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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-temperatuve, load-bearing ceramic products and with the
characteristics, limitations and utilization of ceramic processes. The
information 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 cace-history approach
was used for the compilation of information on the behavier of ceramic
products and material systems subjected to thermal loads to provide the
background for a possible correlation between known thermsl shock theories
and brittle materials behavior.
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SYMBOLS

Symbol

A & constant, area
a empirical constant, half thickness of plate

or wall, inner radius
a thermal diffusivity
B working parameter
b empirical constant, outer radius
e distance
c specific heat
Cp specific heat at constant pressure
C.,, specific heat at constant volume
D' diameter
D working parameter
R elastic modulus
¥ nrobability of fracture, Fourier number
G shear modulus, grain size
h neat transfer cocefficient
I moment of inertis
K buli: modulus
k thermal conductivity

linear dimension
M moment, merit index, Mach niunber
m flaw density
N Fusselt number
P volume fraction of pores, pressure
P - Prandtl number
i) safety factor
Q quantity of heat
q heat flux
r, 8, z cylindrical codrdinates
R thermal shock resistance parameter
Re Reynolds number
r relative density
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Symbol

£ o o v
S oS S X ©

3,' b
~
A d
t

NN
~

S Elr > o0 [3 < ™ Q

T o
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e

[3]

middle radius
strength, surface area
temperasiure

recovery temperature
velocity

volume, loading rate
working parameter
volume fraction

distance from stagnation point measured
along surface

cartesian coordinates

a constant

& constant

coefficient of thermal expunsion

Biot's modulus

geometrical pore factor, ratio of specific heats
temperature difference

emissivity

mean free path, working parameter

Poisson's ratio

viscosity

angle between stream and tangent to surface
density

spherical ccordinates

stress

noqpal stress components in cylindricel
coordinates

nogyml stress components in spherical
coordinates

zero strength

scaling factor

Stephun's radistion constant
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Symbol
8 time
v mean velocity
SUBSCRIPTS
be gireular cylinder subjected to pure bending
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I. THE PROBLEM OF DESIGNING WITH CERAMIC MATERIALS

1.1 Background

Ceramic materiale have been used throughout the history of civilization.
Historically the use of these materials has required only nominal physical
and mechanical properties. The coming of the space age, however, found the
designer's problems muve 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. Communicatlons between the designer and the materials engineer
began to break down. The designer wanted to design with ceramics as he haa
learned +0 do with metals and plasiics. The materials engineer felt that his
maierials were 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 hed the answer to the problem.
Neither understood the compiexity of the problem.

The =riteria for selecting brittle materials for hyperthermal appli-
cations depend upon design considerations, environment and materials
properties.

First, it is impcrtant to keap 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 strengbth 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
Fach 3-4 sea level radome applicatior. Analysis would probably show that
the strength requirements from the standpoint of thermal shock coumsiderations
would be an order of magnitude greater than those required from the standpoint
of serodynamics or other mechanical considerations. Typicel transverse strength
requirements might be 20,000 to 40,000 psi for thermal stress and 2,000 to
4,000 psi Tor mechanical stress. Since the strength requirement for thermal
stress is so much higher 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 materiels property tebles for materials
with trensverse strengths above 20,000 psi. What is so easy to overlook in
thie situetion is the fact that & materisl wiith o very low coerficient of
thermal expansion and/or low modulus of elasticity will require less strength
1> withstand thermal stress. If this strength were found to be well below
the requirement for mechanicel load, the designer might be able to use a
material with a “rensverse strength of the order of 4,000 to 5,000 psi.
Therefore, in this case the materials screening program should have congidercd
a strengbh-modulus of elasticity-coefficient of therm=) expaunsion relaticnship,
rather than Just strength alone.




1.2 Complexity of the Problem

In ordsy for brittle materials such as ceramics t¢ be efficiently used
in the severs thermal environments associated with rocket nozzles, leading
edges, nose cones, radomes, etc. the ultimate in performence is required.
All aspects of materinls amd design technology must be developed to a level
never before attempted. Not just one, but at least three branches of technology
m.ft contribute vital information to describe the complex interaction between
*he desired pilece of hardware and its environment before significant progress
cax 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 materisl in a severe
thermal environment depends upon the properties of the materizl, 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.

1.5 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 reprecents a single oxide ceramic vhich has teen studied extensively during
ihe past twenty yvars. The literature is filled with dcta on this material.

The properties which are most criticel to the engineer who is designing
for a hyperthermal (‘thermal shock) environment are as follows: 1) strength,
2) thermal conductivity, 3) thermal expsnsion, 4) emittance, 5) modulus of
elosticity, 6) specific teat, 7) density.

What is the sirength of aluminum oxide? First, it must be decided what
type of aluminum oxlde is de<ired. Assuming it will be & polyerystalline
naterial, will it be hot presved, pressed and sintered, or slip-cast? What
purity? What porceity? All are related to ‘the febrication technique used,
maturation parameters, raw material, etc. Certain techniques are suitable
for scale ur to large shapes, others are limited. Any one selected will
require compromises at some stage in the design. Assuming that the designer
wants a strong material with a high density (90 - 100f) a renge of room tempera-
ture modulus of rugture values between 20 and 40,000 psi was reported by Hegue
et al (Ref. 1). ‘Do years later in Supplewent 2 Iynch (Ref. 2) reported values
between 18,000 and 66,000 psi for hot pressed aluminum oxide of 95% density.
The only variable was grain size, which ranged from 1-2 p for the highest
strength to 150-250 u for the lowest strength. Mitcliell, Spriggs and
Vusilos (Ref. 3) have presented these data graphiically as a function of
temperature as shown in Figure 1. Figure 2 shows uimilee data for magnesium
oxide.

These strength data offer enough confusion to the designer without further
complication. However, the designer must be aware of the tact that the actual

« b e, m————




Figure 1.

100

80

60

777

STRENGTH, 103 PS|

40

20

Strength-Terperature-Grain-Size Surface for De¢nse Pure Hot-

Proscod Aliminae
sredeel ALWNAnNe.

—_—— e T - T — ————————




NERNEANEAN

\

\

rs

/N

SRR

STRENGTH, 103 PSI




value obtained for any particular grain size is dependent upon specimen size,
surface f£inish, loading rate, breeking span to thickness ratio, method of
loading (%-point or 3-point) ete. 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
specimzn 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 & small specimen, assuming the character of both specimens is 1dentical.
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 terds to vary through the cross section,
particularly as it becomes thick, This problem veries with +he 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 sre brittle
they are unable to deform under load and adjust in such a way as to assure
uniform stress distribution over the tu7v area. Therefore, test data tend
to vary over a relatively wide range. This is due primarily to two factors.
First, there is the problem of noan-uniform loadirg 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 & last resort and then
renalize them to the point that service performsnce is essentially independent
of the improved properties that the materials enginesr worked so hard to develop.

Thermal corduetivity, emittance and modulus of elasticity may vary in a
menner 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 thermsl shock resistance of a bedy 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 cese the thermal) shock resgistance would appear to be increasing &s
the strength and thermal conductivity decrease, further contradicting thexmal
srock theory.

Othar propertiss such as thermel expansion and specific heat are related
to the physical nature of the oxide and are relatively insensitive to the
faebrication and maturaticn technlques. However, they may be uffected by
Impurities.

In hyperthermal ervironments where heat traunsfer is primarily by
convection and the body is free to radiate to space, as in the case of a nose
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cone, leading edge, or radome, emittauce is of crivical iImportance. A high
enittance material may provide a surface temperature many hundreds of degrees
cooler than & Low emittance material in the same enviromment. It is not
rlweys eppreciated that the surface finish of v material 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 material
mich" be 0.5 or lower. In & high temperature environment which would heat
the low emittance material to 400D° F, the high emittance form of the same
materiel could assume a temperature 500° F lower. This would have the effect
of making the porous form of the materiszl appear 500° F more refractory than
the dense low emittance form of the same material. Emittance is of little
importance for epplications where the material is not freze to rediate to a
cooler environment, as in the case of rocket nozzles.

It should be clear from this discussion that the use of tabular, handbook
da*n for ceramic meteriels is dangerous unless the material and test conditions
ars ccmpletely characterized and are consistent with the design criteria for
which the material is being considered. It is eesy to see that the variastions
available in a single oxide material such as aluminum oxide may be greater
than between similar physical forms of two differeant materials. This situation
may be even more critical with other materials. A classic example is the
the rmal conductivity or fused silica. The thermal corductivity of clear fused
cllicu at high tempexatures is sufficiently high for it to be used as the glass
ravelope in quartz lamp heaters. - At the bigh temperatures generated by the
tungsten fllomepnt the heat transfer is largely by radiation, and the clear
Tuscd silica is essentially transparent to radiant energy. On the other hand,
slip-cast fused silica (a sintered, polyparticulate form of fused silica) has
o very low thermal conductivity up to its melting point. In the range of
2000° to 3000° F there are several orders of magnitudz difference in the thermal
coaductivity between clear and slip-cast fused silica. However, in the physical
and chemical sense the materials are identicazl. They differ only in particle
cize and methed of Tabrication. Therafore, if the designer were to seek the
thornal conductivity of fused silica, it would be imperative thet he know the
1ype of fuzed silica, or the value could be in error by orders of magnitude.

In fact, this very difference in thermal conductivity has resulted in one
applleetion where slip-cast fused eilice was used as a thermal insulator and
reflector for quertz lamp (clear fused silica) heaters. The sume material was
serving two finctions which required extrewss in thermal conductivity.

1.4 The Environment Sroblem

The importence of cheracterizing the thexrmal envirenment in which ceramie
systeme are to tunction caunot be overemphasized. Unfortunately many materials
engineers snd many designers have not appreciated the importance of this factor.
This is illustrabted by the fact that a relative thermal sbock resistance merit
ipdex is often included in materiel property data tablws. Such indexes suggest
that thermal shock resistance is simply a materiale property. The expression:

(1)
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where
M = merit index
k = thermal conductivity
S = +tensile strength
E = elastic modulus
o = coefficient of theimal expansion

is usually used to give this index. What 1ls overlooked in using this
expression is ‘that this relationship holds only for conditions of mild thermel
shock. Most enginesers wppreciave the fact that the thermal shock resistauce of
& given materiel depends upon the severity of the enviromment. However, this
idea usually goes no further than considering the severity of the environment
as dependent upon thae temperature ranse through which the thormal shock
operation (test) is carried out. Temperature is only one of the peramsters
involved in this process. The primaxry factor is the net heat transfer rate

to the specimen. This may be altered by orders of magnitude without changing
the tempexature of the environment. Design engineers have only recently
recognized the fact that even the relative thermal shoch resistance between

two different materials may be reversed depending upon the severity of the
thermal shock environment. Manson (Ref. %) and Kingery (Ref. 5) have developed
expressions which teke into account the thermal shock environment. These
expressions relate the maximum temperature from vwhich a material can be
quenched {t> room temperature) to the severity of the quench. The term ah

has been used to denote this severity, where -

a = half thickaness of the plate

h = lieat transfer coefficlent
If the term :ﬁ“ 15 the maximun temperature from which the materiel can
be quenched, then

kS
tax  © Bx ()

but for severe conditions (high valuee of gh)

These expressions emphasize the fact thali n material may have satisfactory
thetriel shock resistonce under mild thermel shock conditions by possessing a
high thermal conductivity. However, it will receive essentislly no bemefit
from this property :.mder very severe conditions. Manson determined the
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maximum temperature rom which Alz02 and BeO covld be quenched as a function

«f the thermal sheck environment. he data are shown in Figwe 3. Ac2ording

to these data, BeO should be superior to Al,0; in a mild thermal shock environ-
ment while the reverse should be true under more severe therimal shock con-
ditions, Alsc in Fipurc 1 are experimental data showing the maximum temperature
frcm which BeO and Aly03 withstood quenching into room temperature air and
water. The air represented & mild thermal shcck environment and weter a

severe environment, The predicted reversal ir the order of merit of these
rateriels was observed expesimentally.

As missile speeds increase above Mach 3, partleulerly as they reach
Mach § ané higher at sea level. & critical ceramic materials problem develops.
These systems must function over a vrelatively wide range of heat fluxes for
varying periods of tima depending upon the mission. In order to illustrate
the devendency of the thermal shock resistance of candidate ralome materials
on thae thermal shock envircnment, Walton (Ref.6) presented the data shown in
Figurs 4. The thermo-mechanical properties used to calculate these data are
shoun in Table I. The data shown in Figure 4 are based on room temperature
properties, and, with the exception of slip-cast fused silica and boron nitride,
sovrer performance data wonld have been presented had the effect of temperature
on property vsluas been taken into account.

“1rhough constant property values were used, it can be seen that the
therral shock resistance order of merit among these materials ic almost
ar uire'y dependent upon the severity of the thermal shock eaviromment. For
wieople. BeQ ghould have the highest thermal shock resistance under mild
thorr a. *“hoerkX conditlons, out will be next to the roorest under severe
copditien, It is inberesting to note that the maximum quench temperature

ror gliy-cast fused silica is above its melting point for all conditions of
thermul shock.

Twis brief review of one aspect of the interaction between the environ-
m2at and the material and its effect on the performance of the material should
serve te illustrate the compiexity of the problem under discussion. It should
n.y be ¢ifficult to predict the performance of a ceramic material under thermsl
shock conditions if bcth the material and the environment ere completely
characterized,

i.S The: Devign Engilr 2er

The design engineer adds further restrictions to the problem of designing
witr biittle materials. Since he requires a particular piece of hardware to
serve & specific function, the shape and size of the piece must be within
certain limits. A nose cone, leading edge, radome or cther exterior flight
harduare item must be aerodynamically acceptable, and the heat transfer rate
to the material and the resultant thermal shock enviromment will bs & funetion
of tbe actual shape. For exampie, the heat transfer rate at the stagnation

sint increases as the shapes become more slender and pointed. On the other
hand, the performance of u given material may be extended if a large redius is
used and/or the thickness or the section is reduced. If the design is thus
altrced to accozmodate & given material, it is possible that the performance of
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TABIE I

MECHANICAL AND THERMAL PROPERTIES OF CERAMIC RADOME MATERTAILS

=1 2% AV —
Thermel Pransverse
Conductiviby trength Young's Modulus Thermal Expansion
(BIU/nr-£46-°F)  (psi x 103)  (psi x 109) (a x 10-6/°F)
Aluminum
Oxide 20 b7 52.k k.35
Beryllium
Oxide 125 35 42,8 5.1
Boron
Nitride 18 15.9 12,4 4.2
Forsterite 1.9% 20 5.4
Magriesium
Oxide 27 23 Lo.o 7.7
Pyrocer'am@D
9606 2.1 20 i7.3 2.7
Slip-Cast
Fused
Silica 0.k k.5 3.8 0.3
Spinel 6.8 2h.1 31.7 3.6
Steatite 2.5 15 .5 4.6
Zircon 3.15 22 2 2.7
== A s

the vehicle will be compromised. Such designs generally increase érag. This
could be particularly critical in the cace of defensive missiles where speed
and range must he optimized.

Additional requirements may further compound the design problem. In the
cage of radomes, the wall thickness is critical aud is determined by the
dielectric properties of the material, the freguency of the radar and the
impingement angle of the radar signal on the surfase of the radome. Conventional
ceramic radomes are usually designed as & one-half wave wall. This is of the
order of 1/b-inch for aluminum oxide, 5/16-inch for Pyroceran® and 3/8-inch for
8lip~cast fused silica.

ot




One of the attractive features of ceremic 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 alwninum oxide radomes becomes critical. One way to increase
the thermal shock resistance of such radomes would be to reduce the wall
thickness (reduce sh). 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 perticular application have defined a very narrow corridor of
applicebility for one of our most completely characterized ceremics.

1.6 The Testing Problem

From an analytical stendpoint; 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 engeged in
high temperature materials work has its own pet thexmal shock test geared to
vhat it believes to best sult its test needs. Oxy-acetylene and plasms
torches, and quartz lemp heaters are used in great profusion. PFProbably 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 emplrical studies. These are usually restricted to oxidation tests
of coated refractory metals and sblation 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 heve been used for this purpose. The results of such tests are
subjeet to all of the variebles previously discussed plus the added variables
associated with the test itself. Conclusions drawn frem such tests must be
considered in the light of the problems previously discussed. For example, a
poorly designed holding fixture and attachment system might ceuse the failure
of & 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
whizh are not encountered in the actual flight situation.
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Othexr types of tests are used to obtain thermual 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
materiall's bebsvior in the presence of the resultant thermal stresses. Such
devices as hot-flue gases, hot salt baths, and hot metal baths have heen used
for this purpose. When a hot bath system is used, the investigator must
recognize that the bath simulates the flight environment at best orly in terms
of heat transfer rate, and he must be aware of any chemical reaction which
might take place betweea the material and the beth. For example, it was
reported that slip-cest fused silica could not withstand the thermel shock
associated with repeatod immersions in a hot salt bath ‘Ref. 8). On closer
examination it was learved thei 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 withstend the thermal shock. This
problem would not be expected in actual service, unless it was required to
f£ly iun a hot salt bath.

In a2 similar manner a nose cap shape of aluminum oxide was shocked by
immersion in molten babbitt at 800° 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 well temperature was
calculated and it was fournd that the maximum thermal gradilent in the wall was
of the order of 50° F, Figure 6. The investigator had assumed it to be several
hundred degrees. Also an aluminum oxide radome wes injected into a 3000° 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 3000° 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 100° F (Figure 7) and that
the heat transfer rate was less than would be expected during flight, even
at much lowexr {emperatures.

It is significant to note that although the type of data dis~.ssed here
cannot be relsted to particular systems, theory of azrodynamic heating, or
design with brittle materialsr in particular, it is serving to aweken the
ceramic commanity to the problems that face the design engineer. The tests
are generating data which can improve a designer's understanding of the
problems involved in evaluating ceramic materiels for future applications.

1.7 Problems of Mechanical Testing

In the area of mechanical testing vaiuable data are being generated.
Many investigators are studying the effect of stressing ceramics by vaxrlious
methods, and these investigations should improve our understanding of brittle
materials. As test methods are devised which reduce the scatter of data,
the designer should attempt to incorporste the methods in the design and use
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of ceramic materials in flight applications. Ccnversely, if the designer

ie restricted to a .particular method of attaching, supporting, or loading

a piece of hardwarz, he shouid sce that the materisls being eveluasted for

his program are tested in such 2 mannsr that siress fields are similar to
those encountered in service. o use: data obtained under near ideal conditions
for sn application in which the material will be used in a very non-ideal
situation would almost guarantee failuxe.

As mentioned previousl)y; specimen cerditions of microstructure, surface
finish, size factor, etc. must all be taken Jnto 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 tnat it would be essentially
impossible to design with brittle materials for hyperthermal applicutions. I
this statement were qualified to say, "design for waximum efficiency with
monolithic brittle materials," it would be correct. Materials systems for
current applications are overdesigned, modified, and comprowmised to such a
Jegree that a precise knowledge of propertles, 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 perticular Jjob.

The nose ~ap development work on the X-20 program is & good exemple of a
combined empirical-analytical approach (Ref. 11). Tne 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 couldd withstand 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 platinum-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 tesis or actual flight tests would
be of little value to the designer in those ceses where the material end
environment were not at least partially characterized. In fact they could
be very misleading. Therefore, in this manual csge histories dealing with
thermal sbock testing are limited to cases where some method of analysis
was employed and where, hopcfully, meaningful material property data were
avallable and at least some attempt was made to characterize the environment.
Such conditions were met in oaly & few cases.

