting to areas previously con-
fined to powder metallurgy, and techniques have been presented for the slip-
casting of cermets, oxides, carbides, borides, and silicides (Ref. 56, 57).

Unfortunately, until very recently, little attention has been given to
the mechanisms involved in slip-casting, with the result that most investi-
gators ragard slip-casting as being difficult to control, affording poor
tolerances, and giving low densities. However. w.ith sufficient development,
slip-casting systems can be refined to the point of not suffering from these
disadvantages (Ref. 58, 59).

SlIp-ca!tiLg systems generally are capable of producing green densities
only up to about 70 per cent of theoretical. As a result, sintering of the
cast compacts to acctotable densities causes large amounts of shrinkage. The
fused silica slip studied at Georgia Tech is a notable exception, giving green
densities of about 83 per cent of theoretical (Ref. 6).

The microstructure and mechanical properties of a slip-cast body may
depend on the orienitation of particles during casting (Ref. 60). In addition,
slip-castJng like other wet processing methods encounters problems during
d- r g. arge secLions require close drying control over a long period of
time to prevent cracking.

The limitations on the size of a slip-cast component must be related to
the totaZ processing rather than to the casting operation alone. The proper-
ties of a green shape may limit its size. For example, the green compressive
strength must be high enough for the shape to support its own weight. In
addition, many ceramic materials lose strength during the early stages of heat
treatment, and handling problems are then increased.
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Another limitation on size is the availability of large heat treating
equipment. In the production of a 4 foot fused silica radome at Georgia Tech,
a special furnace had to be devised to meet the requirements for maturation
(Ref. 61). The problem of the large furnace would have been confounded if a
high temperature or a controlled atmosphere had been required.

6.1.2 Dry pressing

The dry pressing method provides an economical technique for the
production of small, precision parts. Once the die has been made and the
pressing conditions established, uniform and consistently accurate parts can
be produced without machining.

Dry pressing is accomplished with the aid of binders which provide
strength during the early stages of heat treatment. Moisture contents
generally vary from 2 to 5 per cent. Sintered densities range from 80 to 90
per cent of theoretical, and maximum strengths are therefore not possible.
Attempts to improve the strength by higher firing or by the introduction of
impurities usually, if not Llways, result in substantial grain growth.

The heavy equipment requirements for dry pressing have precluded the
production of large shapes. Finished shapes to date have been limited in
cross section to about one square foot and in thickness to about 4 inches.

6.1.3 Isostatic pressing

The isostatic process allows the production of large and complex
shapes with highly uniform texture. Small additions of binder are used, but
moisture is not required. Sintered denities range from about 80 to 95 per
cent of theoretical, and shrinkage is uniform, prefeiTed orientation is
minimal, and die costs are low.

At the present state-of-the-art, the process seems to be limited only
by the lack of experience and ingenuity of the tooling designer. The dimen-
sional accuracy of surfaces pressed against rubber are on the order of a
few per cent, but surfaces pressed against netal usually require no machining.
However, the use of rigid members causes departures from a true isostatic
state (Ref. 62).

6.1.4 Vibratory compaction

In thii process, the particles are agitated under a slight restraint
to promote close packing. Compaction is accompL-.shi withor't the use of binders,
and densities of 90 per cent of theoretical have bc*.r obtained (Ref. 63).
However, particle size distribxuion hae a considertble influence on the density
(Ref. 64).

6.1.5 Etrusion
This process is limited to shapes of regular cross section. Diame-

tern have been limited to a few inches for non-clay certvecs, and the need
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for plasticizers in non-clay ceramic powders leads to final compositions that

are invariably complex.

6.2 Hot Forming

Hot forming methods have, in general, been generated by the application
of heat to cold forming counterparts: they involve the simultaneous application
of heat and pressure to densify and shape ceramic compacts. Their major benefit
is to offer a closer approach to theorezical density and to allow a closer
control over microstructure. The methods are uique in that they allow many
powders to be formed into high density shapes without prior particle treatment
and without extensive experimental study. Oxides, borides, nitrides, and
carbides have been successfully hot pressed.

6.2.1 Uniaxial hot pressing

Graphite is the most common die material used and is operative up to45 0 ° F and 10,000 psi. Induction heating is usually employed because of the

high temperature obtainable; however, this technique does not allow close
control over heating and cooling rates and does not provide temperature
uniformity. Below 39000 F, graphite must be used in an inert atmosphere or
vacuum. Above 39000 F, an inert atmosphere must be used. With oxide dies and
in some cases, with graphite dies, radiated heat from resistance heating
elements has been used. Heating by radiation has allowed closer temperature
control, but has limited the operating temperature to about 3200"' F. Carbides,
borides, and alloys have also been used as die materials.

Density variations are found in materials formed by uniaxial hot pressing
as the result of pressure gradients that exist in the material during the
pressing operation. As the size of the shape is increased, the problem of
pressure gradients is expected to become more important. To minimize the
effects of pressure gradients, length-to-diameter ratios are usually held below
4 to 1. Uniformity has not been thoroughly studied, but grain size is known to
have varied from 10 microns at the center to about 100 microns at the edge in
one large shape. Pressed shapes have been limited to about one foot in
diameter and one foot in length.

6.2.2 Biaxial hot pressing

Biaxial hot pressing has been attempted, but has not provided any
real gain over its uniaxial counterpart.

6.2.3 Hot isostatic pressing

Hot isostatic pressing offers the potenti.al of allowing the fabri-
cation of large and complex shapes irith uniform texture, closely controlled
microstructure, and high density. Hence, it provides one of the most exciting
areas for future research. Current interest is in using a solid or a gas as
the transmissive medium. qTe method has been applied to ceramics and to
composite systems containing ceramics.
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6.2.4 Hot e,trusion

Hot extrusion has been greatly limited by a lack of suitable high
temperature dies and by an inadequate control of the rheology.

6.3 Other Forming 16thods

6.3.1 Nucleation

The controlled crystallization in glass materials has led to the
obtainment of extremely fine polycrystalline materia.s, the so-called glass-
ceramics. These materials have been found to be relatively insensitive to
surface damage and to exhibit high strength with good reproducibility. In
addition, the fine microstructure in these materials is capable of tolerating
the anisotropic thermal expansion typical of low expansion crystals and thus
allows low thermal expansion ceramics to be achieved. Unfortunately, avail-
able glass-ceramics soften below 20000 F and are limited in long-term use to
about 15000 F. Close tolerances can be obtained with glass-ceramics without
machining.

6.3.2 Melt spraying

Melt spraying has been successfully used to coat various materials
and to produce free standing ceramic shapes. While coating thickness is
li ited, shapes of almost any configuration can be coated. Edges and corners,
however, continue to be a problem. Free standing forms have been limited to
thiln-walled, shapes with axial symmetry.

Particles less than 5 microns in size are difficult to feed into) an arc
or flame so that a grain size smaller than 5 microns is not easily cbtained.
The grains are usually flat. Residence times are not, in general, long enough
for phase changes to occur, and the particles and the sulstrate (or the
particles alone in the case of a multicomponent feed) are seldom given the
opportunity to rea-t. Typical densities range from 83 to 99 per cent of
theoretical, and deposition efficiencies vary between 15 and 95 per cent.

6.3.3 Foamed ceramics

The major techniques that have been used to produce light weitht
ceramics include: burnout of additives, chemiLcal reaction, chemical
decomposition, sublimation, air incorporation by agitation, bloating and
cemetn-tat.or of preforel &pheres. Materials which have been produced as foam=
include: silicon carbide, alumina, zirconia, fused silica, and PyroceraI'
(Ref. 65). Size limitations depend to a large extent on the foaming method
employed. Massive blocks arc commercially avellable in a few cases, and the
blocks can be machined to most any shape desired. However, the foams are
friable, and special machining techniques might be required if tolerances are
close (Ref. 66).

6.3.4 I-Iolding

A wide variety of sizes and shapes can be pro3duced by the bulk
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placement of material. Large structures may be possible if the material is

placed in sections to avoid thermal rupture during the cure.

6.4 Machining and Grinding

Machining and grinding are generally used to produce dimensional
accuracy, complex designs, or specific surface textures which cannot be pro-
vided by any other forming techniqae. Whenever possible. machining and
grinding operations are carried out before final heat treatment.

6.4.1 Abrasive grinding

The usual choice for an abrasive is silicon carbide. However,
diamond abrasives are required for very hard ceramics. The removal of ceramic
material is generally slow and expensive. The removal of more than 0.015-inch
of material in a single pass is unusual. The presence of phases with different
degrees of hardness and the occurrence of pores can prevent -the obtainment of
a good finish. Exterior surfaces present no serious problems, but the grinding
of internal surfaces is difficult if the length-to-area of cross section ratio
is large.

6.4.2 Ultrasonic machining

Ultrasonic machining is usually employed when abrasive grinding is
unsuitable. Basically, the technique uses a tool which is simply the reverse
image of the impression desired. The tool is lightly pressed against the
ceramic with an alternating motion while an abrasive slurry is circulated
between the tool and the ceramic. The machined part is a'.ways slightly over-
size relative to the tool. Dimensions can be held to about 0.002-inch with
200 mesh abrasive grain. However, tolerances as close a, 0.0005-irch have been
met by using finer abrasives.

6.5 General References on Ceramic Forming Processes

The most recent publication which permits a b.road concept of the present
state-of-the-art is Technical Documentary Report No. RTD-TDR-63-4069, "Critical
Compilation of Ceramic Forming Methods," (Ref. 67). References 54, 65, 68, and
69 also contain extensive information on ceramic forlring methods. For recent
foreign publications in the area of ceramic forming, the reader is referred to
Extended Abstracts 1 and 2 of Appendix I.

39



VII. PROPERTIES OF CERAMIC MATERIALS

The properties of ceramic materials tend to favor extremes. Their melting
points are high, their densities and their thezunal expansion coefficients are
relatively low, they are highly resistant to corrosion at most temperatures,
and they offer the advantage of high-temperature strength and high resistance
to creep. Because of these reasons, because there is an abundant supply and
a wide occurrence of ceramic raw materials, and because many ceramics have
unique electrical properties and resist oxidation, ceramic materials offer
many exciting possibilities for aerospace structures.

The properties of ceramic materials are briefly discussed in -the sections
which follow. Properties of interest to the aerospace engineer are considered,
and the discussion is limited to areas where significant design data are
available. In some cases, methods used to predict property values are cited.
Such methods allow estimates of the properties of a materials system to be
made on the basis of the properties of the individual constituents in the
system. However, the methods are generally based on simple models and
should be used only in the absence of experimental data.

7.1 Physical Properties

7.1.1 Refractoriness

The melting or decomposition temperatures of selected refractory
ceramics are given in Figure 9. The refractory ceramics start to melt, at a
temperature above 30000 F. The highest melting point reported is 70900 F for
the complex carbide 4TC:Hfc (Ref. 70).

While the melting point of a ceramic material serves as a index of the
material's usefulness at high temperatures, it can be vexy misleading. Many
ceramics become unstable at temperatures below their melting point, and their
selection must be based on their maximum use temperature in a specified medium.
Conversely, certain materials may be used for short times at temperatures well
above the melting or decomposition point. Ablative plastics and fused silica
are examples. For load-bearing applications the strength of the material at
specified temperature levels must also be considered (Ref. 20).

7.1.2 Hardness

Because of its empirical nature, hardness information can seldom be
correlated to service use. However, hardness measurements can serve as a
guide in materials selection.

Most hardness tests for ceramics measure the resistance to wear or
indentation. Athougi scratch tests are seldom used, it has been observed
that most ceramics fall between 7 to 9-1/2 on the Mohs hardness scale. The
Rockwell and Brinell tests cannot be used bocause large indenters under high
loads cause ceramic materials to fracture in tension near the point of contact.
However, a microhardness test using a small (iamond indenter under a light
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load is quite satisfactory, and loads in the range of 25 to 500 grams give
permanent impressions from 10 to 100 microns in diameter without causing
fracture. The 1360 diamond pyramid (Victors indenter) or the Knoop indenter
are the usual choice, and results are expressed in terms of load divided by
the area of the indentation. Commercial microhardness instruments are
available (Ref. 35).

7.2 Elastic Properties

7.2.1 Elastic modulus

For ceramic materials, the modulus of elasticity or Young's moiulus
ranges from about 3 x 106 to 60 x 106 psi at room temperature and remains
essentially constant for a given material up to about 16000 F.* In this
temperature range cramic materials generally obey Hooke's law up to the
point of fracture. At elevated temperature (often beginning at a temperature
equal to about two-thirds of the melting point), plastic flow becomes
appreciable.

Elastic moduli are measured either statically or dynamically. The
measurement under static conditions gives values for the isothermal moduli,
while adiabatic moduli are obtained by the sonic or ultrasonic techniques.
Inlications are that the adiabatic and isothermal values do not differ by
more than a few per cent. However, at sonic frequencies and above, there
is not enough time between cycles to allow relaxation by creep, and the
sonic measurements give an unrelaxed value which always exceeds the static
or relaxed value (Ref. 71).

7.2.1.1 Effect of porosity: Spriggs (Ref. 72) suggested an empirical
expression for the effect of porosity on the elastic modulus of polycryst-
alline refractory materials of the form:

SE e -b P (6)

where

E = elastic modulus of porous material

EO0 = astic modulus of nonporous material

b = an e,.pirical constant

P = volume fraction of pores.

*This is not true however for a namber of amorphous materials which show

a steady increase in modulus with increasing temperature,
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Data on alumina from various investigations showed that b varied from 2.4
to 4.4 with an average value of about 4.0 (Ref. 72,73).

Spriggs (Ref. 74) later proposed that the combined effect of open and
closed pores could be taken into account by a modification of the equation
originally presented:

-bP -bPE =E 0 e 00 o cC (7)

where

b 0, bc = empirical constants

P0 = volume fraction of open pores

P = volume fraction of closed pores.

Data on alumina with induced porosity suggested -that slik-htly better fits
could be obtained with the modified equation.

Hasselman (Ref. 75) noted that Spriggs' original expression (Equation 6)
did not satisfy the boundary condition: E = 0 for P = 1. To remove this
discrepancy, Hasselman proposed an equation of a different form based on a
general equation given by Hashin (Ref. 76):

E E 0  1 + (A- (8)

wheLe

A = a constant.

Hasselman's eluation for the assessment of both open and closed pores (hsf. 77)
becomes:

r A°P° AePe

E =E 0  1I -1) P 1 + (A-1)- (9)
oc



Hasselman and Fulrath (Ref. 78) fitted experimental data on glass

containing small fractions of spnerical pores with an expression of the fom:

E = E0 (1 - bP) (10)

In this case the theoretical value of b could be calculated from the equation:

3 (9 + 51Lo) (1 - o)
b 2 (7 - 50) (11)

where

go = Poisson's ratio of nonporous material

The experimental value b (2.06 + 0.06) compared favorably with the theoreti-
cal value of 2.00 for 4o = 0.20.

Fryxell and Chandler (Ref. 59) fitted dynamic elasticity data on two
grades of extraded MgO with expressions of the form given in Equations 6,
8, and 10. The porosity of the test specimens ranged from about 2 to 17 per
cent. In this range the experimental data did not really distinguish among
the three forms. It appeared that the linear equation would describe data
well enough for most practical purposes up to a porosity of about 17 per cent
and that Equation 6 and Equation 8 wovuld give essentially identical results
up to a porosity of nearly 40 per cent.

A recent investigation at the Cornell Aeronautical Laboratory (Ref. 71)
has indicated that Young's modulus may be predicted with small error for
composite bodies which remain continuous solids by a method developed by
Kerner (Ref. 80). For porous media, based on Kerner's expressions Young's
modulus is given by the equation:

G 0(l-P)
E= (11)(12)

Eo_ 3 1

where
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G = shear modulus of nonporous material

Z = a constant

The constant Z can be evaluated for sphere cal pores as follows:

5 (3 K0 + 4 G0 )
(9 K +8 G(13)

where

K = bulk modulus of nonporous material.0

The value of Z has been found to be approximately two for many ceramic
materials.

7.2.1.2 Heterogeneous materials: Generally, equations are developed for
predicting the shear and bulk moduli. Young's modulus is then calculated from
the relation.

3 1 + (l)
E3K G

where

G = shear modulus

K = bulk modulus

The assumptions inherent in E;uation 14 are that t he material -4s isotropic

and that no phase cha~ges occur.

7.2.2 Shear modulus

The shear modulus or modulus of rigidity of a ceramic is measured
by subjecting specimens of circular cross section to a twisting moment and
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observing the angular twist or by using dynamic techniques. Torsional
resonance methods are easily adapted to high-temperature work, but few results
have been reported.

7.2.2.1 ETfect of porosity: Spriggs and Brissette (Ref. 81) suggested

that the shear modulus of a refractory oxide could be related to the porosity
by a simple exponential equation of' tho type:

G e (15)

Good fits to an equation of this form have been obtained with data on alumina
(Ref. 81) and magnesia (Ref. 82).

Mackenzie (Ref. 83) derived an expression for the shear modulus of a solid
containing isolated, spherical pores:

G=G 0 (1 - ZF) (16)

wherc Z is given by Equation 13. Reasonable experimental verification of
.ackenzie's formula has been pro,,rided by Hasselman and Fulrath (Ref. 78).

Coble and Kingery (hf. 84) have suggested that Mackenzie's expression
be extended to:

G=G(1 - ZP + Z' p2  (17)

where the constant Z' may be evaluated by setting G = 0 when P = 1.

7.2.2.2 Heterogeneous materials: Kerne- (Ref. 80) derived the folowing
expression for the shear modulus of a heterogeneous material:

2 + - 5) (8 - lO G 15 (l-li)
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where the subscript 1 refers to the matrix materii! =d vi  is the volume
fraction of the ith phase. The expression has been applied to ceramic bodies
in a recent study at the Cornell Aeronautical Laboratory (Ref. 71).

Hashin (Ref. 76) developed bounds for -the elastic moduli of nonhomogeneous
systems based on a concentric-spheres model. An approximation ror the shear
modulus was presented in the form:

G + l Lm (m v1 (19)

M 7 5 m 2 (4 -d )
where the subscript m refers to the matrix, d refers to the dispersed
phase, and vd is the volume fraction of the dispersed phase. iasalin also
developed approximate bounds for the shear modulus, but a discussion of these
is beyond the scope of this report.

Hashin's method has been applied in at least one recent study. Hasselman
and Shaffer (Ref. 84) used the method in an attempt to determine the effect of
graphite inclusions on the properties of zirconium carbide. A good correlation
was obtained using Flashin's lower bound.

7.2.3 Bulk modulus

The difficulties associated with the observation of volume contrac-
tion have generally prohibited the generation of direct experimental data.
Indirect experimental data are usually obtained tsing Equation 14 or the
following equation which is strictly valid only for isotropic materials.

E- (20)

7.2.3.1 Effect of porosity: While the bulk modulus is difficult to
measure experimentally, it is amiable to theoretical studies. Mackenzie's
expression (Ref. 83) for the bulk modulus for solids with spherical isolated
pores is of the form:

4 K0 G0 (1 - P) (21)

K Go + 3 KO0P (l
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7.2.3.2 Heterogeneoue materials: Hashin's approx-_mation (Ref. 7"6) for
thn bulk modulus of a two phiase nonhomogeneous material is of he form:

(4 Gm + 3 K) v(
c K (K- m)  4 G + 3Kd + 3 K - a (m m m

Kerner's formula for bulk modulus (Ref. 80) has been extended to the
case of porous multiple-phase ceramic bodies (Ref. 71). The extension led
to an equation of the form:

K v K Vd
m +3K +4G + 3K+4G

K = m d M (23)
in +d + P

3 Km+4G m  + 3K d + G + F m

7.2.4 Poisson's ratio

Poisson's ratio is measured at room and moderate temperatures using
strain gages. However, considerable difficulty is encountered because at
these temperatures ceramics will tolerate only a small amount of strain.
Resonance methods can often be used at higher temperatures, but iterative
techniques are required.

Although the data on Poisson's ratio is limited, it has been observed
that Poisson's ratio ranges from 0.10 to 0.30 for many ceramic materials. One
would expect Poisson's ratio to remain relatively constant up to about 16000 F.
As the temperature is increased above the point where plastic deformation
occurs, Poisson's ratio should gradually increase approaching 0.5 at the
melting point.

Poisson's ratio is often calculated using the equation:

E(

However, it is obvious from the form of the equation that rather precise
modulus data are required for a good estimation. While the equation applies
to only isotropic bodies, reasonable estimates are expected if anisotropy
is confined to small crystals randomly oriented (Re. 79).
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The dependence of Poisson's ratio on porosity can be predicted with the
aid of Equation 24. For example, Spriggs and Brissette (Ref. 81) used the
relationship given by Equation 24 and simple exponential expressions for the
elastic and shear moduli (Equations 6 and 15) to derive an approximation of
the type:

= go - bP (25)

An excellent fit was obtained for a set of data on cold-pressed and sintered
alumina,

7.3 Strer-,th

7.3.1 Tensile strength

The tensile test is not usually carried out on ceramic materials

because of the extreme care that is required to insure true axial loading.
Uncontrolled eccentricity resulting from slight misalignment or from
unsynanetrical specilmen dimensions can lead to large extraneous stresses during
the t-st. Recent developments, however, Indicate th.at the use of a gas bearing
support system can lea to significant improvements. One gas bearing facility
has produced tensile strength data which were at least 1.3 tins higher than
those previously reported for the same materials (Ref. 85).

RecogLition of the problems associated with the "uniaxial" tensile test
has led to the development of a number of indirect methods which minimize
restraint and multiaxial stress. Two of these are the internally pressurized
ring test used at the Stanford Research Institute (Ref. 86) and the diametral-
compression test (Ref. 87).

In the studies at the Stanford. Research Institute the tensile strength of
a commercial, high alumina body was investigated by using hydraulically
expanded cylindrical test specimens. The values of the ultimate tensile
strength obtained were higher than tensile strength values previously reported
in the literature and approached flexural values. The most important aspect
of the data, however, was that a low scatter of results was obeerved. The
maximum (coefficient of) variation of strengths within single groups of
specimens was less than 7.6 per cent. This value ccapares favorably with
the value of 10 or more normally associated with flexural strength data.

The diametral-compression tesz is gaining increasing favor because it
provides an experimentally simple m-thod for masuring tensile streixgths. An
imortant feature of the test is that it allows the maximum tensile stresses
to be produced within the body of a material, rather than at the surface.

7.3.2 Flexural strength

The flexural strength is usually determined by Oending a bakr or rod
of simple shape to the point of fracture. The maximum tensile stress at
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fracture is computed from the fracture loads, and this maximum stress is
referred to as the flexural strength or the modulus of rupture. The specimen
is laid across two supports and a concentrated load is applied at the center,
or two concentrated loads are symmetrically placed between the supports, to
cause fracture. It is assumes that the material is homogenous and obeys
Hooke's law up to the point o,: fracture, az , the calculations are baSed on
the equation for pure bending,

N

i(26)

where

a = maximum tensile stress

c = distance from the neutral axis of the specimen to the fiber
under maximum tensile stress

14 = bending moment at the point of frxcture

I = mo=nt of inertia of the cross section about the neutral axis

When corrections are made for wedging (Ref. 42) center-point loading data and
four-point loading data can be compared and different thickness-to-span ratios
can be taken into account. For large thickness-to-span ratios the data should
be corrected for frictional restraint.

Because of its simplicity, the bend test has been the most widely used
method for determining the strength of ceramic materials, and a number of
authorities consider it to be the most reliable test for obtaining design
stresses. However, surface conditions must be closRly controlled, and care
must be tak.en to prevent torsional loading.

7.3.3 Compressive strength

It is not possible to obtain the true compressive strength of a
ceramic material by the usual method of applying a unidirectional compressi.,
load to a portion of a test specimen. Failure wi-l occur as the result of
tensile stresses which are induced in the material during the test. It has
been predicted that tensile stresses reach a rmximum of one-eighth the applied
pressure at the tip of microcracks oriected 300 to the direction of the
compression (Ref. 31).
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Data on the compressive strength of ceramic materials is limited. However,
cerasmics are invariably stronger in compression than in tension. The compres-
sive strengths are often higher than the tensile strengths reported for same
material by a factor of 6 to 10, although factors ranging from 4 to 5 are
reported for 5om, amorphous materials.

7.3.4 Impact strength

Impact streogth has not been precisely defined, but, generally
speaking, it is the resistance to fracture under a dynamic load which is
suddenly applied. While most impact tests were developed to simulate service
conditions, there have been few attempts if any to correlate the measured
impact strength of a ceramic imterial with its performance in service.

A number of investigators Iave suggested that a close relationship exists
between the impact strength and the flexural strength of a ceramic material.
Kliman (Ref. 88) investigated tae effects of fiber content on alumina fiber-
ceramic composites and found that the variation of impact strength was similar
to that for transverse rupture strength. On the premise that most ceramicE
fail at a strain between 0.10 and 0.15 per cent Dinsdale, et al, predicted
an approximate linear relationship between the impact strength and the modulus
of rupture (Ref. 89). Phillips and DiVita (Ref. 90) reported that accumulated
data on commercial ceramics indicate that materials such as alumina, steatite,
zircon, wollastonite, and borosilicate glass behave very similarly in respect
to impact strength in spite of their differences in composition and structure.

In the work discussed by Phillips and DiVIta, polycrystalline ceramics
and glass were impact tested by the incremental drop method using specimens
in the form of cylindrical rods 6 in. long and 1/2-in. in diameter. The
flexural strength of the cylindrical rods wat measured us.ng three-point
loading, a 4-in. span, and a stressing rate of 10,000 psi per minute. The
average value for the impact strength-to-fle:rural strength ratio for 9
materials was 1.81 + 0.09.

7.3.5 Porosity and grain size effects

7 3.5.1 Porosity effects: An empirical expression which has met
considerable success .1' fitting strength-porosity data has the form: t

S = so e bP (27)

where

S = strength of porous material

S0 = strength of nonporous material



However, not all of the available data are in agreement. In some instances
a linear relationship provides a better fit.

Wilcox (Ref. 91) considered the streugth-porosity data of ceramic
materials during the initial stage of sintering and found that the data fit
a semi theoretical expression of the type:

s A ( -) (28)

where

Fi = porosity prior to any densification due to sintering

A = a constant

Hasselman (Ref. 92) considered polycrystalline materials for which the
porosity effect on strength and Young's modulus could be closely approximated
using linear expressions:

S a S0 ( - AP) (29)

E E0 (1 - AP) (30)

Hasselno predicted that the value of the constant b would be unity for pores
in the form of long circular cylinders parallel to the applied ntress, approxi-
mately 1.28 for long cylinders perpendicular to the applied stress, and
approximately :..5 for pores with an average shape approximately spherical. A
comparison of the modulus of rupture and Young's modulus for several materials
showed that the value of b ranged from 1.4 to 1.5. The same procedure
applied to data on alumina expressed in exponential form produced values
from 1.5 to 1.6.

7.3.5.2 Gra&.n size effects: The exponential relation given " Knudsen
(Ref. 93) is the most widely used expression for prediat4ig the effect of grain

lz~e on the strength of a ceramic material:

S AG-a (31)

where

5
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G = grain size

A,a = empirical constants

A value of a = 1/2 is predictei by Griffith's equation (Ref. 39) if the
most severe microcrack is equal to the grain size. However, a value of
1/3 has been reported for alumina and magnesia, a value of 0.4 for thoria, and
a value of 0.55 for chromium carbide (Ref. 32).

In a recent study by Spriggs, Mitchell, and Vasilos (Ref. 94) the elastic
modulus and modulus of rupture of pure, dense alumina were determined as a
function of grain size (U to 250 microns) over the temperature range 860 to
27320 F. The room temperature mmiulus of rupture data agreed closely with
Knudsen's equation for a = 1/3. The strength of the fine-grain material
continued to be substantially higher than that of the coarse-grain material
up to 27320 F. Fowever) the grain-size dependence was significantly lessened
above 1832 ° F. Other noteworthy observations were that the 1 to 2 micron
material exhibited considerable yielding and nonlinear load-deflection behavior
above 18320 F and that grain size appeared to have no effect on Young'o modulus
over the entire temperature range studied.

7.3.5.3 Combined effects: Knudsen's equation (Ref. 93) is generally
used to predict the combined effects of porosity and grain size:

S = A Ga e -bP (32)

Fryxell and Chandler (Ref. 79) analyzed zvd.alus of rupture data on
beryllia and magnesia in terms of Knudsen's equation. The grain size ranged
from 10 to 100 microns, the porosity ranged from 1 v) 15 per cent, and the
temperature range 780 to 21920 F was i nvestiated. The dependence on grain
size decreased as the temperature increased (a = 0.35 to a = 0.11 for
magnesia, and a = 0.50 to a = 0.03 for beryllia). The porosity coefficients
remained fairly constant (b d 2.5 for both materials), but there was
considerable scatter.

7.4 Notch Sensitivity

Most researchers view ceramic materials as being highly sensitive to
notches. The usual argument given in support of this view is that cera__ics
are brittle, and plastic deformation does not take place in a brittle material,
and stress concentratione at the tip of a notch can not be relieved in the
absence of plastic flow. While the argument seems plausible, it is apparently
based on little experimental evidence because few data are available on the
notch sensitivity of refractory ceramic materials. It is knowa that glasses
are highly sensitive to surface scratches, and perhaps the kmowledge of this
fact has influenced the opinion of some.
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A few investigators have presented data which support the opposite view.
For example, in a recent study at the Stanford. Research Instititve (Ref. 95) it
was found that the introduction of notches in a dense magnesia body caused no
appreciable change in its behavior lmuder thermal stress conditions. In
another recent study, at Syracuse University (Ref. 96), external notches
artifically introduced in alumina and in glass-bonded mica had a rather mild
Pffec-. on the notch strength. In the latter study it was suggested that
ceramics should be relatively insensitive to notches because they already
contain stress raisers, some of which are of the order of magnitude of those
that can be artifically induced.

It appears, then, that the notch sensitivity of a brittle material will
depend upon the size of the flaws that already exist in the material. The
introduction of a notch no "larger" than the material flaws already present
would not be expected to influence the material's performance. However, the
possibility of interactions between notches or between a notch and the
material flaws should not be overlooked. While a single scratch might be
detrimental to a polished surface, a great number of scratches might have
little effect and may even serve to relieve stress or to distribute it more
uniformly.

7.5 Thermal Propertles

7.5.1 Thermal expansion

While the thermal expansion of refractory ceramic materials -is
relatively low, it varies considerably from one ceramic material to another,
and it exerts the most important influence on the thermal shock behavior.
For example, the expansion coefficient of fused silica is so low that it is
essentially incapable of failure under pure thermal shock in spite of its
low strength. On the other hand alumina has been known to fracture under a
pure thermal shock of less than 2000 F in spite of its high mechanical
strength.

The thermal expansion of a ceramic can be measured with a fair degree
reliability. The expansion is not noticeably effected by small amounts of
impurity or by changes in grain size or fabrication techniques, but may be
affected by the atmosphere in which the expansion test is conducted (Ref. 97).

A crude approximation for the thermal expansion of a mixture is obtained
by volume-averaging the thermal expansion of each phase present. The method
should only be used as a last resort.

^ cxtcn e - st +ton of the arpeotn of the thermal expansion of
ceramic materials was conducted at the Cornell Aeronautical Laboratory (Ref. 71).
A brief report on the knowledge gained in that investigation follows.

A reliable estimate of the thermal expansion of a mixture requires a
knowledge of the elastic properties of the end members. The elastic moduli
which should be used are those for the fully-dense polycrystalline material.
A greater validity of Kerner's method over Turner's method has been
demonstrated.
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Turner s Method:

- > Ei (33)

i E v

Kerner's Method:

a 4Go + 3 c'vZ (34)
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where

a linear thermal expansion coefficient.

7.5.2 The-,rmal conductivity

The thermal conductivity is the property capable of the largest

variation in ceramic materials. The thermal coaductiviby exhibits a two-order-
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of-magnitude variation between different materials or between different forms
of a single mterial. Vnen sizeable temperature variations are to be
encountered in service, the designer should carefully consider the temperature
dependence of this property.

The factors which may influence the thermal conductivity of a ceramin
material include: the moleculaz structure of each phase, the total amount
of each phase present, the distribution of the phases, impwrities, the size
and shape of pores and grain, the amount of porosity, the temperature.
anistropy and directional effects, and the emissivities of the grains.

At temperatures above the Debye temperature, phonon-phonon interaction
by lattice vibration is the principal process for the conduction of heat in
ceramics, and this is governed by the equation (Ref. 98):

k- 1/3c vX (37)

where

k = therml. conductivity

C = specific heat

V = mean velocity or elastic wave velocity

X = mean free path between interactions.

Any reduction in the mean free path of the phonons will cause an increase in
the resistance and thereby lower the conductivity. For example, impurities
which do not go into solid solution serve as centers for phonon scattering,
and herein lies the reason that small amounts of impurities often greatly
reduce the conductivity of polycrystalline materials. Since the mean path
due to lattice scattering decreases with temperature, the effect of impurities
is greatest at low temperatures (Ref. 99).

Since the mean velocity and specific heat are relatively independent of
temperature while the mean path due to lattice scattering varies inversely
with temperature, the thermal conductivity would be expected to vary inversely
with temperature. The condlotivity of polycrystall.ne ceramics usually varies
in the following fashion:

Ja k= +6b (38)
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where

t = temperature

a,b = constants

Above about 22000 F the inverse relationship can not be applied since radiant
effects become important. The conductivity will take on a minimum value in
the vicinity of P7000 F and then rise again at higher temperature (Ref. 98).

In amorphous materials the mean tree path of the phonons is similar to
A..he interatomic dimensions and cannot decrease as the temperature increases.
lu these materials the conductivity varies with temperature according to the
variation in the specific heat. Thus for amorphous ceramics, the conductivity
is low and may increase gradually with temperature up to the point where
radiation effects become important. At low temperatures the variation can
often be described by a linear relationship:

k = a t + b (39)

Impurities which go into solid solution have a smaller effect on the
conductivity than those which do not go into solid solution. However if
the amount of solute is increased to the point where it approaches the
magnitude of the lattice dimensions, the conductivity will reach a minimum
value of approximately 0.7 Btu/hr'ft.°F. This value, which is the approximate
value of the conductivity for glasses at room temperature, should be the
lower limit for the conductivity of any nonporous solid (Ref. 98).

7.5-.2.1 Effect of grain size: Few investigations have generated
dependable data on the grain size effects at or above room temperature.
Indications are, however, that grain size will not affect the thermal
conductivity of ceramics with an average grain size larger than 10 microns
(]Ref . 100).

In the study conducted at Alfred University (Ref. 100), the conductivity
of a dense alumina was investigated in the temperature range 212' F to 18320 F
as the average grain size was varied from 10 to 4 to 2 microns. At 2120 F
the conductivity was eight per cent higher for the 10 micron material than it
was for the 2 micron material. This difference decreased slightly as the
temperature was increased to 18320 F. At 2120 F the relative conductivity
closely followed a volume effect of the train bs..ries.

7.5.2.2 Heterogeneous materials, Includine pores: A number of investi-
gators have considered the thermal conductivity of multiphase materials. The
recent presentation by Brailsford and Major (Ref. 10.1) was favored during the
preparation of the present siction.
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The electrical analogy rule can be used to develop expressions for the
thermal conductivity of a laminate:

1 v + (40)
k F2

k - (l-v) k2 + vlkI  (41)

These equations represent the thermal conductivity for laminae perpendicular
to the florr of heat and .laminae parallel to the flow of heat, respectively.
Reasonable verification of the relationships has been obtained experimentally
(Ref. 102). These expressions place a lower bound and an upper bound on the
therma] conductivity of any two-phase system.

For mixtures., the expressions are usually based on the assumption of
spherical inclusions in a continuous phase. For example, the thermal
conductivity of a three-phase mixture would be:

3k 3

k v + k 3 m k k m

k m M 1v..-k m +i-k1) Pv2  (2 k +k27

mk (2 k +

whe t

An expression for a random two-phase assembly can be obtained by setting
km = k in Equation 42 and solving for k (i.e., by assuming the continuous

phase has a conductivity equal to the value of the conductivity of the two-
phase assembly being considered):

k = (3v 1l)k + (3v 2 -l)k 2 + '1 (3v.-l)kl + (3v 2 )k 2 + 8kk 2 ] (43)

where v1 + v2 = 1.
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7.5.2.3 Effect of particle (or pore) shape: Hamilton and Crosser
(Ref. 103) proposed a semi theoretical expression for the thermal conductivity
of a continuous phase containing particles of arbitrary shape:

k = k k d+ (n-1) k m- (n-1) vd (km-k d)44

k=k m  Lkd + (n-1) km+ d (km-kd (4)

For the case of spherical particles, a good fit was obtained by setting
n = 3 as expected.

Expressions for particles in the shape of rods, platelets, or ellipsoids
can be found in Reference 98.

7.5.2.4 Radiant effects: For dense, polycrystalline ceramics, radiant
effects are found to be significant at temperatures above 27000 F. For
translucent materials, radient heat transfer begins at lower temperatures.

For porous materials, the effect of radiation across the pores can be
taken into account using an equation developed by Loeb (Ref. 104,105):

P
k=k0 (1 - P x) + P k(4)

y 0L-+ (i.4P
4 3 Yt 3

where

k0 = thermal conductivity of nonporous material

P = cross-sectional pore fraction

P = longitudinal pore fractionY

o = Stephan' s radiation constant

e = total emissivity of solid surface

y = geometrical pure factor (2/3 for spberical pores)
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t = mean temperature

The radiation efTect is not significant for pores smaller than 0.1 nz in
diameter or for temperatures below 9000 F. For pores larger than 1 mm in
diameter, the radiation effect is considerable above 9000 F and is greatly
affected by the emissivity.

7.6 Fatigue

7.6.1 Cyclic fatigue

Very little work has been done on cyclic fatigue studies of ceramic
materials. Wi.Iliams (Ref. 106) found that the fatigue survival stress was
approximately 0.57 of the single stroke bend strength for a commercial alumina.
The fatigue survival stress for the alumina did not change significantly at
temperatures up to 16500 F. Mizushima and Knapp (Ref. 107) studied the
behavior of a whiteware ceramic under cyclic loading and folzid that its
fatigue survival stress was about 0.80 of the single-stroke value.

7.6.2 Static fatigue

It is often observed that the measured strength of ceramics depend
on the rate of stress application. Slower loading rates generally reduce the
resistance to failure. However, the effect is very small, if not absent) at
cryogenic temperatures, in high vacuum, or in inert atmospheres. The effect
is most generally attributed to the presence of water vapor. Factors known
to have an influence on the delayed fracture of ceramic materials include
the temperature, atmosphere, surface condition, strain rate, and prior
thermal history.

7.7 Creep

For applications involving high temperatures. the time-dependent deforma-
tion and failure characteristics of a ceramic must be known. At temperaures
of about two-thirds of the melting point, some plastic flow sets in and
deformation under load becomes an important factor. In addition, anisotropy,
nonhomogeneity, and pores and other defects, which persist at all temperatures,
often cause a loss in the creep strength at temperatures as low as one-half
of the melting point. Thus there is no relationship between the creep
characteristics and composition alone, and structutral influences must be
investigated.

Unfortunately, ,.ittle creep data exist for refractory ceramic materials.
..hc bccn ceriously hampered by the need. for sophisticated test

equipment. Attempts to adapt tensile creep testing techniques to brittle
materials evaluation have met only limited success. However, flexural tests
conducted at elevated temperatures should, provide useful information on the
:reep properties of these materials.
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7.8 Thermal Shock Resistance

With the call for ceramic materials in high performance vehicles and
reentry situations, the problem of designing an effective ceramic structure
has taken on a new dimension. In the past, ceramic structures were subjected
to only moderate heat fluxes, and thermal shock effects were of a secondary
neture. Today's aerospace systems encounter dreadful heat fluxes which impose
severe thermal shock conditions on ceramic members. While the failures
induced by these conditions appear to be simple in nature, the thermal-shock
resistance of a ceramic is probably the most difficult property to measure
and assess.

7.8.1 Definitions

7.8.1.1 Thermal stress: A thermal stress is generally defined as
a stress which arises as the result of a temperature gradient or a temperature
change. Thermal stresses are attributed to the thermal expansions of various
parts of a body in which free expansion of each volume element cannot take
place (Ref. 5). Thermal stresses in the absence of temperature gradients
result from external restraints, differences in expansion between various
phases, nonisotropic expansion of crystal grains, or from volume changes due
to polymorphic transitions, devitrification processes, and chemical reactions.

7.8.1.2 Thermal stress resistance: Thermal stress resistance is the
ability to withstand thermal stresses.

7.8.1.3 Thermal shock: A body is said to be subjected to thermal shock
when transient temperature gradients are indwied in it. Thus the occurrence
of a thermal shock implies the existence of a temperature gradient, but the
occurrence a thermal stress does not. It seems likely that thermal stresses
set up by temperature changes alone have contributed to the damage reported
in many cases as thermal shock failure (Ref. 29).

7.8.1.4 Thermal shock resistance: The thermal shock resistance of a body
is its resistance to deterioration or failure when subjected to thermal shock.

7.8.1.5 Thermal spalling: Thermal spalling is the breaking away of

pieces of a shape or structure as the result of thermal stresses.

7.8.2 Test methods

There are pechaps as many thermal shock tests as those who have
used them. In most tests a simnle shame or a prototype design is subjeted
to a severe thermal environment which is selected on the basis of convenience
or on the basis of anticipated service conditions. Thermal shock tests
generally involve a rapid cooling technique, although rapid heating techniques
are also used. In an effort to simulate service conditions, the following
systems have been used (Ref. 42,108).
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1. A i-ct gas test in which a gas stream is directed onto a specimen
while the gas feed and distance are varied.

Natural gas-air
Natural gas-oxygen
Propane -oxygen
Acetylene-oxygen
Hydrogen-oxygen

2. A plasma arc test programmed to follow a desired time-temperature
profile by control of the gas feed, power supply, and distance.

3. An arc-imaging furnace with variable focus, intensity, and
distance.

4. A rocket motor test in which the distance and specimen orientation
are varied to evaluate materials under severe thermal shock
conditions.

5. A quartz lamps test to simulate aerodynamic heating on a desired
configuration by variation of electrical power supply, distance,
and surface reflectivity.

6. A furnace test programmed to follow a limi.ted time-temperature
profile by control of the amount and distribution of gas feed
and residence time using a belt furnace, rotary furnace, or
similar device.

When a rather crude screening test is desired, a specimen is often simply
immersed in a hot or cold fluid or a hot or cold fluidized bed.

The thermal shock resistance of a material is usually determined by
measuring the time required for fissures to form daring a test cycle or by
measuring the extent of damage or deterioration rfter one or more cycles.
MeLasurements which have been made during a test cynle include:

1. Visual observations

2. Electrical resistance measurements on a conductive coa!6ing or on
the test specimen itself.

Measurements which have been made on specimens before and after one or more

cycles include:

1. Visual observations

2. Penetrant dye tests or fluorescent particle inspection

3. Fermeability, specific weight, water uptake, and porosity

4. Strength
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5. Modulus of elasticity, eitner by sonic methods, ultrasonic
methods, or static methods.

Indications are that the sonic modulus test is superior to the strength test.
The sonic modulus test is more sensitive to thermal shock damage and has
provided the more reproducible data. The u~e of surface area measuring
techniques to determine the effect of thermal ,shock has been suggested
(Ref. 10)). Such techniques should provide a knsitive method for determining
the extent of damage in thermal-shock-tested or 'roof-tested ceramic bodies.

Recently, a nuffber of research organizations have addressed themselves
to the task of developing new methods for simujlatink, the severe heat fluxes
encountered in aerospace situations. Two of these ae Space Technology
laboratories (Ref. 110) and General Dynamics/Pomona (Haf. 11).

At Space Technology aboratories, a specimen In thk form of a hollow
right circular cylinder is used, and heating is accompli,;hed using an electron
beam heat source capable of delivering heat fluxes in excess of 10,000 Btu/
ft 2 -sec. The major disadvantage of electron-beam heating\appears to be its
inability to cope with extraneous gases, and surgical cleasliness and high
vacuum technology are required. Present experiments are designed to provide
severe thermal transient environments which are realistic yet amiable to
analysis.

At General Dyaamics/Pomona hot metal baths are being used to simulate
the aerodynamic heating associated with radome applications, or at least to
simulate the thermal stresses involved in aerodynamic 4eating. The primary
features of the testing facility consist of a test chamber, a cylinder of
liquid metal, and a driving piston which forces liquid metal out of the
cylinder and into the test chamber around a radone. The speed of the driving
piston controls the liquid metal feed, and the local velocities are established
by the chamber design. Heat transfer rates on the order of 350 to 700 Btu/
ft 2 /sec. have been obtained using molten lead-bismuth baths. The baths can
be operated over a temperature range of about 4500 to 14000 F, and the lead-
bismuth system remains a liquid up to about 30000 F. The disadvantages to
the hot metal baths are:

1. Bath temperature determination is difficult.

2. The molten metal bath is a very corrosive environment.

3. There is a health hazard and a safety hazard.

4. There is more data scatter when the molten metal bath is uised
than there is when a hot salt bath is used.

5. It is difficult to tailor the system so that the desired hilat flux
will be obtained at various stations on *die xadole.
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7.8.3 Factors affecting thermal shock xesistance

The assessment of the thermal shock resistance of a brittle material
entails three basic considerations: the temperature distribution in the
material, the resultant stresses, and the strength of the materials. The
temperature distribution depends on the thermal properties of the materias.
on the size and shape of the specimen, and on the net heat transfer between
the specimen and its surroundings. The stresses resulting from a given
temperature distribution depend on The thermal expansion and elastic
properties of the material. The strength of a brittle material may depend
on a multitude of factors, including the size of the specimen, the distribu-
tion of stress, the type of stress, and the rate of loading.

Thus the thermal shock resistance of a material is not an intrinsic
material property but depends on complex interactions between the material
properties and the environment. As a result, the thermal shock resistance of
a material is not clearly define& and there is little hope for the establish-
ment of a meaningful standardized thermal shock test. A number of investi-
gators have attempted to circumvent this difficulty by rating a material
relative to a given environment, but many deficiencies persist:

1. Experimental results are affected by stubjective influences. The
application should dictate whether or not a material has failed
during a thermal shock test, yet this decision is generally
left up to the investigator.

2. Test results depend on the method used to manufacture the specimen.
For example, internal stresses induced during maturation can lead
to a high scatter of thermal shock resistance values.

3. The material properties of interes usur2ly vary appreciably with
temperature, and exact analytical treatment is difficult if not
impossible.

7.8.4 Thermal shock parameters

Because of the complexity of the thermal shock problem, a general
solution is impossible. Each problem, however, need not require a completely
independent treatment since similarities exist in thermal shock situations.
Because of these similarities, a number of investigators have attempted to
group material properties and environmental desctLptors so tha, gcneral
principles could be applied.

The nhermal shock behavior of a ceraic mWterial in the form of a simple
happe c=r be predicted tider certain boundary ccnditions. Generally, these

predictions are made under the assunptions that failure results from the
effect of tenile stresses alone, that Hooke's law is obeyed up to the point
of fracture, that the materials ar. isostropic and houogeneous, and that
thc material properties are independent of temperature.
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Based on the assumptions listed above, theoretical considerations have
led to an extended use of a number of thermal shock parameters. While these
parameters cannot be applied with high reliability, several indications in
the parameters are borne out by experience. Thus - parameter may serve as
a screening method when the theoretical model resembles the actual service
situation.

The five thermal shock parameters most frequently used are:

(1) S (46)

R(2) S (1-4) (47)= Ea

R( sk (48)

R(4) Sk (1-p) (49)

R S() a (1-p) (50)

where

R = thermal shock resistance index

S = strength

E = Young's modulus

a = linear thermal expansion coefficient

= Poisson's ratio

k = thermal conductivity
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a = thermal diffusivity

and

k (51)
PC

-where

C = specific heat.

The parameters R(I ) and R(2) with dimensions of temperature have

quantitative physical significance. The use of R~l ) is suggested in the
extre&-i case of heating a surface by an intensive point-source. Spot heating
may occur t-: some extent in other thermal shock situations because of the non-

homogeneity of ceramic materials (Ref. 112). The index R(2) is similar to Rtl )

but applies in the case where a large portion of the surface is rapidly heated
or whe-e a ceramic is completely restrained from expanding due to the design

of a part. The index R(2) represents the maximum temperature variation which
a material can tolerate without cracking, whatever the intensity of the thermal
shock.

There are indications that the nonaxial heat flow per uit length required
to fracture a hollow ceramic cylinder can be represented by the product of the

index R(3 ) and a separate factor characterizing the shape of the cylinder
(Ref. I 13,114).

The parameters R(2): R(4 ), and R(5) were considered by Kingery (Ref 5).
For the steady-state case of a hollow right circular cylinder with infinite
length and an interior heat source, the maximum temperature difference was

expressed as the product of the index R ( and a size factor, and the maximum

allowable heat flow rate was represented by the product of R01) and a size
factor. For a plane slab heated or cooled in such a manner that its surface
temperature changed at a constant rate, Kingery suggested that the maximum
rate of temperature change without fracture ccO1A be represented by the

the product of R(5) and a size factor.

M.--nso (1,f. 4) considered the proiblem of a flat piate, initially at
uniform temperature, suddenly immersed Ln a medium of lower temperature. Manson
found that the theoretical response pattern could be closely fitted over the
entire range of heat transfer coefficieats using an equation of simple form:
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"T , (2) + 3.25 0.5 e 6 /p (52)

where

AT= initial temperature of the p.ate less the temperature of the

medium in which it is immersed.

= Biot's modulus

and

ah (53)

where

a = half thickness of 'the plate

h = heat transfer coefficient

k = thermal conductivity

M9anson's expression provides a means of- determining thermal shock parameters
ander .rious conditios. For thick plates or large heat transfer coefficients,

the theemal conductivity has little influence and 6Pmax  is approximately

equal to R(2). Thus, in the case of a large body or a rapid transfer of heat
the surface of the body reiponds far triore rapidly thm the interior of the
body, and there is almost romplete restraint. For thin plates or low rates
of heat transfer, thermal conduetivity has a considerable influence and the

tolerance varies directly as R . Thus a material with inherently poor
thermal shock characteristics idht tolerate 1- thMcrmal !'ock conditions
if it is form&i into a thin shape or if it has a hibh% thermal conductivity.

The vvaJor advanrtage to Manson's expression is that it provides a menans

of analysis for intermediate valu. of Biot's modulus. It also suggests that
test con.4tions shouLld cloely simulate in-servIce conditions. This applies
to the ,ize and shap* of the test piece Prod to the heat transfer rate. It
is sigp.f, eant that Maxnson cor.rectly predicted a reversal of merit index for
aluuim. an toryllia when, quenched in air and vhen quenched in water.
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Because of its high thermal conductivity, beryllia was superior to alumina
for mild quenching. However, with severe quenching alumina was superior
because of its high strength.

Buessem (Ref. ls) extended the curve-fitting technique to a number of
elementary shapes, initially at uniform temperature, suddenly subjected to
e. medium of a different temperature:

For a plate, with symmetrical cooling:

M = R(2) (1.5 + 3.25 ) (54)

For a plate, with symmetrical heating:

AT,= = R(2) (3.33 + 6 ) (55)

For a plate, with asymmetrical cooling:

R,1 .. =(2) (1.5 + 9.6) (56)

For a right circular cylinder, heating and cooling:

, -AT R(2) (2.o + 4.3 ,) (57)

For a sphere, heating and cooling:

i R (2.5P51) (58)

Buessem also listed the m terials best suited for thermal-shock application-".

For high heat-transfer rates, materials with a large R (2) value should be

selected. For low heat-tr/nsfer rates, materiala with a large R (4) -.alue
should be used.

The parameters R (I), R(), 1(3) RM, and R(  have a number of glarins
deficiencies. Thy 'Tuixh only an approximate idea of the thermal shock
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resistance of a material., they relate only to the appearance of fissures, and
they cannot be applied to the problem of failure caused by repeated thermal
shock cycles. However, these gaps have been partially bridged by the
recent efforts of Hasselman and Shaffer (Ref. 84).

Hasselman and Shaffer introduced a "thermal shock damage resistance
parameter" of the form:

R (6) 2 E (59)
S (1-0)

If (6)
If a material has a high R value, a relatively small amount of elastic
strain energy will be stored in the material at the onset of fracture. Thus
only a relatively small amount of energy would be available to activate crack
nucleation or to facilitate crack propagation once cracks are formed. The
tendency toward crack nucleation and propagation will Klso depend, of course,
on the manner in which the stored strain energy is released. In most metals
stored strain energy can be converted into heat through plastic flow, and
insufficient elastic energy remains for catastrophic fracture to occur. Thus
the incorporation of metal fibers in a ceramic should lead to improved thermal
shock resistance.

In a ceramic material essentially all stored strain energy is converted
to surface energy and kinetic energy of broken pieces. Thus a ceramic material
will have less tendency to fracture catastrophically if its effective surface
energy is high. For ceramic materials the effective surface energy does not

differ greatly from one material to the next. It follows, then, that R 6

should be an effective measure of the thermal shock damage resistance of a

ceramic material. It is significant that the valuc of R( 6 )" increases as the
porosity is increased in a ceramic material. It is also significant the
Hasselman and Shaffer correctly predicted that the pyesence of a graphite
dispersion would affect the thermal-shock fracture behavior of zirconium
carbide.

Hasselman and Shaffer investigated the thermal shock failure of zirconium
carbide containing 0, 10, 20, 30, 40, and 50 volume per cent graphite. The

(6)
index R took on a decisive maximum value at a graphite content of approxi-
mately 30 per cent. When subjected to 36320 F,, a sphere of zirconium carbidt:
alone fractured catastrophically, while spheres of the other compositions
appeared utarmed. Co -e exe-4ntion revealed the presence of cracks on the
surface of the sphere which contained 10 per cent graphite, and internal
cracks were found in all spheres with graphite additions.

Another deficiency of the thermal shock parameters remains to be discussed.
A high de.gree of scatter is associated with thermal shock resistance measure-
ments. Of coxrsc, this is to be expected since the resistance to thermal shock
depends on the strength of the material. One approach io this problem is to
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assume that the same statistics that apply to the strength of a material also
apply to the thermal shock resistance of the material. Such an approach was
taken by Manson and Smith (Ref. 116) more than a decade ago.

Manson and Smith formulated a theory of thermal shock resistance based
on Weibull's statistical theory for strength, The statistical theory and the
maximum tendile-stress theory were compared, and the following indications
envolved from the study:

1. Weibull's homogeneity parameter m should be listed as a thermal
shock parameter.

2. If m is high, the theory of maximum stress will give adequate
results. However, for the range of values of m for ceramic
materials, the parameter should always be considered when high
rates of heating or cooling are encountered.

3. The probability of failure is likely to reach a maxiuum not when
the maximum point-wise stress is reached but when the general
stress level is high.

It is significant that Manson and Smith were able to deduce from thermal
shock tests a value of m for steatite which was in good agreement with the
value determined from bending strength data.

7.9 General Referencou on the Properties of Ceramic Materials

For a recent and critical review of the testing techniques for ceramics
the reader may refer to Reference 42. For recent reports which constitute an
extensive compilation of data on refractory ceramic materials the reader is
referred to References 2 and 3 and to Extended Abstracts 3 to 7 In Appendix I.
Extended Abstracts 8 to 33 in Appendix I refer to recent foreign publications
which deal with ceramic material properties.
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VIII. HIGH-TEMPEATURE STRUCTURAL MATERIALS

8.1 Oxides

Although the oxides are exceeded in high-Temperature strength by a number
of other materials, they constitute an important class of non-metallic refractory
materials. They are characterized by outstanding chemical resistance over a
wide range of temperatures, relatively low density, moderately high melting
pvint, brittleness at low temperatures, and low to moderate eost. Their
fracture strength compares favorably with that of the high-temperature metals on
a strength-per-unit weight basis, and they are unexcelled in resistance to
oxidation. They are also usually highly stable in reducing atmosph;eres.

At temperatures above 27000 F, a.l of the oxides have lcw 2mechanical
properties, and variations in these properties due to differences in porosity
and grain size are considerable. An increase in porosity of 10 per cent can
lower the strength by as much as 50 per cent. In addition, small amounts of
impurities often have an appreciable effect on the creep strength and thermal
conductivity of a polycrystalline oxide body.

The use of refractory oxides has been limited by the lack of highi-
temperatu-e strength, by the lack of impact strength, and, with the single
exception of silica, by the lack of thermal shock resistance. As a resut,
mist of the refractory oxides have been used in aerospace structures only to
protect other less stable materials.

Some of the refractory oxides are expensive because they are scarce, or
because they are difficult to recover in pure form. These include yttria,
hafnia, ceria, and thoria. The refractory oxides which are available in abun-
dance include alumina, silica, magnesia, zirconia, and beryllia.

8.1.1 Alumina

Aluminum oxide, A1 2 0 , is one of the most widely used refractory
compounds because of its low st, high mechanical strength up to about 22000 F,
availability :n a number of forms, and because of a vast background of informa-
tion regarding its use. Aluminum oxide melto at 37200 F and is chemically one
of the most stable oxides. It can be used above 31000 F in a strongly reducing
atmosphere and up to about 35000 F under oxidizing conditions.

Alumina ware can be formed by slip casting, extrusion, cold or hot
pressing, or injection molding. The first cer-m ic radomes were obtained by
casting an alumina slip or by isostatically pressing an almina suspension on a
core. In 1955, a prestressed ceramic wing was tested at the Uaiversity of
California (Ref. l7). The .Ing segments were formed from alumina by slip
casting.

8.1.2 Beryllia

Beryllium oxide, CeO, has a meltit2g point of 4660 F and a specific
gravity of only 3.03, It 1s the most resistant of all the oxides to reduction
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by carbon at elevated temperatures and is stable in air, hydrogen, carbon
monoxide, argon, nitrogen, or vacuum to 31000 F. It is not stable, however,
in halogen or sulfUrous atmospheres. The thermal conductiviby of beryllia at
low temperatures is outstanding, surpassing even a number of the metals. At
high temperature, the conductivity is much lower. WiIle the low temperature
conductivity is greatly affected by small amounts of certain impurities, com-
mercial beryllia ceramics are now avalable with reproducible (± 7%) thermal
conductivity at a level of 105-llO BTU/hr./ft./ F for dense material. The
electrical conductivity is very low.

Beryllia has the highest specific heat of all the refractory oxides. Its
high heat capacity and thermal conductivity and its uniform thermal expansion
make it fairly resistant to thermal shock.

In the past, beryllia ceramics were relatively weak at low temperatures.
However, ,Ith the application of modern processing methods and careful quality
control during all piases of product fabrication, uniform batch to batch and
firing to firing bend strengths of 25,000 to 35,000 psi have been achieved.
More importantlyj,, when the kinds and amounts of impurities are carefully
controlled, and 0hen great care is taken to minimize internal strebses by
proper die lcvaing and uniform firing in the temperature range where maximum
shrinkage occurs, beryllia exhibits less dispersion in mechanical strength
than most other ceramic materials. One company is presently supplying 16 in.
by 16 in. by 2' in. beryllia windows machined from blocks showing an average
modulus of rupiTure of at least 30, 000 psi on each of the four edges with no
vEue falling below 25,000 psi (Ref. 18). The mechanical properties remain
fairly constant with temperature up to about 29000 F, i-d at this temperature
beryllia is one .If the strongest oxides in compression.

Beryllia is chemically stable in contact with metals at high temperature.
It shows no tendency toward reduction in hydrogen up to 4250 F and is stable
in a vacuum to at least 36000 F. However, above 30000 F, bery21ia reacts with
water to form a volatl1e hydroxide. Beryllia is toxic, but it is only
dangerous when small pZrticles are inhaled so that the hazard is eisily elimi-
nated by reasonable hooding.

Objects made from beryllia can be fashioned in complicated forms, particu-
larly by cold pressing, hot pressing, isostatic pressing, or slip casting.
Ectrusion is employed when small, modular units made by pressing would be un-
satisfactory from a design standpoint. With extrusion, an increase in bending
strength of 25 per cent can result due to orientation of needlelike grains
present in the powder material; however, such preferred orientation would be
expected to lower the thermal shock resistance of a part.

8.1.3 Curia

Cerium oxide, CeO, is generally inert in spite of its variable
oxygen content. Since it is compatible with a numb-c of oxides, it is an
Ideal choice to separate incompatible materials. Ceria has been used as a
coating for zirconia In conbact with magnesia and as an rdditive to stabilize
zirconia. (.er± can be readily flame-sprayed to form a dense coating.
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8.1.4 Cazomia

Chromic oxide, Cr2 03 , melts at about )1000 F and has a vapor pressure
about twice that of alumina arcund 3100' F. Chromic oxide has found some use
as a refractory when it is combined -Aith alumdna and magnesium. Small additions
of chromia have been found to effect an increase in the emittance of at least
two other ox/ides.

8.1.5 Hafnia

Hafnium oxide, Hf02, melts at 5-0900 F and has attractive refractory
properties. Pure hafnia is scarce because it Js difficult to separate from
the zirconium mnerals with which it is generally found. However, it forms a
solid solution with _I roon! um oxide, and its properties are not seriously
impaired by small amoun. s of the zirconia. Hafnia with zirconia ab an impurity
is easily flame- or plasma-sprayed, and it has the same degree of ctability and
chemical inertness as zirconia. Pure hafnia would be preferre4 in most appli-
cations i2 cost were not a factor. Hafnia undergoes inversione similar to that
in zirconia, but the inversion from the monoclinic form of hafnia occurs at a
much higher temperature (about 31000 F) so that, in hafnia, the conversion
should not present a severe thermal shock problem.

8.1.6 Magnesia

Magnesium oxide, MgO, wets at 50700 F and shows no conversions up
to the melting point. It has better high-temperature oxidation resistance
than alumina and is stable in contact with carbon %ip to about 33000 F. However,
it is less stable than alumina in contact with mosb metals, it is limited to
about 31000 F in reducing atmospheres or in a vacuum, and its mechanical
strerath is low due to its distinct cubic cleavage.

While magnes:& ahows little tendency to hydrate in the densely sintered
condition, finely divided particles hydrate rapidly, and it is more difficult
to slip-cast magnesia thau it is to slip-cast alumina or beryllia. Magnesia
can also be fabricated by extrusion, pressing, or even by fusion. Sintering
begins at temperatures as low as 16000 F.

Magnesia has a high thermal expansion and, as a result, is highly suscepti-
ble to thermal shock in spite of its high thermal conductivity.

8.1.7 Silica

Silicon dioxide, 1502; melt at ,{l.O F; however; tb mpIt is so
viscous that it acts essentially like a solid mterial up to about 45000 F.
At 45000 F, the silica volatilizes rapidly.

The most useful form of ilica for structural applications is the amorpbous
form, br. silia. t axhibits practically no thermal expansion so its thermal
.:hoac resiutanc,, is superb. Unfo-tunately, the fused material devitrffies in
the approximate temperature range 20000 to 30000 F.

When fused silica is maintained above a temperature of 2000 F, 0- cristo-
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balite forms. Upon subsequent cooling below about 500* F, the 0- cristobalite
is transformed to a cristobalite, and microcracks usually develop in the
cristobalite regions. Usually, these microcracks can be traced to cooling
stresses that result from the difference between the thermal ex0ansion of the
cristobalite and that of the fused silica and from the decrease in volume
associated vitb the transformation from the 0 to the a cristobalite. In air
inder one atmosphere of pressure, a critical cristobalite content is reached
in slip-cast fused silica* at the end of two days at 21000 F# at the end of
five hourE. at 22000 F, and at the end of one and one-half hours at 23000 F,
Under higher partial pressures of oxygen or in the presence of water vapor, the
devitrification rate is higher. In a reducing atmosphere, in an inert atmos-
phere, or in a vacuum, the devitrification is retarded. For the times asso-
ciated with reentry and most other hypersonic flight tpplications, fused
silica would not be expected to devitrify. In addition, devitrification is
only a problem when the silica must be ccoled below 5000 F.