At the present time it appears that the radome desigrers have progressed
the furthest in developing analyses tc relate the meieriui, design, and

17




-

environment to the performance of & 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 ani leading
edge designers.

It i1s hoped that this report will mark a turning point in the design
with brittle material. ladications are that the design engineexr, materials
engineer, and aero-thermodynamic engineexr are responding to the sariousness
of the problem. Each is becoming increasingly aware of the other's vroblem
and attempting to provide all of the information needed from his field of
specialization. The¢ successful implementation of this approach should
provide the information reeded to efficiently design with brititle materiels.
Therefore, this report will have served one of its msjor objectives if it
helps to promote more cooperation between the design, materisls, and aero-
thermodynamics engineer.
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IT. SCOPE OF THE REPORT

This xeport deals wlth the exlsting information which can be used to
improve & designeris understandicg of ceramic praducts and processes. The
general assets and limitations of cersmic materials are detasiled, and the
eritical gaps thet must be filled to promcte the sucrcessful and efficlent
utilizaticn of ceramiecs in aercspace structures &x: qonsidered. The brittle
pature of ceramles, ceramic forming processes, ard ceranic materials properties
are discussed in detail. Attention is focused on the oxides, carbides,
boritee, nitrides, and intermetallic compounde and on composite systems. A
case~nistory epproach is used to present information on the behavior of
ceramic products and material systems subjected to thermal loads end to pro-
vide & background for the correiation between knowa thermal shock theories and
brittle materials behavior. DPast 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 jnformabtion will
plece the desigrer in a better position to cope with the problems associated
with the use of ceramic materials ir =2crospace struchbural applications.

The ianforuation provided in this report was obtaineld by means of inten-
sive literaetire surveys and through contacts with variocus government agencies,
industrial concerns, ard academic institutions. No experimental work was
performed. Both uaclassified and classified source material was explored.

The literabure 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 Clyde Williams and Company, under the direction of
Dr. Theodor Chvatal.
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IIT. SUMMARY

Ceramic materials tend to favor extremes. Their melbting points are high,
their densities and their thermal expansion coefficients are relatively low,
they are highly resistant to corrosion at most temperatures, and they offer
the advantages of high-temperature strength and high resistance to creep.
Pecause of these reesons, because there is an abundant supply and a wide
gecurrence of ceramic raw materials, and because meny ceramics have unique
electrical and optical properties and resist oxidation, ceramic materials
offer many exciting possibilitles 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 threav of brittle failure has limited the use of ceramic
materinls in aerospace structures to areus where the conventional materials
have had insurmounteble deficiencies.

It appears that the following rules describing the genearal 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 meolecular structure.

2. A high aegree of scatbter is associated with mechenical property data
on ceramics, and ceramics are less reliable than metals for sbructural
applications.

3. Ceram!lcs are stronger in compressicn than in fension.

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

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

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

7. Most ceramic materials are sensitiva to thermal and mechanical shock.

Clenrly, brittleness represeuts the most strilting feature of ceramic
rateriale and must be & major consideration in their uze., In most metals,
srored strain energy can be converted into heat through piastic flow, and the
materisls undergo considerable deformation bhefore bresking., Huwever, in a
brittle material stored strain energy can only be converted into surface
erergy and kinetic energy of troken pieces. As a result, when a britile
component falls, stored energy is ususily raleased in an uncontrollable
fashion, and shattering occurs. Thus, the design appreoach used for the
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conventional ductile materials cannot be directly applied to ceramics. A
completely new design philosophy may not be required for brittle materials,
but there are vertainly 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 vossibilities 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 ..ity at low or moderate temperatires, 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 & reality
only when they can be produced as crack-free bodies in which dislocatlons are
prevented from collecting together to produce stress concentrations at
barriers.

There seemz to be little agreement among scientists as to the prospects
of obtaining pelyverystalline ceramics in a ductile state. Preliminary studies
on such materials have failed to show duetility, but many believe that
ductility can be achieved in these materials by altering their microstructures.
Hewever, some fear that ductility will be obtained only at the expense of
losing high tiemperature strength, and it is a combination of strength and
ductility that iz really needed. In any event, further studies in this
direction are warranted since most ceramic meterials tave a low ccefficient
of thermal expansion, and a small increase in ductility can be expected to
produce a rather large increase in the thermal. shock resistance of a ceramic
materizl.

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 materiasl properties.
3. Good design practicer.

There is good evidence that the thermsl shock resistance of a ceramic
can be improved when & coarse jors 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 spelling. 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 can be significantly improved through the careful control of the
particle size distribution. The thermsl resistance increases with increasing
varticle size at leest up to a certain limit, which suggests that thermel
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 smell 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 chock
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 eagily achieved.

The thermal shock resistance of & ceramic can also be improved by the
presence of & metal phase or a low elastic modulus phase such as graphite.
The improvement appears to stem from an increase in critical strain and/or a
decrease in the eamount of elastic energy released during fracture, which
reduces the tendency toward catastrophic failure, Metal reinforcement is
particularly attractive since it offers the potential of allowing & practical
prestressed system of the reir forced 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 reint'orcement.

ro

The use of ceramics in compression.

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

Lk, 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.
)

W

. 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 fa;m of small individual elements.
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It is gratifying indeed that the thermal shock behavior of a ceramic
meterial 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 tesv for a specific spplication. At the
present state-of-the-art, most workers use a particular thermal shock test
simulating the intended uge 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 nc
scurce 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 gvailable
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
dces not provide the designer with specific dats which will allow him to design
an optimum high-temperature structure, indications are that the design engi-
neer, materials scientist, and aerodynamist are responding favorably to the
seriousness of the problem, and the past few years have witnessed a considerable
amount of resesrch, which should at least provide a guide line to the eventual
solution of the brittle design problem.
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IV. USE OF CERAMIC MATERIALS IN AEROSPACE STRUCTURAL APPLICATIONS
GENERAL LIMITATIONS

In order to promote the successful and efficient utilizat%og of ceramic
meterials 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. Mo source of principles that would enable the immediate use of
refractory structural ceramics is available.

3. The existing date 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 ! . duetility and shock
resistance of ceramic materials and matesial systems containing
ceramics.

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

Each of the above points warrants further crisideration. 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 & recult, the design approach used for
the conventional ductile materials is not applicable.

Second, ceramics are guite 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-orienfed so that much of the available data on
ceramics is confined to ereac of specific interests. An unfortunate conse-
quence of this situation has been a heavy dependence upon an empirical
approach to high temperature siructural design, an epproach that hes signifi-
cantly increased the cost of many aerospace programs.

Third, availabtle data on the properties of ceramic materials are widely
geattered, For cxample, Chemical Abshbracts 1lists over 400 references on the
properties of the cark'des covering the period Jamuary 1947 to June 196k, and
many of these refer t. i specific property of a particular carbide over a
limited temperature raage. Of course, the designer must have cata on the
properties of ceramic meterials, but it is important that these data are made
available in readily useable form.
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Fourth, most ceramic components contain s wide variety of defects or
flaws. 3ecause 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 & striking effect on many of the
properties of a ceramic part. Because of these reasong, because of a lack of
specifications for available ceramic materials, and because of a lack of
standardizec test methods for determining thermo-physical properties, many
inconsistencies are found in the published date on ceramics. In addition,
the intelligent use of brittle materials in aerospace structures will most
likely require more property data than are generally aveilable at this time.

Fifth, since ceramics are brittle and usually fail suddenly, ceramic
materials are less favorable than the conventional ductile materials for
structurel applications. There is a dire need to improve the ductility of
ceramics, but the problem is vast. Progress towards the obtaimment of
ductile ceramics moves siowly, 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 sophisticated structural
materials. With attention focused on ultra-high operating temperatuwres,
extreme corrosive conditions, and unusual optical criteria, many designers
are turning to ceramic neterials and to elaborate material systems containing
one or more ceramic meterials (Ref. 14, 15), but in many cases the knowledge
that would allow immediate technological progress to be made is not available.
The requirements oy the aerospace designer cannot be met with the existing
technology and processing limitations.

The traditional ceramics technology has utilized the basic capabilities
~f materials quite well, and major advances must, in general, come from new
ard difterent materiels, or from materisls radically changed by improved
fabrication methods (Ref. 16).

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

5.) Brittle Nature of Ceramic Materiels

Modern technology in meny 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 & numher 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.
Vhile this shortcoming has been tolerated in conventional ceramics for many
years, the threat of brittle feilure has limited the use of ceramic materials
in aercospace 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 nuwnber of ways:

1. ?n absen;e 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. % lack og plastic deformation to accommodate stress redistribution
Ref. 30).

k. A materisl 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. % tendeniy for failure as the result of a purely elastic imteraction
Ref. 33).

(+ A tendency to exhibit relatively small deformation prior to
fracture (Ref. 3h4).

8. Accurately following Hooke's Iaw up to the point of fracture with
po 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 st moderate iemperciure, 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, end a few gereral. 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. ILess symmetrical structures correspond to grester 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 distribubion 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 elsstic 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 charactexr:

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

2. A high degree of scatier is associated with mechanical property
dete on ceramics, and ceramics are less reliable than metals for
structural applications.

27

B R - g




3. Ceramics are sironger in compression than in tension.

. 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 c¢ sree of notch sensitivity.
8. Most ceramic meterials are sensitive to thermal and mechanical shock.

During the conduct of this program, it became painfully evident that few
details are known 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
megnitude greater than that of ceremic materials (Ref. 35). Thus, the aero-
space designer finds himself in an awkward position. He must turn to ceramir
materials for critical structurel applications, and the basic knowledge (of
these materials) that would allow immediate technological progress to be made
is not availsble.

5.2 Ductile Ceramics - A Distant Fuiure Possibility

Much attention has been focused on the possibilities of devising ductile
cersnies, bubt 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 & change in the basic nature of the material itself.

To date, only e 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
gtress concentrations ai barriers (Ref. 38).

There seems vo be little agreemect 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

However, some fear that ductility will be obtained only at the expense of
losing high temperature strerngth, and it is e combination of strength and
ductllity 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 ceranic materials have a low coefficient of thermal expeansion, and e
small inecrease in ductility can be expected to produce a rather large
increase in the thermal shock resistance of & ceramic material.

5.3 Statistical Approach 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 mechenicel 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 critexria corresponding to a given probability of
failure (Ref. 34). In addition, the strength determinations on ceramic
samples dc not, in general, conform to a normal (Gaussian) distribution,
and the use of the average (arithmetic) strength cen be misleading (Ref. 35).

It is widely accepted that the dispersion of mechanicel property deterni-
nations on ceramics is attributed to zhe presence of defects or flaws already
existing either in the interior or oa the surface of the material. According
+0 the famous theory of Griffith (Ref. 39), such flaws, or microcracks, are
present in most materiels, and in the absence of plastic fiow the cracks act
as stress raisers with maximum stress and maximum elastic strein 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 materiel and the length of an
incipient crack (Ref. 29). For an atomically sharp crack, Griffith's theory
predicts crack propagation et stress levels normally observed for incipient
cracks approximately one micror in length (Ref. 40).

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

1. The strength of & brittle material is a statisticel quantity determined
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 1s a greater chance for a large flaw to
be found in the larger specimen.

3. A grcup of large specimens will exhibit less scatter of strength

measurements then a group of small specimens since & large specimen
contains more flaws than a small specimen.
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5.3.2 Weibull distributicn funciion

Several investigators have proposed distribution functions in an
attempt to quantify the statistical natwre of brittle fracture. The most
widely accepted distribution function was proposed by Weibull (Ref. 41).
Weibull assumed that " ws of random size distributed throughout a ceramic
material caused the scatter cbserved in its mechanical properties, and, on
the basis of the weakest-link concept ot failure, devised a discribution
function of the form:

g -0 m

Fo) =1-ex [V (—F)] (1)
o]

vhere

Lo}
i}

probability of fellure

V = volume subjectid to stress

0 = stress

o = zexro strength; that is, the strength below which
" sracture will not (cannot) ocecur
oo = & scaling factor

m = flaw density

5.3.3 Bvaluation of Weibull parameters

The su'‘ject is only considered briefly in this section. Fox a more

extensive coversge, the reader is referred to the recent and excellent survey
conducted by W, B, Shook st Chio State (Ref, 42),

Equation 4 can be expressed in the form

g ~0 m .
Flo)=1-exp [~ (—L) ] (5)

1/m

where B = % \'A can be viewed as & working parameter. The equation

30




suggests that a plot of:

log {J.n TT%'(ET} versus log (o - op)

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

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

2. Number the strength determinations fromn = 1 to n = 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
a = N.

3. Plot ﬁgi x 100 versus (o - ou) for various trial values of o .
The quantity ﬁéi is used as an approximation to F(¢). If only a
limited number of cpecimens are used (say 50 or less), the use of
median ranks (instead of the numbers ﬁéi) is highly recommended.
For a discussion of medien ranks, the reader is referred to
Reference 43.

iy, The parameters are estimated as follows:

a. o, is that trial velue which produces a straight lire 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 arbitrery scales
were used when devising the special greph paper.

¢. B 1s the abscissa of the point of intersection of the resultant
straight line and the horizontal dash line.

5. Tne abscissa is on & logarithmic scale so that any constant multiple
of the nunbers displeyed along the stscissa may be used.

Examole:

For the locus of pointe shown in Figure 8 and for a constant
abscissa multiple of 1000 psi:
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1. The «cele factor B = 06 A was estimated to be 31,300 psi.

=0

2. The slope was estimated to be 1.875 giving the
estimation m = 1.875 x 1.71 = 3.2,

19

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

=2

o, =BV " = 31,300 (10)

0312 - a1 0oL psi.

5.3.4 Critique

Weibull's theory is based on the assumption that flaws of random
size exist in a ceramic compounent 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 theoxries, 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 distritition function has given reasonsble correlation
with experimental deta. As a result, Weibull's theory and its associated
assumptions have been rather widely accepted. However, a pnumber of investigators
have questioned the generel applicebility of the theory, or at least questioned
it in its present state-of-the-art.

Because ceramics are often highly sensitive to surface ef'fects, a number
of investigators believe that the most serious flaws in a cereamdc material
exist either on or near the surface®. They contend that a surface layer, with
proper tcies different from the bulk material, must be considered and that both
the surface layer ana ‘he bulx material must be characterized either by singie
strength values or by statirtical techniques. In the case of single strength
values the behevior of a component would depend on the geometry and on the
thickness of the surface layer. In the case requiring statistical descriptions
the problein would be contounded 1.2 the thickness of the sur’ace layer varied from
component to component.

Another contentiosn holds to the classical concept that a sipngle strength
value characterizes even g brittle material and that the variability observed
is attributed tr uncontrolled facters in raw materials, processing and testing

*in a recent study at the Lawrence Radietion Iavoratory more flaws initiating
fracture were found aear the surface of fractured bend-specimens then were pre-
dicted by the Weidbull theory, and flews appeared to be especially heavlily
concentrated at sharp corners of test samples (Ref. Ll).

33




and to differences iun internal stresses in different components. While such

a coucept implies the potential of & gimple design guide, it has met little
favor to date.

There are also a number of researchers who would replace the weskest-
link or series model with a parallel model. This contention allows the
frecture of a single flaw bto 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 parallel models may hold the key to the successful design of brittle
structures. Unfortunately, however, the mathematics associated with the
combined model are abominable.

Finally, Welbull's distribution function does not lend itself readily to
the bimodald 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 smalli and large
specimens.

5.4 General References on Brittle Behavior

A number of recent nubiications by the Armour Reseerch Foundation provide
an excellent summery of the present knowledge on the statistics of brittle
materials (Ref. 45-47). EBarlier work in the area of statistical failure
concepts is reported by Battelle Memorial Institute (Ref. 48-50). For recent
publications which deal with the genesral concept of brittle behavior the
reader is referred to Referznces 19, 23, 24, 28, 51, 52, and 53,
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VI. CERAMIC FORMING PROCESSES

The following sections deal with the advantages, limitations and possi-
bilities of various forming processes. Processes currantly being used to
produce ceramic structursl 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 8 pressed powder arising from the
inability of soilid powders to itransmit pressure uniformly. In addition, since
powder particles are aot deformed or worked during slip-casting, little or no
nucleation should occour in a slip-cast part, and conbtinuous grain growbth should
be favored 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 fcr the slip-
casting of cermets, oxides, carbides, borides, and silicides (Ref. 56, 57).

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

Slip-castiag systems generally are capable of producing green densities
only up to zbout TO per cent of theoretical. As a result, sintering of the
cast compacts to accoptable densities causes large smounts of shriuksge. The
fused silica slip studied at Georgia Tech is a notable exception, giving green
densities of about 83 per cent of theoreticel (Ref. 6).

The microstructure and mechanical properties of a slip-cast body may
depend on the orientation of particles during casting (Ref. 60). In addition,
slip-casting like other weil; procegsing methods encounters problems during
drying. Iarge seclions require close drying control over & long period of
time to prevent cracking.

The limitations on the size of a slip-cast component must be related to
the total 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 materiels lose strength 3during 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 thc 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 said of binders which provide
strength during the e¢arly stages of heal treetment. Moisture contents
generally vary from 2 to 5 per cent. Sintered densities range from 80 to 90
per cent of theoretical, and meximum strengths are therefore not possible.
Attempts to improve the strengbth by higher firing or by the introduction of
impurities usually, if not c¢lways, result in substantial grain growth.

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

6.1.3 Isostatic pressing

The isostatic process allows the production of large and complex
shepes with highly uniform texture. Small additions of binder are used, but
moisture is not required. Sintered densities range from about 80 to 95 per
cent of theoretical, and shrinkage is uniform, preferred 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 ageinst metal usuelly require no mechining.
However, the use of rigid membexs causes departures from a true isostatic
state (Ref. 62).

6.1.4 Vibrstory compaction .

In thins process, the particles are agitated under a slight restraint
to promote close packing. Compaction is accomplished withort the use of binders,
and densitieg of 90 per cent of theoretical have be.r:. obtained (Ref. 63).
However, particle size distribc-tion hagz a consideruble influence on the density
(Ref. 6h4).

6.1.5 Extrusion

This process is limited to shapes of regular cross section. Diame-
ters have been limited to & few inches for non-clay ceramics, and the need
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for plasticizers in non-clay ceramic powders leads to final compositions that
are invarisbly complex.

6.2 Hot Forming

Hot forming methods have, in general, been generated by the spplication
of heat to cold forming counterparts: +they involwve the simultaneous application
of heat and pressure to densify and shape ceramic compeacts. Their major benefit
is to offer a closer approach to theoretical density and to allow a closer
control over microstructure. The methods are unique 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 to
500° F cnd 10,000 psi. Induction heating is usually employed because of the

high temperature obtainable; however, this technique does not allow close
coatrol over heating and cooling rates and does not provide temperature
wiformity. Below 3900° F, graphite musi e used in an inert atmosphere or
vacuum. Above 3900° I, an inert atmosphere must be used. Witk oxide dies and
in some cases, with graphite dies, radiated heat from resistence 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 allcys have also been used as die materiels.

Density variations are fourd 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 incressed, 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
% 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 abcut one foot in
diameter and one foot in length.

6.2.2 Biaxial hot pressing

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

6.2.3 Hot isostatic pressing

Hot isostatic pressing offers the potential of allowing tiue fabri-
cation of large and complex shapes with uniform texture, closely controlled
. microstructure, and high density. Bence, 1t provides one of the most exciting
areas for future research. Current interest is In using a golid or a gas es
the transmissive mediwn. The method has been applied to ceramics and to
composite systems containing ceramics.
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6.2.4 Hot estrusion ’

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

6.3 Qther Forming Methods

6.3.1 Nucleation

The controiled crystallization in glass materials hes led to the
oblainment of extremely fine polyvcrystalline materials, the so-called glass-
ceramics. These materials have been found to be relatively insensitive to
surfaece damage and to exhibit high strength with good reproducibility. In
nddition, 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, aveil-
able glass-ceramics soften below 2000° F and are limited in long-term use to
about 1500° F. Close tolerances can be obtained with glass-ceramics without
machining.

6.3.2 Melt spraying

Mezlt spraying has been successfully used tc coat various materials
and to produce free standing ceramic shapes. While coating thickness is
linited, shapes of almost any configuration can be coated. Fdges and corners,
however, ccntinue to be a problem. Free standing forms have been limited to
thin-walled shapes with axial symmetry.

Particles less than 5 microns in size are difficult to feed into an arc
or flame s¢ that a grain slize 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 suhstrate {or the
particles alone in the case of a multicomponent feed) are seldom given the
opportunity to react. 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 weight
ceramics include: burnout of additives, chemicel reaction, chemical
decomposition, sublimation, air incorporation by sgitation, bloating, and
cementatior of preforied spheres. Materials which have been produced as foams
include: silicon carbide, alumina, zirconia, fused silice, and Ryroceram®
(Ref. 65). BSize limitations depend to a large extent on the foaming methed
employed. Massive blocks arc commercially aveilable in a few cases, and the
blocks can be machined to most sny shape desired. However, the foams are

friable, and speciai machining techniques might be required if tolerances are v
close (Ref. 663.

‘3\
3
&

6.3.4 Molding

A wide variety of sizes and shapes can be produced by the bulk
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placenment of material. ILarge structures may be possible if tue material is
placed in sections to avoid therma). rupture during the cure.

6.4 Machining and Grinding

Machining and grinding are generslly used to produce dimensional
accuracy, complex designs, or specific surface textures which cannot be pro-
vided by any othexr forming technigue. 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 materlial in a single pass is unusual. The presence of phases with different
degrees of hardness and the occurrence o 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 Ultresonic machining

Ultrasoric machining is usually employed when abrasive grinding is
unsuiteble. Baslcally, 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 arways slightly over-
size relative to the tool. Dimensions can be held to abouat 0.002-inch with
200 mesh sbrasive grain. However, tolerances as close ar; 0.0005-ipch have been
met hy using finer abrasives.

6.5 General References on Ceramic Forming Procesgses

The most recent publication which permits a broad 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 alco contain extensive information on ceramic forming methods. For recent
foreign publications in the area of ceramic forming, the reader is referred to
Extended Abstracts 1 and 2 of Appendix I.




VII. PROPERTIES OF CERAMIC MATERIALS

The properties of ceramic materials tend to favor extremes. Their melting
points are high, their densities and their thermal expansion coefficients sre
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 asbundant supply and
e 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
vhich follow. Properties of interest to the aerospace engineer are considered,
and the discussion is limited to areas where significent design data are
available. In some cases, methods used to predict property values are cited.
Such methods =llow estimates of the properties of & materials system to be
mede on the basis of the properties of the individual constituents in the
system. However, the methods sre generally based on simple models and
should be used only in the absence of experimental data.

7.1 Physical Properties

T.2..1 Refractoriness

The melting or decomposition temperatures of selected refractory
ceramics are given in Figure 9. The refractory ceramics start to mels at a

"

temperature above 3000° F. Tpe nighest melting point reported is 7090° F for
the complex carbide 4TaC:Hfc (Ref. 70).

While the melting point of a ceramic material serves as & index of the
material's usefulress at high temperatures, it can be vexry mislesding. Many
ceramics become unstable at temperatures below their melting point, and their
selecticn must be based on their maximum use temperature in a specified medium.
Conversely, certain materials may be used fcr short times at temperatures well
above the melting or decomposition point. Ablative plastics and fused silica
are exemples. 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 o wear or
indentetion. Although scrateh tests are seldom used, it has been observed
thet most ceramics fall between 7 to 9-1/2 on the Mohs hardness scale. The
Rockwell and Brinell tests cannot be used heeause large indenters undexr high
loads cause ceramic materials to fracture in iension near the point of contact.

However, a2 microharxdness test using & small Giamond 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 136° diamond pyramid (Victors indenter) or the Knoop indenter
are the usual choice, and results are expressed in terms of load divided by
the areca of the indentation. Commercial microhardness instruments are
available (Ref. 35).

7.2 Elastic Properties

T7.2.1 Elastic modulus

For ceramic materials, the modulus of elasticity or Young's moiulus
ranges from about 3 x 106 to 60 x 10 psi at room temperature and remains
essentially constant for a given material up to about 1600° F.* In this
temperature range c.ramic 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 stetically or dynamicelly. The
measurement under static conditions gives values for the isothermal moduli,
while adisbatic moduli are obtained by the scnic or ultresonic techniques.
Indications 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. Tl).

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

E=E. e (6)

where

<)
i

elastic modulus of porous material

=1
1}

astic modulus of nonporcus material

o
L]

an expirical constant

P

!}

volume fraction of pores.

¥This is not true however for a number of amorphous materials which show
8 steady increase in modulus with increasing temperature,
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Date on alumina from various investigations showed that b varied from 2.k
to 4.4 with an average value of about 4.0 (Ref. 72,73).

Spriggs (Ref. Th4) 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 -DbP

E=B e °° °F° (7)
wvhere
bo, bc = empirical constants
Po = volume fraction of open pores
Pc = yolume fraction of closed pores.

Data on alumina with induced porosity suggested thet slightly 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, Hasselmuan proposed an equation of a different form based on a
general equation given by Hashin (Ref. T6):

B=g, 1= mi“‘!fﬁ‘?] (8)

whele

=2
4

a constant.

Hasselman's ejuation for the agsessment of both open end clossd pores (hef. 77)
becomes:

) ‘e
E=E, [1‘ T (A-1JF "IF@A-IF
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Hasselmen and Fulrath (Ref. 78) fitted experimental data on glass
containing small fractions of spnerical pores with an expression of the foirm:

E = Ej (1 - bP) (10)

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

3(9+ ) (1-u,)
2 (7 - Sny) (12)

where

By = 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 py = 0.20.

Fryxell and Chandler (Ref. 59) fitted dynamic elasticity deta on two
grades of extrauded Mg0 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
end thet Equation 6 and Equation 8 would give ecsentially identical results
up tc & porosity of nearly 4C per cent.

A recent investigation at the Cornell Aeronautical Iaboratory (Ref. T1)
has indicated that Young's modulus may be predivted with small error for
composite bodies which remain continuous solids by a method developed by
Kerner (Ref. 80). For vorous media, based on Kerner's expressions Young's
modulus is given by the equation:

G. (1-P
B= el ) (12)

™ls”
4+
!
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F

Gz
1]

shear modulus of nonporous materisl

N
[}

a constant

The constant 2 can be evaluated for sphericel pores as follows:

5((3K.+4¢.)
e 0 (13)
{9 Ko + 8 GO)

where

%o

bulk modulus of nonporous material.

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

7.2.1.2 Heterogeneous meterials: Generally, equations are developed for
predicting the shesr and bulk modull. Young's modulus is then calculeted from
the vrelation.

+ _(1; (k)

wi-

where

& = shear nojulus

K = bulk modulus
The aesumptions inherent in Eguation 1% are that the material is isotropic
end that no phase cherges occur.

T.2.2 Shear modulus

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

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

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

G=0CG. e (15)

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

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

G = G, (1 - zp) (16)
wherc Z 1s given by Equation 13. Ressonable experimental verification of
Mackenzie's formula has been provided by Hasselman and Fulrath (Ref. 78).

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

G =G, (1-2p+2 %) (17)

where the constant 2/ may be evaluated by setbing G =0 vwhen P = 1.

7.2.2.2 Heterogeneous materials: Kermer {Ref. 80) derived the following
expression for the shear modulus of a heterogeneous material:

) ‘, v

1 V4 N V1
{=2 \T- o1y) Gy + (8 - 101, ) G, 15 (1-p,)
G, v

EZ 11

V.
. 1
1=2 T7-ou)* (8-106)6 I CREETy) ]

b o

6=
!

(18)
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vhere the subscript 1 refers to the matrix material ond vy is the volume
fraction of the ith phase. The expression has been applied to ceramic bodies
in a recent study et the Cornmell Aeronautical Laboratory {Ref. Tl).

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

15(1-w) (

" 7-5um+2(’+~5um)l:

CJ‘Q
[}
-
+
SR P 5 PN
1
=
s
p.<

(19)
{ gi - l) v
n

vhere the subscript m refers to the matrix, d refers to the dispersed
phase, and v, 1s the volume fraction of the dispersed phase. Hacain also
developed approximate bounds for the shear modulus, but a discussion of these
is beyond the scope of this report.

Heshin'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 cn the properties of zirconium carbide. A good correlation
was obtained using Heshin's lower bound.

T.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 vsing Equation 14 or the
following equation which is strictly valid only for isotropic materials.

E

K= -é-—(———-jl_eu (20) A

T7.2.3.1 Effect of porosity: While the bulk mcduwlus is difficult to
measure experimentally, it is amiable to theoretical studies. Mackenzie's v
expressicn (Ref. 83) for the bulk modulus for solids with spherical isolated ‘
pores is of the Lorm:

!HCQGO(:L-P)

K= (21) !
4 GO + 3 KOP ;
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7.2.3.2 Heterogeneour materials: Hashin's approximetion (Ref. 76) for
tha bulk modulus of a two phase nonhomogeneous material is of Yhe form:

(4 G +3 Km) vy

0 G +3K;+ 3 (Kh - Kd) vy

K=K + (kg -K) (22)

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 v
m m + d d
3K + G 3K, + LG
K = A m d m (23)
- v v V.
m + a + P
3
3 Km F I Gm 3 Kd + Gm Hum

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 wiil tolerate only & small amount of strain.
Resonance methods can often be used at highey 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 meterials. One
would expect Poisson's ratio to remain relatively constant up to about 1600° F.
As the temperature is increased above the point where plastic deformation
occurs, Polsson's ratio should gradually increase approaching 0. at the
melting point.

Poisson's ratio is often calculated using the equation:

b= g5 -1 (21)

However, it is obvious from the form of the equation that rather precise
modulus date are required for a good estimation. While the equation applies
to only isotropic bodies, reasonable estirates are expected if anisotropy

is confined to small crystals rardomly oriented (Ref. 79).
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The dependence of Poisson's ratio on porosity cea be predicied with the
aid of Equation 2%. For example, Spriggs and Brissette (Ref. 81) used the
relationship given by Equation 24 and simple =xponential expressions for the
elastic and shear moduli (Equations 6 and 15) t0 derive ap approximation of
the type:

B=Hy - bP (25)

An excellent it was otteined for a set of data on cold-pressed and sintered
alumina.

7.3 Strerth
T+3.1 Tensile strength

The tenslile test is not usuwally 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
unsynaetrical specimea dimensions can lead to large extraneous stresses during
the test. Recent developments, however, Iadicate thot the use of a gas bearing
support system can lead to significant improvements. One gas bearing facility
has produced tensile strength data which were at least 1.3 timwrs higher than
those previously reported for the same materials (Ref. 85).

Recognition 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 Imstitute the tensile strength of
a commercial, high alumina body was investigated by using hydraulically
expended 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 & low scatter of results was observed. The
maximum {coefficient of) variation of strengthe within single groups of
specimens was less than 7.6 per cent. This value cc.apares favorsbly with
the value of 10 or more normally associated with flexural strength data.

The diemetral-compression tegs is gaining increasing favor because it
provides an experimentally simple mathod for messuring tensile strengiths. An
important feature of the test is that it allows the maximum tensile stresses
o be produced within the body of a material, rather thken at the surface.

7.3.2 Flexural strength

The flexural strength is usually determined by pending & bar or rod
of simple shape to ‘the point of fracture. The maximum tensile stress at

k9

[ _— —-—-——-—-—

oy R -» e et = o ot e s

,/;7/;’:’ RN Lo Ap, v




fracture 1is computed from the fracture loads, and this meximum stress is
referred to as the f£lexural strength or the modulus of rupture. The specimen
is l1aid 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 assume3 that the materisl is homogenous and obeys
Hooke's law up to the point ¢. fracture, ani the calculations are basied on
the equation for pure bending: e

i
¢ = 3 (26)
whera
¢ = maximum tensile stiess

distance Zrom the neutral axis of the specimen to the fiber
under maximum tensile stress

o
[

M = bending moment at the point of fraciure

I = momont of inertia of the cross section about the nevtrel axis

When corrections are made for wedging (Ref. 42) center-point loading data and
four-point loading duta cen ve compared and differert thickness-to-span ratios
can be teken 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, snd care
must be tzken 1o prevent torsional loading.

T7.3.3 Compressive strength

It is not possible to obtain the true compressive strength of a
ceramic material by the usual method of applying & unidirectioral compressiie
load to a portion of a test specimen. Failure will sccur as the result ot
iensile stresses which are induced in the material during the test. It has
been predicted that tensile stresses reach a maximum of one-eighth the applied
pressure at the tip of microcracks orieated 30° to the direction of the
compression (Ref. 31).
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Data on the compressive strength of ceremic materials is limited. However,
ceramics 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 some amorphous materials.

7.3.4 Impact strength

Impact strength has not been precisely defined, but, generally
spesking, it is the resistance to fracture under a dynamic load which is
suddenly applied. While wost lmpact tests were developed to simulate service
conditicns, there have been few attempts if any tc correlate the measured
impact strength of a cerawmic waterial with its pexformance in service.

A number of investigetors have suggested that a close relationship exists
between the impact strength and the flexural strength of a ceramic material.
Kliman (Ref. 88) investigated the effects of fiber content on alumina {iber-
ceramic composites and found that the varietion of impect strength was similar
to that for transverse rupture strength. On the premise that most ceramics
fail at a strair 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 accumulaied
data on commercial ceramics indicate that materials such as alumina, steatite,
zircon, wollestonite, and borosilicate glass behave very similarly in respect
to impact strength in spite of their differences in ccomposition and structure.

In the work discussed by Phillips and DiVitu, polycrystalline ceramics
and giass were impact tested by the increumental 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 waes measured using three-point
loading, & -in. span, and a stressing rate of 10,000 psi per minute. The
average value for the impact strength-to-flewvural strength ratio for 9
materials was 1.81 + 0.09.

T.3.5 Porosity and grain size effects

T+3.5.1 Porosity effects: An empirical expression which has met
considerable success in fitting strength-porosity data has the form:

- bP
5=85,e (27)
vhere
S = strength of porous material
S0 = gtrength of nonporous material

51

s e s it k- —~

i

ol . ~ Y

o s i




However, not all of the available date are in egreement. In some instances
a lirear relationship provides a better £it.

Wilcox {Ref. 91} considered the strength-porosity data of ceramic
materials during the initial stage of sintering and found that the date fit
a remi theoretical expression of the type:

Pi - P
where
Pi = porosity prior to eny densification due to sintering

"
n

a constant

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

5 = 8, (L - bAP) (29)
E = Ey (1 - AP) (30)

Hasselnxti predicted that the value of the constant b would be unity for pores
in the form of long circular cylinders parallel to the applied stress, approxi-
mately 1.28 for long cylinders perpendicular +to the applied stress, and
approximately ...5 for pores with an average shape approximately spherical. A
comperison of the modulus of rupture and Young's modulus for several materials
showed that the value of b ranged from 1.k tc 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 QGrain size effects: The exponential relation given ".y Knudsen
(Ref. 93) is the most widely used expression for predicting the effect of grain
size on the strength of a ceramic material:

S = AG™% (31)

where
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G = grain size
A,a = empirical constents

A value of a = 1/2 is predictedi by Griffith's equation (Ref. 39) if the
rost severe microcrack is equal ‘to the grain size. However, a value of

1/3 has been reported for alumins and magnesia, a value of O.4 for thoria, and
a value of 0.55 for chromium carbide (Ref. 32).

In a recent study by Spriggs, Mitchell, and Vasilos (Ref. 9%) the elastic
modulus and modulus of rupture of pure, dense alumina were determined as a
function of grain size (1 to 250 microns) over the temperature range 86° %o
2732° F. The room temperature mesulus 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 2732° F. Fowever, the grain-size dependence was significantly lessened
above 1832° F. (ther noteworthy observations were that the 1 to 2 micron
material exhibited considerable yielding and nonlinear lcad-deflection behavior
sbove 1832° F and that grain size appeared to have no effect on Young's modulus
cver the entire temperature range studied.

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

bF

S=AG%¢" (32)

Fryxell and Chandler (Ref. 79) analyzed modulus of rupture data on
beryllia and magnesie in terms of Knudsen's equation. The grain size ranged
from 10 to 100 microns, the porosity ranged from 1 t5 15 per cent, and the
temperature range T8° to 2192° F was investigated. The dependence on grain
size decreased &s the temperature increased (& = 0.35 to 2 = 0.11 for
magnesia, and & = 0.50 to & = 0.03 for beryllia). The porosity coefficients
remained fairly constant (b ~ 2.5 for both materials), but there was
ccnsiderable scatter.

7.4 Notch Sensitivity

Most researchers view ceramic materials as being highly sensitive to
notches. The usual ergument given in support of this view is that ceramies
are brittle, and plastic deformation does not take place in a brittle material,
end 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 litile experimeniel evidence because few data are availeble on the
notch sensitivity of refractory ceramic materiais. It is known that glasses
are highly sensitive to surface scratches, and perhsps the knowledge of this
fact has influenced the opinion of some.
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A few jnvestigators have presented date which support the opposite view.
For example, in a recent study at the Stenford Research Institute (Ref. 95) it
was found that the introduction of noiches in a dense magnesia body caused no
appreciable change in its behavior under thermal stress conditions. 1In
another recent study, at Syraruse University (Ref. 96), external notches
artifically introduced in alumina and in glass-bonded mica had a rather mild
effecy 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 aeppears, then, that the notch sensitivity of a brittle material will
depend upon the size of the flaws that already exist in the materisl. The
introduction of & notch no "larger" than the material flaws already present
would not be expected to influence the material's pexrformance. 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
detrimentel to & polished surface, a great number of scratches might have
little effect and may even serve to relieve stress or to distribute it more
uniformly.

T.5 Thermal Propert.es

T.5.1 Taermal expension

While the thermal expansion of refractory ceramic materials-is
relatively low, it varies considerably from one ceramic material to annther,
and it exerts the most important influence on the thermal shock behavior.
For example, the zxpansion coefficient of fused silica is so low that it is
essentially incapable of failure uunder 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 200° F in spite of its high mechanical
strength.

The thermal expansion of a cerswic can ve measured with a fair degree
reliabllity. The expansion is not noticeably effected by small amounts of
impurity or oy 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.

An cxtonsive investigation of the aspects of the thermal expansion of

ceramic materials was conducted at the Cornell Aeroneutical Izboratory (Ref. T1).

A brief report on the knowledge gained in that iavestigation follows.

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

o, B, 7
o= 3 % 2114 (33)
i>1 BV
Kerner's Method:
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where

« = linear thermsl expansion coefflcient.