The slip-cast and sintered fused silica has a room.-temperature flexural
strength of only 4C00 psi. The strength increases with temperature in a
nearly linear fashion to a value of about 8000 psi at 2200 F. The slip-cast
material shows only 1.3 per cent linear shrinkage measured from the green
state to the fully matured state. Thus large, intricate shapes can be
economically formed to fairly close tolerances. Slip-cast fused silica is
presently a leading candidate for use in radomes and nose cones. The material
is tuique in that 1t can function as a thermal shock resistant ceramic to
4000" F for periods up to five minutes with very little ablation and can also
function as an efficient ablator above 4000" F (Ref. 6, llg).

Silica is an excellent insulator, both thermally and electrically, and
the specific gravity of fused silica is only 2.2.

8.1.8 Thorla

Thorium oxide, Th02 , has the highest melting point of all the
oxides, 58000 F. It has a very low vapor pressure at high tesperatures and
is chemically the most stable oxide. The major deterrents to its use include
its high specific gravity of 9.9, high cost, and slight radioactivity. 2a
addition, its high thermal expansion and itb low thermal conductivity make At
highly sensitive to thermal shock.

Thoria bodies can be formedA by pressing, tamping, and slip casting.

Thorium oxide occurs as cubic crystals, show no inversions upon heating,
and ablates without melting.

8.1.9 Yttria

Ytcrium oxide, Y2 03 , melts at 4'1700 F, has a cubic structure, and
shows no Inversions. Its hikh cost and slight tendency to hydrate and form
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a carbonate at low temperature limit its use. In respect to thermal expansion

and thermal shock resistance, yttria is similar to alumina.

8.1.10 Zirconia

Zirconium oxide, Zr02, mielts at 48700 F, and has relatively high
mechanical strength, unusually low thermal conductivity, and excellent chemical
stability. It can be used at higher temperatures than alumina, but is more
expensive.

Zirconium oxide is normally monoclinic to 2160" F with a specific gravity
of 5.56 and tetragonal above 21600 F with a specific gravity of 6.10. Mhe
transition temperature shifts downward with added impurity. The disruptive
transition can be eliminated or modified by the addition of 3 to 15 per cent
CaO, CeO 2, Y203 , or MnO with only a slight loss in refractoriness. These
compounds form a solid solution of cubic structure with the zirconium oxide.
The cubic structure is stable at high temperatures and metastable below 14700
to 20000 F.

Completely stabilized zirconia can be achieved, but it is desirable to
retain approximately 15 per cent monoclinic zirconia to lower the total thermal
expansion and improve the thermal shock characteristics. Partially stabilized
zirconia is used as a substitute for thoria in high-temperature corrosive
situations if thoria is unsuitable becuase of its poor thermal shock response.

Zirconia is normally associated with 2 to 7 per cent hafnia with which it
is found in nature. Usually the hafnia is not removed during processing .since
it forms a solid solution with zirconia and is not detrimental to the properties
of the zirconia.

Bodies of stabilized zirconia may be fabricated by," ramming, dry pressing,
extrusion, and slip casting. However, bec.use of the high specifLc gravity,
more care should be taken in selecting and controlling the pazU.Lcle sizes
than is usually taken with the lighter oxides.

Zirconia is reported to be stable in a vacwmn, in hydrogen, or in contact
with carbon up to 41700 F and to be stable in ewztact with molybdenum up to
36000 F.

8.2 Carbides

The highest melting temperatures known toduy belong to the carbides. For
example, hafnium carbide melts at 70300 F, tantalum carbide at 7020 F. the
complex 4TaC:HfC at 70900 F, and the complex 4TaC:ZrC at 7070 F. The carbides
are also characterized by good strength ;t elevated temperaturets, high hardness,
good ebrasion resistance, excellent chemical stability toward o'ther materials.,
low electrical resistivity, high thermal conductivity, and a lack of ductility.

None of the carbides occurs naturally to an appreciable extent. However,
most metals and their oxides react with carbonaceous materials to form
car.bides, and unde -o *osed carbides of many of the metals can be produced at
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relatively low temperatures. Carbides with only 0.3 per cent impurity,
including free carbon, have been prepared (Ref. 120).

While the hardness, abrasion resistance and refractoriness of the
carbides are assets in the finished articles, these properties act as handi-
caps during fabrication. However, methods used to form carbide shapes have
improved to the point where reasonably high densities can be obtained in
simple geometrical shapes. More complicated shapes can be obtained by pre-
compaction and sintering under protective atmospheres, but here final density,
strength, and corrosion resistance aze sacrificed.

The limiting characteristics of the carbides include high cost, lack of
ductility, instability in oxidizing atmospheres, and poor thermal shock
resistance. With the exception of silicon carbido, none of the carbides can
be used at temperatures above 18300 F for long periods of time when oxygen is
present. However, most of the carbides are more resistant to oxidation than
graphite, ard some are more resistant than metals having comparable melting
points. The carbides are fairly stable toward nitrogen, they can withstand
temperatures of 3900* to 45000 F in a reducing atmosphere, and they volatilize
very slowly in vacuum at temperatures approaching their neuilting points.

Again with the exception of silicon carbide, none of the carbides cam be
classified as hwaing good thermal shock resistance, in spite of their high
strength and high thermal conductivity. Thermal shock resistarat bodies,
however, have been fabricated by embedding a low-modulus dispersed graphite
phase in a high-modulus continuous carbide matrix (Ref. 84). The technique
has been tsed to increase the thermal shock resistance of zirconium carbide
and silicon carbide. The increase in resistance has been attributed to a
decrease in the elastic strain energy stored at fracture and, to a lesser
extent, to an increase in the thermal conductivity and thermal diffusivity.

Coefficients of thermal expanrion range from S.7 x 10"610 F to about
7.0 x 10-6/ T for the carbides, specific heats range between 0.04 and 0.5

BTU/lb- 0 F, and, for the temperature range 10000 to 30000 F, thermal
conductivities general'ly fall between 10 and 30 BTU/ft hr- * F. At room
temperatura, tensile strxengths range from 5,000 to 50,000 psi, comp:'ssive
strengths from 60,000 t;r 350,000 psi, and bend strengths from 10,000 to
120,000 psi with variationa as igh as 85 per cent of the mean for any
particular carbide. In ger ral, valugs of the elastic modulus of carbides
at room temperature are abcut 90 x 10' psi, but for carbides of tungsten
a significantly higher modu ua :,s reported,.

8.2.1 Boron carbide

Boron carbide, B4C, has a compressive strength above 400,000 psi
at room temperature and a hardness superior to that of silicon carbide. It
melts at 44400 F and can be readily self-bonded by hot pressing. Although
resistant to air u, to 18000 F, boron carbide degrades rapi.d3y in oxidizing
gases at higher temperatures. Thi specific gravity of boron carbide is 2.51.
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8.2.2 Hafnium carbide

Hafnium carbide, HfC, has the highest reported melting point of all
simple compounds, 70300 F. flowever, hafnium carbide has found little usage
because of its high cost and high specific gravity, 12.7. Some use in experi-
mental nozzles, however, has been reported.

8.2.3 SiLtccn carbide (self-bonded)

Silicon carbide,. SiC, has a cubic structure with a specific gravity
of 3.21 at low temperatures and a hexagonal structure with a specific gravity
of 3.208 above temperatures in the range 38000 to 45000 F. The material does
not melt but undergoes complete dissociation to silicon and carbon at tempera-
tures ranging from 37200 to 57100 F.

The self-bonded material is far superior to any of the other available
varieties. it has a high thermal conductivity, moderate thermal expansion,
low density, high hardness, moderately high strength, excellent creep resis-
t3nce, and good resistance to corrosion, abrasion, and thermal shock. In
addition, it is chemically inert in a large number of systems, and it can be
used at temperatures as high as 29000 F under oxidizing conditions owing B(
the formation of an excellent self-healing film of silica glars on the surface
of the material.

At present, silicon carbide is by far bhe most attractive carbide for
high-teperature structural usage.

8.2.4 Tantalm carbide

Tantalum carbide, TaC, melts at 70200 F and is unaffected by nitrogen
up to 54000 F provided there is no hydrogen present. However, its use has been
limited because of its high specific gravity, 14.4.

8,2.5 Titanium carbide

Titanium ca-bide, TIC, melts at 58800 F and has been reported in
nitrogen at 45000 F. Because of its low specific gravity, 5.9, and its
moderate thermal shock resistance, it has been of considerable interest as a
potentially useful structural material. However, fabricated parts are
expensive, and no compositions have been found to exhibit outstanding oxidation
resistance.

8.2.6 Tungsten carbides

The tungsten carbfaes, WC and W2 C, are both stable at low t-meratures,
and WC decomposes to W2 C at 47100 F. The melting point of tungsten carbide has
been reported to be in the ry. rl 47100 to .50 F, Titi hieh denaity of tungsten
carbide and its instability in ox gen above MAN" F have limited its use. The
commercial value of the carbide lies in its hardns and toughness when bonded
with certain metals.
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8.2.? Zirconlum carbide

Zirconium carbide, ZrC, nelts at about 60000 F, has a specific
gravity of 6.8, and has a sufficlan-Gly low vapor pressure for use in vacuum
La 4000* F. Although the thermal shock resistance of the carbide has been
improved by the incorporation of a disperse. n gr. phte phase, little usage of
the carbide is reported.

8.3 BorideB

The borides are a highly refractory class of ceramic materials characterized
by extreme hardness, a high ele -tricel conductivity, and a positive terperature
coefficient of electrical resif,tance. All borides have a metallic appearance,
and some are better conductorr, of electricity than the parent metals. The
borides of imist interest for high-temperature structural applications are the
dliboridos of chromium, hafnium, niobium, tantalum, titanium, vanadium, and
zirconium.

The technical importance of the diborides emamates from their low density,
cheecal ztubilhty, intermediate thermal expansion, relatively good thermal
'shock resiotance, moderate thermal conductivity, oxidation x-sistance, and high
strength. Tha major disadvantage of the diborides is a lack of room tempera-
ture toughness, and they are probably not ductile at any useful temperature.

TRc borides P-ce chemically stable to very high teaperatures. They are
inert to .ost oxides, and some a-e stable in contact with tungsten, molybdenum,
and graphite. Because of their compatibility with other raterials, the borides
are leada.ng candidates for use in composite structures.

The oxidation resistance of the borides is good, but not exceptional.
ILwever. there is evidence that better oxidation resistance can be obtained
wteth the addition of boron which oxidizes to a glass-forming oxide.

A few diboride powders and simple shapes are available commercially, but
most of the diborides are experimental materials. Parts can be fabricated by
slip-casting, cold pressing, or hot pressing, and coatings can be prepared by
flame spraying. Because of their high strength and hardness, fabricated shapes
can be machined and finished only by diamond grinding.

8.3.1 Chromium diboride

Chromium diboride, CrB%, has a specific gravity of 5.6 and melts at
36600 F. It has high strength and can be used in air up to about 18000 F.

8.3.2 Rafrmiuz diboride

Hafnium diboride, HfB , melts at 58800 F and has a high thermal
conductivity, It has the disadvantage of a kigh specific gravity, 11.2.
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8.3.3 Niobiutm diboride

Niobium diboride, NbB2, has a specific gravity of 'T.1 and melts at
54300 F, A vitreous, semiprotective oxide film is formed on the material at
low temperatures, but the material oxidizes readily at about 20000 F. However,
niobium diboride should be stable under neutral oi reA icing condi~Aons above
36006 F.

8.3.4 Tantalum diboride

Tantalum diboride, TaB, has a specific gravity of 12.6 and melts
at 56!00 F. It is similar to niobium diboride in its behavior towards
oxidizing, neutral, and reducing environments.

8.3.5 Titanium daboride

Titanium diboride, TiB2 , is one of the most stable borides. It is
compatible with _ ilybdentun, and graphite, and it can be used in an
oxidizing atmosphere to 215 ,00 F for an extended period of time. The material
melts at 5320" F and has c specific gravity of only 4.5. A titanium diboride
body, 98 to 99 per cent pvritty, has been reported to have a room-temperataze
and 36000 F flexura kttrength of 35,000 psi, and a strength-to-weight ratio that
is not exceeded by any other bulk ltaterial in the temperature range 29000 to
36000 F.

8.3.6 Vanadium diboride

Vauadium diboride, VB2 , ,as a specific gravity of 5.2 and melts at4350" F. It has high strength, but orie-. readily in air at a temperature

of about 20000 F.

8.3.7 Zirconium diboride

Zirconium diboride, ZrB2, has a specific gravity of 6.1 and melts at55006 F. It is stable in contact with Pungsten, molybdenum, and graphite, and

it resists oxidation to 23700 F for extended periods of time. The oxidation
resistance has been improved through a 10 per cent addition of molybdenum
disilicide which promotes the formation of a self-healing protective film on
the surface of the boride (Ref. 321). In this way, oxidation resistance can be
achieved up to 36000 F. Interet!ngly, a 90 per cent ZrB2 , 10 per cent MoSi 2
body showed a 50 per cent increase in strength following 30 cycles from room
temperature to 24600 F with air-stream cooling.

Zirconium diboride has found use in cermets and rocket nozzles, and an
experimental leading -dge has been made from zirconium diboride by hot
pressing.

Zirconium diboride exhibits high strength which is not significantly
decreased by increasing temperatures from room temperature to 27306 F.
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8.3.s Mixed borides

While a number of the diborides are potentially qualified for high-
temperature structural applications, -t is believed that mixed bora.des may be
the only nmuteriali capable of supporbi ig substantial loads for extended
periods of time at 40000 F.

Re-en; studies have been encouraging. It has been dermnstrated that
"alloys" of two diborides can be prepared by simultaneously reducing and
borlding mixtures of the metal oxides and that the composition of the products
can be closely controlled wIthout difficulty. The projection of experimental
data hs indicated that the diborides (Ti, Ta) B2 , (Ti, V) B, and (Ti, Nb) B2
will have rather low rates of oxidation if fabricated to near theoretical
density (Ref. 122). The compositions Tio.67 Cr0 3 3 Be and Tio. Cro. 5 B2 have
been found to exhibit suparior oxidation resistance (Ref. 123). *

On the basis of receat findings at the Norris Metallurgy Research
Laboratory (Ref. 124), it appears that mixed borides may exhibit outstanding
thermal shock resistance. At the Norris Laboratory, specimens are subjected to
a thermal shock condition during thermal emf determinations. One end of a
sintered 4-inch bar is heated to about 15000F in about four minutes, while the
other end is submerged in an ice bath. The thermal gradient is very sharp at
the heated end. Bars of different porosities from nine compositions in the
system (Ti, Cr) B2 were subjected to the test, and no thermal shock failures
were observed. Bars from five compositions in the system (Ta, Cr) B2 vere
also subJected to the test, and the incident of thermal shock failure wias
approximate!7 50 per cent. Tiowever, when bars of TaB2 alone were subjected to
test, failure occurred in every case, regardless of the heating rate. In
addition, Pt-Rh thermocouples have been resistance-welded to TiCrB4 compositions
without breakage.

8.4 Nitrides

While a number of the nirides have high melting points, their usefulness
is generally limited because of their relatively high dissociation pressures.
The covalent nitrides of aluminum, beryllium, boron, and silicon are refractory,
but only silicon nitride ca be recommended for extended use Jn air above
20000 F.

8.4.1 Aluminum nitride

Aluminum nitride, AIN, has a specific gravity of about 3.2. The
material starts to vaporize around 41000 F and is completely vaporized at about
45000 F. It can be obtained in amorphous or crystalline forma, and it can be
formed into dense objects of high purity through pyrolytic deposition. A hot-
pressed 9lumdnum nitride ceramic is reported to iwve a flexural strength of
38,000 psi at room temperature and 18,000 psi at 2550" P. he material has a
low thermal expansion, a high thermal conductivity, and good thermal shock
resistaince. However, it is readily oxidized above 18000 F.
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8.4.2 ))eryllium nitride

Beryllium nitride, Be3N2 , dissociates near its melting point, 4000 F.
It can be obtained in amorphous or crystalline forms, but requires a temperature
c. ose to the melting point for crystallization. While its oxidation product,
&0, should provide oxidation resistance for the dense mterial, beryllium
nitride has been reported to be stable in air only to about 18000 F. Beryllium
nitride decomposes slowly in boiling water.

8.4.3 Boron nitride

Boron nitride, BN, is considered to be the most attractive nitride
for high-temperature structural applications. It crystallizes in the same
crystal systems as carbon, and the usual hexagonal form is often called "white
graphite" in analogy to carbon. The material offers the advantages of low
density, low dielectric constant and low loss tangent, good corrosion resistance,
exceptional machinability, excellent thermal shock resistance, high thermal
conductivity, and high electrical resistance at high and low temperatures. The
material is very inert chemically, is surprisingly -tble toward oxidation, and
is not wetted by many molten metals and salts. Like graphite, the material has
mechanical and thermal properties which vary widely depending on the orientation
of the particles.

Pure boron nitride has been hot pressed to good density and strength
levels, and data have been developed on a body containing 2.4 per cent boron
oxide made by hot pressing*. A 97 per cent pure and 93 per cent dense compact
showed a weight loss of 0.235 mg/cm2 after a 60-hour exposure -o air at 1300" F.
At 18000 F: the loss was 10 mg/cr 2 . The material was stronger mechanically
than graphite at room temperature. The bend strength dropped to 1000 to 2000
psi in the temperature range 18000 to 27000 , but increased to values near
those found at room temperature when 43500 F was reached. Apparently, the
rather odd strength-temperature behavior is closely associated with the oxide
binder.

A disadvantage of boron nitride has been its tendency to hydrolyze. A
number of investigators have reported that compacts of the material "exploded"
during rapid heating. Apparently, the filurees resulted from moisture which
could not escape fast enough from withia the compacts. The problem was elimi-
nated by ,eating the compacts to 6600 F before they vere put into service. A
new grade cf boron nitride is reported to have outstanding resistance to
moisture absorption*.

8.4.4 Silicon nitride

Silicon nitride, Si 3N4 , exists in two hexagonal forms which differ
slightly in lattice dimensions. The low-temperature form, with specific

The Carlorundum Company.
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gravity ?.44, undergoes transformation when heated above 28200 F. The material
sublimes at 34500 F. The material is of interest because it is quite resistant
to oxidizing conditions and thermal shock, and because it can be produced in
intricate shapes to close tolerances. The material is very inert chemically
and has a low thermal expansion and a low modulus of elasticity. Reported
flexural-strength values for silicon nitride range from 10,000 to 25,000 psi
at temperatures between 800 and 25000 F.

8.5 Intermetallic Compounds

The intermetallic compounds are the inorganic nonmetallic materials
generally considered as having the greatest potential for achieving low-
temperature ductility. The &!uminides, beryllides, and silicides show the
most pror se for aerospace applications. They are hard and brittle in poly-
crystalline form at room temperature, but can be deformed plesticelly at ele-
vated temperatures.

8.5.1 Aluri nides

The aluminides have a lower use temperature than the refractory
beryllides and si.licides. None of the aluminides nltlt above 40000 F, and
three melt above 30000 F. Nickel aluminide, NiAl, which has been investigated
more extensively than any other alvminide, shows good oxidation resistance and
strength only up to 20000 F. Titanium aluminide, TiAl, exhibits good strength
and fair oxidation resistance up to about 1800- F. Metallic additions have
been used to improve the strength of nickel aluminide. A flexural strength
close to 150,000 psi was achieved through a 4 per cent titanium addition. The
aluminides NiAl3 and TiA13 were reported to have excellent oxidation resistance
at 23000 F, but only marginal resistance at 2500 : for 100 houra of exposure.

8.5.2 Beryllides

The most promising beryllides appear to be those of hafnium,
molybdenum, niobium, tantalum, and zirconium. An outstanding featore of these
and other beryllides is their resistance to oxidation up to 25000 F due to the
formation of a tenacious beryllium oxide film. Indications are that the more
oxidation resistant compounds are the higher beryllides.

The beryllides are an attractive class of materials for structural appli-
cations to 30000 F. in addition to excellent oxidation resistance, they have
low density, good thermal shock resistance, and exceptional strength to 29000 F.
Flexural strengths range froma 20,000 to 80,000 psi with peak values occurring
around 22000 F. Higher strengtns can be obtained through mixtures of beryllides
in a 6iven reactive metal system.

Beryllide compacts with densities ranging from 97 to nearly 100 per cent
of theoretical have been achieved by hot pressing with pressures of 2000 psi
at temperatures of 28004 to 30000 F.

8.5.3 Silicides

The melting temperatures of the silicides are much lower than those
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of the borides and carbides, and they are not as hard. However, a number of
the disilicides are highly resistant to oxidation and retain their strength
at elevated temperatures. The compounds of interest for structural use above
25000 F are the disilicides of chromium, molybdenum, niobium, tantalum,
titanium, tungsten, vanadium, and zirconium.

Although the silicides are thermodynamically =,rstable in oxidizilg
atmospheres, they have exceptional resistance to oxidation as a result of the
formation of a self-healing film of silica. The disilicides of chromium,
titanium, and tungsten can be used for extended periods of time in air to about
25000 F. 1-blybdenum disilicide is not attacked by oxygen at 31000 F. The
disilicides of tantalum and tungsten retain high flexural-strength values up
to 27500 F.

The silicides possess high thermal conductivity, good resistance to
chemical attack, and excellent thermal shock resistance. The major disadvan-
tages of some of the silicides are poor resistance to oxidation at low tempera-
tures, excessive creep at high temperatures, and low-temperature brittleness:.

8.6 Composftes

The increaeing severity of performance requirements in the aerospace
field has tax.ed many of the conventional si: 1e-phase materials to the limit.
Improvements in the high-temperature properties of a monolithic material are
often won only after long and intensive study, and in many cases only a small
degree of improvement can be expected. As a result, many engineers are
turning to comosites in the belief that a properly designed composite will
exhibit the favorable properties of each of its constituents.

Thnere are five general classes of composites based on the form of the
structural constituents: fiber, flake, particulate, filled, and laminar.
The characteristics and properties of these composites are determined by a
large number of factors including: the basic materials used, the size and
shape of the constitutnt elements, the distribution and arrangement of the
elements, and the inte.acti,.is between the elements. These many factors give
composite systems a greLt versatility, but also make analysis, fabrication and
prediction of performanca difficult.

8.6.1 Fiber composites

The inclusion of fibers in a matrix has evoked great interest among
engineers concerned with structural applications. Only rather recently, however,
has the use of metal and ceramic fibers in a ceramnc matzx been cxplored.
Most of these fiber composites are still in the experimental stage.

The inclusion of fine meAtal fibers in a refractory ceramic is almost
certain to improve the strength and shock resistance of the ceramnic. The
technique offers the potential of allowing practical prestressed - ceramic -
structures to be developed. Such structures coald have very high strength-to-
weight ratios and could be very efficient in aeroopac,;, situations.
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A number of monocrystalline ceramic fibers have been developad recently,
and they exhibit a mechanical resistance greatly superior to that of many
ordinary metals. They are often hundxedc of times more resistant than
crystals in bulk form, and their strength aproaches the theoretical limiG
of atomic cohesion. Because of their low density, refractoriness, high
strength, and good stiffness, the ceramic whiskers offer the exciting possi-
bility of increased allowable loads for space vehicles and engines. A few
ceramic whiskers mo'e now available commercially*, but their cost is in the
neigrborhood 25 to 100 dollars per gram.

8.6.2 Flake composites

The use of nete] or ceramic flakes in a ceramic matrix is also only
at the experimental level. However, it is clear that flakes would offer a
number of special properties to be obtained because of their two-dimensional
character. Being flat, they can be packed close together to provide a high
percentage of reinforcing materia.. for a given cross-sectional area. With a
high degree of overlap, they form a series of barriers that can reduce the
danger of mechanical damage by penetration.

Flakes offer a number of advantages over fibers. They can provide uniform
mechanical properties in a plane, they have a higher modulus of easticity than
fibers, and they can be very closely packed. Flakes are less expensive than
fibers, they can be handled in large batches, and they can easily be incorpo-
rated into composite systems. However, it is not easy to make effective flakes
or to control their arrangement in a composite, and the mechanical properties
are greatly affected by the surface conditions of the flakes.

The strength of a flake composite improves as the flake thickness is
decreased, but variations in the flake diameter seem to have little effect.
For optimum mechanical properties, parallel arrangement is required.

8.6.3 Cermets

Cermets have a structure composed of ceramic grains in a metal
matrix. Tley are generally fabricated using powder-metallrgy techniques with
a sintering operation at a temperature near the melting point of the metal com-
ponent. When the percentage of the metallic phase i high, machining can be
accomplished using conventional methods. With low metal contents, machining
can be accomplished by sparking and by diamond tips, but this limits their use
in precision mechanics.

While cermets were developed with the intention of joining the ductility
and thermal shock resistancc of metals with the oxidation resistance and re-
fractoriness of ceramics, they have only partially accomplished the task. At
the present state-of-the-art, they fill the gap between the high-temperature
alloys and the ceramics. In the temperature range 18000 to 22000 F, a number

Thermokinetic Fibers, Inc.
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of cermets have adequate properties for short-time applications, and a few
exhibit adequate iong-time strength.

In the more successful cermets, bonding between the metal and ceramic
results from a small amount of mutual solubility. In some cases, good bonding
can be achieved through an addition which is partially soluble in both the
metal and the ceramic.

8.6.3.1 Carbide-base cermets: The three major families of cmabide cermets
are based on chromilum carbide., titanium carbide, and tungsten carbide.

Cermets based on chromium carbide have exhibited excellent corrosion
resistance and exceptional oxidation resistance. Chromium carbide has a
relatively low density, but it also has the lowest melting point of the stable
carbides, and the chromium carbide cermets have not shown the combination of
high-temperature strength and impact resistance lxich would allow them to com-
pete successfully with the bitanium carbide compositions in high-temperature
applications.

Cermets based on titanium carbide have good thermal shock resistance,
high elastic modulus, and good oxidation resistance when nickel is used as
the binder. They provide a significant increase in strength over the convwn-
tional high-temperature alloys, especially on a unit-weight basis. WhiJle the
hardness of these cermets decreases with increasing binder content, the impact
strength shows a substantial increase when a higher binder content is used.
The material fractures with little elongation even when a high binder content
or a long-time test is used.

Cermets based on tungsten carbide are of interest for structural appli-
cations because of their higi, strength, hardness, and toughness. However,
they lack sufficient oxidation resistance for high-temperature use.

8.6.3.2 Oxide-base cermets: In the oxide-base cermets, either the metal
or the ceramic can serve as the matrix constituent. Thus, a wide range of
properties can be obtained with these compositions. Alumina bonded with chro-
irdum or chromium-base alloys has shown the greatest promise. A composition
containing 70 weight per cent chromium has excellent oxidation resistance to
22000 F and reasonable thermal shock resistance, but its strength falls far
below that of the titanium carbide cermets. If the binder content is reduced
to 30 weight per cent, improved strength and creep-rupture properties car be
achieved to 22Q00 F, but thermal and mechanical shock resistance are sacrificed.

8.3- 3.3 Boridc-base cehmets: Chromium-boride and zirconium-boride
cermets have sufficient strength and oxidation resistance for extended use to
about 20000 F, but their mechanical and thermal shock resistance is not
exceptional. However, boride cermets have performed well in applications
involving short-time cycles at very high temperatures. For example, beryllium
oxide has been combined with metallic beryllium to produce a cermet which can
be used for a very short time at a teperature far surpassing the melting point
of berllium without visible deterioration or loss of metal.
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8.3.3.4 Graded refractories: Graded cermets have been construct.ed to
improve the thermal gradient of a material and reduce its tendency to fail under
thermal shock conditions. The graded cermets can be designed to combine the
ductility of a metal at one extremity and the oxidation resistance of a re-
fractory ceramic at the other. These materials should be conside-'ed for aero-
space applications such as leading edges and nose cones.

8.6.4 Filled composites

Two types of filled composites are of current interest to the aero-
space field. These are the solid structure consisting of two intertwining
skeletons of different properties and the filled honeycomb structure.

A major problem associated with the skeleton - skeleton approach is that
of finding a structure which will lend itself to complete impregnation so that
optimum properties can be obtained. In addition, considerable care must be
taken in selecting the skeletal materials. The materials should not react in
any way that would adversely affect their inherent properties.

The skeleton - skeleto technique is being cooridered for the production
of composites for aerospace systems requiret lo :w -. form under conditions of
high temperature and high mechanical and/or thermal loads. At the Union
Carbide Research Institute (Ref. 120), for example, carbide sam.les are being
hot-formed using high temperatures, low pressures, and short exposures.
Samples with a porosity of 15 to 20 per cent show a network of continuous, if
perhaps somewhat oriented, pores which are highly conducive to metal impreg-
nation. It appesrs that the ceramic could be placed in compression with the
pre-stress decreasing with increased temperature. It also appears that the
size, shape, and distribution of the pores can be controlled to a considerable
extent by varying the particle size distribution of the starting material and
the hot-forming factors, time, temperature, and pressure.

The filled-honeycomb approach is useful because it confines ceramic
materials to small shapes. This is important because ceramic materials tend
to have poor thermal shock resistance when they are used in bulk form. If the
ceramic is in the form of separate segments, it can withstand the thermal
shocks that would cause a large monolithic structure to fail.

Ceramic materials can be incorporated into a honeycomb structure by such
methods as slip-casting, foaming, cold pressing, isostatic pressing, hot
forming, spraying, tamping, etc. The honeycomb approach has the important
advantage of allowing extremely large components to be made. 'In addition,
many different materials in a wide variety of shapes and forms can be brought
togcthcr by the filled-huneycomb approach giving the engineer a wide latitude
of design possibilities.

The major problemJs encountered in the filled-composite approach are those
associated with the processing of materials into small shapes, the joining of
vastly dissimilar materiale, and the fabrication and fastening of the overat
composite.
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8.6.5 Lamintz composites

Since laminar composites are made up of films or sheets, they are
relatively easy to design, produce, standardize, and control. They are
generally designed to protect against corrosion, to afford ,dgh temperature
oxidation resistance, to provide impermeability, to reduce cost, to improve
appearance, to reduce the weight of a structural component, to overcome
size limitations, and to incJ.ify thermal, mechanical, and electrical properties.

The use of sandwich structures to reduce weight penalties is of prime
importance to the aerospace designer. The combination of high density facings
and cellular cores provides the highest possible strength-to-weight ratio for
a given set of materials. Special applications for such structures include
wings, trailing edges, stabilizers, radomes, rudders, and leading edges.

The major problems encountered in the design of sandwich structures and
other laminar corosites are those associated with the joining and attachment
of materials. 7-he adhesive bonding agents available at the present time appear
to be limited to about 10000 F.

Exotic laminar-composites have been used for high-temperature heat shields
and for the walls of large missile nozzles. One of the more sophisticated heat
shields is being evaluated by the Aeronca Manufacturing Corporation (Ref. 125).
Aeronca has developed an inconel honeycomb coated with an alumina base powder.
The coated inconel honeycomb is filled with mirneral wool and alumina foam and
covered winh a dense zirconia. Both the alumina and the zirconia are darkened.
Samples, 20 inches by 30 inches, have already been successfully tested using
oxy-propane eqidpment and a jet motor.

8.7 General Referencep on High-Temperature Structural Materials

Extensive information on high-temperature structural waterials is containad
in References 1, 2, 6, 20, 21, 30, 52, 70, ll9, and 126-31. Two foreign
articles were translated for the review on high-temperature structural materials,
and the abstracts for the two articles appear in Appendix I as Extended Abstr.cts
34 and 35. For other recent foreign publications in the general area of structu-
ral materials, the reader is referred to Extended Abstracts 36 to 42 in Appen-
dix I.
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IX. REFRACTORY STRUCTURAL COMPONENTS - THERMAL SHOCK BEHAVIOR

There are many indications that the thermal shock resistance of ceramic
materials can be greatly increased. Major improvements have already been
realized in a number of rases. Particulaxly noteworthy successes have
derived from:

1. The control of microstructure.

2. The modification of material properties.

3. Good des~gn practices.

Each of these poiuI.s warrants further consideration before specific cases
are mentioned. First, at the present state-of-the-art, ceramic articles are
highly structure-dependent. Such factors as degree of calcine, fabrication
techrnique, annealing, firing schedule, impurities, etc., can have ,- considerable
influence on the thermal shock behavior of a ceramic part. Because of this
influence, the results of thermal shock tests frequently appear conflicting.
For example, a particular material may have a high resistance to thermal
rupture when !ncoporated in a thermal insulator, but a low resistance to
thermal rupture wheu used in a dense body. Buckley and Cocke (Ref. 132)
recently tested five zirconia pioducts, a single type of thoria, one type of
magnesia, and one type of alutnina to determine their ability to withstand
severe thermal shock without cracking and found that the variation was as
great between the various zirconia products as between the different types
of materials, The zirconia products differed primarily in the type and
amount of additive used to promote crystalline stability. While it is dis-
concerting that ceramic articles are so highly structure-sensitive, such
behavior implies that the thermal shock resistance of ceramics can be signi-
ficantly improved if the microstructure is properly controlled.