7.5.2 Thermal conductivity

The thermsl conductivity is the property capable of the largest
variation in ceramic meterials. The thermal conductivity exhibits a two-order-
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of-magnitude variation between different materials or between different forms
of a single material. When sizegble temperatur:e variations are ‘to be
encountered in service, the designer should carefully consider the temperature
dependence of this property.

The factors which may influence the thermel conductivity of a ceramin
material include: the molecular structure of each phase, the total amount
of euach phase present, the distribution of the phases, impurities, 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 Devye tempersture, 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=1/3¢c vaA (37)
vhere
k = thermal conductivity
¢ = specific heat
vV = mean velccity or elastic wave velocity
A = mean free path between interac’ions.

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 soluticn serve a&s ceniters 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 tc lotbice scattering varies inversely
with temperature, the thermal conductivity would be expected to vary inversely

with temperature. The conductivity of polycrystalline ceramics usually varies
in the following fashion:

k:x%'i‘b (38)
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Wwhere

ot
4

temperature

i

a,b = constants

Above sbout 2200° 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 2700° F and then rise again at higher temperature (Ref. 98).

In amorphous materiasls the mean frec path of the phonons is similar to
+he interatomic dimensions and cannot Jdeccrease as the temperature increases.
la these materials the conductivity vories with temperature according to the
variation in the specific heat. Thus for amorphous ceramiles, ‘the conductivity
is low and may increase gradually with temperature up to the point where
radiation effects become important. At low temperatures the wvariation can
often be described by & linear relationship:

k=at+hb (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 minimm
value of aspproximately 0.7 Btu/hr-fta°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: Tew investigations have generated
dependeble data on the greain size effects at or above room temperature.
Indications are, however, that grain size will not affect the thermsl

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 1832° F
as the average grain size was varied from 10 to ¥ to 2 microns. At 212° B
the conductivity was eight rer cont higher for the 10 micron materiul than it
was for the 2 micros material. This difference decreased slightly as the
temperature was increased to 1832° F. At 212° F the relative conductivity
closely followed & volume effect of the grain bhemmieries,

7.5.2.2 Heterogeneous materials, including pores: A number of investi-
gators have considered the thermal conductivity of multiphase materials. The
recent presentation by Brailsford and Major (Ref. 101) was favored during the
preparation of the present s~ctlon.
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The electrical analogy rule can be usged to develop expressions for the
thermal conductivity of a lamirate:

1-v V.

}3{:= H3 * + -k_l ()-FO)
"1 2

k = (l-vl) Xy + vk (¥1)

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

For mirilures, 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:

3 km X 3 km
. m m 1l "1 (2 Km + kl 2 2 (2 km + k2
- 3k
m

3k,

m 1 2km+kl 2 Tzkm'ﬁ'ke

where the subscript m refers to the continuous phase and vh + vi + Vé = 1.

An expression for & random two-ﬁhase assembly can be obtained by setting
kn = 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):

- 2 1/2
k = (3”1-1)1\:.1 + (3v2-l)k2 + L{(Bvl-l)kl + (3v2-l)k2} + 8k k, ] (43)

where vi + Vo = 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:

ky * (n-1) L (n-1) vy (km-kd;l
k=i, k, + (u-1) k_ + v, (K _-K,)
d i d Y'm d —l

(k)

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

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

7.5.2.4 Radient effects: For demse, polycrystalline ceramics, radiaut
effects are found to be significant at temperatures sbove 2700° F. For
translucent materials, radient heat transfer begins at lower temperatures.

For porous meterials, the effect of radiation across the pores can be
taken into account using an equation developed by Loeb (Ref. 10&,105):

P
. X
k:ko(l-}?x) t % (45)
Lo+ (12 )
bhoevyt v
vhere
ko = ‘thermal conductivity of nonporous material

Px = gross-sectional pore fraction
Py = longitudinal pore fraction
0 = Stephan's radiation constant

¢ = total emissivity of solid surface

¢ = geometrical pure factor (2/3 for spherical pores)
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t = mean temperature .

The radiation exfect is not significant for pores smaller than 0.1l nm in .
diameter or for temperatures below 900° F. For pores larger than 1 mm in

diemeter, the radiation effect is considerable above 900° F &nd is greatly

affected by the emissivity.

7.6 Fatigue
7.6.1 Cyclic fatigue

Very little work has been done cn cyclic fatigue studies of ceramic
materials. Williams (Ref. 106) found that the fatigue survival stress was
approximately 0.57 of the single stroke bend strength for & commercial alumina.
The fatigue survival stress for the alumins did not change significantly at
temperatures up to 1650° F. Mizushima and Knapp (Ref. 107) studied the
behavior of a whiteware ceramic under cyclic loading and fouvid that its
fatigue survival stress wae 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
eryogenic temperatures, in high vacuum, or Zn 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 Cxeep

For applications involving high temperatures, the time-dependent deforma-
tion and feillure characteristics of & ceramic must be known. At temperacures
of about two-thirds of the melting point, some plastic flow sets in and
deformation under load becomes an important factor. In addition, anisotropy,
nonhomogenelty, 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 1s no relstionship between the creep
characteristics and composition alone, and structural influences must be
investigated.

Unfortunately, .ittle creep data exist for refractory ceramic materials.
Progress has beon serdcusly hampered by the need for sophnisticated test
equipnent. 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.

[ T
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7.5 Thermal Shock Resistance

With the call for ceramic meterials in high performance vehicles and
reentry situations, the problem of designing an effective ceramic structure
has teken 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 serospace systems encounter dreadful heat fluxes which impose
severe thexrmal 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 'Thermul stress: A thermal stress is generally defined as
a stress which arises as the result of & tempereture gradient or a temperature
change. Thermal stresses are attributed to the thermal expansions of verious
parts of & body in which free expansion of each volume element cannot teke
place (Ref. 5). Thermal stresses in the ebsence of temperature gradients
resull from external restrainis, differences in expansion between various
vhases, nonisotropic expansion of erystal grains, or from volume changes due
to polymorphic transitions, devitrification processes, and chemicsl reactions.

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

7.8.1.3 Thermal shock: A body is said to be subjected to thermal shock
when transient temperature gradients are induced in it. Thus the occurrence
of a thermal shock implies the existence of a temperature gradient, but the
occurrence & 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.t Thermal shock resistance: The thermal shock resistance of a body
is 1ts resistance to deterioration or failure when subjected to thermal shock.

7.8.1.5 Thermal spalling: Thermal spelling is the bresking awsy of
pleces of a shape or structure as the result of thermal stresses.

7.8.2 Test methods

There are perhaps as many thermal shock tests as those who have
used them. In rost tests a simple shape or a prototype design is subjected
to a seveére thermnl environment which is selected on the basis of convenience
or on the basis of anticipated service conditions. Thermal shock tests
generally involve a repid cooling technlique, although rapid heating techniques
are alsc used. In an effort to simulate service conditions, the following
systems have been used (Ref. 42,108).

.
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A rct gas test in which a gas siream 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

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

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

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

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

A furnace test programmed to follow & limited 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, i specimen is often simply
immersed in & hot or cold fluid or & hot or cold fluidized bed.

The thermal shock resistance of a material is usually determined by
magsuring the time required for fissures to form during a test cyecle or by
measuring the extent of damage or deterioration sfter one or more cycles.
Measurements which have been made during & test cy:le ineclude:

l.
2.

Visual observations

Electricul resistance measurements on & conductive cos¥ing or on
the test specimen itself'.

Measuremenis which have been made on specimens before ani after one or more
cycles include:

1.
2.
3.
L,

Visual observationu

Pepetrant dye vests or fluoreéscent particle inspection
Permeability, specific weight, water uptake, and porosity
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 use of surface area meaguring
technigues to determine the effect of thermal. shock has been suggested

(Ref. 109). Such techniques should, provide a annsitive method for determining
the extent of demage in thermal-shock-tested or qroof-tested ceramic bodies.

9
S

Recently, a number of research organizations Rave addressed themselves
to the task of developing new methods for simwating the severe heat fluxes
encountered in aerospace situations. Two of these é§§ Space Technology
Leboratories {Ref. 110) and Geuneral Dynamics;Pomona (N °f 111).

At Space Technology Laboratories, & specimen 1in th% form of & 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/
ft2-sec. The major disadvantage of electron-beam heating\appears to be its
inability to cope with extraneous gases, ard surgical cleamliness and high
vacuum technology are required., Present experiments are designed to provide
severe thermal transient environments which are realistic yot amiable to
analysis.

At General Dyasmics/Pemone hot metal baths are heing used to simulate
the aerodynamic heating asscciated with radome epplications, or at least to
simulate the thermal stressis involved in aerodynsmic heating. The primary
features of the testing facility consist of a test chamber, a cylinder of
liquid metal, and a driving piston which forces ligquid metal out of the
cylinder and into the test chamber around A radome. The speed of the driving
piston controls the liquid metal feed, and the local velocities are esisblished
by the chamber design. Heat transfer rates on the order of 350 to 700 Btu/
fta/sec have been obtained using molten lead-bismuth baths. The baths can
be operated over a temperature range of about h5o to 1400° F, and the leed-
bismuth system remains a liquid up to about 3000° F. The disadvantages to
the hot metal baths are:

1. Bath temperature determination is difficuit.

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

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

i, There is more data scatter when the molten metal vsth is nsed
than there is when a hot salt bath is used.

5. It is difficult to teilor the system so thet thé desired h&at flux
will be obtained at various stations oun the radoge .
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7.8.3 Factors affzcting thermal shock resistance

The assessment of the thexmal 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 thexrmal propsrties of the materilsi,
on the size and shape of the specimen, ard on the net heat transfer between
the specimen and its surroundings. 'The stresses resulting from & given
temperature distribution depend on the thermal expansion and elastic
properties of the material. The strength of & brittle material mny depend
on g multitude of factors, including the size of the specimen, the distribu-
tion of stress, the type of stress, and the rate of lcading.

Thus the thermal shock resistance of a materisl 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 defined 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 meny deficiencies persist:

1. Experimental resulis ars affecied by svbjective influences. The
application should dictate whether or not a material has failed
during a thermal shock test, yet this decision is generally
Jeft up to the investigator.

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

3. The matexial properties of interess usnally vary appreciably with
temperature, and exact analytical treatment is difficult if not
impossible.

7.8.4 Thermal shock parameiers

Becausge of the complexity of the thermnl shock problem, a general
solution is impossible. Each problem, however, need noit 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 descilptors so that. general
principles could be applied.

The thermzl shock behavior of a csremic mbterial in the form of a simple
ghape can be predicted under certain boundary ccanditions. Generally, these
predictions are made under the assumptions that failure results from the
effect of tenile stresses alone, thnt Hooke!s law is obeyed up to the point
of fracture, that the materiais sxe isostrople and homogeneous, and that
the 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 & number of thermsl shock parameters. While these
purameters cannot be applied with high relisbility, several indications in
the parameters are borme out by experience. Thug .. parameter msy serve as
a screening method when the theovetical model resembles the actual service
situation.

The five thermal shock parameters most frequently used are:

(6)
r(®) o 8 (o) (47)
g3) . Sk (48)
) o Scllw) (49)

vhere
R = thermal shock resilstsuce index
S = strengtn
E = Young's modulus
¢ = linear thermal expansion coeffincient
u = Poisson's ratlo

k = thermal conductivity
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2 = thermal diffusivity

k
Q = B-E- (51)

where
¢ = specific heat.

The parameters R(l) and R(a) with dimensions of temperature have

quantitative physical significance. The use of R(l) is suggested in the
extrems case of heating a surfuce by an intensive point-source. Spot heating
may ocour vo some extent in other thermal shock situations because of the non-

homogeneity of ceramic materials (Ref. 112). The index R(E) is similar to R(l)
but applies in the case where a large poruion of the surface is rapidly heated
or where a ceramic is completely restrained from expanding due to the design

of a part. The index R(z) represents the maximum temperature variation which
& materiul cen tolerate without cracking, whatever the intensity of the thermal
shock .

There are indications that the nonexial heat flow per uuit length required
to fracturzs a hollow ceramic cylinder cen be represented by the product of the

index R(B) and & separate factor characterizing the shape of ‘the cylinder
(Ref. 113,114).

The parameters R(a), R(h), end 3(5) were considered by Kingery (Ref. 3).
For the steady-state case of a hollow right circular cylinder with inlinite
length end an intericr heat source, the maximum temperature difference was

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

allowable heat flow rate wes represented by the product of R(L) end a size
factor. For a plane sleb heated or cooled in such a mammer that its surface
Temperature changed at a constant rate, Kingery suggested that the mwaximum
rate of temperature change without fracture con’d be represented by the

the product of R(s) snd a size factor.

Mongon {RBef. %) considered ihe problem of a fiat piate, initially at
uniform temperature, suddenly immersed in a medium of lower temperature. Manson
found that the theoretical response pattern could be closely fitted over the
entire range of heat transfer coefficlents using an equation of simple form:




-

AT e R(a) (1.5 + 3.25 -é— - 0.5 e'lG/ﬁ) (52)

vhere

AT = initisl temperature of the plate less the temperature of the
medium in which it is immexrsed.

8 = Biot's modulus

and

w
i1
h"!g

(53)

where
& = half thickness of the plaie
h = heat transfer coefficient
k = thermal conductivity

Manson's expression provides 2 means of determining thexrmal shock parameters
under worious conditions. For thick plates or large heat transfer coefficlents,
the thesmal conductivity has little influence amd ATy, 1s spproximately

equal to R(e). Thus, in the case of a large body or & rapld trensfer of heat
the surface of the body responds far more rapidly than the intexicr of the
body, and there is almost complete restraint. For thin plates or low ratles
of heat transfer, thermal conductivity has a conciderable influence and the

1
tolerance varles directly as R( 5). Thus a meterial with inherenily poor
thermal shock characteristics mizht tolerate sewers thermal zhwotk conditions
it it is formed into s thin shepe or if it hae e high {nermel conductivity.

The m:jor xdvantage to Manson's expression is that it provides a means
of apalysis for intermediate valuczs of Biot's modulus. It also suggests that
test cormilticons shewld clozely simulate in-service conditions. This applies
to the size and shapz of the test plece and to the heat transfer rate. it
is significant that Manson correctly predicted a reversal of merit index for
alumins axd baryllis when quenched in alr and when quenched in weter.
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Because of its high thermal conductivity, beryllia was superior to alumina
for mild quenching. However, with severe quenching alumins was superior
because of its high strength.

Buessem (Ref. 115) extended the curve-fitting {echnigue to a number of
elementary shapes, initially at uniform temperature, suddenly subjected to
o medium of a different temperature:

For a plate, with symmetrical cooling:

cmm;x - r® (1.5 + 3.25 é—) (54)

For a plate, with symmetxical heating:

_ »(2) 1
ar =R (3.33+6 B) (55)

For & plate, with asymmetrical cooling:

s =r2) (154 9.6 %) (56)

max

For sz wight circular cylinder, heating and cooling:
2 1
,{ﬂ‘m = R( ) (2.0 + 14-.3 E) (57)
For a sphere, heating and cooling:

a7 = RE2) (2.5 + 5 %) (58)

mazt

Buessem also listed the meterisls bYest sulted for thermal-shock applicationsz,
For high heat-transfer rates, materials with a large R(a) value should be
gselected. TFor low heat-trunsfer rates, materials with a farge R(b') vedue
should be used.

e parameters 8%, 82, R$3), 8" ana (5 nave a number of glaring
defziciencies. Thay fu+aieh only en approximete 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:

6) E

( \
R = o 59
% (1) &)

If a material has a high R(6) value, a relatively small amount of elastic
strain energy will be stored in the material at the onset of fracture. Thus
only & 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 rlso depend, of course,
on the manner in which the stored strsin energy is released. Im most metals
stored strain energy ccn be converted into heat through plastic flow, and
insufficient elestic energy remains for catastrophic fracture to occur. Thus
the incorporetion of metal fibers in & ceramic should lead to improved thermal
shock resistance.

In a ceramic material essentially all stored strain energy is converted
tov surface energy and kinetic energy of broken pileces. Thus a ceramic meterial
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 ore material to the next. It follows, then, that R 6
ghould be an effective measure of the thermal shock damsge resistance of a

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

Hasselmen and Sheffer investigated the thermal shock failure of zirconium
carbide containing O, 10, 20, 30, 40, and 50 volume per cent graphite. The

index R é) took on a decisive meximum value at a grephite content of approxi-
mately 30 per cent. When subjected to 3632° F, a sphere of zircoaium carhide
alone fractured catastrophically, while spheres of the other compositions
appeared unharmed. Close sxzmination revealed the presence of cracks on the
surface of the sphere which zontained 10 per cent graphite, and internal
cracks were found in all spheres with graphite additions.

Another deficlency of the thermal shock parameters remains to be discussed.
A high degree of scatter is associated with thermal shock resistence measure-
ments. Of course; this is to be expected since the resistance to thermel shock
depends on the strength of the meterisl. One approach To this problem is to
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assure that the same statistics that apply to the strength of a material also
apply to the thermal shock resistance of th= material. Such an approach was
taken by Manson and Smith (Ref. 116) more then a decade ago.

Menson and Smith formulated a theory of thermal shock resistance based )
on Weibull's statistical theory for strength. The statistical theory and the
meximum ternsile-stress theory were compared, and the following indications
envolred 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 velues of m for ceramic
materials, the parameter should always be considered when high

) rates of heuting or cooling are encountered.

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

It is significent thot Manson and Smith were able to deduce from thermal
shock tests a value of m for steatite vhich was in good agreement with the
value determinzd from tending strength data.

T.9 General Referencei: on the Properties of Ceramic Materials

For & recent and critlcal review of the testing techniques for ceramics
the reader may refer o Reference U2. For recent reports which constitute an
extensive compilation of date on refractory ceramic materisls the reader is
referred to References 2 and 3 and to Extended Abstracts 3 to T in Appendix I.
Extended Abstracts § to 33 in Appendix I refer to recent foreign publications
which deal with ceramic material properties.
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VIII. HIGH-TEMPERATURE STRUCTURAIL MATERIALS
8.1 Oxides

Although the oxides are exceeded in high-temmerature strength by a number
of other materials, they constitule an important class of non-metallic refractory
materials. They ere characterized by outstanding chemicel resistance over a
wide range of temperatures, relatively low density, moderateiy high melting
puint, brittleness at low temperatures, and low to moderate cost. Their
fracture stirength compares favorebly with that of the high-temperature metals on
8 strengbh-per-unit weight basis, and they are unexcelled in resistance to
oxidation. They are also usualliy highly stable in reducing stmospheres.

At temperatures above 2700° I, all of ‘the oxides have low mechanical
rroperties, and variations in these propervies 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 of'ten have an appreciable effect on the creep strength and thermal
conductivity of a polycrystalline oxide body.

The use nf refractory oxides has been limited by the lack of high-
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 result,
most of the refractory oxides have been used in aerospace structures only to
protect other less stable materials.

Some of the refractory oxides sre exvensive because they are scarce, or
because they are difficult to recover in pure form. These include ytbria,
hafnia, ceria, end thoria. The refractory oxides which are aveilable in abun-
dance include aluming, silica, megnesis, zircoris, and beryllia.

8.1.1 Alumina

Aluminum oxide, Al,0,, 1s one of the most widely used refractory
compounds because of its low cgst, high mechanical. strength up to about 2200° F,
availability in a number of forms, and because of a vast backgronnd of informa-
ticn regarding its use. Aluminum oxide melts at 3720° F and is chemically one
of the most stable oxides. It can be used above 3100° F ir a strongly reducing
atmosphere and up to sbout 3500° F under oxidizing conditions.

Alumina ware can be formed by slip casting, extrusion, cold or hot
preseing, or injection molding. The first ceremic radomes Were obbtained by
casting an alumina slip or by isostatlcaily pressing an alimine sugpension on a
core. In 1953, a prestressed ceramlc wing was tested at the Universify of

Californis (Ref. 117). The wing sesments were formed from alumina by slip
casting.

-

8.1.2 Eeryllie

Beryllium axide, FeO, has a meltiug point of 4660° F and o spzcific
gravity of only 3.03. It 13 the most resistant of ell the oxides to reduction
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by carbon at elevated temperatures and is stable in air, hydrogen, carbon
monoxide, argen, nitrogen, or vacuum te 3L00° F. It is not stable, however,
in halogen or swlfurous atmospheres. The thermal conductivity of beryllia at
low temperatures is outstanding, surpassing even a number of the metals. At
high temperature, the conductivity is much lower. Whiile the low tempersbture
conductivity is greatly affected by smell amounts of certain impurities, com-
mercial beryllia cevamics are now availuble with reproducible (# 7%) thermsl
conductivity at a level of 105-110 BTU/hr./ft./° F for dense material. The
electriesl conductivity is very low.

Beryllic has the highest specific heat of all the refractory oxides. Its
high hest capacity and thermal conductivity and its uwniform thermal expansion
ma¥e it fairly resistant to thermal shock.

In the past, beryllia ceramics were relatively weak et low temperstures.
However, wilth the applicetion of modern processing methods and careful quality
control during all rhases of product fabrication, wniform batch to batch and
firing to firing bend strengths of 25,000 to 35,000 psi have been achieved.
More importantly, when the kinds and amowunts of impurities are carefully
controlled, and when great care is taken to minimize internal strewses by
proper die Ic¢adting and wniform firing in thé temperature range where maxinmum
shriniege occurs, beryllia exhibits less dispersion in mechanical strength
thaa most vther ceramic meterials. One company is presently supplying 16 in.
by 16 in. by £ in. beryllis windows machined from blocks snowing an average
modulus of ruplure of at least 30,000 psi on each of the four edges with no
value falling telow 25,000 psi (Ref. 118). The mechanical properties remain
fairly constant with temperature up to sboul 2300° F, .1d at this temperature
beryllia is one 0f the strongest oxides in compression.

Beryllia ie chemlically 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 3600° F. However, above 3000° F, beryllis reacts with
wvater to form a wvolatile hydroxide. Beryllia is toxic, but it is oaly
dangerous when small purticles are inhaled so that the hazard is ensily elini.-
nated by reasonable hooding.

Objects made from beryllis can be fashioned in complicated forms, particu-
larly by cold pressing, hot pressing, isostatic pressing, or slip casting.
Extrusion is employed when small, modular units made by pressing would be un-
satisfactory from a design stendpoint. With extrusion, an increase in bending
strength of 25 per cent can result dus %0 orientation of needlelike grains
rresent in the powder material; however, such preferred orientation would be
expected to lower the thermal shock resistsnce of a part.

8.1.3 Ceria

Cerium oxide, Ce0, is generally inert in spite of its variable
oxygen content. Since it is compatibie with a number of oxides, it 1s an
ideal choice to separate incompatible materials. o£eria has been used as a
coating for zirconde in ecribact with megnesia and as an siditive to stabilize
zixrconia. Ueria can be readily flame-spreysd to form a dense coating.
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8.1.4 Chromia

Chromic oxide, Crg03, melts at about 4100° F and has a vapor pressure
about twice that of alumine arcund 3200° F. Chromic oxide has found some use
&3 & refractory when it is combined #ith alunine and magunesium. Smell additions
of chromia have been found to effect an increase in the emittance of at least
two other oxides.

8.1.5 Hafnia

Hefnium oxide, HfOp, melts at 590° F and has attractive refractory
properties. Pure hafnia is scarce becauss it is difficult to separate from
the zirconium minerals with which it is generally found. However, it forms &
solid solution with zifrcoulum oxide, and its propertles are not seriously
impaired oy smell smounts of the zirconia. Hafnie with zirconia as 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 preferred in most appli-
cations i. cost were nct a factor. Hafnla undergoes inversionc similar to that
in zirconie, but the inversion from the moncclinic form of hafnia occurs at a
much higher temperature (about 3100° F) so that, in hafnia, the conversion
should not present & severe thermal shock problem.

8.1.6 Magnesia

Magnesium oxide, Mg0, melts at 5070° F and shows no conversions up
to the melting point. It has bebtier high-temperature oxidation resistance
than alumina and is stable in contact with carbon ap to about 3300° F. However,
it is less stable than alumina in contact with most metals, it is limited to
agbout 3100° F in reducing atmospheres or in a vacuum, and its mechanical
strength is low due to its distinct cublc cleavage.

While magnesls ghows lithle tendency to hydrate in the densely sintered
condition, finely divided particles hydrate rapidly, and it is more difficult
to slip-cast magnesia thav it is to slip-cast alumina o1 beryllia. Magnesis
can also be fabricated by extrusion, pressing; or even by fusion. Sintering
Legins at temperatures as low as 1600° F.

Magnesia has a high thermal expausicn and, as a result, is highly suscepti-
ble t¢ thermal shock in spite of iits high thermal conductivity.

8.1.7 Silica

Silicon dioxide, 810y, melts at 3i10° F; however, the melt 1s go
viscous that it acts essentially like a solid muterial up to about 4500° F.
At 4500° F, the silica wolatilizes rapidly.

The most usefuvl form of wlildeca for structural. applicetions is the amprphous
form, Dugad siliso. I exhibits practically no thermal expansion so its thermal
rhoek resistanc; is saperb. Unfortunately, the fused material devitrifies in
the approximate tempesrature runge 2000° to 3000° F.

Vhen fused silica is meinbtained above a tempersture of 2000° F, B- cristo-
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balite forms. Upon subsequent cooling beluw about 500° F, the B- cristobalite
is transformed to - 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 expansion of the
eristobalite and that of the fused silica and from the decrease in volume
usscciated with the transformation from the B to the w cristobalite. In air
under one ahmosphere of pressure, & critical cristobmlite content is reached
in slip-cast fused silica®™ at the end of two days at 2100° F, at ‘the end of
five hours at 2200° F, and at the end of one and one-half hours at 2300° 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 reenbry snd most other hypersonic flight &pplications, fused
silica would not be expected to devitrily. In aeddition, devitrification is
only a problem when #he silica must be ccoled below 500° F.

The slip-cast and sintered fused silica has a room-temperature flexural
strength of only 4CO0 psi. The strength increases with temperature in a
nearly linear fashion to a value of about 8000 psi at 2200° F. The slip-cast
meterial shows only 1.3 per cent linear shrinkage measured from the green
state to the fully matured state. Thus large, intricate shapes can be
economicelly formed to fairly close tolerances. Siip-cast fused silica is
presently a leading candidate for use in radomes and nose cones. The meterial
is unique in that it can funciion as a thermasl 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, 119).

Eilica is an excellent insulator, both thermslly end electrically, and
the specific gravity of fused silica is only 2.2.

8.1.8 Thoria

Thorium oxide, ThOp, has the highest melting point of all the
oxides, 5800° F. It has a very low vapor pressure at high temperatures 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. Ia
addition, its high thexmol expansion and its low thermal corductivity make it
highly sensitive to thermsl shock.

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

Thorium oxide occurs as cubic crystals, show no inversicus upon heating,
and abletes without relting.

8.1.9 TYttria

Yttrium oxide, YoOy, melts at 4370° F, has a cubic structure, and
shows no inversions. Its high 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 similsr to slumina.

8.1.10 Zirconia

Zirconium oxide, ZrO, nelts at 4870° F, and has relatively high
mechanical strength, unusuelly low thermal conductivity, and exvellent chemical
stability. It can be used at higher temperafures than alumina, but is more
expensive.

Zirconiwn oxide is normally monoclinic to 2160° F with a specific gravity
of 5.56 and tehragonal sbove 2160° F with a specific gravity of 6.10. The
transition temperature shifts dovmward with sdded impurdty. The disruptive
transition cen be eliminated or modified by the eddition of 3 to 15 per cent
Ca0, Ce0s, 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 1470°
to 2000° F.

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

Zirconia is normally associeted with 2 4o T per cent hafnia with which it
is found in nsiue. Usually the hafunia is not removed during processing .since
it forms a solid solubion 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 castipng. However, because of the high specific gravity,
more care should be taken in selecting and controlling the pariicle sizes
than is usuelly taken with the lighter oxides.

Zirconia is reported to be stgble in a vacwmm, in hydrogen, or in contact

w%thocarbon up to 4170° F und to be stable in contact with molybdenum up to
3600° F.

8.2 Carbides

The highest melting temperatuwres kmown toduy belong to the carbides. For
example, hafnium carblde melts at 7030° F, tantalum caxrbide at 7020° F, the
complex WTaC:HPC at 7000° ¥, and the complex ilaC:ZrC at TO70° F. The carbides
are also characterized by good strength at elevated termperaturess, high hardness,
good ebrasion resistance, excellent chemical stability toward other materdals,
low electrical resistivity, high thermal conductivity, and a lack of ductility.

done of the carpides occurs naturally to an apprecisble extent. However,

most metals and their oxides resct with carbonaceous materials to form
carbides, and undezomvosed carbides of many of the metels 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 sxrticles, 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 shapeg. More complicated shapes can be obtained by pre-
compaction and sintering under protective atmospheres, but here final density,
strength, and corrosion resistance are sacrificed.

The limiting characteristics of the carbides includs high cost, lack of
ductility, instability in oxidizing etmospheres, and poor thermal shock
resistance. With the exception of silicon carbide, none of the carbides can
be used at temperatures above 1830° F for long periods of time when oxygen is
present. Hewever, most of the carbides are more resistant to oxidation than
graphite, ard some are more resistant than metals having comparable melbting
points. The carbides are feirly steble toward nitrogen, they can withsitand
temperatures of 3900° to 4500° F in a reducing atmosphere, and they volatilize
very slowly in vacuun at temperabures approaching their weiting peints.

Agein with the excephion of silicon carbide, none of the carbides can be
classified as having good thermal sheck resistance, in spite of their high
strength and high thermal conductivity. Thermal shock resistant bodies,
however, have been fabricated by embedding a low-mndulus dispersed graphite
phase in a high-modulus continuous carbide matrix (Ref. 84), The technique
has been used t0 increase the thermsl shock resistance of zirconium carbide *
and silicon carbide. The increase in resistance has been attribubed 4o a
decrease 1p the elastic strain energy stored ab fracture and, to & lesser
extent, to an increase in the thermal conductivity and thermel diffusivity.

Coeffiicients of thermal exparsion range from 2.7 x 10‘5‘/ ® F to about
7.0 % 10~ / “ & for the carbides, specific heats range between 0.0% and 0.5
BTU/1b-° F, and, for the temperature range 1000° to 3000° F, thermal
copductivitiss generaily £all between 10 and 30 BTU/ft - hr+ ° ¥, At room
teimperature, tensiie strenghbhs range frem 5,000 to 50,000 psi, compressive
strengths from 60,000 t» 350,000 psi, and bend strengths from 10,000 to
120,000 psi with vardztionz as high as 85 per cent of the mean for any
particular carbide. In geweral, values of the elashic modulus of carbides
at room temperature are abcut 50 x 10° psi, bubt for carbides of tungsten
a significantly higher moduwing .s reported.

8.2.1 Poron carbide

Eoron carbide, 3;,C, has a compressive strength above 400,000 psi
at room temperature and a nardaess superior to that of silicon carbide. It
melts at huh0° F and can be readily self-bonded by hot pressing. Although
resistant to air w to 1800° F, borcn carblde degrades rzpidly in oxidizing
zases at higher temperatures. Ths specific gravity of baren carbide is 2.51.
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8.2.2 Hafnium carbide

Hafnium carbide, HfC, has the highest reported melting peint of all
simple compounds, 7030° F. However, 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 Siliccn cerbide {self-bonded)

Silicon carbide, SiC, has a cubic sbtructure with a specific gravity
of 3.21 at low temperstures and a hexagonal structure with a specific gravity
of 3.208 above temperatures in the range 3800° to 4500° F. The material does
not melt but undergoes complete dissocistion to sillcon and caxrbon at tempera-
tures ranging from 3720° to 5710° F.

The self-bonded material is far superior to any of the other available
varieties. It kas & high thermal conductivity, moderate thermal expansion,
lew density, high hardness, moderately high strength, excellent creep resis-
tance, and goocd resistence to corrosion, abrasion, and thermsl shock. In
addition, it is chemically inert in a large number of systems, and it can be
used at temperatures as high as 2900° F under oxidizing conditions owing tu
the formation of an excellent self-healing f£ilm of silica glass on the surface
of the material.

At present, sillcon carbide is by ¥ar the most attractive carbide for
high-temperature structural usage.

8.2.k Tantalum carbide

Tantelum carbide, TaC, melts at TOR0° F and is unaffected by nitrogen
up to 5400° F provided there is no hydrogen present. However, its use has been
limited because of its high specific gravity, 1h4.k%.

8.2.5 Titanium carbide

Titanium cerbide, TiC, melts at 5880° F and has been reported in
nitrogen at 4500° F. Because of its low specific gravity, 5.9, end its
moderate thermal shock resistance, it has been of considerasble interest as a
rotentially useful structursl material. However, fabricated parts are

expensive, and no compositions have been found to exhibit ocutstanding nxidation i
resiastance. )

8.2.6 Tungsten cerbides

The tungsten carbides, WO and WoC, ave both stable at low temreratures, i
and WC decomposes to WpC at L710° ¥. The melting point of tungsten carbide has ‘
been reported to be ir thne var.y BTL0® to 5220° F. The high density of tungsten
carbide end its instebility in oxygen above LUM0° T have limdted its use. The

commercial value of the carbide lies in its hardnses and toughness whea bonded.
with certain metals.

Tl
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8.2.7 Zirconium carbide

Zirconium carbide, ZrC, nelts at about 6000° F, has a specific
gravity of 6.8, and has e sufficilently low vapor pressure for use in vacuum
L5 4000° F. Althowgh the thermal shock resistance of the carbide has been
improved by the incorporation of « dispersed graphite phase, little usage of
the carbide is reported.

8.3 Borides

The horides are a highly refractory class of ceramic materials charactericed
by extreme hardness, a high ele:tricel eonductivity, and a positive temperature
coefficient of electrical resiftance. All borides have a metallic appearance,
and some are better conductorr, of electricity than the parent metals. The
borides of wowst interest for high-temwperature structural applications are the
ditorides of chromium, hafnium, niobium, tantalum, titanium, vanadium, and
zirconiun.

The technical importance of the diborides emanates from their low density,
chew?cal sioviiity, intermediate thermal expansion, reletively good thermal
shook resisbunce, moderate thermal conductivity, oxidation resistance, and high
strength, The moajor disadvantage of the diborides is & lack of room tempera-
ture toughness, and they are probably not ductile at eny useful temperature.

"¢ borides ace chemically ntable to very high teaperatures. They are
inert to ..ost oxides, and some are stable in contact with tungsten, melybdenunm,
and grephite. Because of their compatibility with other mubterials, the borides
are lead:ing candidates for use in composite siLructures.

The oxidation resistance of the borides is good, but not exceptional.
Hywever, there is evidence thst better oxidation resistance can be obtained
with the addition of boron which oxidizes to a gluss-forming oxide.

A few diboride powders and simple shupes are available commercially, hub
mst of the diborides are experimental msterials. Parts can be fabricated by
slip-casting, ccld pressing, or hot pressing, aud coatings can be prepared by
flame spraying. Because of their high strength and hardness, fabricuted 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
3660° F. It has high strength and can ba uged in air up to shout 1800° P,

8.3.2 Hafrdum diboride

Hafrdum diboride, HfB,, melts at 5880° F and has a high thermal
conductivity., It has the disadvantage of a nigh specific gravity, 11.2.
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8.3.3 HNiobium diboride

Niobium diboride, NbB,, has a specific gravity of 7.1 and melts at
5430° F. A vitreous, semiprotective cxide film is formed on the materiul at
low temperatures, but the materiel oxidizes readily at about 20CC° F. However,
nzob%um diboride should he stable under neutral or redl.icing condisions sbove
3600° F.

8.3.4 Tantalum diboride

Tentalum diboride, TaB,, has a specific gravity of 12.6 and melts
at 5615° F. It ie similar to niobium diboride in its behevior towards
sSx1dizing, neutral, and reducing environments.

8.3.5 Titaniur waiboride

Titenium diboride, TiB,, is one of the most stable borides. Ik is
compatibie with *anzster, .olybdenum, and graphite, and it can be used in an
oxa1dizing ataosphere to 2550° ¥ for an extended pericd of time. The materiel
melts at 5320° F and has & specific gravity of only 4.5. A titeanium diboride
body, 98 to 99 per cent purity, has been reported to have s room-temperatuze
and 3600° F flexursl :trength of 35,000 psi, and a strength-to-weight ratio that
iz ngt excezded by any other bulk uaterial in the temperature range 2900° to
3600° F.

8.3.6 Vanadium ditoride

Venadium diboride, VB, Mas & scpecific gravity of 5.2 and melts at
4350° F. It hes high strength, but oxidize: readily in air at a temperature
of about 2000° F.

8.3.7 Zirconium diboride

Zirconium diboride, ZrB,, has a specific grawvity of 6.1 and melts at
5500° F. It is stable in contact with vungsten, moiybdenum, and graphite, and
it resists oxidation to 2370° F for extended periods of time. The oxidation
resistance has been improved through a 10 per cent addition of molybdenum
disilicide which promotes the formotion of a self-healing protective f£ilm on
the surface of the boride (Ref. 121). In this way, oxidation resistance can be
achieved up to 3600° F. Interestingly, a 90 per cent ZrBp, 10 per cent MoSip
body showed a 50 per cent increase in strength following 30 cycles from room
temperature to 2460° F with air-stream cooling.

Zircordum diboride has fournd use in cermets and rocket nozzles, and zn
experimental leading =dge has been made from zirconium diboride by hot
rressing.

Zirconium diboride exhibits high strengbh which is not significantly
decreased by increasing temperatures f£rom room temperature to 2730° F.
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¥hile a number of the diborides are potentially qualified for high-
homperature structural applications, 3+t is believed that mixed borides may be
the only materials capable of supporhi g substantial loads for extended
periods of time at %000° F.

Rezen’ studies have been encouraging. It has been demonstrated that
“"alloys" or two diborides can be prepared by simultaneously reducing and
toriding mixtures of the metal oxides and that the compocition of the preoducts
can be closely controlled without difficulty. The projection of experimental
data hes indicated that the diborides (Ti, Ta) By, (Ti, V) B,, and (Ti, Nb) B,
will have rather low rates of oxidation if fabricated to near theoretical
density (Ref. 122). The compositions Tig,g7 Cro,33, Bz and Tig 5 Crg,5 Bp have
been found to exhibit suparior oxidation resIstance (Ref. 123).