Second, the thermal shock resistance of a ceramic can be modified to
some extent by r-gulating the properties of the ioaterial, and the manner in
which this can be accomplished is understood at least to a small degree.
The thermal conductivity and specific heat should be as high as possible to
minimize thermal gradients. The coefficient of thermal expansion should be
as small as possible to minimize thermal strains. The elastic modulus should
be low to limit the stresses induced by the thermal strains. And finally,
the material should be mechanicaLVy strong so that the stresses can be
tolerated.

Third, if a system is carefully designed, it should be possible to takp
advantage of the outstanding features of ceramics, while minimizing the effects
of their deficiencies. For example, ceramics should be used in compression
whenever possible, and they should be cushioned to guard against brittle
effects.

When considering the specific case histories which follow, it is important
to realize that the environment is a confounding parameter superimposed on the
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material property parameters in any thermal whock situation. The thermal shck
behavior of a material will generadl1r d-'-,d markedly on the severity of the
environment, and a change of eni-o,wi.!. y change a material's rating
relative to another mat-riai or to another form of the some material. Refer
to Section 7.8.3 Factors Affecting ThermaL Shock Resistance and to Section 7. .h
Thermal Shock Parameters.

9.1 Effects of Pores

Pores have been reported to have a beneficial effect on the thermal shock
characteristics of ceramic materials under certain conditions. For example,
Blome and Kummer (Ref. 133) examined small test specimens and components
heated with an air arc plasma or an oxy-acetylene torch and found that coarse
grained porous ceramic bodies provided the best resistance to thermal shock.
Glenny and Taylor (Ref. 134) heated +,st specimens to a temperature just
sufficient to cause their failure when subjected to a bed of fluidized solids
maintained at 68" F and found that low-density grades of silicon nitrile
invariably fai.ed by cracking, while high-density grades failed by fract-are.
The benefit of pores, however, is not always available. Coble and Kingery
(Ref. 13 ) prepared samples of sintered alumina with porosities ranging from
4 to 50 per cent by in;orporating naphthalene flakes in a casting sip.
When hollow cylinders of the alumina were subjected to steady-stte radial
heat flow, the thermal stress resistance was found to decrease with increasing
porosity. The decrease was attributed in part to a decrease in the strength-
to-elastic modulus ratio ar.d to a decrease in the thermal conductivity.

It io not easy to see how pores can have a favorable influence on the
thermal shock characteristics of ,, ceramic body. Clearly, pores in the form
of open cracks would be harmful. L~ege color differences are often observed
across even ve-y small cracks during heating or coolirg. And there should be
some 1l effects even in the case of well-rounded pores. Goodier and
Florence (Ref. 136) considered the uniform heat flow parallel to the edge of
a semi-infinite plate on a theoretical basis w A found that the heat flow was
disturbed when an insulated hole was introduced, and the local intensification
of temperature gave rise to thermal stress. Nevertheless, there in good
evidence that the thermal shoc: .t sistance is improved ,hen a coarse pore
system is present. Apparently thf. pores serve as crack arresters if the cracks
are relatively small and if the srain energy is diffuse as in the case of
high temperature spalling4 The behavior seems to be associated with the
reduction of stress concentration t'ixrough the blunting of crack tipe (Ref. 28).

The eff pr -s.y on the theoma sm ik resista-ice or brittle state
bodies has been studied quantitatively by H tang (Ref. 331). A parallel
model was used and it was assumed that the ceme statistics that applied to
the "probability of failure" of test bars also applied to the "percentage of
damage" within a given test bar. This led to t'e equation

F( CO0, for a ai (O)
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pFi (r- i-) )- Fi(a.)
(a) or > a [1 - F(a)] (60)

1 F(ai) for

where: F4 = probabillity of failure for the original material

a = stress

a. - stress level during a proof-test
I

F probability of failure of proof-tested mtaterIal on
subsequent loading

The experimenta! work was performed using alumina Soam ssnples of density
0,202, .).494, and 0.623 compared to 1.00 for a zero-porosity sample. A
failure curve:

F =i - exp Fj'. aomr--b-mdvj (61)

was assuied, where:

r = relative density

a, b, m = materials constants

V = volume of test specimen

The proof-test consiated of a thermal shock treatment in which

1. one face of the bar was exposed to radiant heat while the
remaining faces were insulated.

2. the heat sowrce was removed.

Temperatures were monitored during heating and cooling using thermocouples at
the hot face, st the cold face, and at three intemediate stations between
the hot and cold faces. The experimental degradation factors (ratio of atrength
of exposed material to that of original material) were found to be 0) 92.2 per
cent, and 100 per cent going from the lowest to the highest density material.
The theoretical values were 0, 95 per cent, and 100 per cent.
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9.2 Foamed Ceramics

Four case histories on the use of foamed ceramics are cited in this
section.

At the Goddard Inace Flight Center (Ref. 138) a foam material has been
used to protect and support smal) zld--a dcvices arranged on a "card."
A phosphate-bonded alumina foam was formed in place and cured at 1850 F.
Test cubes, one inch oa a side, were shocked from 9320 F, 18320 F, and
27320 F by dropping theiz in water. A cube shccked from 27320 F showed
rounded corners and edges and showed cracks which appeared to terminate at
voids in the material (the voids were relatively large amd nearly spherical).
The cubes shocked from 9320 F or 18320 F showed slightly rounded corners and
the same type of cracks described previously.

Strauss (Ref. 139) investigated phenolic-base resins and thermoplastics
such as nylon, polyethylene, and polypropylene as f.mpregnants for porous
ceramics. Impregnated alumina, zirconia, silica, and silicon carbide foams
were tested to determine thei;r thermal shock resistance, and full-size nose
caps were fabricated and tested to establish the feasibility of constructing
hardware of resin-impregnated porous ceramics.

Strauss found that open-celled foams of 85 to 90 per cent porosity
nade of a high purity, self-bonded ceramic were suitable for resin-impregna-
tion. Impregnation with phenolic or phenyl-silane resins produced sound
composites. Thermoplastic impregnants tended to damage the cell structure
during heating due to swelling or to rapid gas liberation, but the ieficiency
ias circumvented by using a mixtire of thermoplastic and thermosetting resins.
rhe density of the resin-impregnated material ranged from about 60 to 90 bi/ft 3 .
Impregnated silica was found to be a better thermal insitlator than the impreg-
nated zirconia or alumina.

Strauss tested :'our phenolic-impregnated samples, 4-inch diameter and
i-1/4-inch thick, in a 7-inch diameter hot gas facility uisr moderate
heating, high thermal shock, high mass flow, a 150 decibel noise level,
and a stagnation pressure of 370 Lb/ft 2 . Two samples contained an alumina
wmtrlx, nd two contained zirconia. One sample of each meterial was made
from a sing.-e piece of foam, but -he o hers were constr.ucted of five
individual modules separated by wedge-shaped gaps which were filled with a
resin-silica fiber-cerunic powder mix, When subjected to a rectangular
heating pulse to a backside temperature of shout 5000 F, the zirconia
samples suffer d structural failures, but the alumina s.-mples were ne't
appreciably damaged. The single-piece sample of z. rconia exhibited spalling
soon after the beginning of the test, but the segme i.ed sample of zirconia
survived 13 minutes without failure.

Strauss also tested two full-scale phenolic-impregnated nose caps,
13 and 15-1/2-inch chord diameters, in a it-inch diameter hot gas racility
under conditions similar to those previously described. The caps wero
cons tructed ucin; 19 to 21 modiules which were 1-1/4-inch in thickness.
One nc- e cp contained a silicon carbide matrix, the other contained alumina.
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The gaps between the modules were filled with a resin-ceramic fiber-oxide
powder mix, and the silicon carbide foam was treated with zirconia to a
depth of 1/4-inch before impregnation to provide oxidation resistance.
The silicon carbide nose cap reached 30900 F, and there was no incident up
to 12 minutes of xposure. The test was terminated after the bond between
the ceramic and understructure failed, but the modules which were recovered
intact revealed no sign of structural damage. The alumina nose cap reached
34400 F during a 15 minute test and exhibited surface spalling and discrete
surface erosion after 10 minutes. The failure was attributed to the
decomposition of the impregnant and the oxidation of the residual char
which left the ceramic unprotected. However, the failure was not catastropic.

At McDonnell Aircraft Corporation (Ref. 133) refractory ceramics of
about 20 to 35 per cent of theoretical density were needed to satisfy certain
density requirements in an "advanced ceramic materials development program."
The low density ceramics available at the beginning of the program were
found to spall or crack at heating rates of 300 to 420 F/second and were
thus unacceptable. To overcome the problem attempts were made to develop
light weight materials with improved thermal shock resistance and to face
the low density materials using a high densi-ty component with favorable
thermal shock characteristics. The impregnation approach was not considered
since it did nrot appear7 suitable for multiple thermal exposures. The follow-
inC improved materials are re-orted to have been developed:

1. Chemically bonded A.120 3 (density 190 or 65 lb/ft3 ) with excellent
thermal shock resistance, slight shrinkage above 20000 F, and a
surface temperature limit of 34000 F.

2. Chemically bonded ZrO2 (density 270 or 130 lb/ft3) with excellent
thermal shock resistance, slight shrinkage above 23000 F, and a
surface temperature limit of 40000 F.

3. Sintered ZrO2 (70 to 90 lb/ft3 ) with excellent thermal shock
resistance and no shrinkage to 40000 F.

4. Chemically bonded ThO2 (510 or 200 lb/ft
3 ) with excellent thermal

shock resistance, slight shrinkage above 24000 F and a surface
temperature limit of 50000 F.

5. Sintered ThO2 (150 lb/ft3 ) with fair thermal shock resistance,
no shrinkage tto above 40000 F, and a surface temperature limit
of 50000 F.

The thermal shock resistance ratings were based on a surface heating rate
of 500 F/second. The chemically bonded materials are favored because they
can be cured in place and easily reinforced by metals and they require less
machining. The improved materials have been incorporated in ten different
ceramic-metal composite designs. The majority of the designs have been
based on a coated refractory metal substructure for the support of an
external lightweight ceramic insulation. Mechanical attachments have
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reportedly presented few problems since the ceramic-metal interface design
temperature is 20000 to 30000 F. Subscale modules have been ground tested
with 8 out of 22 specimens failing the thermal exposure test.

Reseaechers at United Technology Center (Ref. 140) are currently
evaluating phenolic impregnated ceramic foams for use as baffles in an
80000 F solid fuel - liquid oxidizer rocket chamber. Generally, the starting
foams are approximately 80 per cent pores and are chemically bonded (silicate
or phosphate). TiC, SiO2 , MgO, A12030 Zr02, ZrBP, ZrC foams have been
prepared. Densities for a number of the impregnated materials are as follows:

Foam Density (lb/ft3 )

2Al203 62 to 75

ZrO2  91, 112

ZrB 2  87

TiC 100

The foams are all highly resistant to flame impingement, even when they have
not been impregnated. Their favorable behavior has been attributed to their
heterogeneous nature and their low thermal conductivity. Apparently, thermal
cracks do not propagate readily through such media. However, the foams are
geared for a particular application. They are highly resistant to flame
impingement on one face but may not be resistant to other types of thermal
shook. For example, if the foams were heated slowly in a furnace, they
would sinter and shrink and lose their heterogeneous character. Successful
baffles have been prepared, but only after considerable development. The
pressure-temperature-time relationship had to be carefully defined and
controlled during impregnation and drying. The design provided for some
pre-stressing due to the shrinkage of the impregnant.

In review of the four case histories cited above, it appears that
cheically bonded ceramic foams are particularly well suited for use under
ther-ral shock conditions. Apparently, their outstanding thermal shock
behavior derives from relatively weak particle-to-particle bonding which
limits crack propagation to microscopic distances when temperature intensities
are localized. When these relatively soft materials are subjected to a sudden
temperature change, they fail locally at the exposed surfaces but retain their
strength (Ref. 4l). If these materials are sintered at a high temperature
in an attempt to improve their strength, therinal shock resistance will be
sacrificed. Thus metal reinforcement may be essential to the successful
use of chemically bonded ceramics. Fortunately, these materials can be
cured in place and metal reinforcement is easily achieved.

9.3 Effect of Particle Size

A number of investigators have found that the thermal shock characteris.
tics of a ceramic article cai be significantly improved through the careful
control of particle size distribution.
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Blome ani Kummer (Ref. 133) examined small sbecimens and components
hich were heated under oxidizing conditions to a surface temperature rise
of 500 F/second and found that coarse grained porous bodies provided the
best resistance to thermal shock. Yavorsky (Ref. 142) found that the
thermal shock characteristics of zirconia were improved by using a mixture
of coarse and fine grains. Another recent development is a special oxide
refractory* which i, reported to have extremely good thermal shock resistance
even though it has a high density. The favorable thermal shock characteristics
of the oxide refractory were achieved through the Careful control of the size
and distribution of particles.

Logan and Niesse (Ref. 121) studied the effects of boron nitride additions
on the properties of a 90 mol per cent ZrB2 - 10 mol per cent MoSi2 composition.
Boron nitride was added to the base composition in three amounts (5, 10, and
20 mol per cent) and in three particle sizes (- 40 + 70 mesh, - 120 + 220 mesh,
and - 325 mesh). A statistical analysis of the data showed that relatively
coarse particles of boron aitride lowered the strength of the base composition
but improved the heat shock resistance, while relatively fine particles of
boron nitride had the opposite effect. The evaluation was based on hot
pressed samples.

Vogan and Trumbull (Ref. 143) developed thoria and magnesia bodies for
use in metal-ceramic composites and found that good thermal shock resistance
was imparted to the bodies through the control of particle size distribution.
The magnesia specimens were formed by dry pressing using a moisture content
of 4 per cent and pressures from 12,000 to 16,C00 pi.

2he particle size distribution was found to have a great effect on the
thermal shock resistance of a magnesia body. Magnesia bodies containing a
wide range of particle sizes with approximately 40 per cent of the bterial
between -14 and +65 mesh withstood heating rates far in excess of those
permissible for conventional ceramic articles. Thoria bodies dry pressed
at 6300 psi with 4 per cent moisture showed a thermal shock resistance
comparable to zirconia when a wide range of particle sizes was used. The
evaluations were based on magnesia samples and thoria samples sintered at
28000 F for 4 hours.

Bal'shin and Likhtman (Ref. 144) suggested that cracks due to thermal
shock would generally be formed between the structural elements of a material
and not within them. If the structural elements are viry small, inter-
particle cracks might be favored, and the thermal shock resistance could be
low. However, if The elements are relatively large; the formation of inter-
particle cracks would be more difficult, and the resistance to thermal shock
could be greatly improved. It -the structural elements are very large, they
could fracture from within and become subdivided so that the resistence to
thermal shock would increase with increasing dimensions of the structural
elements unly up to a certain limit. Concomitant effects might include:

*B & W CEROX, Babcock & Wilcox.
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1. Preferred orientation of newly formed sub-elementz.

2. Variations in bonding - the bond may be weaker between
larger structural elements.

3. Variations in porosity - coarse pores might be associated
with large structural elements.

Bal'shin and Likhtman also suggested that the thermal shock resistance
could be improved through the use of complex structural aggregates since
stronger bonding could be achieved between particles within the aggregates
than could be achieved between simple particles of the same size. An
investigation was made to determine the effects of granulation on the thermal
shock characteristics of TiC - Cr3C2 - graphite hot pressed at 39920 F under
a pressure of about 320 psi. Granulation of the material significantly
increased the thermal shock resistance. The optimum granule size was about
160 microns when the initial particle dimensions were of the order of a few
microns. As the strength of the granules increased their optimum size was
increased.

In summary, the evidence now seems conclusive that the thermal shock
resistance of a ceramic article can be significantly improved through the
careful control of the particle size distribution. The thermal resistance
increases with increasing particle size at least up to a certain limit, which
suggests that thermal shock cracks are generally formed between the particles
and not within them. The use of a wide range of particle sizes is also
favorable. Apparently the latter provides a structure with a heterogeneous
character. For example, the bond between large particles may be weaker than
the bond between small particles. Thus when a wide distribution of particle
sizes is used, crack propagation may be limited to microscopic distances and
still provide the necessary stress relief. This heterogeneous nature may
also be imparted to a body through granulation. The granulation approach -
could also lead to the use of lower sintering temperatures which, in turn,
could enable larger parts to be fabricated.

9.4 Effect of Crystalline Inversions

Herring (Ref. 145) has studied the relative influence of quartz
Inversions and thermal gradients as they affect the cooling of ceramic ware.
Ottowa sand, - 65 to + 200 mesh, was used in the amount of 15 weight per cent
for a quartz addition to a ceramic base material. Wollastoni±te, also - 65
to + 200 mesh, was used in the a- t 15 weight per cent as an inert
addition to the base material. Wollastonite was selected as a standard of
comparison because it shows no inversion below 2192" F (quartz shows its
alpha to beta inversion at 10630 F), has negligible moisture expansion,
high strength, low warpage, high dimension&l stability, good thermal shock
resistance, 3ow firing temperaturo and low shrinkage. Thermal shock tests
on extruded and sintered samplet showed that there was no weakeneing due to
the quartz inversion on heating or cooling, regardless of the zpeed through
tho inversion. However, th. samples lost considerable strength after two
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.ycles in a thermal fatigue test, and the loss was greater in the case of
,he quartz sanples. It appears that on the first cycle localized cracks
ray have developed to provide stress relief, but on the second cycle the
racks acted as stress raisers and became critical. No sudden expansions

were )b.-erved 41aring the quartz inversion.

1.%ny investigators have studied zirconia and found that its poor thermal
shock resistance is caused by a crystaline inversion which occurs at about
8300 F. 'hile the inversion has limited the use of zirconia in high-

temperature structures, the shcrtcoming can be averted by stabilizing the
material with various oxide additions. A small inversion appears to be
necessary for high thermal shock resistance because the overall thermal
expansion is then small and gradual, and complete elimination of the
inversion leads to a high coefficient of thermal expansion (Ref. 146).
It has also been suggested that a small amount of micro-cracking might aid
in stress relief without causing significant degregaton of the material
(Ref. 142).

A nose tip utilized on ASSET (Ref. 133) contained zirconia rods at the
area of maximum temperature. The zirconia was coarse grained, relatively
porous, and partially stabilized with calcia and was highly micro-cracked

in the "as sintered" state. The small rods have been heated at rates up
to 2000 F/second without catastropic failure. The excellent thermal shock
rt'sistance was attributed to the presence of micro-cracks and to the low
elastic modulus of a micro-cracked and porous structure. Thermal stress
cracking may have occurred to a limited degree, but the rods were reportedly
integral enough to withstand additional heating cycles in the absence of
mechanical or vibrational loads. There was some evidence that the thermal
ihock resistance decreased with time at temperatures of approximately 40000 F.

Yavorsky (Ref. 142) used a mi.-ture of stabilized and monoclinic phases
and a mixture of coarse and fine grains to improve the thermal shock
characteristics of zirconia. The material exhibited surprising thermal
shock resistance in comparison to other formulations.

Seegar, Lowrance; and Rodgers (Ref. 147) used a mixture of stabilized
grog and unstabilized zirconia fines to obtain a thermal shock resistant
zirconia with only 1.43 per cent calcia. It is remarkable that specimens
of this formulation withstood heating rates of 13000 F/second. The specimens
showed a very ruch lower total thermal expansion at 40000 F than specimens
fabricated from other stabilized grades of zirconia. However, the heteroge-
neous material showed numerous fissures at the boundaries of the large
particle constituent. The material was recommended for rigorous cyclic
temperature applications in which mchanical and vibrational loads are low,

Ohnsyty and Stetson (Ref. )48) found that the modification of hafnia
with zirconia and/or yttria appeared to be capable of producing a close

/ expansion match with 90 Ta - lad alloy. However, yttria additions which
partially stabilized the cubic form of hafnia and improved the expansion
match, decreased the inversion temperature on cooling to 20000 F to 25000 F
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where the probability of brittle fracture was increased. It was suggested
that high purity hafnia and blends without a stabilizer may provide better
thermal cycling performance because the conversion occurs above 30000 F
where stress relief may occur t -ough plastic deformation.

9.5 Effect of Notches

Few studies have been made on the cffect of notches on the thermal shock
resistance of ceramic shapes, and the few data available appear conflicting.
McKinney and Smith (Ref. 149) tested two types of alumina and found them
highly sensitive to notching. An unnotched specimen 4-inch in diameter of
either alumina showed better resistance to thermal shock fracture than the
sue material in a specimen with a 6-inch diameter and a /' i.nch notch on
each side. Brown (Ref. 95) evaluated the thermal stress reseance of fused
alumina with a porosity of approximately 35 per cent, a high dtnsity alumina
with a theoretical density of about 99 per cent, and a magnesia material with
a theoretical density above 99 per cent. Notches slightly lowered the time
required to fracture the porous alumina, significantly reduced the time-
to-cracking for the high density alumina, but had no appreciable effect on
the time required to crack the magnesia. It was noted that some magnesia
specimens cracked at regions of fine porosity rather than at the notch and
that a high degree of scatter was associated with the data collected on
unnotched magnesia specimens.

It appears that the notch sensitivity of a ceramic raterial depends on
the artifically induced notches, the types and positions of the inherent
notches (flaws) in the material, and the interactions between thc inherent
notches and those artifically induced. Refer to Section 7.4 Notch
Sensitivity.

9.6 Effect of the Tem erature Dependence of Material Properties

Certain properties of ceramic materials depend significantly on tempera-
ture. Sometimes the dependence is drastic, and sometimes the naVure of the
dependency is surprising. In any event, the dependency must be carefully
considered when a reasonable prediction of th thermal shock characteristics
of a material is required.

At Brush Beryllium Company (Ref. 15O) bery-Ilia and beryllides were
subjected Lo a thermal shock test designed on the basis of their expected use
conditions. Specimens, 3/8-inch diameter by 3-inch length and 1/4-inch by
1/2-inch by 3-inch, were heated to 16000 F or to 25000 F in a bottom loading
furnace on bPryllia anvils. The snples were then lowered from the furnace
and the center of the bers were subjected to an air blast until the centers
were below red heat. Semuples were cycled 50 to 100 times, and visual
inspections ,ere made with the aid of a dye. The beryllia showed cracks
after a few cycles when it was shocked from 25000 F, but beryllia shocked
from 16000 F did not develop cracks. Apparently the high thermal con'luctivity
of the beryllia at the lower temperatures) was beneficial. The beryllides

withstood 100 cycles from 25000 F without cracking, but from 16000 F the
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samples were more susceptible to thermal shock. Apparently the increased
strength of the beryllides (at the higher temperatures) was beneficial.

Astarita (Extended Abstract 8, Appendix I) has demonstrated that it
cannot be affirmed a priori if variations in the coefficient of thermal
expansion and elastic modulus are favorable or unfavorable to the thermal
shock resistance of a material. Stress diagrams were produced on plane
surfaces, 11 cm thick, of a selected ceramic material relative to two types
of thermal cycles: (1) by choosing avera cons:tant values for the
coefficient of thermal expansion and modulus and (2) by taking into account
their variation with temperature. For one type of thermal cycle the vari-
ation of the properties led to higher stress levels within the slab, while
for the other thcrmal cycle the variation led to lower stress levels.

9.7 Effect of Impurities

Huffadine (Ref. 151) observed that the thermal expansion of molybdenum
disilicide was essentially the same as that of alumina over the temperature
range 320 to 18320 F and that the two materials would adhere strongly when
simultaneously hot pressed. As a result, Huffadine was prompted to investi-
gate the properties of bodies formed by hot pressing mixtures of alumina
and the disilicide. Surprisingly the addition of 30 weight per cent alumina
increased the impact resistance of the disilicide by a factor of five after
the hot pressed bodies were heated in air at 21920 F for 200 hours. However,
alumina additions up to 50 per cent decreased the oxidation resistance, and
increasing alumina content progressively reduced the thermal shock resistance.
The thermal shock resistance was considerably lowered by as little as 5 per
cent alumina. It is significant that the primary creep at 18320 F of the
disilicide or the disilicide-alumina was very much reduced by heat treat-
ment at a temperature about 1200 F above the hot pressing temperature.

Shaffer (Ref. 152) evaluated composite bodies of ZrB2 with TaSi2 , WSi2 ,
NbS12, YOSi 2 , ZrSi2, Zr 5 Si 3 , (MoTa) Si 2 and (Mo, Ta4) Si 2 . From the stand-
point of oxidation resistance, high temperature strength) and thermal shock
resistance, molybdenum disilicide proved to be the best. The maximum oxida-
tion resistance was obtained using a molybdenum disilicide addition in the
range 5 to 15 molar per cent. Logan and Niesse (Ref. 121) determined the
optir~xm addition of boron nitride to the zirconium diboride-molybdenum
disilicide solid solutizn on the basis of tests of oxidation resistance,
flexural strength, and thermal shock resistance and found the optimum
composition to be 86.1 weight per cent ZrB2 , 12.8 weight per cent MoSi2,
and 1.1 weight per cent BN.

Arenbery, Rice, Schofield, and Handwerk (Ref. 153) studied the effect
of small additions of A1203, stabilized Zr0, and MgO on the densification
and thermal shock resistance of a thoria bo&lk (96.9Y ThO2, 2.6,% U308 - and
0.42% V2 O5). The particle size distribution for the thoria was 60% - 40 + 60
mesh, 15% - 60 4 80 mesh, and 25% - 100 mesh. The alumina and stabiliLed
zirconia were -325 mesh, and the magnesia was -200 mesh. Five weight per
cernt stabilized zirconia improved the thermal shock resistance, but 5 weight
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per cent of the alumina or magnesia did not. Higher amounts of the zirconia

(10, 20, or 40 weigh+ per cent) were not effective.

9.8 Effect of Low Modulus Additions

Shaffer (Ref. 154) investigated the thermal shock registance of

composites consisting of a high elastic modulus continuous phase and a low
elastic modulu6 dispersed phase. Four model systems were studied in detail:
zirconium caroide-graphite, silicon carbide-graphite, zirconium diboride -
boron nitride, and aluminum oxide - zirconium oxide. Results showed that
low modulus dispersions reduced the elastic modulus of a composite by a
factor greater than that predicted on the basis of simple volume additions.
While the low modulus material lowered the strength, the critical strain was
increased, and the thermal shock resistance was improved. The concept was

successiully applied to a rocket nozzle insert for a solid propellant motor.
While pure carbides shattered when subjected to the high mass flows and
heat transfer rates associated with rocket nozzle applications, uniform compos-
ites such as silicon carbide-graphite were suitable for use in some of the
less severe rocket nozzle situations.

Shaffer observed that compositL bodies with a low modulus phase
generally exhibited a thermal shock resistance much greater than that
predicted on the basis of critical strain alone. Shaffer also observed
that many bodies which had survived severe thermal shock conditions contained
numerous internal cracks. The behavior appeared to be associated with the
quantity of stored elastic energy that was released during fracture. An
addition of 30 volume per cent of graphite to zirconium carbide lowered the

sto red elastic energy to one-th d that of pure zirconium carbide. When
samples of zirconium carbide-graphite and samples of the carbide alone were
tested to failure under compression, the degree of shatter was noticeably
greater for samples of the pure carbide than it was for the composite samples.
In another test, bars of aluminum oxide-boron nitride were subjected to a
cross-bending load, and the bars appeared to 'Iend" as a result of myriad
small cracks, none of which extended through the sample.

Lepie (Ref. 155) co-deposited zirconium carbide with graphite pyro-
litically and obtained a refractory which exhibited unique room temperature
strength in the range 40,000 to 100,000 psi and a positive temperature
coefficient of strength, in addition to exceptional thermal shock resistance.
Excess carbon resulted in a second phase and, more importantly, in a marked
change in the size of the carbide grains. The carbide grains were small
and irregular in shape and bore 1ittle semblance to the large columnar grains
normally associated with the pyrolytic carbi-d. The grains were very small
at high carbon gontents. At 80 weight per cent carbon the carbide grains
were below 200 A (i.e., the size associated with the dispersed particles in
many of the best dispersion hardened metals), and the material becama twice
as strong as cast iron. Samples pyrolytically co-deposited from hafnium
carbide and graphite were also studied, but less extensively. For a 10
volume per cent zirconium carbide dispersion in graphite, the thermal shock
resistan:e was estimated to be two orders of magnitude higher than that for
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the pure pyrolytic carbide. A hafnium carbid.-graphite nozzle insert showed
no ill-effects from a sudden exposure to a propellant flame temperature of
65900 F, while its dense grtphite back-up fractured in many places.

Leeds, Kendall, and Ward (Ref. 156) investigated the properties of
titanium carbon alloys with carbon contents in the range 18 to 30 weight per
cent synthesized and fabricated by arc-melting and gravity casting techniques.
The existence of a hyperstoichiometric eutectic was confirmed and established
in the vicinity of 26 weight per cent carbon. The existzence of free graphite
platelets throughout hypereutectic specimens resulted in the improvement of
their thermal shock and room temperature brittleness behavior.

,.9 Cermets

The original interest in using cermets. -temmad from the hope that a
dispersed metal phase would impart to a ceramic the quality of ductility
without disturbing the ceramic's favorable attributes. The concept invoked
a great deal of interest among engineers who sought turbine-blade materials
with a low density, high melting point, and good oxidation resistance, and
intensive iy-vestigations were made of the titanium carbide-cobalt, titanium
carbide-nickel, and alumina-Chromium systems. However, the interest in these
materials has faded because of their low impact strength and poor reliability
of performance and because even the most promising cermets have offercd a
strength advantage only in the temperature range 18000 to 2200' F. Neverthe-
less, it is instructive to recall the efforts which have been made to utilize
cermets.

Huffadine, Longland, and Moure (Ref. 157) studied the alumina-chromium
system and found that the thermal shock resistance of the cermet containing
20 per cent chromium did not differ greatly from that of a high-grade sintered
alumina. However, it was possible to increase the resistance by increasing
the metal content or by addi ng molybdenum to the chromium to give a better
expansion match between the metallic and non-metallic phases. Richardson
(Ref. 158) reported that the early bodies composed of cobalt or nickel-
bonded titanium caride exhibited low thermal shock resistance but that
improvements could be made through the additions of alloying elemeiits such
as molybdenum, aluminum, and chromium. However, Bragdon (Ref. 159) reported
that as the thermal shock resistance of the cermets was improved, more
brittle failures were encoanteied.

Only a few cases are known where the thermal shock resistance of a
ceramic material wac greatly improved with the addition of only a small
amount of metal. Hoifman (Ref. 160) retorted that the thermal shock znsis-

tance of Lhe composition 97.5 weight per cent zirconium diboride - 2.5 weight
per cent boron compared favorably with thit of the titanium carbide-cobalt
and titanium carbide - nickel cermets. Vruz and Accountis (Ref. 161) investi-
gated the properties of anion-deficient zi.fconia and found that it had a
considerable superiority over stoichiometric zirconia and over stabilized
zirconia with respect to thermal shock resistance and stability. Zirconia
specimens with zall additions of copper were evaluated, and the test firing

f- of a throat insert Vabricated from an anion-deficient zirconia indicated a
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thermal shock resistance equal or better to that of silicon carbide. The
shock resistance was attributed to the anion deficiency. However, Voruz and
Accountis indicated that the copper could act as a stress reliever and inhibit
crack propagation to some extent. In one test the crack propagation in a
4 per cent copper composite was Instantaneous, while it was relatively slow
and could be arrested by load di-rtinution in a 7 per cent composition.