On the basis of receat findings at the Norris Metallurgy Research
Lavoratory (Ref. 124), it appears that mixed borides may exhibit outstanding
thermal. shock resistance. At the Norvis Lavoratory, specimens are subjected to
a thermal shock condition during thermal emf’ determinations. One end of a
sintered 4-inch bar is heated to about 1500° F 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 (T1, Cr) Bp were subjected to the test, and no thermal shock failures
were observed. Bars from five compositions in the system (Te, Cr) B, were
also subjected to the test, and the incident of thermal shock fajlurz was
gpproximately 50 per cent. lowever, when bars of TaB, alone were subjected to
test, failure occurred in every case, regardiess of the heating rate. In
addition, Pt-Rh thermocouples have been resistance-welded to TiCrB) compositions
without breakage.

8.k Nitrides

While g number of the nitrides 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 gnly silicon nitride can be recommended for extended use in alr above
2000° F.

8.4.1 Aluminum nitride

Aluminum nitride, ALN, has a specific grevity of gbout 3.2. The
raterial starts to vaporize around 4100° F and is completely vaporized at about
4500° F. It can be obtained in amorphous or crystalline forms, snd it can be
formed into denee objects of high purity through pyrolytic depositioa. A hot-
pressed alwminum nitride ceramic is reported to nave a flexural strength of
38,000 psi at room temperature and 18,000 psi at 2550° ¥. The material has a
low thermal expansion, a high thermal conductivity, and gooi thermal shock
resistance. However, it is readily oxidized above 1800° F.
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8.4.2 Yeryllium nitride

Beryllium nitride, Begly, dissociates near its melting point, 4000” F.
I% can be obtained in amorphous or erystalline forms, but requires & temperature
c.ose to the melting point for crystellization. While its oxidation product,
BeO, should provide oxidetion resistance for the dense material, beryllium
nitride has been reported to be stable in air only to sbout 1800° 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
grephite" in analogy to carbon. The material offers the advantages of low
density, low dielectric constant and low loes tangent, good corrosion resistance,
exceptional machinability, excellent thermal shock resistance, high thermal
conductivity, and high electrical resistance at high end low temperatures. The
material is very inert chemically, is swrprisingly stzble toward oxidation, and
is not wetted by many molten metals and saits. Idke graphite, the material has
mechanical and thermal properties which vary widely depending on the orientetion
of the particles.

Pure boron nitride has been hot pressed to good density and strength
levels, and data have been*geveloped on a body containing 2.4 per cent boron
oxide mede by hot pressing”. A 97 per cent pure and 93 per cent dense compact
showed & weight loss of 0.235 mg/cm? after a 60-hour exposure o air at 1300° F.
At 1800° F. the loss was 10 mg/cm2. The material was stronger mechanically
than graphite at room temperature. The bend strength dropped to 1000 to 2000
psi in the temperature range 1800° to 2700° i', but increased to values near
those found at room temperature when 4350° F wus reached. Apparently, the
rather odd strengbh-temperature behavior is closely essociated 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"
durirg repid heating. Apparently, the f~llures resulted from moisture which
could not escape fast enough from withii: the compacts. The problem was elimi-
nated by .eating the compacts to 660° F before they were put into service. A
new grade ¢f boron nitride is reported to have outstanding resistence to
moisbore absorpiion®¥,

8.4.4 Silicon nitride
Silicon nitride, SisNj, exists in two hexagonal forms which differ
slightly in lattice dimeunsions. The low-temperature form, with specific
=
The Carworurdum Company.

**¥Union Cerbide Corxporation.
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gravity 2.4k, undergoes transformation when heated above 2820° F. The material
sublimes at 3450° F. The materiel 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 80° and 2500° F.

8.5 Intermetallic Compounds

The intermetallic compounds are the inorganic nommetallic inaterials
generally considered us having the greatest potential for achieving low-
tempercture ductility. The eluminides, beryllides, and silicides show the
most promise for aerospace applications. They are hard and brittle in poly-
crystalline form at room temperature, but can be deformed plesticelly st ele-
vated temperatures.

8.5.1 Aluniunides

The aluminides have a lower use tenmperature than the refractory
beryllides and s:licides. None of the aluminides melt above 4000° F, and
three melt above 3000° F. Nickel aluminide, NiAl, which has been investigated
more extensively than any other elvminide, shows good oxidation resistance and
strength only up to 2000° F. Titanium aluminide, TiAl, exhibits good strength
and fair oxidation resistance up to about 180G 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 NiAl and TiAla were reporkhed to have excellent oxidation resistance
at 2300° F, bu$ only marginal resistance at 2500 I for 190 hours of exposure.

8.5.2 Beryllides

The most promising beryllides appear to be those of hafnium,
molybdenum, niobium, tantalum, and zirconium. An outstanding featvre of these
and other beryllides is their resistance to oxidation up to 2500° F due to the
formation of a tenacious beryllium oxide film. Indications are that tie more
oxidation resistant compounds are the higher beryllides.

The beryllides are an attractive class of materials for structural appli-
cations to 3000° F. In addition to excellent oxidation resistance, they have
low density, good thermsal shock resistance, and exceptional strength to 2900° F.
Flexural strengths range frum £0,000 to 80,000 psi with peak veluzs occurring
around 2200° F. Higher strengtns can be obtained through mixtures of beryllides
in & given reactive netal system.

Beryllide compacts with densities reuuging from 97 to nearly 100 per cent
of thecretical have been achieved by hot pressing with pressures of 20C0 psi
at temperatures of 2800° to 3000° TF.

8.5.2 Silicides

The melting temperavures of the silicides are much lower than those
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of ihe 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
2500° F are the disilicides of chromium, molybdenum, niobium, tantalum,
titanium, tungsten, vanedium, and zirconium.

Although the silicides are thermodynamicaily unstable in oxidizing
atmyspheres, they have exceptional resistance to oxidetion as a result of the
formetion of a self-healing £ilm of silica. The disilicides of chromium,
titanium, and tungsten can be used for extended periods of time in air to sbout
2500° F. l}olybdenum disilicide is not attacked by oxygen at 3100° F. The
disilic%des of tantalum and tungsten retain high flexural-streng®ll values up
to 2750 F.

The silicides possess high thermal conductiwvity, good resistance to
chemical atteck, and excellent thermal shock resistance. The major disadvan-
tages of scme of the silicides are poor resistance to oxidation at low tempera-
tures, excessive creep at high temperabtures, and low-temperature brittlenest.

8.6 Composites

The increasing severity of performance requirements in the aerospace
field has taxed many of the conventional si:~rle-phase materials to the limit.
Improvements .in the high-temperature properties of a monolithic material are
often von only after long and intensive study, and in many cases only a small
degree of imprwvenent can be expected. As a result, many engineers ere
turning to composites in the belief that a praperly designed composite will
exhibit the favorable properties of each of its constituents.

Tiere are five general classes of composites based on the form of the
structural constituents: fiver, 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 constitue=nt elements, the distribution and arrangement of the
elements, and the interactiras between the elements. These many factors give
composite systems a grevt versatility, but also make analysis, fabrication and
prediction of performance difficult.

8.6.1 Fiber composites

The inclusion of fibexrs in a matrix has evoked great interest smong
engineers concerned with structural applications. Only rather recently, however,
has the use of metal and ceramic fibers in a ceramic matriv been cxplored.

Most of these tiber compesites are still in the experimental stage.

The inclusion of fine metal fibers in a refractory ceramic is almost
certain to improve the strength and shock resistance of the ceramic. The
technique offers the potential of sllowing practical prestressed - ceramic -
structures to be develcped. Such structures cowld have very high strength-to-
weight ratios and could be very efficient in aerospaca situations.
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A nunber 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 hundredc of times more resisbant than
crystals in bulk form, and their strength ayproaches the theoretical limive
of atomic cchesion. Because of their low density, refractoriness, high
strengtb, and good stiffness, the ceramic whiskers offer the exciting possi-
bility of increased allowsble loads for space vehicles and engines. A few
ceramic whiskers ore now availabie commercially*, but their cost is in the
neignoborhood 25 to 100 dollars per gram.

8.6.2 Flake composites

The use of metal ov ceramic flakes in a ceramic matrix is also only
at the experimentel level. However, it is clear that flakes would offer a
number of special properties to be obtained because of their twec-dimensional
character. Being flat, they can be packed close together to provide a high
percentage of reinforcing materisi 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 e‘asticity than
fibers, and they can be very closely packed. Flakes are less expensive than
fivers, they can te handled in large batches, and they can easily be ilncorpo-
rated into composite sysiems. However; it is not easy to make effective flakes
ox 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 fleske thickness is
decreased, but varistions 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 compused of cegramic grains in a metsl
matrix. They are generally fabricated using powder~-metallurgy techniques with
a sintering operation at e temperature near the melting point of the metal com-
ponent. When the percentage of the metallic phase is high, machining can be
accomplished using conventional methods. With low metal contents, machiniug

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 resistence of metals with the oxidation resistance and re-
fractoriness of ceramics, they have only partislly accompiished the task. At
the present state-of-the-art, they £111 the gap between the high-temperature
alloys and the ceramics. In the temperature range 1800° to 2200° F, a number

*.
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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, honding between the metal and ceramic
results from a smsll 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 caibvide cermets
are based on chromimm carbide, titanium carbide, and tungsten carbide.

Cermets based on chromium carbide have exhibited excellent corrosion
resistance and exceptional oxidation resistance. Chromium carbide has &
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 which would allow them to com~
pebe successfully with the bitarium carbide compositions in high-temperesture
applications.

Cermets based on titanium carbide have good thermal shock resistance,
bigh elastic modulus, and good oxidation resishtance when nickel is used as
the binder. They provide a significant increase in strengbth over the conven-
tional high-temperature alloys, especially on & unit-weight bagis. While the
hzrdness of these cermets decreases with increasing binder contient, 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 higu strengbth, 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 %honded with chro-
mium or chromium-base alloys has shown the greatest promise. A composition
containing TO weight per cent chromium has excellent oxidation resistance to
2200° F and reasonable thermsl shock resistance, but its strength falls far
below that of the titanium carbide cermets. If the binder conteat is reduced
to 30 weight per cent, improved strength and creep-rupture properties cawu be
achieved to 22Q0° F, but thermal and mechanical shock resistance are sacrificed.

8.3.3.2 Boride-dase cermets: Chromium-boride and zirconium-boride
cermets have sufficient strength and oxidation reslstance for extended use to
gbout 2000° 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 hns been combtined with metaliic beryllium to prcduce a cermet which can
be uszed for a very short time at a teuwperature far surpassing the melbting point
of bteryllium without vieible deterioration or loss of metal.
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8.3.3.4 Graded refractories: Graded cermets have been constructed to
improve the thermal gradient of & material and reduce its tendency to feil under
thermal shock conditions. The graded cermets can be designed to c¢ombine the
ductility of a metal at one extremity and the oxidation resistance of a re-
fractory ceramic at the other. These materials should be considered 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 e structure which will lend itself to complete impregnation so that
optimum properties can be obtained. In addition, considereble care must be
taken in selecting the skeletal materials. The materials should not react in
eny way that would adversely affect thelr inherent properties.

The skeleton - skeleton technique is being ccucidered for the production
of composites for aervspace systems reuvired vo }2rform under conditions of
high temperature and high mechenical and/or thermal loads. AL the Unlon
Carbide Research Institute (Ref. 120), for example, carbide samples are being
hot-formed vsing high temperatures, low pressures, and short exposures.
Samples with 4 porosity of 15 to 20 per cent show a network of continuous, if
perhaps somewhat nriented, 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 tempersture. 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
materiale 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 casuse a large monolithic structure to feil.

Ceramic meterials can be incorporated into a honeycomb structure by such
methods as slip-casting, foaming, cold pressing, isostatic pressing, hot
forming, spraying, temping, etc. The honeycomb approach has the impcrtant
advantage of allowing extremely large components to be made. ‘In addition,
many different materials in a wide variety of shapes and forms can be dbrought
together oy the £illed-huneycomb epproach giving the engineer a wide latitude
of design possibilities.

The major problens encountered in the filled-composite approach are those
associated with the processing of materials into small shapes, the Joining of
vastly dissimilar meteriale, and the fabrication and fastening of the overzail
composite.
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8.6.5 Laminar composites

Since lanmdnar 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 high temperature
oxidation resistance, to provide impermeabililty, to reduce cost, to improve
appearance, to reduce the weight of a structural component, to overcome
size limitations, and to wecdify thermal, mechaniczal, and electrical properties.

The use of sandwich structures to reduce weight penalties is of prime
importance to the serospace designer. The combination of high density facings
and cellular cores provides the highest possitle strength-to-weight ratio for
a glven set of materials. E£pecial applicatione 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 cormosites are those asssocisted with the Joining and attachment

of materials., The adhesive bonding agencs available at the present time appear
to pe limited to aboubt 1000° F.

Exotic laminar-composites have been used for high-temperature hest 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 costed with an alumina base powder.
The coated inconel honeycomb is filled with mineral wool and alumina foam and
covered wish a dense zirconia. Poth the alumine and the zirconia are darkened.
Samples, 20 inchee by 30 inches, have already been successfully tested using
oxy-propane equipment and a jet motor.

8.7 General References on High-Tempersture Structural Materials

Extensive information on high-temperature structursl materials is contained
in References 1, 2, 6§, 20, 21, 30, 52, 70, 119, and 126-3L. Two foreign
articles were translated for the review on high-temperature structural materials,
and the cbstracts for the two articies appear in Appendix I as Extended Abstracts
34 and 35. For other recent foreign publications in the general area of structu-
ral materials, the reader is referred to Exterded 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 heen
realized in a number of cases. Particularly noteworthy successes have
derived from:

1. The control of microstructure.
2. The modificaticn of material properties.
3. Good design practices.

Each of these poinls warrants further consideration before specific cases
are menticned. First, at the present state-of-the-art, ceramic articles are
highly structwre-dependent. Such factors as degree of calcine, fabrication
technique, anncaling, 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 corflicting.
For example, a particular material wmay have a high resistance to thermal
rupture when incoporated in a thermsl inswletor, but a low resistance to
thermal rupture when used in a dense body. Buckley and Cocke (Ref. 132)
recently tested five zirconia products, a single type of thoria, one type of
magnegia, and one type of alumina to determine their ability to withstand
severe thermsl 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 addltive 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 iif' the microstructure is properly controlled.

Second, the thermal shock resistance of a ceramic can be modified to
some extent by repulating the properties of the materisl, and the manner in
which this can be accomplished is understood at least to a small degree.

The thermnl conductivity and specific heat should be as high as possible to
minimize thermal gradients. The coefficient of thermal expansion should be
ar 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 mechanically strong so that the stresses can be
tolerated.

Third, if a system is carefully designed, it should be possible to take
advantage of' the outstanding features of ceremics, 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 preperty parameters in any thermal shock situgtion. The thermal sheck
behavior of a materisl will generally .eweud markedly on the severity of the
environment, and a change of en'ri-ovizut wey change a material's rating

relative io another mat:rial or to another form of the same material. Refer

to Section 7.8.3 Factors Affecting Tharmel Shock Resistance and to Bection 7.3.4
Thermal Shock Parameters.

9.1 Effects of Pores

Pores have been reporied to have a beneficial effect on the thermal shock
characteristics of ceremic 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-acstylene torch and found that coarse
grained porous ceramic bodies provided the best resistance to thermal shock.
Glepny and Taylor (Ref. 13l4) hea'ed +ost specimens to a temperature just
suficient to cause their failure when subjected to a bed of fluidized solids
maintained at 68° F and found that low-density grades of silicon nitriie
invariably failed by cracking, while high-density grades failed by fracture.
The benefit of pores, however, is not always available. Coble and Kingery
(Ref. 135) preparcd samples of cintered slumina with porosities ranging from
L to 50 per cent by insorporsting naphthalene flakes in a casting siip.

When hollow cylinders of the alumina were subjected to steady-stete radial
heat flow, the thermal stress resistance was found to deciease with increasing
porogity. The decrease wss attributed in nart to a decrease in the strength-
to-elastic modulus ratio and to a decrease in the thermsl conductivity.

It in not easy to see how vores can have a fevorgble influence on the
thermal shock characteristics of o ceramic bhody. (learly, pores in the form
of open cracks would be harmful. Large color differences are often observed
across even very small cracks during heating or coolirg. And there should he
some 121 effects even in the case of well~rounded pores. Goodier and
Florence (Ref. 136) conzidered the uniform heat flow parallel to the edge of
a seml~infinite plate on a theoretical basis axd found that the heat flow was
disturbed when an insulated hole was introduced, and the local intensification
of temperature gave rise to thermal stress. Nevertholess, there is good
evidence that the thermal shock :.:sistance is iImproved ithen & coarse pore
system is present. Apparently the ponres serve as crack arresters if the cracks
gre relatively small and if the stradn energy is diffuse as in the case of
high temperature spalling. The beliavior seems tc be associated with the
reduction of stress concentration tirough the blunting of crack tipe (Ref. 28).

The effect of poresity on the thermal sawck resistarce or brittle state
bodies has been studied quantitatively by Hiang (Ref- 137). A parallel
mod=l was used and it was assumed that the sywme statistics that applied to
the "probability of failure" of test bhars alsc applied to the "percentage of
damage" within a given test baxr. This led to tie equation

F (¢) = 0, for 0% o [1 - Fy ("1) ]
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. = probabllity of failure for the original material

(=1
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stress

o, = stress level during a proof-test

[

' = probability of fallure of proof-tested material on
subsequent loading

The experimental work was performed using aluming foam ssuples of density

0.202, 1.49%, and 0.623 compared to 1.00 for e iero-porosity sample. A
failure curve:

F =1- exp j'jw s o r“’b-de] (61)

L

was assuped, where:

r = relative density
a, b, m = materials constants
V = volume of test specimen

The prool-test consizted of & thermsl shock treatment in which

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

2. the heat source was removed.

Temperatures were monitored during heating end cocliag using thermocouples at
the hot face, at the cold face, =nd at three intermediate stations between

the hot and cold faces. The experimental degradation factors (ratio of sirength
of exposed material to that of original matexial) were found to be O, 92.2 per
cent, snd 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 Fcamed Ceramics

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

At the Goddard “nace Flight Center (Ref. 138) a foam material has been
used to protect and support small suild-siabe devices arrenged on a "card."
A phosphate-bonded alumine foam was formed in place and cured at 185° F.
Test cubes, one inch ca a side, were shocked from 932° F, 1832° F, and
2732° F by drorping thew in water. A cube shccked from 2732° F showed
rounded cecrners and edges and showed cracks which appeared to terminate at
voids in the material (the voids were relatively large and nearly sphkerical).
The cubes shocked from 932° F or 1832° F showed slightly rounded corners and
the same type of cracks described previously.

Strauss (Ref. 139) investigated phenolic-base resins and thermoplastics
such a¢ nylon, polyethylene, and polypropylene as Impregnants for porous
ceramics. Impregnated alumina, zlrconia, silica, and silicon cerbide foams
were tested to determine their 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
made 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 deficiency
was circumvanted by using a mixtvre of thermoplastic and thermosetting resins.
The density of the resin-impregnated material ranged from about 6Q to 90 lb/ft3.
Impresnated silica was found to be a better thermal insnlator than the impreg-
nated. zirconia or alumina.

Strauss tested ‘our phenolic-irpregnated samples, 4-inch diameter and
1-1/b-inch thick, in a 7-inch dismeter hot gas facility unisr moderate
heeting, high thermal shock, high mass flow, a 150 decibel noise level,
and a stagnation pressure of 370 lb/ft2. Two semples contained an alumine
matrix, end two conizined zirconia. One sample of each material was made
from a single pilece of foam, but vhe otYers were constiucted of five
individual modules separated by wedge-shaped gups which were filled with a
resin-silica fiber-cer.mic powder mix. When subjected to a rectengular
heating pulse to a backside temperature of shout 500° F, the zirconia
somples suffer.d structural failures, but the alumina semples were not
sppreciebly damaged. The single-piwce sample of z. rconin exhibited spalling
scon after the beginning of the test, but the segmeived sample of zirconia
swyived 13 minutes without failure.

Strauss alsu tested two full-scale phenolic-impregnated nose caps,
13 and 15~1/2-inch chord diemeters, in 2 l4-inch diameter hot gas Tacility
under conditions similar to those previously described. The caps werc
constructed ucing 19 to 21 modules which were l»l/h-inch in thickness.
One ncse cop contaired a silicon carbide matrix, the other contained alumina.
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The gaprs between the mcdules were filled with a resin-ceramic fiber-oxide
powder mix, and the silicon carbide foam wes treated with zirconia to a
depth of l/h-lnch before impresnation to prov1de oxidation resistance.

The silicon carbide nose cap reached 3090° F, and there was no incident up
to 12 minutes of xposure. The test wes terminated after the bond between
the cersmic and understructure failed, but the moduies which were recovered
intact revealed no sign of structural damage. The elumina nose cap reached
3440° 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 impregnent 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
denzity requirements in an "advanced ceramic materials development program."
The low density ceramics availeble at the beginning of the program were
rfound to spall or crack at heating rates of 30° to 42° F/second and were
thus unacceptable. To overcome the problem attempts were mede to develop
light weight materials with improved thermal shock resistance and to face
the low density materials using a high dens:ty component with favorable
thermal shock characteristics. The impregnation approach was not considered
since it did nct appear suitable for multiple thermal exposures. The follow-
ing improved materials sre rerorted to have been developed:

1. Chemically bonded A1203 (density 190 or 65 1b/£t3) with excellent
thermal shock res1stance, slight shrlnkage above 2000° F, and &
surface temperature limit of 3400° F.

2. Chemically bonded ZrOs (density 270 or 130 1b/ft3) with excellent
thermal shock resistance, slight shrlnkage above 2300° F, and a
surface Lemperature limit of L000° F.

3. Sintéred ZrCy (70 to 90 lb/ft3) with excellent thermal shock
resistance anc no shrinkage to 4000° F.

4. Chemically bonded ThO, (510 or 200 1b/ft3) with excellent thermal
shock recistance, sllght shrinkage above 2400° F and a surface
temperature limit of 5000° F.

5. Sintered ThOs (150 lb/ft3) with fair thermal shock resistance,
no shrlnkage Lo above 4000° F, and a surface temperature limit.
of 5000° F.

The thermal shock resistance ratings were based on a surface heating rate
of 50° F/second. The chemicaily bonded materials are favored because they
can be cured in place and easily reinforced by metels and they require less
machining. The improved materials have been incorporated in ten different
ceramic-metsi composite designs. The majority of the designs have been
based on a coated refractory metal substructure for the support of an
external lipghtweight ceramic insulation. Mechanical attachments have




reportedly presented few problems since the ceramic-metal interface design
iemperature is 2000° to 3000° F. Subscale modules have been ground tested
with 8 out of 22 specimens failing the thermal exposure test.

Reseexrchers at United Technology Center (Ref. 140) are currenily
evalusting phenolic impregnated ceramic foams for use as baffles in an
8G00° F solid fuel - liquid oxidizer rccket chamber. Generally, the starting
foems are approximately 80 per cent pores and are chemically bonded (silicate
or phosphate). TiC, SiOs, MgO, Alp03, ZrOp, 2rBp, ZrC foams have been
prepared. Densities for a number of the impregnated materials are as follows:

Foam Density (1b/ft3)
A1203 62 to 75
7r0, 91, 112

ZrB2 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 thermel 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
impingemsnt on orie face but may not be resistant to other iypes of thermal
shork. For example, if the fcams 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
chemically bonded ceramic foams are pasrticularly well suited for use under
therxal 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 maberials are subjected to a sudden
temperature change, they fail locally at the exposed surfaces but retain their
strength (Ref. 1kl). If these materials are sintered at a high temperature
in an attempt to improve their ctrength, thermsl shock resistence will be
sacrificed. Thus metal reinforcement may be essential to the successful
use of chemically bonded ceramics. Fortunately, these materisls 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 shecck characteris-
tics of a ceramic article can be significantly improved through the careful
control of particle size distribution.
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Blome und Kummer (Ref. 133) examined small specimens and components
which were heated under oxidizing conditions to a surface temperature rise
of 50° F/second and found that coarse grained porous bodies provided the
best resistance Lo thermal shock. Yavorsky (Ref. 142) found that the
thermal shock characteristics of zirconia were improved by using a mixture
of coarse and Iin? grains. Another recent development is a specisl oxide
refractory® which is reported to have extremely good thermal shock resistance
even though it has & 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 rer cent ZrBp - 10 mol per cent MoSipz comnosition.
Boron nitride was added to the base composition in three amounts (5, 10, and
20 mol per ceant) 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 magnesie specimens were formed by dry pressing using a moisture content
of 4 per cent and pressures from 12,000 to 16,C00 p.i.

the particle size distribution was found to have a great effect on the
thermal shock resistance of a magnesis body. Msgnesia bodies containing a
wide range of particle sizes with approximately 4O per cent of the material
between -1l and +65 mesh withstood heating rates far in excess of those
permissible For conventilonal 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 magnesis samples and thoria samples sintered gt
2800° F for 4 hours.

Bal'shin and Likhtman (Ref. 144) suggested thet cracks due to thermal
shock would generally be formed between the structural elements of a meterial
and not within them. If the structural elements are very smell, inter-
particle cracks might be favored, and the thermal shock resistance could be
low. However, if vhe elements are relatively large, the formaticn of inter-
particle cracks would be more difficult, and the resistance to thermal shock
could be greatly improved. Ii 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 stcuctural
elements vnly 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-elements.

2. Variations in bonding - the bond may be weaker between
lerger 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 sugzregates
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 - Cr3Cp ~ graphite hot pressed at 3992° F under
a pressure of about 320 psi. <Cranulation 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 sheck 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 wesker 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
5till provide the necessary stress relief. This heterogeneous nature may
also be imparted to a body through granulaetion. The granulation approach 7
could also lead to the use of lower sintering temperatures which, in turn,
could enable larger parts to be fabricated.

9.k Effect of Crystalline Inversious

Herring (Ref. 145) has studied the relative influence of quertz
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 juartz addition to a ceramic base material. Wollastonite, also - 65
to + 200 mesh, was used in the amrunt of 15 weight per cent as an inert
addition to the base material. Wollastonite was selected as a standerd of
comperison because it shows no inversion below 2192° F (quartz shows its
alpha to beta inversion at 1063° F), has negligible moisture expansion,
high strength, low warpage, high dimensional stability, good thermal shock
resistance, low firing temperatur: and low shrinkage. Thermel shock tests
on extruded and sintered sempleu showed that there was no weakeneing due to
the quartz inversion on nheating or cooling, regardless of the speed through
th2 inversion. However, the: camples lost considerable strength after two
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bvcles in a thermal fatipue test, and the loss was greater in the case of
he quartz canples. It appears that on the first cycle localized cracks
r.ay have developed to provide stress relief, but c¢cn the second cycle the
~racks acted as stress raisers and became critical. No sudden expansions

were observed during the gquartz inversion.
!

Fany investigators have studied zirconia and found that its poor thermal
shock resistance is caused by a crystailine inversion which occurs at about .
1830° F. vhile the inversion hus limited the use of zirconia in high-
temperature structures, the sucrtcoming 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 thermsl :
expansion is then aomall and gradual, and complete elimination of the
inversion leads to a aigh coefficient of thermal expansion (Ref. 1h46).
It has also been suggested that a small amount of micro-cracking might aid
in siress relief without causing significant degrepgat.on 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 200° F/seccnd without catastropic failure. The excellent thermal shock
resistance was attributed to the presence of micro-cracks and to the low .
clastic 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
shock resistance decreased with time at temperatures of approximately 4000° F.

Yavorsky (Ref. 142) used a mi.iure of stabilized and monoclinic phases

and g mixture of coarse and fine grains to improve the thermal shock
charzcteristics of zirconia. The material exhibited surprising thermal
shock resistance in comparison to other formulations.
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Seegar, Lowrance, end Rodgers (Ref. 147) used a mixture of stabilized
grog and unstabilized zirconia fines to cbtain a thermal shock resistant
zirconia with only 1.43 per cent caleia. It is remarkeble that specimens
of this formulation withstood heating rates of 1300° F/second. The specimens
showed & very ruch lower total thermal expansion at 40C0° F than specimens
fabricated from other stabilized grades of zirconia. However, the heteroge-
neous muterial showed numerous fissures at the boundaries of the large
particle constituenl. The material was reccmmended for rigorous cyclic
temperature applications in which mechanical and vibrational loads are low.

Ohnsyty and Stetson (Ref. JU48) found that the modification of hafnia
with zirconia and/or yttria appear2d tc be capable of producing a close
7/ oxpansion match with 90 Ta ~ 10W alloy. However, yttria additions which .
partially stabilized the cubic form of hefnia and improved the expansion
match, deereased the inversion temperature on cooling to 2000° F to 2500° F
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where the probability of brittle fracture was increased. It was suggested
that high purity hefnie and blends without a stabilizer may provide better
thermal cyeling performance because the conversion oceccurs above 3000° 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 l-inch in diameter of
either alumina showed better resistance to thermal shock fracture than the
same meterial in a specimen with a 6-inch diameter and a [ /* inch notch on
each side. Brown (Ref. 95) evaluated the thermal stress res. 3-ance of fused
alumina with a porosity of approximately 35 per cent, & high dunsity alumine
with a theoretical density of about 99 per cent, and a magnesia material with
a theoretical density abcve 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 megnesia
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 the inherent
notches and those artifically induced. Refer to Section T7.& Notch
Sensitivity.

9.6 Effect of the Temperature Dependence of Material Properties

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

At Brush Beryllium GCompany (Ref. 150) beryllia and beryllides were
subjected Lo a thermal shiock test designed on the basis of their expected use
conditions. Specimens, 3/8-inch diameter by 3-inch length and 1/k-inch by
1/2-inch by 3-inch, were heated to 1600° F or to 2500° F in a bottom loading
furnace on bery”lie anvils. The sumples 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. Samples were cycled 50 to 100 times, and visual
inspections vere mede with the aid of a dye. The heryllia showed cracks
after a few cycles when it was shocked from 2500° F, but beryllia shocked
from 1600° f did not develop cracks. Apparently the high thermal coriductivity
of the beryllia iat the lower tcmperatures) was beneficial. The beryllides
withstood 100 cycles from 2500° F without cracking, but from 1600° 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 demonstreted that it
cannot be affirmed g 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, 1l ¢m thick, of a selected ceramic material relative to two types
of thermal cycles: (1) by choosing averag: counztant values for the
coefficient of thermal expansion and modulus gnd (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 thermal 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 32° to 1832° 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 mixitures of alumina
and the disilicide. Surprisingly the addition of 30 weight per cent alumina
inereased the impact resistance of the disilicide by e rfactor of five after
the hot pressed bodies were heated in air at 2192° F for 200 hours. However,
alumine 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 considerebly lowered by as little as 5 per
cent alurina. It is significant that the primary creep at 1832° F of the
disilicide or the disilicide-alumina was very much reduced by heat treat-
ment at a temperature about 120° F above the hot pressing temperature.

Shaffer (Ref. 152) evaluated composite bodies of ZrB, with TaSip, WSip,
NbSip, MoSip, ZrSip, ZrsSi3, (MoTa) Sip end (Mo, Tey) Sip. 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 oblained using a molybdenum disilicide addition in the
range 5 to 15 molar per cent. Logen and Niesse (Ref. 121) determined the
optirum addition of boron nitride to the zirconium diboride-molybdenum
disilicide solid soluticn on the basis of tests of oxidation resistance,
flexurel strength, and thermal shock resistance and found the optimum
composition to be 86.1 weight per cent ZrBy, 12.8 weight per cent MoSiy,
and 1.1 weipht per cent HN.

Arenbery, Rice, Schofield, and Handwerk (Ref. 153) studied the effect
of small edditions of Alp03, stebilized Zr0p, and MgO on the densification
and thermal shock resistance of a thoria body (96.93% ThOp, 2.65% U30g. and
0.42% VoOz). The particle size distributlon for the thoria was 608~ - LO + 60
mesh, 15% - 60 + 80 mesh, and 25% ~ 100 mesk. The alumina and stabilized
zirconia were -325 mesh, and the magnesia was -200 mesh. Five weight rer
cent stabllized 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 40D weight 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 modulus dispersed phase. Four model systems were studied in detail:
zirconium caerpide-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
ircreased, 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, uwniform compos-
ites such as silicon carbide-graphite were suitable for use in some of the
less severe rocket nozzle situations.

Shaffer observed that composite 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
stured 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 degres of shatter was noticeably
greater for samples of the pure carbide than it was for the ccmposite samples.
In another test, bars of aluminum oxide-boron nitride were subjected to a
cross-bending load, and the bars appeared to "bend” 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 e marked
change in the size of the carbide grains. The carbide grains were small
and irregular in shepe and bore little semblance to the large columnar grains
normally associgted with the pyrelytic cerbidce. The grains were very smail
at high carbon gontents. At 80 weight per cent carbon the carbide grains
wers below 200 4 (i.e., the size associated with the dispersed particles in
many of the best dispersion hardened metals), and the material tecam: twice
as strong as cast iron. Samples pyrolytically co-deposited from hafnium
carbide and grapkite were also studied, but less extensively. For a 10
volume per cent zirconium carbide dispersion in graphite, the thermal shock
resistance was estimsted to be twoe orders of magnitude higher than that for
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the pure pyrslytic carbide. A hafnium carbide-graphite nozzle insert showed
no ill-effects from a sudden exposure 1o a propellant flame temperature of
6550° F, while its dense grephite back-up fractured in many places.

Ieeds, 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 exis:ence of free graphite
platelets throughout hypereutectic specimens resulted in the improvement of
their thermal shock and room temperature brittleness behavior.

7.9 Cermets

The original interest in using cermets <temmed 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 ceoncept invoked
a great deal of interest among engineers who sought turbine-blede materials
with a low density, high melting point, and good oxidation resistance, and
intensive investigations were made of the titanium carbide-cobalt, titanium
carbide-nickel, and slumina-zhromium systems. However, the interest in these
materials has faded becavsze of their low impact strength and poor relisgbility
of performance and because even the most promisins cermets have offercd a
strength adventage only in the temperature range 1800° to 2200° F. Neverthe-
less, it is instructive to recall the efforts which have been made to utilize
cermets.

Huffadine, Longland, and Moore (Ref. 157) studied the alumins-~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 adding 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 car.ide exhibited low thermal shock resistance but that
improvements could be made through the additions of alloying elemeuts such
as molybdenum, aluminum, and chromium. However, Bragdon (Ref. 159) repcrted
that as the thermsl shock resistance of the cermets was improved, more
brittle failures were encounteied.

Only a few cases are known where the thermal shock resistance of a
ceramic material was greatly improved with the addition of only a small
amount of metal. Horfman (Ref. 160) rerorted that the thermel shock :psisz-
tance of lue composition 97.5 weight per cent zirconium diboride - 2.5 weight
per cent boron compared favorably with that of the titanium carbide-~cobalt
and titanium carbide - nickel cermets. Viruz and Accowntis (Ref. 161) investi-
gated the properties of anion-deficient zirconia and found that it had a
considerable superiority over stoichiometric zirconia and over stabilized
zirconie with respect to thermal shock reslstance and stability. Zirconia
cspecimens wiih saxll additions of copper were evaluated, and the test firing
of a throat insert rabricated from an anicn-deficient zirconia indicated a
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thermal shock resistance equal or vetter to that of silicon carbide. The
shock resistance was attributed 1o the anion deficiency. However, Voruz end
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 composiie was instantaneous, while it was relatively slow
and could be arrested by load diwinution in a 7 per cent compositiocn.

Gienny (Ref. 162) has reviewed the design concessions that were made in
an effor: to utilize cermets in turbine-blade applications. The use of hollow
nozzle guide vanes and a slight thickening of the trailing edge improved the
thermsl shock behavicr to an appreciable extent. Stress concentrations at
aerofoil-platform junctions were obtliated by using a constant section aerofoil.
Restraints on the expansions were eliminated 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 cladaing, and by the use of alternate cermet
and metal layers. Non-des.ructiive inspection was used in an effort to improve
the relinbility of performance. Surface flaw detection was accomplished using
fluorescent penetrant tests. The most successful test used for internal flaw
jetection. was one that involved electrical conductivity measurements. Proof
+esting 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 thermel shock resistance when the two phases are continucus and inter-
locking than when only the caramic phase iz continuous. Williams (fief. 153)
considered infiltration t¢ be a more favorable approach to the development of
strong metal-ceramic siructures than the conventional mixed-powder techniques.
Williams investigated the model system alumina-silver as an example of the
complete wetting of an oxide phase by a metal. The composition 50 A1203:
50 Ag was obtained by impregnating a lightly sintered alumina compact. The
composition had a flexursl strength above 22,000 psi at 1382° F and withstood
hundreds of thermal shock cycles from temperatures up to i760° F into a stream
of cold air, even though the melting point of silver is 1760° F and its strength
at 1382° ? is negligible.

Baxter (Ref. 165) investigated bodies consisting of a continuous phase of
aluminz and a continuous phase of copper and found that they had a high level
of resistance to thermal shock. Alumine blocks were impregnated wita cuprous
oxide by immersion in molten oxide for 1 to 2 minutes. The alumina was pre-
healed to 20i2° F and irmersion w#as carried out progressively to fills of
98 +¢ 100 per cent of the interconnected porosity. Following machining, the
cuprous oxide was reduced by subjecting the semples to dry hydrogen at 1832° F
for one hour. The thermsl shock tesi consisted of expoging the end of a right
cylinder, 3/L-inch diameter by 3/8-inch thick, of the material to the exhaust
from & smell rocket motor for 3 seconds. For the first 0.035 second the
specimen was axposed to burning magnesiwn which produced a heat flux of
T4C0 BTU/fta—sec; for the remainder of the 3 second periof, the heat flux

10l




was 1850 BTU/ftg-sec. Samples containing 43 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 1o moderate edge cracks (rapid shear failure) and a roughened surface.

9.11 Mekal 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 meymer have exhibited better thermal shock resistance
than the unreinforced ceramic. Levy (Ref. 166) suggested that the use of
metal fibers would offer two distinect 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 ard can absorb the
strains induced by thermsl gradients.

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

In addition, fibers offer the potential of allowing e practicsl prestressed
system of the reinforced concrete type where the brititle phase is held in
compression (Ref. 162).

Work conducted at The Boeing Company (Ref. 143) on composites for
spplications at moderate temperatures has produced a phosphate-~bonded alumina
maivrix reinforced with molybdenum fibers. The best results were obtained with
0.002-fuch diameter fibers 1/h-inch long which increased the thermal shock
resistance to the point where samples could withstand three quenches from
2600° F to waler.