Glenny (Ref. 162) has reviewed the design concessions that were made in
an effort to utilize cermets in turbine-blade applications. The use of hollow
nozzle guide vanes and a slight thickening of the trailing edge improved the
thermal shock behivicr to an appreciable extent. Stress concentrations at
aerofoil-oplatform junctions were ob'.iated by using a constant section aerofoil.
Restraints on the expansions were elirainated by allowing free radial movement
in the inner and outer shroud rings. Longer lives were obtained through the
use of generous radii and through the use of soft-metal screens to reduce
stress concentrations due to machining tolerances. Impact strength was
improved by metal enrichment of the trailing edge, by the use of well-
rounded ceramic particles, by cladding, and by the use of alternate cermet
and metal layers. Non-des~ructive inspection was used in an effort to improve
the relir~bility of performance. Surface flaw detection was accomplished using
fluorescent penetrant tests. Th- most successful test used for internal flaw
-etectior. was one that involved electrical conductivity measurements. Proof
testing of the actual components was an essential part of the inspection.

9.10 Skeleton-Skeleton Structures

Baxter (Ref. 163) reported that in general metal-ceramic composi ces have
a higher thermal shock resistance when the two phases are continuous and inter-
locking than when only the ceraic phase is continuous. Williams (Ref. 163)
considered infiltration to be a more favorable approach to the development of
strong metal-ceramic siructures than the conventional mixed-powder techniques.
"illiams investigated the model system alumina-silver as an example of the
complete wetting of an oxide phase by a metal. The composition 50 A1 2 03 :
50 Ag was obtained by impregnating a lightly sintered alumina compact. "The
composition had a flexural strength above 22,000 psi at 13820 F and withstood
hundreds of thermal shock cycles from temperatures up to 17600 F into a stream
of cold air, even though the melting point of ilver is 17600 F and izs strength
at 13820 F is negligible.

Baxter (Ref. 165) investigated bodies consisting of a continuous phase of
alumina and a continuous phase of copper and found that they had a high level
of resistance to thermal shock. Alumina blocks were impregnated wite, cuprous
oxide by imersion in molten oxide for 1 to 2 minutes. The alumina was pre-
heated Lu 20120 F and irmersicn eas carried out progressively to fills of
98 tc 100 per cent of the interconnected porosity. Following machining, the
cuprous oxide was reduced by subjecting the samples to dry hydrogen at 18320 F
for one hour. The thermal shock test consisted of exposing the end of a right
cylinder, 3/4-inch diameter by 3/8-inch thick, of the material to the exhaust
from a srall rocket motor for 3 seconds. For the first 0.035 second the
specimen was exposed to burning magnesiun which produced a heat flux of
7400 BTU/ft 2 -sec; for the remainder of the 3 seccnd period the heat flux
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wa 1850 BTU/ft2 -sec. Samples containing h3 to 52 per cent alumina, 25 to 30
per cent copper and 23 to 27 per cent voids were tested. The only damage was
light to moderate edge cracks (rapid shear failure) and a roughened surface.

9.11 Metal Fiber-Reinforced Ceramics

A number of investigators have designed metal-ceramic composites in which
the metal phase is introduced as fibers or as whiskers, and many of the struc-
tures prepared in this mazner have exhibited better thermal shock resistance
than the unreinforced ceramic. Levy (Ref. 166) suggested that the use of
metal fibers would offer two distinct advantages over the use of individual
metal particles as far as the thermal shock behavior is concerned:

1. Fibers can transmit stress over long distances ar4 can absorb the
strains induced by thermal gradients.

2. Fibers provide a continuous ductile network which tends to hold
a composite together during fabrication and service and prevent
catastrophic failure.

In addition, fibers offer the potential of allowing a practical prestressed
oystem of the reinforced concrete type where the brittle phase is held in
compression (Ref. 162).

Work conducted at The Boeing Company (Ref. 143) on composites for
nplications at moderate temperatures has produced a phosphate-bonded alumina

matrix reinforced with molybdenum fibers. The best results were obtained with
0.O02-inch diameter fibers 1/4-inch long which increased the thermal shock
resistanct to the point where samples could withstand three quenches from
26000 F to walor.

Fisher and Hodson (Ref. 167) made composite structures of tungsten fiber
reinforced B4C, SiC, TO,, HfC, TiC, and ZrC. Whi'e B4C, SiC, and. TaC reacted
extensively with the meta2 phase and were eliminaced as possible base materials,
a good metallurgcta bond wbs formed Vhetween the metal and the other carbides
during hot pressing. A hot pressed tungsten reinforced titanim, carbide
nozzle exhibited excellent resistance to thermal shock and erosion.

At Alfred University (Ref. 168) research was devoted to the study of
molybdenum fiber reinforced alumina. A review of the literature indicated
that the nature of the bond between molybdenum and alumina was favorable.
A chemical bond without excessive reaction was desired, and indications from
the literature were that a chemical bond is formed between alumina and
molybdenum at high temperatures and that the bond resulted from thc formation
of a small, controlled amount of reaction. The major difficulty associated
with the fabrication of the system seemed to be that associated with tht
shrinkage of the ceramic constituent during forming and/or firing. In view
of this, hot pressing was favored.

Norton 35-900 alumina was used with additions of 0, 5, 10, and 20 weight
per cent moybdenum fibers which were 0.002-inch disaeter x 1/8-inch long.
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The fibers were cut to size from unannealed wire from Fanstell Metallurgical
Corporation, Test bars, 3/8-inch x 3/8-inch x 3-inch or 4-inch length, were
used. The batches wer, thoroughly mixed by tumbling, charged into graphite
gang molds, and hot pressed at 3000 psi to produce bars with a surface free
of fibers which provided some protection to oxilation during testing. The
densities rangea from 91 to 93 per cent of theoretical. Heating the moids
to 30000 F consumed 90 minutes, and cooling back to room temperature was
acconplished in 4 hours. To aid in the production of a fiber free surface,
the g'aphite dies were coated -ith a thin wash of alumina in glycol alcohol
and water.

Test bars were thermal shock tested by inserting them into a furnace
held at 22000 F, allowing 5 minutes for stabilization, and cooling in air.
Attempts to measure the thermal shock resistance by sonic modulus measurements
were unsuccessful since some bars maintained a high elastic modulus yet could
be broken by hand. As E, result, it was decided, to break a small number of
bars after every two cycles in cross bending up to 6 cycles.

The alumina bars had an initial flexural strength of about 36,000 psi,
but essentially no strength after two thermal cycles. Micro-cracks were
readily observable in alumina containing 10 and 20 per cent fibers as expected
since the thermal expansion of alumina exceeds that of molybdenum. Neverthe-
less, the fibers seemed to increase the resistance of the bars to thermal
endurance failure. With 10 per cent fibers, the strength remained essentially
constant at about 9,000 psi through all six cycles. Witl' 20 per cent fibers,
the strength decreased from about 15,000 psi to about 11,000 psi durizig the
six cycles. With 5 per cent fibers, the strength was about 7,000 psi after
six cycles.

The impact resistance decreased appreciably with the fiber additions.
However, it was felt that the use of longer fibers might lead to an increase
in resistance to impact.

The thermal conductivity was increased by the fibers, and the effect
was dire-,tional because of orientation.

In a later study at Alfred University (Ref. 169) two types of ceramic-
metal fiber composites were 'onsideredo In one tvpe the thc.rmal expansion of
the ce'ramic exceeded that of the ..,etal, and the cae xmi developed a network
of microcracks while cooling from the fabrication temperature. In the other
type the thermal expansion of the ceramic d-id not exceed thaL of ne metal
axid a "iiuncracked system" was obtained.

As an example of a "microcrakced system" an alumina-mglybdenum fiber
composite was examined. !orton 38-900 alumina (E = 50 x l0 psi) and molyb-
denum fibers (E = 42 x iCO psi) werc thoroughly mixed by shaking and hot
pressed in a graphite aold at 30000 F under 3000 to 5000 psi. The graphite
mold was coated xith alumina so that the -omposite had a fiber-free surface
which gave some protection against oxidation of the molybdenum. The modulus
of ruture of 2-inch x 3/8-inch x 1/4-inch bars were determined before and
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after four thermal cycles, 22000 F for 10 minutes to air while resting on a
thick steel plate. The strength of the composite was found to be less than
that of the pure, hot-pressed alumina. However, the strength of the composite
was maintained through four thermal shocks, while the alumina alone failed
completely in one or two cycles. There was, of course, some sacrifice in
density. The density increased from 240 to 300 lb/ft3 with the addition of
20 volume per cent molybdenum. The smaller diameter fibers gave a higher
composate strength but were slightly more susceptible to oxidation.

A mullite-alumina body (E = 34 x 1O6 psi) reinforced with molybdenum
fibers (E = 42 x 106 psi) was studied as an example of a noncracked system.
The composite was fabricated and tested in the same manner as the alumina-
molybdenum system except that the hot pressing was accomplished at 29000 F
and 5000 psi. Composites were obtained with flexural strengths exceeding
30,000 psi following four thermal shock cycles, anc an .x nmination of polished
sections of these composites disclosed no cracks in the ceramic phase after
the thermal shock test. The flexural strength of unreinforced hot-pressed
samples was 22,500 psi.

Baskin, Arenberg, and Handwerk (Ref. 170) considered thoria compacts
reinforced with fibers of mild steel, stainless 430, molybdenum, niobium,
Zircaloy-2, and zirconium. The compacts were hot pressed at 27320 F and
2500 psi, and very little oxidation of the fibers occurred during the hot
pressing operation. Hot pressed samples were subjected to a thermal shock
fest which consisted of heating specimens to 18320 F and quenching with

mercury. The compacts containing steel fibers and compacts of thoria alone
spaled severely after a single thermal shock. However, most of the steel
fibers had been forced from the ,ompacts during hot pressing. The compacts
containing zirconium and Zircalcy-2 were highly susceptible to spalling. A
number of the compacts failed in the mold during coo ing. Examination of the
fibers of zirconium and Zircaloy-2 in the fired compacts showed that they
were highly embrittled. Niobium fibers increased the resistance to spalling
considerably when tha fibers were not completely embrittled during hot pressing.
The mclybdenum fiber-reinfcrced thcria had a much betzer resistance to spalling
tI an horia alone, in spite of the presence of microcracks caused by the thermal
mis.match. Samples containing only two and three per cent molybdenum fibers
withstood two and three thermal shocks, respectively. Thin fiberz were more
effective than thicker ones, and the microcracks formed during fabrication
served as crack suppressors and, together with the fibers, relieved stresses
and prevented cacastropic failure. The compacts had a fairly characteristic
number of cracks per unit volume after several shocks, depending on the per-
co. tagc of f -be used.

9.12 Use of Metal-Ceramic Layers

Multilayer composites have rec.elved some study. Most of the investiga-
tions have been conducted in the area of flame-sprayed coatings.

H=minik (Ref. 171) has reviewed the de sign innovations that were made
to produce sound coatings for high-temperature structural components. Up, on
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testing several single-phase coatings on stainless steel in the exhaust of

a solid propellant rocket, it was found that all coatings failed within two
minutes. However, it was noted that molybdenum coatings provided good erosion
resirtance and excellent bonding and that alumina offered good heat-insulating
properties and adequate thermal shock resistance for the application. To
capitalize on these properties six layers of molybdenum with an average thick-
ness of 2 mils per layer were used alternately with five layers of alumina
with a thickness of about 7 mils per layer. The multilayer coating withstood
the full two minutes of the test with no spalling and only slight erosion of
the top molybdenum layer. Similar coatings have been used to completely
prctect aluminum for two seconds of thrust burning from a rocket blast ter@era-
ture of 45000 F and to completely protect a titanium alloy under the same
conditions. Attempts to replace the alumina with zirconia in the multilayer
system met little success, regardless of the laminating metal selected. A
50 mil alternating multilayer coating of Mo-A1203 on a 40 mil fiber glass
substrate was also tested using the rocket motor facility. The 'omposite
withstood the test with no incident.

Huminik describes another test in which the multilayer Mo-A1203 coating
was used to protect a '"astelloy X" afterburner rake. The rake was exposed
three times for a total of 18 minutes to severe vibration at 30000 F. While
three layers were lost during each exposure, the rake was completely protected.

To provide a more resistant and better bonded coating, strips of Mo and
A1203 have been sprayed alternately, using a barrier or masking screen and
-hanging the direction of spray, to produce a complex weave or grid type of
coating. On graphite, this type of coating has survived a 10 minute exposure
to air at 45000 F. Suitable thick coatings have been obtained on simple

turbvlar parts by adjusting and sychronizing two flame-spray guns and rotating
the tubular part.

Finally, Huminik points out that Solar Aircraft Company has developed a
serieF of ceramic, cermet, and metallic coating mixtures based on more than
15 years of experience and has identified a large number of coatings for use
in specific environments when applied to a wide range of metal structures.

Simpson (Ref. 172) described a new type of metal-ceramic composite,
referred to as a "macro-laminate composite, "which was developed by The Boeing
Company. Metal and ceramic powders are suspended in liquid vehicles with
organic resins to form paints. The paints are then applied alternately by
brushing or spraying to a substrate to build up a laminate. The laminate
is stripped from the substrate and broken into particles, and thp particles
are warm pressed and sintered in an inert atmosphere to form a dense struc-
tural part. The use of thermoplastic binders allows large complex shapes to
be fabricated. The systems niobium-yttria, tantalum-alumina, molZrbdenum-
hafnia, and molybdenum-mullite-alumina have been evaluated. !?he Mo-HfO2
system ias studied rather extensively because of its superior oxidation
resistance, good thermal shock resistance, and high potential use temperature.
The careful control of composition and processing parameters led to the obtain-
ment of a system with a room temperature flexural strength of about 50,000 psi,
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a 30000 F flexural strength of 16,000 psi, and excellent oxidation resistance
to 40000 F. Compressive elastic deformation up to ll.8 per cent and ultimate
cocpression strength to 150,000 psi have been achieved with less than 60 volume
per cent metal.

9.13 etal Wire-Reinforced Ceramico

The use of coarse metal wires or metal strips to reinforce a structural
ceramic has received some consideration. For example, in th , ASSET progvam
(Ref. 173), it was found that thoria with a density of only 70 per cent of
theoretical would protect tLngsten from oxidation for at least 15 minutes at
temperatures above 4000" F and that thoria could be reinforced with a tungsten
wire mesl: to provide impact and thermal shock resistance if the reinforcement
extends close to the heated surface to prevent spalling.

At Lockheed Missiles and Space Company (Ref. 17,, vests were made on
UTMC's "Thermo-Struct" (a composite structural system consisting of a rigid
substrate, a wire or fiber reinforcing element joined to the substrate, and
a coating of ceramic or other suitable composition sprayed onto the substrate
reinforcement assembly) and on IMarquardt W-reinforced Zr02 (a composite
structural system consi sting of a rigid substrate and a bonded zircoaium oxide
reinforced with a sinusoidal web of tungsten). The thermal environment was
accomplished using a Giannini Plasmatron (50 kw output rating for coninuous
operaticn) and using argon, nitrogen and oxygen gases to simulate reentry
conditions. The composites were not sensitive to severe thermal shock to
48000 F, and Marquardt's structure displayed resistance to prolonged and/or
cyclic heating in oxidizing atmospheres up to about 45000 F. It was concluded
that the comp..site concept (as exemplified by the structures tested) offered
promise for solution of leading edge or nose cap structural components problems.

Levy (Ref. 166) has reportea that an aluminum phosphate-bonded alumina
:einforced with a stainless-steel corrugated strip was developed to insulate a
cobustion chamber and reduce its operating temperature. By substituting a
molybdenum wire mash precoated with a pack cementation coating for the stain-
les6 h-Veel, the concept was extended to tha fabrication of a wing-leading-edge
configuration which successfully withstood several 20 minute exposures up to
35000 F. The concept was further extended to higher operating temperatures
through the use of phosphskte-bonded zir-conia vith the addition of chromia to
improve wormbility and increase the emissivity. A coarse-grain zirconia with
15 weight per cent chromia was incorporated into a reinforced ceramic coating.
The ceramic was applied to a 0.5 per cent Ti molybdenum alloy sheet with corru-
gated strips of 0.010-inch thick by 0.125-inch wide molybdenum alloy which had
been resistance welded to the substrate after applying plasma flame -',ayed
chromium to protect the molybdenum against oxidation, The we.ided assembly was
covered with a vitrified coating (to further enhance the oxidation resistance
of the molybdenum.) before the ceramic matrix. was trowel.-impregnated into the
surface and cured at 3000 F. The resultant system exhibited a 23000 F thermal
drop across a 2/4-inch thickness when the ceramic surface was held at 112000 F
under steady state conditions, When the surface was heated to 44000 F, held at
that temperature for 2 minutes, and then dropped into water, no damage was
observed after two cycles.
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9.114 Hon ycomb Structures

To adapt high purity ceramic bodies to severe heat transfer situations,
the ceraric is often used in the form of small individual elements. This
approacn often alleviates the thermal shock problem. Generally, small ceramic
shapes are more reliable and stronger than a large ceramic shape, arid a small
shape can be held to closer dimensional tolerances. When the ceramic is used
in the form of small elements, it is often possible to limit in service
fracture to a small local area and prevent catastropic failure. This is
especially true if a soft bond exists between the individual elements. In
addition, a small ceramic part is generally easier to fabricate and, pound
ftr pound, less expensive than a large ceramic part.

Adams and Sc.la (Ref. 175) studied the techniques of wire impregnation
-,id honeycomb reinforcement and found the latter to be most successful. The
thermal shock resistance and mechanical properties of magnesium oxide were
considerably improved by resorting to small "pencil" shapes. A standard
metallic honeycomb was filled with magnesium oxide and consolidated to a
suitable density. When test bars of the composite were loaded in bending
beyond the peak stress, deformation or yielding occurred rather than a complete
rupture typical of monolithic brittle state materials. The honeycomb metal
-ffectively interrupted the propagation of cracks which were formed in the
ceramic. The concept was extended to the fabrication of a nose cone for an
iC13.i test reentry vehicle which was recovered April 8, 1959 after a 5000 mile
flight down the Atlantic missile range.

Vogan and Trumbull (Ref. 143) evaluated magnesia, thoria, and zirconia
for use in honeycomb structures. Inconel and platinum were selected for use
as honeycomb reinforcement. Platinum proved to be the better of the two, but
was not favored because of its high cost. Superalloys such as Rene' bl were
c3nsidered, but they tended to embrittle during the sintering o-erations. The
p roblems associated with the sintering of Inconel were eliminated through the
-ise of an inert atmosphere sintering cycle. Test results showed that the
reinforcements served primarily to control thermal shock and to limit subse-
quent crack growth. Large structures, basically a chemically bonded zirconia
in a noble metal honeycomb, exhibited excellent thermal shock resistance for
operation at 4200 ° F when the proper honeycomb cell size was selected.

A nose tip utilized on ASSET (Ref. 133) consisted, of small diameter
zirconia rods placed side by side at the area of maximum temperature and
trapped by small zirconia blocks which in turn were held by a coated molyb-
denum retainer ring. The blocks served to protect the retainer and to form
a hexagonal bouroary for the rods. The blocks, rods, and retainer were
mechanically locked together at the base, and a chetically bonded zirconium
oxide cement was used to fill the interstices between the rods and to form
a smooth surface. The zirconia was coarse grained, relatively porous, and
partially staoilized with calcia., A full size nose tip was quenched in water
from 38000 F without catastrophic failure. Full size nose tips also withstood
up to seven A;6SET reentry thermal cycles before the ends of the zirconia rods
spalled, although the rod ;,nds spalled during the second cycle 4hen the nose
ti . were subjected to intense vibration and rapid heating simultaneously,
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9.15 Radomes

Bear, Gates, and Robertson (Ref. 176) evaluated small ogival radomes,
approximately 6 inches in diameter by 14 inches in length, made of a 97 per
cent alumina oxide ceramic by Gladding, McBean and Company and attempted to
correlate thermal shock test results with calculated predictions based on the
thermal stress analysis of a thin walled cylinder. Four alumina radomes were
exposed to the radiant heat generated by banks of quartz tube lamps, while
the temperature was monitored using thermocouples on the inner and outer
surfaces at three locations on the circumference at a distance of 10 inches
from the nose. Heat was applied to the radomes as rapidly as possible until
a pre-selected wall temperature difference was attained. The heat input was
then adjusted to maintain the difference constant, and the heating was contin-
ued until failure occurred or until the surface temperature reached 19000 F.
The radomes usually broke into several pieces when failure occurred, and the
fractures took place in only a fraction of a second. Test results on four
alumina radomes indicated that the maximum tensile stress at failure was
about 20,000 to 25,000 psi in the -temperature range 8000 to 17000 F. The
flexural strength of the alumina was found to be 18,500 to 23,000 psi at
10000 F.

Loyet and Levitan (Ref. 177) considered three regions of a radome to be
thermally critical: the forward tip where high local heat transfer rates are
encountered, the transition region where complete turbulent flow'first occurs,
and the region of attachment. Indications were that the temperature took on
an absolute maximum value at the stagnation point and a relative maximum
value at the transition point, that the maximum thermal gradient occurred
through the radome wall, and that the axial and circumferential thermal
gradients were negligible. For the materiels considered, it was also indicated
that the stresses induced by the thermal gradients through a radome wall would
exceed by at least an order of magnitude other stresses such as those due to
aerodynamic pressure distributions. On the basis of these indications, Loyet
and Leviton attempted to correlate therinal shock test results with calculated
,)redictions based on the thermal stress analysis of a hollow spherical section
for the radome tip and based on the thermal stress anall ...s of a thin-walled
cylinder for the radome sections where the wall thickness was small compared
with the inner radius. Num ical integration by trapezoidal appro.imations
gave results within the accuracy of the available data. The basic assumptions
were that:

I. Deformations were in£'initesimal.

2. The material v.as itiotropic and obeyed Hooke's law up to the point
of fracture.

3. Axial and circumferential -emperature gradients were negligible.

Loyet and Levitan analyzed the test results obtained in two experimental
investigations. In one investigation, Coors Porcelain Company (Ref. 9) had
evaluated a radome made of AD-99 alumina with a tangent ogi ve contour, a
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S5.5-inch base dieineter, a 13-inch length, an X-band wall thickness, and a tip
blunted to a 0.56-inch outer radius. The radome was subjected to the exhaust
gas from a vertical tunnel of a periodic kiln. The temperature of the exhaust
was estimated to be above 30000 F. The radome was inserted in Lhe exhaust
tunnel three times without incident:

1. For 27 seconds and then removed and allowed to reach an

equilibrium temperature of 1400 F.

2. For 20 seconds and then removed and allowed to cool to 1000 F.

3. For 52 seconds and then removed and allowed to cool to room
ten.pEral ure.

Loyet and Levitan analyzed the third test, which was by far the most severe,
in detail. Indications were that the maximum thermal gradient occurred after
40 seconds with the cuter and inner surfaces at 11500 F and 10440 F, respec-
tively. The calculated maximum stress level at the inner surface was
15,450 psi while the measured tensile strength of AD-99 alumina was 29,200
psi at 10440 F with a standard deviation of 4000 psi. Thus the theory
predicted that the radome would survive.

The other test results analyzed were those obtained by Baer, Gates, and
Robertson (Ref. 176). Two sets of test results on the alumina radomes were
analyzed by Loyet and Levitan in detail. One radome failed when the calcu-
lated temperatures of the outer and inner surfaces were 8070 F and 5850 F,
re.opectively. Comparable temperatures for a second radome were 12800 F and
10400 F. The calculated peak .tensile stress for the first radome was 26,074
pis, the mean tensile strength was 31,500 psi, and the difference 5426 psi
represented about 1.3 standard deviations. The calculated peak tensile stress
for the second radome was 28,400 psi and the expected mean tensile strength
at the time of failure was 29,2Q0 psi. Thus good correlation was obtained
between expected stress and strength.

Loyet and Stevens (Ref. 178) investigated the relative merits of large
thin wall and half wavel&ngth wall ogival ceramic radomes, approximately 12
inches in diameter with a fineness ratio of 2.0, on the basis of an analysis
similar to that used by Loyet and Levitan. Two histories were assured in
the aralysis:

Case 1. Snap- up trajectory, 43,000 to 65,000 feet altitude,
Mach 2.0 launch to a peak of Mach 5.1 after 4O seconds,
arl a deccleratlon to Mach 4.5 after 60 seconds.

Case 2. Snap-down trajectory, 70,000 to 60,000 feet altitude,
Mach 4.0 launch to a peak of Mach 6.9 after 6 seconds,
and a deceleration to Mach 4.4 after 60 seconds.

Indications were that PyroceranP 9606 and alumina AD-99 would exhibit similar
surface temperature profiles, but that the two materials could differ signi-
ficantt, from the standroint of thermal gradients. For the Case 1 history
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and a half wavelength radome, the peak temperatures were 12_40 F and 1205 F
for the Pyrocerant and the alumina, respectively, but the thermal gradients
were larger i'or the Pyrocera? because its thermal diffusirity was considerably
lower than that of the alumina. When the wall thickness was 1/12 of a wave
length, the thermaL diffusivity had little effect, and the thermal gradients
in the two rraterials were similar. While the thin-wall design significantly
reduced the thermal gradients in the nrterials, it increased the operating
temperatures of the radomes. The peak temperature increased from 120130 to
15100 F for the alumina and from 12400 to 15480 F for the PyroceraYr because
of the reduced thermal capacity of the thinner walls. For the Case 2 history
the thin wall design also significantly reduced the thermal gradients in the
materials. For the Case 2 history with various launch velocities, the stress
on the radomes increased as the launch velocity was increased, but the effect
was much less drastic with the thin wall design.

Suess and Weckesser (Ref. 179) analyzed 21 representative trajectories,
ballistic and line-of-sight, to a maximum Mach number of 4.0. The trajectory
cnosen as genera'ing the maximum radome thermal stresses was the one giving
the highest rate of heat input. Indications were that:

1. The line-of-sight trajectories gave higher heating rates than

the ballistic trajectories.

2. The launch angle did not influence the heating rate significantly.

3. The same trajectory was thermally most severe for all wall thick-
nesses considered.

4. The maximum Mach number of the most severe trajectory was about
2.8, considerably below the design value of 4.0.

Two PyroceraiP radome gcometries were considered: a pointed radome of a
standard shape and one blunted with a 1.35-inch radius. The radome measured
13.5 inches across Ih base and about 28 inches in length. The extreme forward
portions of the radomes were analyzed with respect to the trajectory that wao;
found to be thermally most severe. Calculations were made using both the
cylindrical and the spherical shell theories. The spherical theory gave the
more co.nservative results. On the poizmed radome the maximum temperature
(8550 F with the spheri'3.l theory) occurred at the stagnation point as expected.
However, on the blunted radome the maximum temperature (7050 F with the spheri-
cal theory) occurred at the transition point. The maximum tensile stress in
the blunted racome also occurred at the transition point, and it did not differ
significantly from the nmximiLm stress that occurred at the transition point of
the pointed radome. In view of these " ,lcations, it was concluded that one
cannot automatically assume thaL nose bluanting will lead to a reduction in
maximum thermal stress.

Suess and Wckesser also attempted to correlate thermal shock test results
with calculated predictions. Three Pyrocerin radomes were cooled to an initial
temperature of + r0° F or - 100 F 6:id tested at Mach 2.44, L total pressure of
215 psi, and an average total tempe-ature of about 13500 Fo Good strain gauge
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data were obtained in two of the three tests. In both of these tests the
Taximum stress was within 2 per cent of that predicted by the cylindrical

theor- and within .1 per cent of that predicted by the spherical theory, and
the predictions based on the spherical shell model were conservative. The
experimental and theoretical stress time curves were very similar in one
test, but in the other test the experimental stress peak was inich sharper than
that which bad been predicted.

A number of investigators have considered the relative merits of various
ceramic radome materials. For example, Brown (Ref. 95) determined experimen-
tally the relative thermal stress resistance of five potential radome materials
for heat.ng conditions which simulated radome envronments. In decreasing
order of merit, the five materials were PyrocerruP9608, Pyrex 7740, AD-99
alumina, MgO (greater than 99 per cent dense), and Alundum RA-3360. Walton
and Bowen (Ref. 180) compared the calculated relative merit index of thermal
shock resistance of sJip-cast fused silica, PyrocerarP, and A1 2 03 over a wide
range of thermal shock envronments and found that slip-cast fused silica was
superior to both PyroceraM- and A12 0 for all cases. At Hughes Aircraft
Company (Ref. 181) hemispherical radomes, 2.5 inches in radius with X-band _
wall thickness, were subjected to cold wall heat fluxes of 50 and 75 BTU/ft2-
second in a quartz lamps facility. PyroceramP 9606, aluminum oxide and
aluirinum oxide A-sandwich have been tested. At 75 BTU/ft2 -second the
Pyroceram and the aluminum oxide A-sandwich both failed at the end of about
LO seconds, while the aluminum oxide failed within a matter of a second or two.
At 50 BTU/ft 2 -second the Pyroceramf failed after 30 seconds and the alumina
failed after 15 seconds. The aluminum oxide A-sandwich was not tested at the
lower heat flux level.

Finally, an interesting program is presently being conducted at Whittaker
Cc rporafion, Narmco Research and Development Division under Contract AF 33(657)-
IC11. A mosaic radome, 9 feet high with a 30-inch base, is to be fabricated
asing alumina tile in two layers and a Narico adhesive. Early results have
indicated that small tile are preferred for crack arrestment, and it is
contemplated that small tile will be used in the vicinity of the stagnation
point (Ref. 182).

9.16 Leading Edges

There is little to report on leading 3dges. While a number of ceramic
leading edges have been designed, few have been tested under severe conditions.

At North American Aviation, Inc. (Ref. 183) a fulL scale leading edge
de2 fabricated from beryllium oxide segments support.d by a silicon carbide

coated graphite structure was found to be unaffected by plasma test conditions
similar to those expected for a typical reentry trajectory. The design
"ncorporated small segments of the oxide which were hot pressed to a density of
about 99 per cent of theoretical. Holes w;.2re drilled in the beryllia segments
with a diamond core drill, and the segments and the graphite structure were
joined by beryllia pins using a simple method of attachment. The leading edge
configuration had a 0.375-inch cylindrical radius and a 17 degree wedge angle.
Three samples were subjected to a plasma jet test:
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Sample I. The sample was subjected to severe thermal shock conditions.
The cold sample was raised into the plasma jet, the enthalpy
was increased until the beryllia segments cracked at approxi-
mately 160 seconds, and the sample was removed from the jet
and allowed to cool. The cracks were observed on the beryllia
surface after the sample surface reached 30000 F. The segments
remained intact for considerable handling after cool down.
The maximum rate of terperature risc was 540 F/second.

Sample 2. The sample was preheated slowly to approximately 16000 F,
heated in the plasma to a temperature of 40000 F over a
period of 26 minutes, held at or near 40000 F for 16 minutes,
cooled in the jet to 22000 F, and cooled from 22000 F to room
temperatu-) slowly. The maximum rate of temperature rise was
320 F/second. The sample withstood the complete test cycle
with only slight surface ablation at the point of maximum
tmperature.

Sample 3. The sample was heated at a rate equal to or greater than that
required in the simulated reentry. It was preheated slowly to
1600 ° F, heated in the plasma to a temperature of 42000 F over
a period of 23 minutes in such a manner as to produce a time-
temperature history similar to that for a reentry mission,
and cooled at a rate to simulate the reentry schedule. The
maximum rate of temperature rise was 800 F/second. The model
cracked when the desired reentry temperature rise rate was
exceeded. The beryllia segments remained intact for
considerable handling after cool down. However, failure of
the small beryllia attachment pins allowed the segments to
fall free from the graphite support.

Anthony, Merrihew, Mistretta, and Dukes (Ref. 184) studied the aspects
of leading edge design and established the design of a graphite leading edge
for a hypersonic glider. A 5.0-inch diameter was established on the basis of
a maximum allowable temperature of 30000 F. A lower surface length of 6.50
inches was selected so that the support structure would not exceed 20000 F
and conventional super alloys could be used. The length of the upper chord
was established at 4.10 inches to minimize thermal stress. The wall thickness,
3/8-inch, was dictated by fabrication consideration, and a 16-inch segment
length was selected on the basis of airload considerations. The attachment
design presented the major structural problem. Three graphite leading edge
assemblies were tested:

Te-s 1. ThI 'liessmby was subjected to statir. load at room temperature
and failed at 170 per cent of the design limit load. Failure
occurred not in the graphite but in a metal part. However,
this precipitated fracture of the graphte leading edge at
several locations.

I
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Test 2. The assembly was subjected to the radiant energy provided by
a quartz lamps facility in an attempt to simulate flight
conditions. However, the maximum temperature achieved with
the quartz lamp facility was 23000 F. The assembly withstood
the test cycle five times with no structural failures.

Tes-t 3. The assembly was tested under the simulated flight tempera-
tare history (up to 23000 F) in the quartz lamps facility an(L
failed during the first cycle. The failure was attributed to
insufficient clearance between members in the back structure.

Levy (Ref. 166) evaluated a leading edge comprised of an aluminum phosphate
bonded alumina reinforced with a molybdenum wire mesh precoated with a pack
cementation coating. The component withstood several long time exposures
up to 35000 F.

-.. I I P.estressed Ceramic Structures

At the University of California (Ref. 117) attempts were made to prestress
ceraiic wing sections through the use of pretensioned steel cables. The .wing
se ments were formed from alumina by slip-casting, assembled in sparwise
:'ashion, and prestressed compressively in the spanwise direction. Because of
*,Ye difficulties in applying a load uniformly to a brittle structure, the
pLvoram was only partially successful. A higher degree of success might have
been atta-An( through the use of rigid end plates to promote more uniform
icading and/or through the use of gasketing material to reduce the intensities
of localized stresses.

Warshaw (Ref. 185) reported another method of obtaining prestressed
ceramics so that maxium advantage could be taken of their high compressive
:--cength. The method consisted of forming a laminate using a ceramic material

with a relatively low firing shrinkage together with another material with a
relatively high firing shrinkage. During firing, the low-shrinkage ceramic
phase was placed in compression as a result of the shrinkage differential.

Wenger and Knapp (Ref. 186) investigated the thermal shock behavior of
a pr,.stressed ceramic material. Eighty-three nominally identical samples of
a certain ceramic composition were subjected to 10 thermal shock cycles,
5000 F to an air stream. During the thermal shock tests, 27 of the samples
had an external compressive load of 1O, 000 psi, while the remaining 56 samples
had no external load. After the thermal shock test, the unstressed samples
had an average c'mpressive strength -)f about 15,000 psi, while the prestressed
samples had an average compressive strength near 20,000 psi. The averege
compressive strength of 60 samples which were not subjected to thermal shock
was about 22,000 psi.

The ther~nal shock behavior of biaxially prestressed ceramic plates is
presntly beiig investigated quantitatively at the University of California
(Ref. 187). Ceramic plates are thermally shocked in a quartz lamp facility.
The damage caused by thermal shock is estimated by determining the bending
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strengths of thermally shocked plates. In a preliminary study, all plates
tested in an unprestressed condition failed in thermal shock when a particu-
lar set of test conditions was used. Prestressed plates shocked under the
same conditions iu general did not fail but did exhibit some damage. The
extent of the damage decreased as the prestress was increased. Indications
were that modcrate initial loads produced the greatest improvement and that
the prestress could be increased to the point where the plates suffered
little or no thermal shock damage. Howeve-, these indications are prelim-
inary and apply only to one particular set of test conditions.

9.18 Thermal Stress Testing

At present, the most favored thermal stress test is one that involves
the steady-state heating of a ring by various means from the inside. At
Lawrence Radiation Laboratory (Ref. 186), however, specimens are heated from
botn the inside and outside. This allows the temperature gradient to be
varied while the bulk temperature of the specimen is held constant, and
the thermal stress resistance is determined as a function of temperature.
A salient feature of the method used at Lawrence Radiation Laboratory is
that the output consists of the single thermal shock parameter RE, where

S = Strength

k = thermal conductivity

E = Young' s modulus

a = thermal expansion coefficient

As a result only one experimental error is involved in determining the thermal
stress resistance. When the parameter is computed using the four indJvidual
material properties, four experimental errors are involved. What is much
more important, however, is that the method does not require a definition of
the strength of the material.

Glenny and Royston (Ref. 189) compared the stress distributions in a
ceramic material during nechanical testing and during thermal. shock testiitg.
The transient thermal stresses in a circular cylinder were considered, and
the analysis was based on the theory of Weibull. The following relationships
were dexeloped for equal probabilitics of failu'e:
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where:

a = thermal stress

S = mechanical strength

V = Volume of cylinder under stress

m = flaw density

and the subscripts apply as follows:

t = cylinder subjected to tenaion

bc = circular cylinder subjected to bending

br = rectangular cylinder subjected to bending

The formulas are valid when Biot's modulus* is less than two and when the
materIal has a "zero strength" (in the sense of Weibual) of zero. Glenny
and Royston used the expressions to establish the most appropriate size,
shape, and loading condition for a mechanical test specimen, For example,
for a cooling shock Glenny and Royston compared thermal stress values with
the flexural strength of a rectangular cylinder having a volume equal to that
of the thermal shock test cylinder (See Equation 6)) iand having the same
surface area expused to the tensile, stress in the outer fibers.

After carefully establishing approprivte strength criteria for both
heating and cooling shcrks, Glenny and Royston coMiared the mechanical
strength of a high alumina ceramic with i~s thermal, stress at failure. The
agreement was reasonable. However, the calculated stresses for the heating
shock were higher and for the cooling shock lower than the &xi iiental

SeM Section 7.8.4 Thermal Shock Parameters,
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strength values. This may have been caused by a concentration of flaws at
the surface of the thrmal sh . k te.st specimens. The same type of effect
was observed by Crandall and Girg (Ref. 190) in their work on the rapid
heating and cooling of alumina spheres.

9.1$ Selected _eferences on the Thermal Shock Behavior of Refractory Structural
C u=onents

Extenred Abstracts 45 to 56 (Appendix I) refer to recent foreign publica-
tions which deal with the thermal sk-ck characteristics of ceramic components.
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X. DESIGN WITH BRITTLE ATERIAUS

10.1 Design Guides

During the conduct of this program an effort was made to uncover various
design hints based on the art, rather than the science, of brittle strvctural
design. The following des-'gn , which deal with the problem of preventing
ther;:%al shock failure in ceramics, were collected:

1. Since ceramics are stronger in compression tnan in tension, they
should be used in compression whenever possible. Through careful
design a ceramic can be held together to the point where it
continues to serve a useful function even after thermal fracture.

2. Simple shapes should be used. Sharp corners and angles should be
avoided. All edges should be rounded with generous radii - in
general a 1/32-inch radius is not excessive.

3. Sudden changes of section should be avoided. Thick or irregular
sections should not be used. The allowable thickness depends on
the thermal and mechanical properties of the material and the
environment, and, in the case of a plate, cylinder, or sphere,
the critical thickness can be estimated through the use of
Equations 52 to 58 (Section 7.8.4 Thermal shock parameters).
For a specific example illustrating the effect of thickness
on the performance of a ceramic cor.rponent, the reader is
referred to Section 9.15 Radomes.

4. Point loading and stress concentrations should not be permitted.
Holes should be kept out of tension zones, and resilient pads
should be used at load bearir; contact zones. Holes for attach-
ments should not be used without special cons.deration. If the
loads are not equally distributed over all pins, failure will
most likely occur prior to the achievement of the full load
carryirig capacity. Under the assumption of a load uniformly
distributed over all pins, the following observations have been
made on the basis of experience in stress analysis (Ref. 191):

i. No solution exists for the case of more than two holes,
but for a given unit width of material the lowest maximnum
stresses occur for a hole diameter to hole spacing ratio
of approximately O.4. (Thus the distance of a hule from
the edge of an article should be at least 0.75 times the
hole diameter.)

ii. Improvement in the load-carrying capacity can be effectca
through the use of pins which yJ old before the fracture load
of the brittle article is reached. When the hole size is too
large to accommodate a yielding solid pin, the use of a
yielding hollow pin is suggested.
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iii. The stress concentrations can be reduced by using smaller
holes spaced closer together or by using rmrltiple rows of
holes.

iv. An elliptical shaped hole leads to lower stress concentra-
tion factor it the major axis of the hole is in the
direction of the stress field.

5. P-ittle struc.urts cannot be prilled into position during assembly.
TY :refore this situation must be avoided by careful machining to
. .e tolerences. At moderate temperatures most ceramics fail at

a strain between 0.10 and 0.15 per cent, and tolerances as close
as 0.0005-inch may be required. The presence of phases with
different degrees of hardness, the 'ccurrence of pores and large
grain limit the tolerencrs which can be met. (Refer to Section
6.4 Machining and Grinding.) For radomes, anO other articles,
mechanical mismatch is sometimes minimized by fastening the metal
attachment ring and ceramic together and then match drilling the
assembly to the missile body or other parts.

6. Noncompressive mechanical restraints should be minimized.

7. Advantage should be taken of the fact that the thermal expansion
of a ceramic is highly reproducible. A careful analysis will help
eliminate thermal mismatch. towever, the designer must Inow the
material being used. Every refractory ceramic is a special material,
and the use of tabular, handbook data can be misleading. If the
composition of the material is altered through the use of additives,
or if thc supplier changes a raw material from which his product
is derived or alters a processing technique, a new product with
different properties will be obtained. The designer must be aware
of such changes.

8. In hyperthermal environments where heat transfer is primarily by
convection and the body is free to radiate to space, as in the case
of a nose cone, leading edge or radome, emittance is of critical
importance. Consideration should be given to the use of an emissive
coating and to the surface structure of the material.

9. For high heat transfer rates, a material with a low thermal expansion
should be selected. For low heat transfer rates, a material with
inherently poor thermal shock characteristics (high thermal expansion)
can be used if it has a high thermal conductivity. Refer to Section
7.8.4 Thermal shock parameters.

10. Localized heating or cooling should be avoided.

i. It Is desirable to confine ceramic materials to small individual
cells so +hat detructJve temperature gradients will not occur within
ar-y given cell. Refex to Section 9.14 Honeycomb Structures for
specific examples.
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12. Nonredundant attachments are desirable to the extent that a part can
be designed with confidence when all loads are known.

13. The maxibrm strain criterion for fail.'re is in some ways better
than the maximum stress criterion. The critical strain is fairly
constant for a wide range of ceramics.

10.2 General References on the Design of Brittle Materials

Bctensive information on the design of brittle materials is contained
in References 20, 23, 47, and 154 and in References 191 to 197.
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1. Artamonov, A. Ya. and Shvedkov, E. L., "Effect of Machining on the Strength
of Superhard Materials, " Pbroshkovaya metallurgiya (Powder Metallurgy,
Soviet), no. 1 (13), 79-82 (1963).

The results of an investigation of the effect of "harsh" and "mild"
electro-erosion cutting conditions on -the bending strength in comparison with
grinding are given for chromium carbide containing 15 per cent Ni and titsnum
carbide containing 30 per cent nichrome. Superhard cermets on a chromium or
titanium carbide base should not be ground since thereby the strength is
reduced by 40 to 60 per cent (the initial strengths being 52,700 psi for the
titanium carbide cermet, and 71,300 psi for chromium carbide cermet). If the
machining allowances are large, these materials should be machined by electro-
erosion methods using harsh conditions which ensure a high productivity, vith
subsequent removal of the defective surface layer by fine electro-erosion
cutting. When the machining allowances are s.all, machining must be carried
out only under mild electro-erosion cutting conditions which increase the
strength by 7 to 14 per cent.

2. Guleviv, 0., "Some Ways of Speeding 14; thc Process of Body Formation in
Casting," Szklo i ceramika (Glass and Ceramics, Polish) 14, no. 4, lll-14
(1963).

The following techniques are used for the acceleration of casting:

(1) proper selection of materials and electrolyltes;

(2) increasing the temperature of the casting slip;

(3) de-aeration of the slip before casting;

(4) de-aeration of the plaster slip for molds;

(5) use of combined plaster-ceramic molds;

(6) heating the molds while casting;

(7) blowing warm air into the molds after pouring out the excess slip;

(e) pouring only sufficient slip for the body in the mold and rotating
the mold.

Examples given for the casting of porcelain and fireclay show that the
ratp of body, -"r o the orshing strength of vhe products can be

increased by 30 to 40 per cent.
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3- Bradshaw, W. G. and Matthews, C. 0., "Properties of Refractory Materials:
Collected Data and References," PB 171101, Second ed., third print
(15 June 1960)..

A comprehensive survey was made of the properties of materials melting
above 2500' F to assist in the selection of materials for high-temperoture
applications.

The maxa.mum recommended use temperatures (in a suitable medium) and the
high-temperature oxidation eonracteristics of the carbides are given. Since
the nitrides are subject to decomposition in the absence of an adequate
nitrogen overpressure, the vapor pressures have been listed for the nitrides
along with their high-temperature oxidation characteristics. For the borides,
the oxidation chara(teristics and high-temperature stabilities are presented.
For the ozides, whose behavior varies markedly in different environments, high-
temperature stabilities are given for an oyddizing atmosphere, a reducing
atmosphere and a vacuum. Also listed axe t.e oxidation characteristics of the
silicidee and sulfides, the volatility of the sulfides, the high-temperaturecharacteristics of mixed oxides and chromites, and the high-terperat re

properties of beryllides, aluminides, other intermetallics, and phosphides.

Thermal properties including the thermal shock resistance, thermal
conductivity svid thermal expansion are presented for c0&b )es. oides, nitrides,
borides, sulfides and silicides. In the case of the oxides, the thermal con-
ductivity is given for the dense material and for a mterial with .some porosity.
The data on the emittance of some of the materials are also presented.

Mechanical p.roperties are lisbed for refractory carbides, oxide, nitrides,
and si.icides.

A number of p3rtinent figures are pt'esercted. However, the real value of
the report lies In its tables which list the properties of mterials at various
temperature levels together with references. .rost of the data on tho7mal shock
resistance was extracted from Campbell, I. E,, "High-Temperature Technology,"
John Wiley & Sons, New York (1956).

4. Goldsmith, Ale-:ander, Waterman, T. 2. and Hirschhorn, 11. J., "Thermophysica
Properties of Solid Yeterials," Five volumes. M3cmillan Company, New York
(1961), 4268 pg.

All original test data published from 1940 to 1957, inclusive. on the
themplhysice! pr-pcrties of solids were collected, ad the data are presented
in five volumes: 1. Elements, I. Alloys, I11. Ceramics, WV. Intermetallics,
Pblyinerics, and Composites, V. Appendix. The materials covered in volumes III
and XV Include those that melt above 10000 F. bst of ,he data are presented
in graphical form. Most probable volues are prescnted Tor both the grAphlcal
data d the tabular data. Volume V serves as the materi al _ cdex 9or the iirst
four volumes and includes tne :'eferences and the author .



5. Shaffer, P. T. B., "High-temperature Materiels, No. I - Mater.als Index,
Plenum Press, New York (1964).

Data on the propefties of more than 520 different materials are presented.
Data are presented in tabular form, and sometimes in equation form, for a wide
range of temperatures. Borides, carbides, nitrides, oxides, and silicides are
among the materials which are considered. The volume is well indexed and well
docu:ented.

6. Stutzman, R. H., Salvaggi, J. R. end Kirchner, H. P., "Summary Report on
an Investigation of the Theoretical and Practical Aspects of the Thermal
Expansion of Ceramic Materials, Volume one - Lterature Survey,"
AI220685 (August 31, 1959).

A literature survey was conducted on the reversible thermal expansion of
various materials, and 954 references are assembled in a bibliography. The
results of thermal expansion measurements from 523 articles and, repoAs are
presented in tabular form. The materials considered include crystalline
ceramics, glasses, cermets, intermetallic compounds, and ceramics combined with
other types of materials. The data are listed in alphabetical order according
to chemical composition, with onlv a few exceptions.

7. Wood, W. D., Deem, H. W. and Lucks, C. F., "Thermal Th-iative PropertiesW. ~ ~ I Reor W.7 andC. ie -1Z,L andiative

of Selected Materials," D.IC Report 177, Volule i snd Volue 2 (November 15,

The first Ir.,m includes data on refractory metals and their alloys,
superalloys, and ti aniumi and its alloys, together with a brief discussion of
the fundaei tals o! tharraJ radiation and the methods used to measure thermal
radiative properties. The second volume includes radiative pioperty data for
ceramics., graph:!te, and coated materiaJs for high temperature. &mttance data
are precented in graphical form as a Pmction of temperature and as a function
of wavelengbh, and references to the source of the data are cited. The
coverage is excellent with data on ceramics listed for carbides, nitrides, oxides,
s:licides and PyrocerwA.

The data on ceramics and graphites was published separatt;ly at an earlier
date: Ibd, "The Bmittance of Ceramics and Graphites," AD 274148, DmiC
.- Lzrandum i48 (Ma-ch 28, 1962).

8. Astarita, G., "Contribution to the Study of Thermal Shock," Bulletin de la
Socitd Francaise de Cgramique, no. 41, 3-20 (1958).
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PART OINE

The resistance of a given material to variationb of tenperatuxe depends on
the thermal and mechanical parameters relative to the iaterial, on the geometric
form and conditions of contact of the sample, and on the type of thermal phenom-
enon acting on the exterior.

The mechanical parameters include: the critical stre o" (resistance to
tension or compression according to whether the thermal phenomenon is cooling or
heating); Young's modulus E; the Poisson coefficient p; the coefficient of
linear expansion a; and Weibull's constant m.

The thermal parameters include: the conductivity k; the thermal diffu-
sivity a; and the specific heat c.

The geometric form of the test piece and conditions of contact can be
characterizcd by a sufficient number of foxm coefficients and by a single linear
dimension L; the thickness of the piece in the direction perpendicular to the
surface exposed tc thermc.Jl shock is usually chosen. To characterize the external
thermal effect, there are available a sufficient number of form factors, a
characteristic timt. 0 and two parameters: the maximum level of external
temnperature t'max and the surface heat transfer coefficient h. The influence
of each of these parameters is not always the same, but depends on the value
of the others.

Some predictions can be made concerning the relative influence of these
parameters by using the pxinciples of dimensional analysis. Dimensional
analysis allows the independent vaxiables to be reduced to six groups according
to their dimensions:

ae hL
a t'm-, c/E, m; 1i, T2 T

Fuirthermore, the theory of elasticity shows that the stresses of thermal
origin are always proportional to the product oE. Accordingly, the first
two groups can be reduced to one, and only the following five variables remain:

M = r , resistance figure of merit

F= , Fourier number

If = , Nusselt number (65)
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m, the Weibull constant

p., the 74bisson c:oefficient

Each time that the theory of maximum stress can be accepted as valid,
dimensional analysis can be applied for determination of the degree of thermal
shock which the material can withstand without shattering (amax = a". Other..
wise, the limiting degree is determined by the condition that the "risk of
ruptur-:" of the effect considered is equal to the critical value of that effect.

The relative influence of the above variables, in (65), cannot be pre-
dicted a priori, but must be separately determined in each particular case.

To fix attention on the ratio h/k, the Nusselt number, inrlies formu-
lating the problem as a function of parameters which are not proper to the
material (h), therefore confirming the impossibility of a quantitative formula
for the coefficient of resistance as a function of all parameters relative to
the material and it alone.

0ccasion'J.ly, the thermal variations of the parameters of the material can
be important, and it is necebaary to take them into account. Recourse should
then be made to direct methods for calculating the distribution of stresses.
When the temperature distribution :.s known, the stress distribution can be
calculated by measn of the theory of elasticity. Furthermre, the maxtmum
stress can always be compared to th. critical value relative to the teaperature
existing at the point and at the instant where this stress appears.

It is difficult to handle the variations of Young's modulus, but variations
of the E modulus with temperature can be important. One cannot establish
whether or not this is favorable. In order to Iurnish some qualitative indi-
cations of the importance of the E modulus, stress diagrams relative to two
types of thermal cycles were produced on plane surfaces 11 cm thick by cboosing
average constant values for a and E and by taking into account their
variation vith temperature. The following table includes the data for the
material and the thermal cycles considered. For test 1, the variation of a
and E led to higher stress levels within the slab, while the variation led to
lower stress levels for test 2.

Parameter 320 F 3920 F 7520 C 11120 F 14720 F

"., BTU/ft • 0 F • hr 0.4 0.4 0.4 0.4 0.4

lOa, ft2/hr 1.07 1.07 1.07 1.07 1.07

, psi 1070 .1270 1470 1700 2M20

(Continued)
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Parameter 320 F 302- F 11222 C l]20 F 14720 F

10"3E, psi 198 198 226 325 297

106 VV, ° F -1 - 3.0 3.1 3.3 2.7

M) 9.4 10 9.4 9.4 9.4

Composition SiO2  69.21%

A120 3  26.36

Fe203  3.25

Loss to fire 0.70

Thermal "ycle: Thickness of wall 11 cm. Initial temperature distribution,
linear, fror 1832 to 680 F. Natural cooling in still air (test 1); forced
cooling with air blast at 0.75 ft/sec (test 2).

Conclusions:

By means of analytical and graphical methods proposed by various authors,
the-mal phenomenon can, at least, be theoretically predicted. This prediction
can be justified by the agreement of results of calculations and experiences
demonstrated by recent studies. These prediction methods do not neglect the
influence of the value of the surface heat transfer, the geometric form of
the elements subjected to stress, the conditions of binding, the homogeneity
of the naterial (the W'eibull constant m), or variations of the parameters
with temperature. It canno-L be affirmed a priori if the latter influence is
faborable or not to the material's resistance To stresses of thermal origin,
but it is at least possible to have theoretical prediction in a given
particular ".asx.

PART TWO

MECHMNICAL RESISTANCE OF PLANE SURFACES TO
PROGRFSSIVE PROCESSES OF HEATING AND COOLING

With regarL to the coefficient of homogeneity, it is well to observe that
its influence is negligible when its value exceeds 10, and the theory if
maximum stress can be accepted as applicable. The author's research hc.s been
limited to materials with L- > 10. In the case Vaerpe this inequality does not

old, a higher safety factor would be adopted to take account of the degree of
apprcximation introduced. However, recent studies have shown that even for
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rare materials where m < 10, the theory of maximum stress pr,. ,Q r afficint
predictions. The difference in experimental results does nuti exreed 10 to 20
per cent.

The following problem is dealt with in this note: given -a plane surfacc
of ?nown depth and of known thermal and mechanical properties, the Init.al
temperature distribution being constant or linearly variable in t:he .Jxection
of depth (thickness), determine the most severe heating (or coo" rg) Ccllit!.
of the atmosphere in contact with one of the surfaces (the surface *c s;
temperature) which assure the resistance of the material to stresse. . .e
set up during the transitory period.

The problem is particularly interesting in the case where the exter:a'
temperature difference is greater than the minimum value for absolute sxf.-
namely

where tlmax is the total temperature variation. The object of the the. ,tical
and axperimental study here is the determination of a law of general character,
which furnishes the minimum period 0 capables of assuring the mechanical
resistance of a surface subjected to a progressive thermal shock for which
M > 1.

Theoretical Study

For simplification, it is supposed that the Nusselt number is infinite.
Hence, the predictions formulated theoretically would err in favor of safety.
It is also supposed that the distributions of temperatures are independent of
the thermal characteristics of the unexposed surface. The initial distribu-
tion of temperatures is consideied uniform when heating is in question, and
variable in thickness according to a linear law in the case of cooling. The
external temperature is assumed to follow a linear law as a function of time.

The following relation is developed between M and F:

I- = I - 1.2 /-- [2 + e" 1 "6 7/ J + 2.16F - e] (67)

where p is the safety factor. The relation shows that the resistance to a
kmown shock will be all the better when the diffusivity a and the critical
stress a are large', and when the coefficient of linear expansion (, the
modulus of elasticity E, and the thicknesses L are smaller. However, for
shocks of very short duration or t:,uly instantaneous nature, the parameters
a and L play no part. Furthermore, the preceding confirms the impossibl,
of chaiacterizing materials in a general manner because of the influence
thermal parameters which depend on the type of shock coannidered.
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A sev*es tf experlmental deve.iin n -*ns were performed, and the results
exCtl. confirm, d the fiundanenb.-a theoretical hypotheses. While the tests
perCoAmved hw '- jen chio!?ly wita ccrJing, some tests with heating havwe given
results which age.ee with the thcoxy. Most of tha experimental work was per-
forred on magnesia refraotory brie&:s, b't the results of other experimental
work with sillclous avA s "ioco-a iuD.ous bricks were also examiued. The
criterion for failure wir crteki1  tt the surface of the bricks.

Conclusions

The relation devel .p,;d represents a limiting condition: infinite Nusselt
n.muber. Insofar as thi: idition can be regarded as exact, the relation
-up ieD exact predictions. Undojiotedly this limiting condition is not
2I.;r-s vvifiable in pratt. .; however, in all cases thi.s relation offers

pred.etions rlative to the .iost onfavorable case, and allows the severity
h. thermal shock to be maintained within limits of absolute safety.

. Bai-n, Rolf and Pump, Karl, "Investigation of a Simple Measuring Procedure
Fir The Determination of the Thermal Shock Resistance," Silikattehnik_ 10,
1,)Q-1 (1959).-!;!

It, maoy cases, the criti-.al exanination of the thermal shock resistance
of' cermi ic materials exhibits considerable deficiencies because of the very

: ;ferent (and often inadequate) meesuring methods which are used. As a
these measuring met',ods are only comparable if similar samples are

u 'd. M. S. Tacvorian has found, however, that the appearance of cracks
,.L.oVys precedes a visible destruction of a sample and that a reproducible
4nd vxact -ilationship exists between visible fracture ana decrease of
mecbanical . rength. The purpose of this research was to examine this
dej-:ndency.

A numbtr of cylindrical rods, 8 to 10 mm in diameter, of drawn sintereO
corundum were tested for bending strength (Go = 32,100 psi) while others were
submitted to fl'- th.irmal shocks. After each shock five rods were selected
and bending zta ltb . (c) were taken. For the bending strength an edge
distance of 70 im U.s used. The thermal shocking was accomplished by
heating the rods small 4%,rnace at a rate of 5.40 F/mn., allowing the
rods to stabill"e V -rin. at the final temperature of the furnace, and
qunching the rods reter. The temperature change ,IT for the shocks were
incre .ed by koonu% xnt iatervc ls to establish the charasteristic function
a

Sinne the deeoa ot the structure took place gradually, a precise determin-
ation of the thermal shock carrying capacity was not obtained. A threshold
value of 1600 F, how0n.er, was obtained for the material. Above the thredhold
disinteg:,tion be o apparent because of a decrease in the mechanical strength.
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Below the threshold no disintegration took place, regardless of the number of
times It ur,4s shocked. Ii was. therefore, suggested that a characteristic
function = (AT) and a threshold could be determined for any ceramic
atvrial ,.R that a sanp'e beloir its threshold could survive any niber cf
thermal shocks, regardless of its shape.

In the experiment it was observed that samples of the drawn sintered
corund-m shocked beyond the 1600 F threshold showed cracks at the surface,
while the core was unaffected, but the samples still had a certain bending

ostrength. For samples cycled five times, a plot of versus AkT showed

a minimim at a AT of approximately 3000 F. The samples investigated in the
minimum exhibited no exte.,nal eacks, but were under a high tension (stress)
caused by the thermocycling ,o that the bending strength was low. These
stresses decreased after the surface cracked with increased shock, and the
bending strength increased to a small extent.

It was of interest to what extent the shape of the sample would have on
the results of this experiment. For this phase a special china for lab
devices was assembled into (1) 10 mm (dia) cylindric rods, and (2) pipes with
a 12 mm outside diameter and a 2 mm wall thickness. These samples were thermo-
cycled in the same way as the previous samples. The results show that the
thermal shock resistance of the two pieces was very similar.

In other experiments the occurrence of a maximum, in isolated cases also
a minimum, preceding the threshold was found to be a characteristic for
materials consisting of various components. No axamum was observed with
one compoaent material systems, such as A1203 or ZrO2 regardless of the shape
of the sr~mple. Thus in multi-component systems, stresses due to different
coefficients of thermal expansions of the various components must cause other
tresses in the samples.

In experiments on a glazed china it was found that a well fitting glazing
I osits" n a ceramic material with little tensile stress. One glazing, which
"sat" on a ceramic under copressive stress, exhibited a rather high maxinum

versus AT) before the threshold was reached.

Measurements were alcu carried out for the development of mixed ceramic
materials. It was found that the thermal shock resistance of pure clay
increased only a snmall amnount wit.- tncreasing chromium content (up to 30),
vhlile the thxeshold increased slightly. The characteristic feature of the

versus AT plots for mixed cereics is that they do not decrease to zero
right after the threshold, b.1t remain constant within a relatively wide range.

In general, ilo was founa i these experiments that scattering of th6
strength results appears to be the greatest at the threshold. This can be
explained by the initiation of che structure disintegration in this range.
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10. Berezhnoy, A. S., "Search for New Refractories," 0neupr (Refractories,
Soviet), no. 8, 

341-47 (1963).

A survey is presented on statistical rules governing the relation
between the melting point and physicochemical properties. The melting point
decreases as the number of components involved in the crystal lattice
increases. The refractoriness of a compound with two simple oxides is two
orders of magnitude greater than the refractoriness of a compound with three
components. {ence, new oxide refractories must, above all, be searched in
binary oxide systems.

11. Blanre, H., 'Vransnission Electron Microscopy of Single Crystals of Ceramic
M.aterials.," Berichte der Deutschen Keram Gesellschaft (Reports of the
German Ceramics Society), 40, no. 2, 136-39 (1963). "

The jethOd of investigating lattice defects in crystalls have been
largely developed for metals and in most cases they are applicable to non-
metals. Some results on irradiated and non-irradiated U02 .2rystals are
reported. Using an electron beam, cracks can be produced in the specimens
by thermal shocks and changes in the structure can be observed. in irradiated
U02 the lattice defects caused by nuclear fission and the traces of fission
atoms become observable.

12. Dawihl, W. and Do'rre, E., 'The Strength and The Deformation Properties of
Sintered Alumina Bodies as a Function of Their Composition and Structure,"
Be-:ichte der Deutschen Keramischen Gesellschaft (Reports of the German
Ceramics Society), 41, no. 2,' 5-97 (1964).

Sintered alumina bodies were investigated at room temperature, at '-(2*
and at 18320 F for crushing strength, impact strength, shrinkage and hx'dness
in two series: a) varying the MgO and SiO2 content and keeping the firing
conditions constant, and b) varying the firing conditions and keeping the
composition constant. The crushing strength of sintered alumina conteaining
up to 3.5% mgO or 6.5% SiO? cames up to that of KC + 6 Co. The crushing
strength is inversely Firop6rtional to the grain size above the critical size
of 3-4 mru. Below this size,. effects of porosity, etc. play the first part.
The spLnel which originates from the 1gO addition forms agglomerates increasing
in size with increasing YgO content without affecting the crushing strength.

13. klriux, J. and Rccco, D., 'Reflections on the Fracture of' Thermal
Origin in Refractories Sabjected to Service Conditions, " Silicates
industriels (Industrial Silicates, French) 28, n) 2, 59-7O (1563).

The fractures of thermal origin in refractories in service can take a
.variety of forms. Some can be explained in a simple way but for others the
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absence of a mechanical explanation of the phenomenon has led to the belief
that the influence of physiocochemical processes, which change the properties
-f tne aterial, had an over-riding influence. For the simple case of
refractory bricks exposed to a furnace on one side, the direction of the
thermal shock affects the crack formation--quenchirg acts more intensively
than heating. In practice neither elastic nor plastic deformation occurs,
but a series of intermediate states with varioas degrees of elastic and
plastic properties. Hence, one nwst appreciate the complexity of the
phenomenon and estimate the thermal shock resistance of refractories with
Creat care.

14. Kukolev, G. V. and Nemets, I. I., "Up-to-date Conceptions on the Heat
Resistance of Ceramic Refractory Materials and Means for Its Increase,"
Zhurnal vsesoyuznogo kh3irichesko o obshehestva im. D. I. Mendeleyeva
(Journal of the All-Union D. I. Mendeleyev-, Chemical Society, Soviet),
8, no. 2, 155-62 (1963).

Relevant equations are given for the maximum tempereture difference that
a material can withstand, and cases of quiLk and slow heat transfer, as well
uo 11,e size factor, are discussed. For heterogeneous systems (refractories

w t',amicc), the maximum stresses, as weJ. as the statistics, must be taken
ino consideration. Supplementary to the statistical theory by Weibull, not
ozly the presence of the defects expressed by the homogeneity factor m but,
aloo, their size and position in the naterial are decisive for the heat
resistance. Existing test methods dc not yet conLider the change of a
refractory during service. As a test for cermets, the change of the bending
strer 4th before and after the thermal shock is measured; for alu-,ina-silicate
r-r.ractories changes in the Zgas pern,2ability and adhesion are determined
b fo. and after t' thermal shock. One new method is the determination of
t'-. rocorence of cracks after thermal shock by meusuring the change in the
',sonance frequency of the material or the ultrasonics propagation rate.

Means for increasing the heat resistance are mentioned, such as:
redu2inr the coefficient of ther,tal expansion a; modification of the
cooff1e6enL of shear by microcrack st-acture; allowing mutual displacement
of tne Zrains 'for example, by combining two or more phases); or by using
porous or fibrous ceramics.

15. Lambhrt, R., 'E.nflu n. of the Conditions of The Edge on The Thermal Shock
of a Piece of Flat Glass," Verres Refractories, 14. no. 6, 333-39 (1950).

The rmanner of cutting and fabrication of a glass object can affect its
permanence once it il in place. In effect it can produce momentary tensile
stresses due to local heating which, acting on a point of low resistance, can
produce br.;aking of the glass. The breaking depends not only on the magnitude
of the striss, but also on the nature and on xhe orientation of the already
existing veak points.
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Heating is often local and protected edges, in particular, participate in
different cycles of heating and cooling. In addition, local stresses can be
generated and the extensions are especially dangerous on the edges of the
volume which possess the imperceptible weak points due to handling and the
method of making the edges.

In the extreme case, part of a glass surface is heated by radiation and
a break occurs -it the end of a certain time. The origin of the break is always
located on the closest edge of the heating zone. The break comes from a spot
less resistant and propagates to the heated zone. It can then penetrate into
a part in compression where it expires, but if it goes out of this zone it
becomes violent and spreads over the remaining volume.

If the guard, i.e., the distance between the heated zone ard the edge of
the volume, is decreased without changing the heat source, the time which
elapses between the beginning of the heating and the break also decreases, and
the break becomes less and less violent. If the distance btween the heating
source and the edge is decriased until they finally are in contact) tensile
stresses do not rise a4 lc-ig as the heating period lasts, but a break can
occur on cooling because the. cunditions of cooling a-e no longer the came
between the edge and the interior of the volume. It har been found experi-
mentaliy that the heating time needed to cause a break is a minimum for a
guird ot 10 to 15 mm, and experience has shown that changes in cutting and
nishing zechniques can result in a 70* to 150" F temperature difference at

S sock failure for a piece of flat glass.

16. Lapoujad., Paulette, '%eneral Conceptions Regarding Thermal Shock -
Parts I and II," Silicates industriels, no. 22, 491-496, 578-582 (1958).

Two distinct phenomena in the evaluation of the resistance of products to
sudden variations of temperature ought to be noticed: (1) the appearance of
fissurces at the moment when the resistance becomes insufficient to support the
stresses imposed by the thermal shock, and (2) the propagation of these
fissures whinh can lead to detachment of a part of the ceramic piece considered.

Some very detailed studies have been made, and are being made, on the
natire of therma?. stresses induced by thermal shock by basing everything on
the determination of th? rxdwnm stress supportable by the sample before the
appearance of a fissure. The most generally accepted conclusions a:

1. The resistance to shearing comes into play only slightly in a
sample subjected to a thermal shock.

2. The maximum stress is not alwayz produced at the surface but can
be produced at a certain distance in the depth of the sample.

Often, however, these studies lead to the development of theoretical formulas
which are only valuable under well defined condItions, sad it is evident that
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the formulas can only furnish an approximatc idea of resistance to variations
of temperatures in refractories and onv relate to the appearance of fissures.

Even though the theoretical analysis of the phenomena have their faults,
they can serve to improve the empirical experiments actually made. An
empirical test that is carefully defined 3nd conducted can give as much, if
not more, information on the service life of a refractory product than a
theoretical formula; cince not only the appearance of the fissures and their
propagation is followed, but the fashion in which the product acconmmodates the
Ctress,.s is also taken into account.

Given all the imperfectionz (f empirical tests and the difficulties of
the appJication of theoretical formulas, there has been a several years'
search to find indirect test methods for determinating the resistance of
cerami:: products to thermal shocks. A number of researchers have studied
t ie vAr:ation of the modulus of elasticity E as a function of thermal cycles

r ... by the products, either by sonic meth'.ods, ultrasonic methods, or
: Lo& c ,nethods. Others, owing to the difficulties of measuring E, have
actiireased themselves to resisLance t+o torsion. The study of variations of
the resistance to flexure as a function of amplitude of the thermal shock
imposed has permitted Tacvorian, among others, to specify the "threshold"
for thermal shock supportable by a given product.

Sever.UL researchers have tried to detect the onset of invisible fissures
and relate it:

-- wish the limiting rate of heating, by sonic study of the variation
of the modulus of elasticity, and

-- with the number of thermal shock cycles endurable for example in
France by studying the variation of permeability after two thermal
-hock cycles, or by ultrasonic measurement of the variation in the
modulus of elasticity.

Other researchers have taken for systematic budy the rates of heating
undergone by a piece, or a plate, placed in given conditions and have
measured the time required for fissures to form.

And finally, research on structure is the last of the indirect methods
to have appeared and possibly will be the most valuable since it attempts to
determine what in the very structure of the product can account for the
creation of thermal stresses and for the transmission of these stresses and
the resulting fissures.

17. L'vov, S. 1., Nemchenko, V. F. and Paderno, Yu. B., 'lieat Conductivity of
The Hexaborides of Alkaline-earth and Rare-earth Metals," Dokl. Akadmii
iauk, SSSR (Reports of the Academn of Sciences USSR), L no. 6, 1371-72
(1963).
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Data are given for the heat conduativity of the hexaborides of Ca, Sr, Ba,
Y, La, Ce, Pr, Nd, Sm, EU, Gd, Tb, Th. In all cases, the heat conductivity is
about three times higher than that of the corresponding rmeta-ls.

18. alssinilla, L., and Bracale, S., "Investigations Concerning the Resistance
of a Silica-Alumii. Refractory to Rapid Cooling Tests, " Giornata dei
RefraL-i, .Milan, April 26, 1957.

In investigations concerning the resistance of a material to thermal
shocks the two most common theories delt with are: (1) the theory of
maximum stress, and (2) WeibulI's statistical theory.

For the determination of the actual temperature distribution in a
refractorj wall, it is sufficient to know: (1) the thermal cycle to which
the wall will be subjected (2) the thermal and mech.anical characteristics of
the raterial from which the wall is const'oited; i.e., thermal diffusivity
and conductivity, coet'.cient of rhcrrual expansion, the modulus of elasticity,
and the effect of temperature change on each, and (3) the coefficients of
external thermal transmission and the nature and characteristics of the
external constraints. After the actual temperature distributions within a
refractory and the breaking strengths (tensional and conpressional) of the
refractory are known, it is then possible to make predictions concerning thestaiiIyo" the nicture
otabillry of the rcf.acr,ry to the stresses that take place in the strcture
after a derignated ther.:al cycle.

A choice between the x" cinram stress theory and Weibul.'s statizstical
theory should be iadre by taking into account the value of the homogeneousneso
constant m for the refractory material feaa, Vhich the wall is made. if m
is high, i.e., the material is very homogeneous, the theory of wax1.mum stress
will give adequate results. On the ot'her hand, when a, Ponhomogeneous refrac-
tory material is used or when the wall is to be exqlosed to high rates of
heating or cooling, the zone of high stresses is much smarter with respect
to the whole volumc and Weibull's statistical theory should be used. As a
general rule, Xhen working with materials with a high m, hither than 20 for
sufficiently homogeneous materials, it is superfluous to use Weibull's
statistical theory, but for materials with an m below 3 it becomes necessary
to use Weibull's statistical theory even in the case of slow cooling. In the
intermediate cases, i.e., when the homogeneousness constant for the refractory
is between 3 and 20, it is impossible to know a priori on which of the two
theories the investigations should be based. Nevertheless, even in these

SWebuil a ic... t.h.ory has the most Lo offer because it takes
the homogeneity characteristics of the material into consideration.

Exerimental

Tables II and III give an insight into the various properties of the
refractory materi.is considered. The breaking strengths were obtained oy
averagigj the resalts of 20 to 25 breaking tests on a rectangular section
(Z-O x 30 x 10 iM) of the refractory material to be shocked using 3 point
i naMg wi h 200 mi between the two fixed knifes.
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TABLE II

CHE.MICAL CO'OSITION AND THERMAL AND MECYANICAL CHARACTERISTICS
OF TME SILICA-AlU wWA REFRACTORY U)ER E.P.IMENTATION

Chemical composition SiO2  69.21%

Fe203  3-25% Loss on fire 0.70%

A 203  26,36

Thermal Conductivity 0.405 BTU/ft" ', "hr.

Specific heat 28.9 BTU/ft3.oF

Thermal diffusiv .ty 1.05 x 10 4 "t2!hr.

Linear therma. expansion 3.5 x 10"6 r t .

TABLE III

BREAKING TENSILE STRENGTH, MODULUS OF ELASTICITY AND
HOOGMLJSNESS CONSTAN OF THE MATERIAL AT TDIPERATURBS

BETWFEN 680 AND 14720 c

Minimum Maximum Average Homogen-
breaking breaking breaking eourness Modulus of

Tem. strength strength stas h constant elasticity

(OF) (psi) (psi) (psi) (no dim.) (psi)

68 762 1510 1255 10.9 197,600

752 1105 1840 1465 9.4 221,600

1202 1520 2090 1685 91 3256,000

1472 1520 3210 2115 9.4 292,800

15o

.. ., _ . . ,- -.



The testing was done on panels cut from bricks so that the walls were
120 mm thick. These panels were slowly heated until both the oven and the
panel were at the testing temperature and a nearly linear t.perature
distribution was established. All data concerning these t-L.t. are listed in
Table IV. The value of the homogeneousness constant m of -%e material was
close to 9 so it was not possible to state a priori whet er 'e theory of
maximum stresses or Weibull's theory should be used. P--duse of this
uncertainty both theories were used so that the results could be conrpared.
The temperature distribution in the wall and the tensions that take place in
the refractory during the determined thermal cycle were calculeted at time
intervals of 0.58 seconds. In all calculations, m was assumed to have a
constant value of 9.4.

It can be deduced from Table IV that, as a general rule, the theory
of maximum stress is sufficient enough to make predictions on the resistance
to rapid temperature variations of the refractory. In all the tests the
1efractory was fractured wen the maximum generated stress was roughly close
to the critical strength of the material. However, the comparison between
the stresses generated in the wall and the critical strengths was uncertain
in some tests where the maximum calculated stresses were sometimes 20 to 25%
lower than the average breaking stresses and, yet, the wall was fcactured.
These uncertainties are caused by the disputable physical significance
of the average breaking strengths and can be eliminated by using Weibull''s
statistical theory. The refractory wall is characterized by a fairly well
defined breaking risk (close to 13).

19. Neshpor, V. S. and Ordanyan, S. S., "Shear Moduli of the Silicides of
Some Transition Metals," Poroshkovaya metallurgiya (Powder Metallurgy,
Soviet), no. 1 (19), 23-28, (1964).

The shear moduli of MoSi2 , WSi2 , ReSi2 , Mo3 Si', MoSiq, ReSi, Re Si, and
MoGe2 were studied experimentally. Data on the velocity of sound an the
shear modulus were obtained for the first time. The convalent bonds between
the silicon atoms in higher siliciP'-s were found to be predominant.

20. Neshpur, V. S. end Reznichenko, M. I., "Investigations of the Thermal
Expansion of Some Silicides," Ogneupory (Refractories, Sovlet), no. 3,'31-37 (1963).

On the basis of a empirical formula a = atb  (where a and b are constants,
and t is the melting point), a was calculated for the silicides of T; V, Cr,
Co, Ni, Fe, 7r, Ib, Ta, W, Re) La, Ba, Mg, and U and compared -with data
obtained experimentally. As a rule, the deviations vary between 5 and 10%,
but sometimes they vary between as much as 20 and 40%.

1

. .3,51



4-1 Y) to~ C4 I Q to "a V2 to co to ta

\ L~C

A 1 ri I H q - 4

$4a 4-1

-f- CO ?9 ) 0 0 0 8c 400

0 0 0 0 0 0 ~ 0 -0 D 4'
0E-4 CC) t-\ Cr) CC)CO

vi nO (M

U2i

t o 0 0 0 0 0 0 0 0 4

4) 44' 4'%

0 0D 4)O O

0 0t 0 0 0a 0o t o t

9 H

r4

W152



EQ d ) $L
0 4-3 U2
.1-I (Cd I
4-) kI 41)

Cl

00000 0

4,3 o~ oC oI oH
H- _: H Hq H HY n n H

41)4

o E4 4-C) ' 0 0 0 0 0 0n
a) co rt) N

0 to 4 O
E.4~~~~~ X P4 P4 H H H

0

4.)) ** ..

0 E0to w1-. _., 01 410* 41)00 0

-ti CO (1 t -l m '

w 0 0 0 00 0- 00

E153



N4-

4J CS '!) 4. t)

E-4 4J 0

+11

to CH

P4 I

rH CO~
CO rt~o (A 0 ij-4-

() ~a 4,a -1 to 4401
04

a

0 CH

CO 43

0H 0. r' LA4 rj0 94I
t4trq



21. Poluboyarinov, D. N., Bashkatov, V. A., Serova, G. A., Golubeva, Ye. V.
and Shlemin, A. V., 'Test of High-refractory insulating Materials
in lithium Vapor and in Vacuo at High Temperatures," (eupory
(RefLactries, Soviet), no. 2, 82-89 (1964).

The compounds Zr02 , ZrSiO2 , CaO, and MgO are unstable against thermal
shock.

22. Robijn, P., 'Neasurement of the Mean Specific Heat of Refractory Material,"
Silicates industriels (Industrial Silicates, French) 28, no. 5, 247-53
(1963).

Changes of the specific heat can point to the structural changes, as, f.
i., with zirconia fusion cast refractories for which the specific heat is
variable due to different degrees of stabilization. For A1 2 0 , NgO and ZrOa,
the thermal shock (2282/680 F) produced no change of the specific he ' and
thus no structural changes.

23. Rubin, G. A., 'Thermsl Shock Resistance of Ceramic Materials.," Berichte
der Deutschen Keram Gesellschaft (Reports of the German Ceramic Society
.4,no. 1, 13-15 (1963).

The temperature dependence of the thermal shock resistance of sintered
alumina an beryllia was studied by use of ifterature values and recent
measurements of the tensile strength, thermal conductivity, linear expansion
coefficient, and tha modulus of elasticity of these compo unds. In the case
of a moderate heat exchange rate on cooling, BeO is found to be far superior
to A12 03 because of its high thermal conductivity, and wi~h a high heat
exchange rate A120% is more resistant than BeO because of its higher strength.
When a sintered polycrystalline material vith a porosity of 2-3% was exposed
to a temperature gradient of about 4110 0 F/inch per 0.1 sec., the maximum
stress in the contour zone was found to be 20,600 psi for A120 and 10,700 psi
for BeO. Investigations with A12 03 compositions have shown that a change in
the modulus of elasticity due to a decrease in temperature is a useful measure
for the thermal shock resistance of a material.

2h. Schwiete, H. E., "Contribution To The Development of Methods for Testing
Refractory Construction Materials for Thermal Shock Resistance," Trans-
actions of the 8th Ceramic Congress, 1962, p 193.

The behavior of refractory construction materials to thermal shock is
often of decisive importance for their uae. The test processes in current
use can be divided into two principal groups:
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1. Technological investigations, and

2. Analytical processes.

The method most used in Germany for determining thermal shock resistance
is the test according to DIN 1068 B. In this test the solid samples, 36 mm
in diameter and 60 mm long, are heated to a temperature of 17420 F and
quenched for 5 minutes in running water at, 50-680 F.

In Austria it is felt that the results of thermal shocking basic ceramics
in water can distort the results because of hydration. So ceramics are heated
for 50 minutes at 17420 F and cooled by laying them on an iron plate and
blowing them with compressed air for 10 minutes. After a fixed number of
quenches, if Lhe ceramics have not been previously broken, they are evaluated
according to their appearance. To supplement these results, the loss tn
bending strength can be ascertained.

Knonpicky, in modification of DIN i1.068 A. has developed a test procedure
in which the ceramics to be studied are loaded into the furnace so that 1/3
projects into the furnace, 1/3 is cooled by the outside air, and the middle
is surrounded by the furnace lining. In this test pcocedure the ceramics
are turned after the front. end has reached test temperature. In addition,
there are other test methods in use in other countries.

On the basis of long experience it can now be stated, especially in
the case of D1T 1068, that,

1. The experimental results are affected by subjective influences,

2. The test does not correspond, in severity, to service stresses
or other stresses because of the presc.-ribed maximum temperature,
and

3. The test does not differentiate between various types of ceramics
and does not consider the mineral structure.

Because of these deficiencies, it is sometimes preferable to calculate the
thermal shock resistance from measured physical quantities. However, these
computed results have not been too successful in practice.

In order to obtain reproducible results on the thermal shock behavior
of refractory materials, the customary water quench should be replaced by
a less drastic cooling method and a standard ceramic should be used as the
test body.

The Aachen netaiod best approaches these "ideals." With this method
ceramics are placed in a gas-heated furnace at temperatures of 17420, 18320,
.02-0, or 2192° F. Quartz rich materials are preheated in a special furnace
in the region of the quartz transformation. The ceramics are then held 40
minutes at the investigation temperature, taken from the furnace, cooled
on a water cooled copper plate to 3920 F for one hour, and returned to the

t
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furnace and heated again. As a criterion for thermal shock resistance a
decrease of bending strength is recorded after a fixed number of quenches.

A number of ceramics were tested for specific weight, water uptake,
porosity, bending strength, and cold compressive strength both before and
after thermal shock testing. Good agreement between the Aachen method and
the results of Konipicky was established. In particular, the results show
that the specific weight ii somewhat decreased by the varying shock while
the values for water uptake and porosity increase; however, the variation
of these data is small when competed to the strength change.

In other experiments ceramics were quenched according to the Aachen
method. The 2ooling time from 17420 F to room temperature took 2 hours on
a cool plate and 12 hours in air. The ceramics were tested, both before
and after thermal shock tests , by sonic methods. The following types of
-eramics were investigated:

1. Hard fire clay AI

2. Dry pressed fire clay ceramics, grades AI, All, AI1

3. Plasticaly formed fire clay ceramics, Crades Al, tll, AIIM

In all cases investigated, a good parallelism existed between the decline
of frequency and the decline of bending strength, and in all cases a strong
decline of the natural frequency was observed after the first thermal cycle.
It was concluded that the variation of natural frequency of the investigated
refractory ceramics can be taken as . criterion for evaluation of thermal
shock resistance. It would be ideal if the natural frequency of these
materials in their new condition cauld be taken as the c17iterion for good
or poor thermal shock resistance. It would then be possible to test ceramics
nondestructively and afterwards use them for construction. However, given
the present state of these investigations and the results up till now, this
appears as a distance future possibility.

25. Sieder, N., "Physical Properties of Quartz GlFss and Quartz Ware,"
Silikattechnik (Technology of Silicates, Eastern Germany), D no. 4,LL6-zg96).

Quartzglass (I) was melted from pure mountain crystal, qt'artzware (II)
from nIre quartz sand. For I, the following mechanical characteri:atics vere
found: crushing strength 92,000 psi, tensile strength 8500 psi, bending
strength 14,000 psi, impact strength 15 psi. The values for II are only 1/2-
1/3 of the values for I. The thermal expansion coefficient of I is 3 x 16-7
at 680 F and 6 x Io"7 at 21920 F. From this follows a high thermaL shock
resistance: samples with a wall thickness of up to 3 mm stand the:rmal shocks
of 18320 F/air. Slowly cooling to 350-4500 F causes the a - p cristobalite
transforrtion, a decrease of the volume, and the destruction of the sample.
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26. Solomin, N. V., 'Thermomechanical Stress in Joints Between Glass,
Ceramics, Metaln and Other MLaterials " Steklo i Keranmika (Glass &
Ceramics, Soviet5, no. 8, 14-15 (1962).

Formulas are derived for the tangential stress between two thin coaxial
cylinders havirg different thermal expansion coefficients. It was found
that the taruential stresses do not depend on the radius.

57. Spath, W., "TherMal Shock Resistance of Refractories. III," Radex-
Berichte (Radex Re rt', Austria), no. 5, 221-30 (:t962).

The r.cJpr.ca: .e'ori sresses occurring in refractory materials are
compared gith pbeno :ana obs.,'rved in prestressed glass and on germanium single
crystals. The use of tbe polrizing microscope and the determination of
dislocations promise further progress with regard to the elucidation of tne
microstability during stresses caused by temperature changes. However,
phenomena caused by these stresses can only be elucidated by a very close
iritation of the conditions met in practice.

8. Spath, W., "Statistics of Internal Processes in Solids," Radex-Berichte
(Radex Reports, Austria), no. 3, 462-70 (1963).

The agglomerate of a solid body is considered as a statistic collection
of numerous elementary ranges, the behavior of which under any influences
follows statistic principles. This is set forth on the example of the
p icreoctse damage of a solid body under alternative mechamical stressing,

.... - .A ,usns are u rawn regarding the deterioration of refractory materials
undo alternative thermal stressing.

29. Spath, W., "On The Resistance of Refractory Materials To Thermal Shock,"
Radex-Rundschan, no. 5, 673-88 (1961).

Considerations regarding thermal shock resistance, as a rule, proceed
from the statement that: due to temperature differenes between the individual
parts of a ceramic piece, perhaps between its surface --.d its core, opposing
mechanical stresses are produced which lead to formation of cracks and
ultimately to spalling. Thb complicated process of crack formation aMi
salig 1! i. i..... by thc elasticity, teral expansion, tensi.e strength,
thermal conductivity, temperature distribution in the ceramic and, above all ,
the structure itself. It is well known that a method has been long sought to
bring these physical quantities into formal relationships in order to determine
the thermal shock resistance mathematically. However, caution must be used
to avoid attributing too much importance to relationships characterized by
such formulas for quantitative purposes. These relationships are oet up under
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the assumption that a homogeneous bcly is shocked, but it must be remembered
that refractory ceraxics are not homogeneous because of the distribution of
crystals and the pore structure.

A refrantory material can be conceived ae' a statistical collection of
numerous elementairy regions in which portions with entirely different
mechanical and thermal properties adjoin. Each of these elementary region,-
represent a "compound solid. " Because of dissini.lar coefficients of expansion
of the components mutually bound in the most varied fashions, micrcoscopically
distributed st ressss arise between these various structural constituents of
the material. A characteristic of these stresses is that they are operative
when the temperature of the entire solid under investigat-ion is completely
unitform and depend, to a large extent, on the temperature at hand. With
varying temperatures the entire structure consequently must "breathe" and
very high loads can arise from the stresses so that local breaks can occur
'In the structure. These nicroscopic stresses caused by dissimilar
coefficients of expansion cannot be relieved by annealiii. By sufficiently
stror& heating these stresses can be made to disappear, but they must
reappear r'on subsequent cooling.

It can be concluded from the foregoing considerations that with cyclic
heating of a refractory cermide detects appear which depend on two entirely
different processes which must be rigorously differentiated. Upon heating
Cifferent temperatures occur in the individual zones and cause opposing
stresses in these zones. The capacity for resistance to these stresses upon
cyclic repetition of the heating will be called "macroresistance to thermal
shock."

However, a second cause of the defects which occur is to be differen-
tiated from this. Opposing stresses exist between the different structural
constituents and therefore also between crystal grain and cohesive phase
becw.ie of the uneqLal coefficients of expansion of these rtructural
constituents. These "microstresses" vary with the temperature so that very
finely distributed forcez of varying direction appear as a function of the
instantaneous temperature. The resistan.e of a refractory material to this
"breathing" of the entire structure will be called "microresistance to
therrmal shock."

Obviously, a certain interaction cbn exist between the two effects,
and since the effects obey entirely different laws, very different types of
phenomena are to be expected from the interaction. Delay phenomena of a
fracture with cooling can be explained by the course of microstresses. With
coolin the inrostrescs uall. y. increase. When a structure is suddenly
quenched, the microstresses, which are still small, suddeniy begin to grow
steeply. Therefore, a certain time can vanish before the total intrinsic
stress reaches a maximum and the strength of the material is exceeded-

30. Spath, W., '*Xhe Thermal Shock Resistance of Refractory Materials," Radex-
Sbandschan, no, 13, 3-13 (1962).
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1. 6. S. Manson ("Behavior, of Materials Under Conditions of Thermal Stress,"
fArA Report 1170 (1954] ) heated geometrically similar samples of steatite
to a definite temperature and then quenched them, either in water or in air.
As an index of effectiveness, the temperature difference between the hot solid
and the cooling medium, which le&ds directly to a breaking of the solid to
be studied in a single thermoshoc3k, was used.

When a graph of the temperature difference versus the reciprocal of the
..mple diameter was plotted, a straight line was obtained not only for
qTenching in water but in air also. The line for air quenching lies
noticeably higher and both lines intercept the ordinate at a critical
temperature of 2500 F.

z. F. J. Bradshaw ('The Improvement of Ceramics for Use in Heat Fngines,"
Tueh. Note 'M 111, British RAE [Oct. 1949] ) investigated the behavior of
samples of beryllium oxide and aluminum oxide with mild air quenching and
more abrupt quenching in water. In this case the particular critical
temperature at w.,ich the swuple cracked with a single shock was determined.

With air quenching, the beryllium oxide samples resisted up to a
te :tra,'ure of 14180 F and tne aluminum oxide samples up to a temperature of
i053" F. Therefore, for this test, the beryllium oxide was rated much higher.
Thc'n watei quenching was used the corresponding, temperatures were 7970 F for
beryLlium oxide and 9790 F for aluminum oxide. The classification for abrupt
quencning was thus inverted.

3. Durin, lerwn experiments on turbine blades in 1938, which are described
by Mianson, ex-perimental pieces were heated for one minute in a gas flame
and then cooled for three minutes in air. Two maximum temperatures were
chosen; first, the heating was chosen in the region between 120C ° F and
12900 F: and in a second series of experiments the iaxl.-in temperattv.we was
raised to 1530 - 16500 F. It was shown that a material whicn was r.!garded
as the best with the high heting behaved the poorest at the lower temperature.

It should be mentioned with regard to this series of experiments thaf
experLments comparing thermal shock resi3tance to breaking strength at rocui
temperature gave no correlation. The 3ame holds for the creep pror'erties at
13280 F. Two materials with about a 23 per cent difference in breaking
strength possessed the identical thermal shock resistance. Two materials
with practically the same. creep properties withstood the lowest and the
highest number of thermal shocks.

The author shows that the apparent contradictions listed in the th-re
examples above can be explained qualitatively by the interactions of different
types of stresses (micro- and macro-stresses) and the damages caused by them.
The author then points out that a conclusion for carrying out thermal shock
investigations ought to be established by practical experiences as well as
by theoretical considerations. If a test piece of definite form is studied
in the usual way for determining thermal shock resi3tance of a material,
within a definite temperature interval and idth a definite velocity sequence
of tcjqerature change, then only one particular case is singled out from the



abundance of combination possibilities. Such a "one-point" measurement can-
not characterizo a fixed material reliability and completely, nor classify
its worth fairly in compari.sou to other materials. Under experimental
conditions, other indexes are to be expected whereby two materials can be
classified exactly the inverse. This is true for changes of geometric form of
the test piece, with charges of extent and position of the temperature interval
of the thermal shock, and also with changes of velocity sequence. Measurements
in which more .evere experimental conditions are chosen for short cut purposes,
as are expected in more recent work, will usually not be able to yield any
valuation related to practice. A material established as good by means of a
test can prove poorer in practice than a second material which was classified
poor by the sane test. There also exists the opposite possibility, namely
that a material classified as poor behaves better than expected in practice.

31. Troshcherno, V. T., "The Effect of the Loading Rate on 'che Strength
Characteristics of a Number of Cermets," Poroshkovaya metallurgiya
(Powder Metallurgy, Soviet), no. 1 (13), 26-32 (1963).

The materials investigated were: 7% Cr3Cq + 25% Ni; 65.835 SiC + 25.13
Cfree + 9.04% Sifree, and iron base cermets witha 15% and 34% porosity. The
effect of the loading rate V on th9 strength of these materials was studied in
the range between 1.4 and 1.4 x 10 psi/sec. With increasing loading rate, the
strvngth characteristics of the investigated cermets grew by 10-20a. The
following, relationships were found: a = 80,500 + 1.36 log V for Cr C2 base
material; a = 19,500 + 0.5 log V for SiC base material; a = 28,00 + 0.39
log V for iron with 15% porosity, -nd a - 8800 + 0.78 log V for iron with
34 porosity.

32. Vaysfel'd, N. M., Gorbachev, A. A. and Yusim, L. M., "Crystallization )f
Light-senritive Glasses in Dependence on the Isolati)n of the Crystalliza-
tion Centers," D&2. Akadeiaii nauk SSSR (Reports of the AcademV of
Sciences USSR), 152, n,. 4, 901-0 (].3).

The folowing results iere obtained from electron microscope investigations
of L1)2-AP1903 -SiO2 ghss with colloidal Ag particles: Slow heating (70 F/min
up to 13826 F) gives a non-uniform crystal structure. Thermal shock (inserting
of the specimen in the furnace previously heated to 13820 F) gives a dense
fine-crystalline structure due to the fo.rmaticn of numerous crystallization
centers whose number increases when thermal shock is repeated.

33. Verworner, 0., "The Importance of Mineralogy in the Refractories Industry,"
Silikattechnik (Technology of Silicates, Eastern Germany), 14 no. 7,
213-16 (1963)
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The author points out that the mineralogical-petrographic investigation
permits clarification of the different behavior of refractories and their
resistivity against thermal shock.

34. Gugel, E., "High-Melting Materials and Theic Application For Re'ractory
Purposes, " Ber. Seut. Keram. Ces., L 4_2 ho. 9, 533-43 (1963).

The demand for refractory materials is steadily increasing, especially
where qualitative requirements are foremost. For a long time, and especially
during the last twenty or thirty years, new materials have been sought and
known high melting materials have been tested for their applicability for
refractory purposes. This development has been caused, on one hand, by the
incr ise in temperature of technical processes and, on the other hand, by the
dem,.nd for heat resisting construction parts in such new fields as rocket and
space technology and reactor technology. All other technical fields which
have a demand for refractory materials profit from the results of this reseexch.

This paper gives a survey of the production of refractory materials
already in use and of potentially applicable high-melting materials. It deals,
at first, with the properties of basic materials because these determine the
1,szibility of application. The production is slightly touched upon in its
p rincipal poseibilities, &nd applications are given in typical cases for the
v,'ry modern materials.

Materials considered are: metals, carbon, borides, carbides, nitrides,
-xides, silicides, intermetallic compounds, phosphides, sulfides, fluorides,
bride-metal compacts, carbide-metal compacts, nitride-metal compacts, oxide-
metal compacts, metal-free compacts, and mlticcmponent compacts.

35. Paquin, Pol, "Trends of the Evolution of Ceramic Products," Suppl. Bull.
Soc. Fre.ic Ceram 51 (October-December 1962).

A bibliography, 200 references, is established from books and articles
published from 1959 to 1962 in the field of material science. The rapid
development of ceramic products is examined, and attention is given to
applications in the nuclear, aerospace, and electronics fields and to the
material requirements for these applications. Considered are the monoxides,
mixed oxides, carbides, nitriles, silicates, bor:,des, sulphides, fluorides,
graphites, cermets, mineral polymers, ceramic wh:,skers, composite materials,
,and coatings.

36. Arabey, B. G., Shtrom, Ye. N., and Lapitskiy, Yu. A., "Features of the
Technolgoy of Manufacturing Compact Parts and the Mechanical Properties of
Some Hexaborides of Rare Earth Metals," Poroshkovaya metallurgiya (Powder
Yetallurgy, Soviet), no. 5 (23), 65-70 (1964).
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The authors studied the regularities of hot pressing and the mechanical
properties of hexaborides of La, Sm, Eu, and Dy. It is shown that compact
parts with a density close to the theoretical, made of LaB6 , SmB6 , EuB6 , and
DyB6 , may be Obtained by hot pressing at 34800 to 37200 F.

The hexaborides of the TR elements have a high brittleness.

37. Burykina, A. L., and 1revtushok, T. M., "Investigation of Contact Inter-
action of Metal-like Carbides with Graphite at High Temperatures in Vacuo,"
Poroshkovaya metallurgiya (Powder Metallurgy, Soviet), no. 2 (20). 19..21

The authors established that carbides of Ti, Zr, Hf, Nb, Ta, Mo, and W
do not interact with graphite in vacuo at temperatures up to 3990 0 F during
I0 hours.

.8. Fesenko, V. V., and Bolgar, A. S., "Evaporation Rate and Vapor Pressure
of Carbides, Silicides, Nitrides, and Borides," Poroshkovaya metallurgiya
(Powder Metallurgy, Soviet) no. 1 (13), 17-25 (1963).

A review is given on literature data as to the evaporation rate and the
vapor pressure P of carbides, silicides, nitrides, and borides of transition
metals. Own investigations were carried out with TiC, TiB2, and LaB6 at
te-rperatures up to 41500 F. The refractory compounds dissociate in vacuo,
,ind the vapor pressure is determined both by the vapor pressure of the metal
and that of the etalloid. The evaporation rate of refractory compounds
generally increases, for the same metals, according to the series: carbides <
borides < silicides < nitrides. The partial pressures for TiB2 at 21930 K
are: PTi = !.921 10-7 at, PB = 1.82810-7 at; and for LaB6 : PLa = 9"78"Off

7

at, PB = 16.3"0-7 at.

39. Perex y Jorbe, M.; Tilloca, G.; and Collongues, T., "Structure and
Properties of Strontium Zirconate, " International Symposium on
Magnetohydrodynamic Electrical Power Generation, Paper No. 78, Paris,
France, July 6-1i. (l16).

The equilibrium diagram ZrO 2 - SrO was investigated. The material SrZrO3
is of interest as an ultra-refractory material because of its high melting
Moint. its mcIting point (approximately 5070° F) is higher than that of
CaZrO3 and BaZrO3 . If the SrO content exceeds the stoichiometric ratio, the
stability of SrZrO3 is impaired. In addition, any contact between SrZrO3 and
alumina must be avoided.
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hO. Rakovskiy, V. S., "The Strength of Cermets," Poroshkovaya metallurgija
(Powder Metallurgy, Soviet), no. 5, (ll), 45-5-0 (1962).

The results of mechanical tests obtained on the cermets TiC - Co, TiC-
Ili, and TiC-Mo, close by their nature to WC-Co, at temperatures of 680 aad
21920 F confirm that "refractory compounds - metal alloys" are brittle within
a wide range of changes in bond and temperature. It is shown that "skeletal
structure" of the material of SiC - C type secures a greater strength
(7100 to 8500 psi at 21920 F) than the structure of "scattered type"
(3oo to 420o psi).

i. Ryshkewitch, E., "Oxide-Metal Compound Cermets," Plansee Seminar on
Powder Metallurgy, Preprint Paper No. 34 (June 1964).

The most promising way to expand the applicability of available materials
is to combine two or more appropriate constituents to new composites. National
Beryllia Corporation (USA) de-eloped several methods of blend-uniting and
joining such dissimilar construction materials as beryllia (or other refractory)
with tungsten (or some othe refractory) metal or carbide to produce compound
bndies of uniform of gradient composition, including pieces consisting of pure
ointered beryllia at the one end and pure sintered tungsten on the other.
Nozzles of rocket engin-s, nose cones of extro-atmosphere reentry missiles
ald other responsible construction parts of low specific weight and high
thermal and mechanicAl stability can successfully be made from such composites.
The problem of incorporating beryllium metal powder into the sintered beryllia
matrix was solved by a method of programmed hot-pressing, with the results
that gradient or uniform BeO-Be compound ceramics were produced, containing up
to 50 volume per cent Be metal. At temperatures surpassing 2700' F porous
ceramics lose their heat insulation properties and become increasingly good
heat conductors. Barriers reflecting and dissipating photons were introduced
into porous ceramics. To this effect, to zirconia foam of a 80 volume per cent
porosity tungsten flakes, 20-44L in diameter, and tungsten-coated hollow micro-
spheres or zirconia about 200p in diameter were introduced in amount 0.3 up to
I volume per cent of the foam. Porous zirconia with barriers transfers at
43500 F only 1/4 of the heat zransferred by the same body without barriers.

h2. Yerouchalmi, D., '1aterials and Structures for the hD) Conversion in
Open Cycles," International Symposium on Magnethydrodynamic Electric
Power Generation, Paper No. 75, Paris, France, July 6-11 (1964).

The dependence of electrical conductivity (permissable - 3 ohm/ft) on
temperature shows that M.O cannot be used beyond temperatures of 25500 to
22000 F, whereas SrZrO3 can be used even at 33500 to 36000 F. The compata-
bility of insulating ceramics with conducting materials was also tested and
It was f und that M.O reacts with ZrO2, TiB2 , and TiC. A possible solution
to this problem is that an inner layer which is compatible with both materials
coula bt- used, such as CeO2 .
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43. Antonova, N. D., Kalinina, A. A. and Kudryavtsev, V. I., "Obtaining
Materials oi, a Silicon Carbide Basis with Additions of Boron and Aluminum,
and Some of their Properties," Poroshkovaya metallurgiya (Powder Metallurgy,
Soviet), 1 no. 6, 54-60 (1962).

Silicon carbide with additions of 1 to 5 by -weight B, or 5 to 10% by
weight Al was pressed at 6360 psi and heated to 3620 to 39600 F. The crushing
strength increased from 21,000 psi for 1% B to 100,000 psi for % B, and
dropped from 75,000 psi for 5 QI to 28,000 psi for 1C Al. Increasing Al
content reduces the refractoriness owing to easier oxidizability. Compositions
with 3 to 5 Al withstood more than 100 (21920 F to oil) thermal shocks.

44. Budnikov, P. P. and Cherepanov, A. M., "Some Zirconium Compounds and tne
Fields of Their Application," Zhurnal vsesoyuznogo khimicheskogo obshehestva
im. D. I. Mendeleyeva (Journal of the All-Union D. I. Mendeleyeva Chemical
Society, Soviet) 8,_ no. 2, 141-48 (1963).

A Survey is given on the use of ZrO2 and ZrSiO4 as refractories. Mentioned
is the use of ZrO2 with addition of Ti, Zr, Cr, Mo, W, V, or Nb in aeronautics.
Literature data are given for crushing strength, linear Thermal expansion
c efficient, elasticity modulus, specific gravity, and heat conductivity. The
refractory from fused cast ZrO2 + 3C monoclinic ZrO2 withstands 150 thermal
shocks and is used for steel casting, for crucibles for Pt or Ir melting and
for quartz melting.

45. Guzman, I. Ya, Kosmissarova, N. M., Krutikova, I. M. and Stepanov, M. A.,
"Sintering and Certain Properties of CaP2 Ceramics," Ogneupory (Refrac-
tories, Soviet), no. 4, 182-85 (1964).

Pure and commercial CaF2 powder of varying grain size was sintered at
15600 to 23700 F. Sintered commercial Ca&- had a crushing strength of 34,000
to 42,000 psi and a bending strength of 7000 to 8500 psi, ,,hereas ceramics
from pure CaF2 reached only 14,000 to 16,000 psi and 420C to 5000 psi, respec-
tl.v-iy. The small heat shock resistance of CaPp is due to the high thermal
expansion coefficient (- 14 x 0-6/°F) and to the low heat conductivity of the
naterial. Coarse grained CaF2 ceramics, however, stood twenty thermal shocks
(14720 F to air).

46. Guzman, I. Ya., and Poluboyarinov, D. N., "Some Properties of Porous
Ceramics Prepared From Beryllium Oxide," 0neupor (Refractories, Soviet),
rio. 10, 457-62 (1962).

BO was foamed with a colophony-glue foamer then fired at 30920 F. The
thermal conductivity was found to be 1.5 BTU/ft'hr'OF at 255'. F, the specific
density 0.65 (- 78& porosity), the softening point was higher than 3270 F, and
the material had a crushing strength of 16,200 psi.
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47. Kuk Nlev, G. V. and Nemets I. I., "Introduction of Organic Liquids into
Fireclay Prcducts for the Purpose of Controlling the Stn:cture and
Improving Their Thermal Stability," Ogneupory (Refractories, Soviet),
no. 2, 85-92 (1963).

The addition of a water-repellent liquid to fine grained fireclay before
the addition of the binder causes the formation of microcracks on the grain-
binder interface and increases the thermal shock stability (23720 F - water).
The optimum addition is 10, the product resists 4 thermal shocks instead of
only 2 without an addition. However, the addition of the water-repellent
liquid to the binder causes the formation of pores in the binder and lowers
the thermal stability.

48. Kutateladze, K.. S. and! Zedginidze, Ye. N., 'The Problem of Nitriding
Kaolin," Zhurnal priladnoy khimii (Journal of Applied Chemistry, Soviet)
36, no. 2, 283-87 (1963).

Investigated was the feasibility of obtaining nitride refractories by
nitriding kaolin in the presence of aluminum powder: 3(1 203 "2Si02.2H20)
4 8A! -. 7A1203 + 6Si + 6H2 0 + heat. The Si is bonded to Si3N4 in nitrogen
a ',zph-re at 25952 F (4 hours firing). The refractory obtained is conposed
of A 203 and Si3N4, it does not show shrinkage, it has a compression strength
equal to 5000 psi, and a refractoriness up to 34500 F. The specimens are
not destroyed after 20 thermal shocks 15620 F/water or 21920 F/air and stand
40 shocks 29120 F (25 sec) to water. The maberial is stable against molten
metals and is obtainable from an inexpen3ive raw material.

4,. Lukin, Ye. S. and Poluboyarinov, D. N., "Some Thermochemical Properties of
Ceramics from Pure Oxides," Ogneupory (Refractories, Soviet), no. 7,
318-23 (1963).

The following ceramics were investigated: pure A1203 , A1203 + 1 Ti02,

Al 3 + 5 ZrO2 , A12 03 + 1N 1gO, A1203 + 1% Tie2 + 4 ZrO, ZrO2 + 8 to
t4Y CaO or Ng0, pure MgO, and BeO. The softening point of the ceramics based
on A1201 lies between 33800 F and 35100 F. MgO and BeO have a higher softening
point bfit are volatile in vacuo. Zirconia stabilized with MgO has a bending
strength 31,000 psi after thermal shock (2372° F to air on 15620 F to water).
At high temperatures NgO and BeO hare a higher crushing strength t.han the other
oxides (4800 to 5100 psi at 32700 F).

50. Margulis, 0. 14., and Stovbur, A. V., "The Stability of Oxide Products,"
Ognupory (Refractories, Soviet), no. 5, 206-09 (1964).

The stability of specimens of btO or of ZrO2 stabilized with 8% CaO and
with +he addition of monoclinic ZrO was investigated by repeated rapid heating
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and quenching. At 32700 F, MgO ana ZrC2 products were found to be compatible.
The thermal shock stability for MgO was found to be 3 at a temperature drop
34520 F to 7520 F, 120 at 34520 F to 18320 F, and 400 at 34520 F to 27320 F,
and the thermal shock stability of ZrO2 was found to be 1 to 2 at a tempera-
ture drop 34520 F to 7520 F, and 30 at 34520 F to 27320 F. Monoclinic ZrO2
is regenerated because of the decomposition of the solid CaO-ZrO2 solution
during thermal shock cycles.

51. .argulis, 0. M., Usatikov, I. F. and Kamenetskiy, A. B., "Large Size
Zirconia Products with Increased Thermal Stability," Ogneupory
(Refractories, Soviet), no. 2, 63-67 (1964).

The following results were obtained from experiments made at the pilot
plant level: Zr02 + 4 CaO fired at 28700 to 29500 C withstood only one
thermal shock (23720 to 680 F). An addition of 15% monoclinic ZrO2 and firing
at 31820 F gave an average thermal stability of 3.5 to 9.5 thermal shocks
(29120 to 68c F). Large sized products which were manufactured by the
improved method stood 15 (23720 to 680 F) and 3 (29120 to 680 F) thermal
shocks.

52. Poluboyarinov, D. N., Yalliga, G. P. and Lyutsareva, L. A., "Problems
of Stabilization and Sintering of Highly Pure Zirconia," 0
(Refractory, Soviet) no. 

4, 175-79 (1963).

Zirconia, 99.5%, was sintered with additions of 4 to 15 mol % CaO or
I. 0. Oxidative firing at 31100 F for 5 hours resulted in total sintering with
1C% stabilizer and gave a bending strength of 21,600 psi and 1.9,600 psi after
thermal shock (23720 F to air). Higher stabilizer content decreases the bend-
ing strength. A l0 addition of stabilizer causes a low density (325 lb/ft3

with CaO, 330 lb/ft3 with MgO). Firing at 3990* F has no effect on the
density. Higher density can, be obtained by (a) a 1C% addition of a Ca compound
with another anion (333 lb/ft3 with CaF2 , bending strength 27,700 psi, but
only 13,600 psi after thermal shock) or (b) preliminarily firing of the initial
ZrO2 (giving similar values).

53. Rummel, W., 'I.1terials For HD Ducts," International Synposium on
ldagnetohyd.rodynamic Electrical Power Generation, PRpcr No. 73, Paris,
STance, July 6-11 (1964).

The possibility of using various ceramics as insulators at a plasma
temperature range of 400 F to 494o0 F was studied. ZrB2 and Zr11 alone or
with the addition of Zr02 , CaO, or SiC for improving the oxide skin proved
to be stable in 10 minute tests. In the case of ZrO,2 the oxide skin was
destroyed on zooling; this destruction is (ue to the transformation of the
tetragonal modification into the trigonal modification at 18300 to 20100 C.
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A 4 addition of CaO has, however, a stabilizing effect. Furthermore, quartz
which forms from added SiC or silicides can act as a stabilizer. Other
material combinations which proved to be stable were: 90% ZrB, + 10% SiC,
9$ ZrN -1 1i0 SiC, and 90% ZrB2 + 10% MoSiO2. A difficulty was encountered
in that the seeding material used (K20) destroys any layer which contains
Sio.

54. Sukachev, V., "Experiments on the Use of Lithium Carbonate in Ceramics,"
Srechsaa. fir Keramik, Glas und Email (Consulations on Ceramics, Glass,
and Enamel., German) 97L no. 13, 387-88 (196'1).

Although favorable results have been obtained in preliminary experiments
on the working of bodies with additions of 0.1 to 0.2% Ti2CO3, difficulties
occurred on an iudustrial scale in the drying process. The cast articles had
a low thermal shock resistance which was caused by the crystallization of
lithium aluminosilicates in the glass phase. The resultant crystals had
a negative expansion coefficient while the coefficient of expansion of the
glass phase was positive, and large internal stresses were developed. The
difficulties were overcome by rapid cooling (5720 F/hr) to 20120 F and intro-
duclrg the lithium as a Li-quartz frit (10% Li2CO + quartz fired at 22820 F)
which favored mullite crystallization and lowered the firing temperature.
The rosultant products obtained were resistant against 4 to 5 thermal shocks
from 203° F to 680 C water.

55. Vlasov, A. S. and Poluboyaxinov, D. N., "Utilization of the Exothermal
Reaction for the Preparation of Cermets Based on Chromium and Alumina,"
Ogneupory (Refractories, Soviet), no. 5, 232-34 (1963).

The exothermic reaction Cr203 + Al - 2Cr + A1203 is used for the
pf'eparation of cermet. If a cermet incorporating 70 corundum is desired, the
necessary amiount of A1203 can be added either before or after the reaction.
The product is then ground and fired at 31300 F for one hour in a helium
atmosphere. The resulting product has a higher specific density (4.87 to 5.17),
crushing strength (201,000 to 205,000 psi as compared with 170,000 psi), and
bending strength (40,000 psi as compared with 30,000 psi) than a similar cermet
made by mixing chromium and corundum. The thermal shock resistance is smaller
(454 residual strength compared with 6% on the non-thermite cermet in the
case of thermal shocking from 15620 F to water).

56. Washburn, M. E., "A Silicon Carbide Refractory Bonded with Silicon
Oxyitride," Keramische Zeitschrift (Ceramice Journal, German), 15
no. 4, 203-05, no. 5, 273 (1563).

Silicon oxynitride and silicon nitride act differently as bonds for SiC.
The oxynitride is more adherent to the SiC than the nitride. The oxynitride
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combines this better coherence with good oxidation resistance and good thermal
shock resistance. With the combination of unique characteristics, silicon
carbide products bonded with silicon oxyni~ride have shown advantage over
SiC products when used ir structural and corrcsive environments. Oxynitridi-
bonded SiC is a general purpose SiC refractory and its use eliminates the
necessity of choosing a specific bond for a specific application. SiC
bonded with nitride withstands 16 thermal shocks (21920 F/air stream) with
a rapid decrease of the modulus of elasticity setting in, while SiC with
oxynitride bond shown no break in the continuity of the modulus of elasticity
after 40 thermal shock cycles. For oxynitride bond, the modulus of rupture
after 20 cycles lies at 3000 psi, for nitride bond at 2000 psi, and for
silicate bond at 280 psi.

I16

169



APPENfl7 II

AN FDCANPLE OF A THERMO-STRUCTURAL ANALYSIS

PRECEDING PAGF- BLANK



THERAO-STRUCTURAL ANALYSIS FOR RADOMES

Introduction

To provide an example of a thermal and mechanical analysis for a ceramic
component used in an aerospace application the structural analysis for a
missile radome is considered. The following problem is dealt with: for a
given mission profile, determine the response of a typical ceramic radome.
The problem is solved in four steps.

The first step in the solution of the problem is to determine the value
of the recovery boundary-layer temperature and the value of the surface heat-
transfer coefficient for the radome as a Panction of time. The second step
is to determine the temperature distribution in the radome as a function of
time. The th.ird step is to compute the thermal stresses caused by the tempera-
ture gradients in the radome. In the fourth and final step the stresses
resulting from the attachment of the radome are considered.

Aercdynamic Heating

Before the heat transfer rates -o a radome can be predicted, the pressure
distribution ovr the radome surface must be determined. One semi-empirical
mthod for estimating pressures which has been favored because of its simplic-
ity and its degree of success under various conditios can be expressed in the
form (Ref. !98):

(P6 -1') / (P i - P = s (68)

where

P6 = local pressure

= undisturbed ambient pressure

P,,= stagnation pressure behind the normal shock wave

= angle between the stream and thp far.gent to thc surface

Equation 68 will generally suffice for the evaluation of structural loads.
However, in many cases the pressure distribution over a radome must be known
with greater accuracy for the determination of heat transfer rates. This is
particularly true in the stagnation regime of a blunt body (Ref. 198).
Fortunately, relatively precise methods have recently become available for
such calculations. Kennedy (Ref. 198), for example, has presented methods

t
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for calculating Lhe pressure distributions of various none shapes at zero
angle of attack or for small angles of attack in the range of Mach numbers
0.9 to 7.0.

Once the pressure distribution over a radome (or other body) is known,
the Inviscid velocity distribution can generally be computed from well known
relations of fluid mechanics.

A number of researchers have dealt with the problem of aerodynamic heating
associated with high-speed flight vehicles, and aerodynamic heat fluxes on non-
ablating bodies of simple shapes can be readily calculated from information
which is available in the literature. Some of the basic relationships which
have been found to give reasonable estimates of aerodynamic heating rates
have been summarized by Eliason and Zellner (Ref. 199).

With the altitude and velocity of the vehicle specified as a function of
time and a ktowledge of the atmospheric properties, the following calculations
can be made:

tr [-[1 + (Pr 2 t6 (69)

where:

t = the recovery boundary-layer temperature

P = = the Prandtl number
r k

n = rl/2 for laminar flow
11/3 for turbulent flow

C
y = - the ratio of specific hjatsCv

1,% = the local stream Mach number

= the local stream temperature

C = the specific heat at constant pressure
P

C = the specific heat at constant volume
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g = the viscosity

k = the thermal conductivity

The transition between laminar and turbulent flow is associated with a Reynolds
number Re on the order of 106 for a flat plate and 2 x 106 for a cone.

Re = pux

where:

p = the local density

u = the local velocity

x = the distance from the stagnation point measured along the surface
of the radome

Fox lins.riar flow over the surface c4 a blunt body (Ref. 200):

0) 2 1/2 /

0/ p 1/2 p2 u- (TC (70)
p 0.6 ( B. D) D Cp

r

where:

h = surface at-transfer coefficient

D = diameter of spherical nose

U6 (8(y I + 21 (Y - )I
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The jubscript - refers to conditions in undisturbed flow, and the subscript
6 refers to local conditions at the outer edge of the boundary layer. The
functional value f( ) is given approximately by (Ref. 201):

f(2)- 0.765 + 0.235 cos 2.6 ( ) (72)

Equation 70 holds until the asymptotic value of h is reached (Ref. 199):

h 0.332 (73)
7 -- P6 46 p

r

for a flat plate, and

h = 0.32' J3 (74)
p 23 P6 4 Cp

for a cone.

For turbulent flow over the surface of a blunt body the corresponding
equation is kRef. 200):

h 0o.042 MD~ P 1/5 p6 4/ 35M (75)P 2--3 (1 (p_ u_ D)DC p
r

until the asymptotic value of h is reached:

2/ , 1 . P6 "s C (76)

for a flat plate, and the asymptotic value for a cone in axial flow wi.ll equal
that for a flat plate for the aame local Mach number and wall-to-local-free-
stream termerature ratio if the calculation on the plate is made using a
Reynolds number if one-half that on the cone.
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The ratios P6 and P8/p , as well as B and Tr, are evaluated by
computing the pressure ratio from Newtonian theory and isentropic expansion
from the stagnation point.

Once the recovery boundsary-layer temperature and the surface heat-transfer
coefficient have been determined as a function of time, the net heat flux on
the surface of the radome car. be expressed in terms of the temperature of the
radone surface on the basis of an overall heat balance. For a given point
on the radotie surface:

- ts4(77)

q = h (tr - t ) - ( 7

where:

q = net heat flux to the radome

t = surface temperature of the radomes

c = emit.-an,-,- at the surface

a Stephan's radiation constant

Temperature Distribution in the Radome

In the general case, the temperature distribution in a body is computed
using an incremental analysis and finite difference equations. An advantage
of the approach is that it takes into account the temperature dependence of
the pertinent material properties. In addition, the use of an incremental.
analysis eliminates the shape of the body as a critical parameter in the
analysis.

In an incremental analysis using finite difference techniques, the body
is partitioned into an integral number n of volumctric elements. WiLhin
each volume element one station (point) is selected as a reference point for
that element. For example, the i t h element, which would have volume Vi,
would contain a characteristic point (i, YJi zi), If Cartesian col6rdinates
were employed. The temperature at the point (xi, y., zi) at a given time Gj
would be designated ti (0j). For an element exposed directly to the environ-
ment, a point on the surface of the body would in general be selected fox the
reference point.

The temperature profile in the body is computed on the basis of approxi-
Date heat balances taken over the individual elements, For example, for the
timo i.nterval AO =9 - 03_1:
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t (8. l) -t i (e.1)q, (e.) + E k It. (el)] A. -P -S P - xi)2 + (yp - )2 + (Zp - 2i)

v pt. (e.)1 c[t. (e)1 • {ti (e) )- ti (8. )} (78)

Li j-1J i j -l. J 1t 3ei ie-1.

where the sum is taken over the collection {p: VP is adjacent to VJ.
Generally, equat" . (i) can be simplified to a large extent by careful
selection of the partitions (V, V2, --, Vn) and careful placement of the
stations (xi, yi, zi), i = 1, 2, -- , n. For a specific example the reader
may refer to Reference 199.

The thermal conductivity k, the density p, and the specific heat C

of the material used in equation (78) are those associated with the temperature

in the it h element at a time G. 1 previous to the time .. Api is the
area common to the it- and pth glements projected into a plane normal to the
vector (x - x i y - Y p zi). Qj (0g) is the net heat flow to the
it- elements from tRe environment (during the period Oj - e i.l) and pertains
only to those elements exposed directly to the envi.ronment, in which case:

Qi () = Si . qi (0 ) (0 - 8j.l) (79)

where Si  is the surface area of the it- element exposed to the environment,

and qi (8j ) is the net heat flux to the surface Si at time Oj as given
by Equation 77.

The temperature distribution wtthin the body is established according
to the following scheme:

1. At time 00 = 0, the temperature distribution is known, and
ti (00) is taken as the temperature at the point (xi, yj, z4 )

at timc 9o foi - i, 2, --,n.

2. A finite time AOI  01 - 8o is Asumed to have elapsed, and
equalion (1) is used to compute ti (81) for i = 1, 2, --, n.

3. Continuing in this fashion, ti (ej) Is determined for i = 1, 2,
--, n, fir j = 2, 3, --1 m, where Gm  is the total time of
exposure.
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4. The above procedure is continued using finer partitions (V1 , V2, -- ,

Vn) and (e, O1, -- , 9m) until the temperature distribution is
0btained to *o reasonable degree of precision in the sense of a
limit.

Stresses Caused by Temperature Qradients in the Radome

Once the temperature distribution has been established, the stress field
can be predicted. This can also be accomplished using an incremental analysis
and finite difference equations on small volume elements if the elements are
"idealized." Again this eliminates the shape of the body a a + para-
meter in the analysis. In the case cf a radome, the stress analysis is
generally based on known solutions for simple shapes such as a cylinder,
sphere, and cone.

Loyet and Levitan (Ref. 177) have presented equations defining the thermal
stress components for hollow spheres and cylinders. The equations were
developed using the three-dimension theory of elasticity under the assumptions

1. infin itesmal deformations

strains proportional to stresses

an isotropic material

4. negligible axial and circumferential temperature gradients

For a right circular cylindrical shell free at both ends and subjected to a
radial temperature gradient:

=r (r) r2 a - 2  f ( t(r)dr - __g t(r)dr
r Lb2 -a 2  ia - g

a.-22 1 (r+ E -t) a t (81)
r b b +a .a _71 t +rIdr L_-- t r)drJ - 1-11 t)r

rb

(r) -E t(r)dr- (Ct) (82)
z r b -2 1- t1 r
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W I Ir : 070 00, a = nr mra stress components in cylindrical coordinates

r, e, Z

E = modulus of elasticity

g = Poisson's ratio

a-- linear coefficient of expansion, a function of
temperature

t = temperature

a, b = inner and outer radius, respectively

For a thick, hollow sphere subjected to a radial temperature gradient:

,b 2 -p

(p - 3 2_ I t(p .- t2(p) (83)
P (b 3 -a) p3 aj 1 P

00 (p) :o¢ (p) = 233 -- t2 (p) dp+ c t(p)p -i--- p(8h|)
(b 3 _a3 ) a -

where orp, 00, a¢ are the normal stress components in spherical co~rdinates
p, 0, g, and the other symbols ar2 as previously defined.

The analysis of various ceramic radomes has shown that the lPmit!n
swresses in a radome design are the e and s s components or the oo and

o¢ components, and these stresses become a maximum at the inner or outer
surface of a radome (Ref. 177). Since the rate of acceleration for a missile
Is usually much greater than the rate of dqceleration, peak stresses generaLly
occur during acceleration and the maximum tensile stresses appear on the inner
surface of the radome. Since ceramic materials are about an oe'der of magnitude
stronger in compression than in tension, the limiting stress is the tensile
stress occurring at the inner surface.
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Loyet and Leviton have attempted to correlate thermal shock test results
with calculated predictions based on the thermal stress analysis of the hollow
spherical section for a radome tip and based on the thermal stress analysis of
the cylinder fotP radome sections where the wall thickness was small compared
with the inner radius. Reasonable results were obtained for an alumina radome.

Attachment

In addition to the stresses from the aerodynamic forces and from the
temperature gradients in the radome, there will be atresses caused by the
attachment., In the vicinity of the attachment, the recovery temperature will
be the same for both the radomp and vehicle wall, but generally the thermal
expansion of the two structures will di.ff'er. The average temperatures of
the structuret, will differ (because of the dissimilar material properties),
and the theraLl expansion coefficients Twill differ.

For the case where the design is based on an absence of stresses intro-
duced by a m.smatch in the slopes of the mating sections ,that is, in the case
of a pin-jointed boundary condition), the following analysis can be made
(Ref. 199):

M 1 V d X r z i n  z (85)
r 0 r

where:

1. = bending moment in the radome

Vo 2 r a (a tr am tm) 1 + 1 (86)

r r m m

D= 2  (87)

2)2

a
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r = middle radius of radome at the region of attachment

a= linear thermal expansion coefficient

t = average temperature at the attachment

z = distance from attachment measured in the direction of the axis
of the radome

E = modulus of elasticity

a = half wall thickness of radome

i = Poisson's ratio

The subscript r refers to the radome, and the subscript m refers to the
vehicle structure (metal).

Examples

To exemplify the magnitude of the thermal stresses imposed on ceramic
radomes flown at supersonic and hypersonic speeds, Loyet and Levitan (Ref. 177)
considered the two mission profiles shown in Figure 10 and an ogival X-band
radome having a 1.5-inch spherical tip radius and a fineness ratio of 2.0.
For a FyroceranO radome launched at 700 F on the trajectory shown in Figure 10-A,
a thermal analysis produced the temperature profiles shown in Figure 11 for the
tip of the radome. A thermal stress analysis based on Equation 81 produced the
thermal stresses shown in Figure 12. The maxinmm Yensile stress on the inner
surface of the radoma2 was estimated to be 14,500 psi - well within the safe
operating limits of the PyroceramO at the temperatures encountered. For an
alumina AD-99 radome launched on the trajectory shown in Figure 10-B, the
analysis produced the temperature gradients shown in Figure 13 and the thermal
stresses shown in Figure 14 for the tip of the radome. The maximum tensile
stress on the inner surface of the radome was est:Lm-td to be 40,750 Psi. The

ur"Ia radom'e would fail after approximately 6-1/2 seconds since the tensile
strength of the altumi:a at the temperatures encountered is about 27,000 psi.

For an example of an analysis made fcr the attachment of a radome, the
reader may refer to Reference 196.
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Discussion

The thermo-structural analysis for a ceramic component to be used in an
aerospace application will, in general, be accomplished in four steps. The
rate of heat transfer to or from the component must be calculated, the tempera-
ture distributions in the component must be determined, the thermal stresses
caused by the temperature graden..s in the component must be computed, and the
influence of the attachment must be assessed.

The heat fluxes on non-ablating bodies of simple shapes can be readily
calculated from infcrmetion which is available in the literature. Methods also
exist for the prediction of heat fluxes on arbitrary shapes. The calculation
of 'he heat transfer with laminar flow is considered quite reliable because the
basic relations are amenable to mathematical solution. In the case of turbulent
flow, the phenomenon is not well understood, and the calculation of heat
transfer rates is less reliable. The calculation of the rate of heat transfer
in the transition range is the least reliable of all because little is known
about the phenomenon or its location (Ref. 198, 200).

With the aid of an incremental analysis and finite difference equations,
the temperature distributions in essentially any ceramic shape can be reliably
established once the heat transfer rates have been determined. The calculations
require a complete knowledge of the thermal properties of the ceramic, but the
analysis can usually be made without regard to the stress fields in the compo-
nent. This follows because the deformations in a ceramic component will
generally be very soJll. The stress fields in the component can also be
reliably estimated using an incremental analysis if the component can be parti-
tioned into "idealized" elements for which exact relations are known.

In the case of a radome, the thermo-structural analysis is usually based
on known solutions for cylinders, spheres, cones, and plates. The analyses
have shown that three regions of a radome are thermally critical: the Corward
tip where high local heat transfer rates are encountered, the transition region
where complete turbulent flow first occurs, and the region of attachment. The
temperature is, in general, expected to take on an absolute maximum value at
the stagnation point and a relative maximum value at the transition point, but
the (absolute) maximum tensile stress in the radome may occur at the stagnation
point, at the tzansition point, or in the region of the attachment. Other
indications are that the maximum thermal gradient will occur through the radome
wall and that the axial and circumferential thermal gradients will be negli-
gible (Ref. 177, 179). For most ceramic material0,; it is a so indicated that
the stresses induced by thermal gradients through a radome well will exceed by
at least an order of magnitude the stresses due to aerodynamic pressure distri-
butions. A notable exception to the rule of critical stresses induced by
thermal gradients is fused silica whose thermal expansion coefficient is only
about 3 x 10"7/0 F.
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