Fisher and Hodson (Ref. 167) mede composite structures of tungsten fiber
reinforced ByC, SiC, TuC, HfC, TiC, and ZrC. Whi'e B)C, SiC, and TaC reacted
extensively with the metal phase and were eliminaced as possible base materials,
a good metallurgicat bond wus formed retween the metal and the other cerbtides
during hot pressing. A hot pressed tungsten relnforced titanium carbide
nozzle exhibited excellent resistonce 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 favoradle.

A chemical bond without excessive reaction was desired, and indications from
the literature were that & chemical bond is formed between alumine and
molybdenum at high temperatures and that the bond regulted from the formation
of a small, controlled amount of reaction. The major difficulty associated
with the fehrication of the system seemed to be that associated with the
shrinkage of the ceramic constituent during forming and/or firing. In view
of this, hot pressing was favored.

Norton 39-900 eluminx was used with additions of 0, 5, 10, and 20 weight
per cent moiybdencm fibers which were 0.002-inch diameter x 1/8-inch long.
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The fibers were cut to size from wnannealed wire from Fanstell Metallurgical
Corporation. Test bars, 3/8-inch x 3/8-inch x 3-inch or k-inch length, were
used. The vatches 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 oxifjation during testing. The
densities rangea from 91 to 93 per cent of cheoretical. Heating the moids
to 30C0° F consumed 90 minutes, and cooling back to room temperature was
accomplished in & hours. To aid in the production of a fiber free surface,
the graphite dies were coated with a thin wash of alumina in glycol alechol
and water.

Test bars were thermsl shock tested by inserting them into a furnace
held at 2200° F, allowing 5 minutes for stebilization, and cooling in air.
Attempts to measure the thermal shock resistance by sonic modulus measurements
were unsuccessrul since some bars maintained a high elastic modulus vet could
be broken by hand. As ¢ result, it was decided to break a small number of
bars after every two cycles in cross bending up to 6 cycles.

The alumine bars had an initial flexwral strength of about 36,000 psi,
but essentially no strength after two thermsl cycles. Micro-crucks were
readily observable in alumina containing 10 and 20 per cent fibers as expected
since the thermal expansion cf alumina exceeds that of molybdenum. Neverthe-
~egs, the fibers seemed to increase the resistance of the bars to thermal
endurance failure. With 10 per cent fibers, the strength remained essentiaily
constant at about 9,000 psi through all six cycles. Witk 20 per cent fivers,
the strength decreased from about 15,000 psi to about 11,000 psi dwring the

six cycles. With 5 per cent fibers, the strength was about 7,000 psi after
six cycles.

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

The thermal conductivity was increased by the fibers, and the effect
was directional because of orientation.

In & later study at Alfred University (Ref. 169) two types of ceramic-
metel fiber composites were considered. In one tvpe the thermal expension of
the ceramic excweded thet of the .etal, and the cer uni: developed a network
of microcracks while cooling from the fabrication temperature. In the other
type the thermal expansion of the ceramic did not excesd thel of she metal
axd & "nuncracked system" was obtained.

As en example cf & "microcrakced system” an alumina-mglybdenum fiber
composite was examined. cgorton 38-900 alumina (E = 50 x 109 psi) and molyb-
denum fivers (E = 42 x 10P psi) were thoroughly mixed by shaking and hot
pressed in a graphite .0ld at 3000° F under 3000 te 5000 psi. The graphixe
mold wes coated with alumina so that the ~omposite had a fiber-free surface
which gave some protection against oxidation of the molybdenum. The modulus
of rupture of 2-inch x 3/8-inch x 1/h-inch bars were determined before and
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after four thermal cycles, 2200° 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
compcsite strength but were slightly more susceptible to oxidation.

A mullite-glumina body (E = 34 x lO'6 psi) reinforced with molybdenum
fibers (E = 42 x 100 psi) was studied as an example of a noncracked system.
The composite was fabricated and iested in the same manner as the alumina-
molybdenum system except that the hot pressing was accomplished at 2900° F
and 5000 psi. Compocites were obtained with flexural strengths exceeding
30,000 psi following four thermal shock cycles, and an =i mination of polished
s2ctions of these composites disclosed no cracks in the ceramic phase after
the thermal shock test. The flexural strength of umreinforced hot-pressed
samples was 22,500 psi.

Easkin, Arenberg, and Handwerk (Ref. 170) considered thoria compacts
reinforced with flbers of mild steel, stainless 430, molybdenum, niobium,
Zircaloy-2, and zirconium. The compacts were hot pressed at 2732° F and
2500 pri, and very little oxidation of the fibers occurred during the hot
pressing operation. Hol pressed samples were subjected to a thermal shock
+est which consisted of heating specimens to 1832° F and quenching with
rercury. The compacts contsining steel fibers and compacts of thoria alone
sps'led severely after a single thermal shock. Hewever, most of the steel
fibers had been forced #rom the compacts during hot pressing. The ccompacts
contairing zirconium and Zircalecy-2 were highly susceptible to spalling. A
number of the compacts failed ia the mold during cocling. Examination of the
fibers of zirconium and Zircaloy-2 in the fired compacts showed that they
were highly embrittled. Nicbium Tibers increased the resistance to spalling
considerably when th2 fibers were not completely embrittled during hot pressing.
The mclybdenum fiber-reinfcrced theria had a much better resistance to spalling
*lan choria salone, in spite of the presence of microcracks caused by the thermal
mismatzh. Samples containing only two and three per cent molybdenum fibers
withstood 3wo and three thermal chocks, respectively. Thin fiber= were more
effective than thicker ones, and the microcracks formed during fatrication
served as crack suppressors and, together with the fibers, relieved stresses
and prevented cacastropic failure. The compacts nad a fairly characteristic
number of cracks per unit volume af'ter several shocks, depending on the per-
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centage of fibers used.

9.12 Use of Metal-Ceramic Layers

tilayer composites have received some study. Mest of the investiga-
tions have been conducted in the area of flame-sprayed coatings.

Kuminik (Ref. 171) hss reviewed the design innovations that were made
to produce sound coatings for high-temperature structural components. Upon
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testing several single-phase coatings on stainless steel in the exhaust of

a so0lid propellant rocket, it was found that all coatings failed within two
minutes. However, it was noted that molybdenum coatings provided good erosion
resictance and excellent bonding and that alumina offered good heat-insulating
properties and adequate thermal shock resistance for the application. To
capitalire 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 T mils per layer. The multilayer coating withstood
the full two minutes of the test with no spalling end only slight erosion of
the top molybdenum layer. Similar coatings have been used t¢ completely
pretect aluminum for two seconds of thrust burning from a rockst blast ternpera-
ture of 4500° 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-Aly03 on & 40 mil fiber glass
substrate was also tested using the rocket motor facility. The composite
withstood the test with no incident.

Huminik describes another test in which the multilayer Mo-Al,03 coating
was used to protect a "Hastelloy X" afterburner rake. The rake was exposed
three times for a total of 18 minutes to severe vibration at 3000° F. While
*hree layers were lost during each exposure, the rake was cempletely protected.

To provide a more resistant and better bonded coating, strips of Mo and
Al;0; have been sprayed alternately, using a barrier or masking screen and
changing the direction of spray. to produce a complex weave or grid type of
coating. On graphite, this type of coating has survived a 1O minute exposure
to air at 4500° F. Suitable thick coatings have been cbtained on simple
‘urbular parts by adjusting arnd sychronizing two flame-spray guns and rotating
the tubuliar part.

Finaglly, Huaminik points out that Solar Aircrafit Company has developed a
series of ceramic, cermet, and metallic coating mixtures based on more than
15 yeurs cf experience and has identified a large number of coatings for use
in szpecifiz environments when gpplied to a wide range of metal structures.

Simpson (Ref. 172) described a new type of metal-ceramic composite,
relerred to as a "macro-laminate composite,'which was developed by The Boeing
Company. Metal and ceramic powders are suspended in liguid vehicles with
organic resinc to form paints. The paints are then applied alternately by
trushing or spraying to a substrate to build up a laminate. The laminate
Ls stripped from the substrate and broken intc particles; and the particleg
are warm pressed and sintered in an inert atmospkere to form a dense struc-
tural part. The use of thermoplastic binders allows large complex shapes (o
be fabricated. The systems niobium~yttris, tentelum-slumina, molybdenum-
hafnia, and molybdenum-mullite-alumina have been evaluated. ‘'he Mo-HfO
system vas 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 3000° F flexural strength of 16,000 psi, and excellent oxidation resistance
to 4000° F. Compressive elastic deformation up to 11.8 per cent and ultimate
compression strength to 150,000 psi have been achieved with less than 60 volume
per cent metal.

9.13 Metal Wire-Reinforced Ceramics

The use of coarse metal wires or metsl strips to reinforce a structursl
ceramic has received some consideration. For example, in the ASSEI progiam
{Ref. 173), it was found that thoria with a density of only TC per cent of
theoretical would protect tungsten from oxidetion for at least 15 minutes at
temperntures 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 Iockheed Missiles and Space Company (Ref. 17h,, wests were made on
I¥SC'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 Marquardt W-reinforced ZrOs (a composite
structural system consisting of a rigid substrate end 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
4800° F, and Marquardt's structure displayed resistance o prolonged and/or
cyclic heating in oxidizing atmospheres up to about 4500° F. It was concluded
that the compusite concept (as exemplified by the structures tested) offered
premise for solution of leading edge or nose cap structural components problems.

Levy (Ref. 166) has reported that an aluminum phosphate-bonded alumina
cetnforced with & stainless-steel corrugated strip was developed to insulate a
covbustion chamber and reduce its operating temperature. By substitubing a
molyodenum wire mesh precoated with a pack cementation coating for the stain~
less steel, the concept was extended to the. fabrication of a wing-leading-edge
configuration which successfully withstood several 20 minute exposures up to
3500° F. The concept was further extended to higher operating temperatures
through the use of phosphate-bonded zirconie with the addition of chromisa to
improve workability and increase the emissivity. A coarse-grain zirconia with
15 welght per cent chromia was incorporated into s 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 sp-syed
chromium to pmtect the molybdenum asgalnst oxidation. The weidsd assembly was
covered with a vitrified coating (to further enbance the oxidation resistance
of the molybdenum) before the ceramic matrixn was trowel-impregnated into the
surface and cured at 300° F. The resultant system exhibited a 2300° F thermal
drop across a ./h-inch thickuess when the ceramic surface was held at 4200° ¥
under steady state conditions. When the surface was heated to 4L400° F, held at
that temperature for 2 minutes, and then dropped into water, no damage was
observed after two cycles.
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9.14 Honsycomb Structures

To adapt high purity ceramic bodies to severe heat transfer situations,
the ceraric is often used in the form of small individusl elements. This
approach often alleviates the thermal shcck problem. Genecally, small ceramic
shap=s are more reliable and stronger than a large ceramic shape, and a small
shape can be held to closer dimensional tolerances. When the ceramic is used
in the torm 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 fabricale and, pound
for pcund, less expensive than a large ceramic part.

Adams and Senla (Ref. 175) studied the techniques of wire iwpregnation
#nd 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
ruptuce typical of monolithic brittle state materials. The honeycomb metal
offectively interrupted the propagation of cracks which were formed in the
ceramic. The concept was extended to the fabrication of a nose cone for an
ICLM t2st reentry vehicle which was recovered April 8, 1659 after a 5000 mile
r'light 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
wis not favored because of its high cost. Superalloys such &s Rene' Ll were
considered, but they tended to embritile during the sintering orerations. The
problems associated with the sintering of Inconel were eliminated through the
use of an inert atmosphere sintering cycle. Test results showed that, the
reinforcements served primerily to control thermal shock and to limit subse-
quent crack growth. Large structures, basically a chemically bonded zirconis
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 piaced slde by side at the area of maximum temperature and
trapped by small zirconia tlocks which in turn were held by a coated molyb-
denum retainer ring. The blocks served to protect the retainer and to form
a hexapopul bounaary for the reds. The Liocks, rods, and retainer vere ;
mechanically locked together at the base, and a chemically bonded zirconium
oxide cement was used %o fill the interstices between tne rods and to form
a smooth surface. The zirconia was coarse grained, reclatively porous, and
partinlly stevilized with celcia. & full size nose tip was quenched in water
Irom 3800° F without catastrophic foilure. Full size nose tips also withstood
up to seven AUSET reentyy thermal cycles before the ends of the zirccnia rods
spailed, elthough the rod onds spalled during the second cycle when the nose
tige were subjectzd to inbense vibration and rapid heating simltaneously.
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$.15 Radomes

Bear, Gates, and Robertson (Ref. 176) evaluated small ogival radcmes,
approximately 6 inches in diameter by 14 inches in length, made of a 97 per
cent alumina oxide ceramic by Gladding, McBean and Conpany 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 tempersture difference wus attained. The heat input was
then adjusted to maintain the difference constant, and the heating was contin-
uved until failure occurred or until the surface temperature reached 1900° F.
The radomes usually broke into several pieces when failure occurred, and the
fractures tock place in only a fraction of a seconi. Test results cn four
aluminea radomes indicated that the maximum tensile stress at fallure was
sbout 20,000 to 25,000 psi in the temperature range 800° to 1700° F. The
flex%ral strength of the alumina was found to be 18,500 to 23,000 psi at
1000° 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 gbsolute maximum value at the stagnation point and & relative maximmm
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 materisls 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
agsrodynamic pressure distributions. On ‘the basis of these indications, Loyet
and Leviton attempted to correlate therinal shock test results with calculated
nredictions based on the thermsl stress analysis of a hollew spherical section
for Lhe radome tip and based on the thermal stress analv.is of & thin-walled
cylinder for the radome sections where the wall thickness was small compared
with the inner radius. Num ical integration by trapezoidal appro.cimations
gave results within the accuracy of the available data. The basic assumptions
were that:

1. Deformations were inlinitesimal.

2. The material vas isotropic aad obeyed Hocke's law up to the point
of fracture.

3. Axial and circumferentiel tcemperature gradients were negligible.
Ioyet and Levitan analyzed the test results cbtairned in two experimental

investigations. 1In one investigation, Coors Porcelain Company (Ref. 9) had
evaluated a radome made of AD-9% alumins with a tangent ogive contour, a
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5.5-inck base dismeter, 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 tumnel of a periodic kiln. The temperature of the exhaus:
was estimated to be above 3000° F. The radome was inserted in she exhaust
tunnel three times without incident:

1. For 27 seconds and then removed and allowed to reach an
equilibrium temperature of 140° F.

For 20 seconds and then removed and allowed to cool to 100° F.

[ a0

3. For 52 seconds and then removed and allowed to cool to room
tenperalure.

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 1150° F and 10L4° F, respec-
tively. The calculated maximun stress level at the inner surrace was

15,50 psi while the measured tensile strength of AD-99 alumina was 29,200
psi at 1OM4°® F with a standard deviation of 4OOO psi. Thus the theory
predicted that the radome would svrvive.

The other test results analyzed were thouse 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 807° F and 585° F,
recpectively. Comparable temperatures for a second radome were 1280° F and
1Ck0° 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 29,200 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 finenesz ratio of 2.0, on the basis of an analysis
similar to that used by Loyet and iLevitan. Twn histories were assumed in
the aralysis:

Case L. Snap- up trajectory, 43,000 to 65,000 feet altitude,
Mach 2.0 launch to a peak of Mach 5.1 after 40 geconds,

S

and a deceleration to Mach 4.5 after 60 seconds.

Case 2. Snap-down trajectory, 70,000 to 60,000 feet altitude,
Mach 4.0 launch to 2 peak of Mach 6.9 after 6 seconds,
and a deceleration to Mach 4.k after 60 seconds.

Indications were that Pyroceraﬁ@ 9606 and alumina AD-99 would exhibit similar

surface hLemporature prefiles, but that the twe materials could differ signi-
fieantly from the standgoint of thermal gradients. For the Case 1 history
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and a half wavelength radome, the peak temperatures were 12L0° F and 1205° F
for the Pyroceram and the alumina, respectively, but the thermal gradients
were larger {or the PyroceraﬂE because its thermal diffusisity was considerably
lower than that of the alumina. When the wall thickness was 1/12 of a wave
length, the therma. diffusivity had little effect, and the thermal gradients
in the two materials vere similar. While the thin-wall design significantly
reduced the thermal gradients in the netersals, it increased the operating
temperatures of the radomes. The pesk temperature increased from 1205° to
1510° F for the alumina and from 1240° to 1548° F for the Pyrocera:® 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 nunber of 4.0. The trajectory
cnosen as geneca‘ing the maxinum radome thermel 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 sighificantly.

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 aboub
2.8, considerably below the design value cf 4.0.

Two Pyrocerad® radome geometries were considered: a pointed radome of a
standard shape and ore blunted with a 1.35-inch radius. The radome measured
13.5 inches across “ho base and about 28 inches in length. The extreme forward
portions of the radomes were analyzed with respect to the trajectory that was
found to be thermally most severe. Calculations were made using both the
cylindrical and the spherical shell theories. The spherical theory gave the
more cunservative resulvs. On the poim,ed radome the maximum temperature

(855° F with the spheric'al theory) vccurred et the stegnation point as expected.
However, on the blunted radome the maximum temperature (705° F with the spheri-
cal theory) occurred at the transition point. The maximum tensile stress in
Lhe biunted radome also occurred at the transition point, and it did not differ
significantly from the muximm stress that occurred et the transition point of
the pointed radome. In view of these i4lcations, it was concluded that one
cannot automatleally assume tha: noge blunting will lead to a reduction in
maximim thermal stress.

Suess and W.ckesser also attempted tc¢ correlate thermal shock test results
with calculated predictions. Three Pyroceraﬁa radomes were cooled to an initial
tempersture of + 0° F or - 10° F «ud tested at Mach 2.4Y4, = tolal pressure of
215 psi, and an average total temperature of about 1350° F. Good strain gauge
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daty wWere obtained in two of the three tests. In both of these tests the
maximum stress was within 2 per cent of that predicted by the cylindrical
theory and within 11 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

tect, but in the other test the experimental stress peak was much sharper than
that which had been predicted.

A number of investigators have considered the relative merits of various
ceramizs radome materials. For example, Brown (Ref. 95) determined experimen-
tally the relative thermal stress resistance of five potential radome materials
rfor heating conditions which simulated radome environments. In decreasing
order of merit, the five materials were Pyrocermt~9608, Pyrex 7740, AD-99
alunina, McO (greater than 99 per cent dense), and Alundum RA-3360. Walton
and Bowen (Ref. 180) compared the calculated relative merit index of thermal
chock resistance of slip-cast fused silica, Pyroceram™, and AlpO3 over a wide
range of thermal shock eng%ronments and found that slip~cast fused silica was
superior to both Pyrocerant” and Al50, for all cases. At Hughes Aircraft
Company (Ref. 181) hemispherical radomes, 2.5 inches in radius with X-band
well thickness, were subjected to cold wall heat fliuxes of 50 and T5 BTU/ftZ-
second in a quartz lamps facility. Pyroceran® 9606, aluminum oxide and
aluminum oxide A-sandwich have been tested. At 75 BIU/ft2-second the
PyroceramR and the aluminum oxide A-sandwich both failed at the end of about
20 seconds, while the aluminum oxide failed within a matter of a second or two.
At 50 BTU/ftz-second the Pyroceraﬁj failed after 30 seconds and the alumina
failed after 15 seconds. The aluminum oxide A-sandwich was not tested at the
lowes heat flux level.

Finally, an interesting program is presently being conducted at Whittaker
Corperation, Narmeo Research and Development Division under Contract AF 33(657)-
1C111. A mosaic radome, 9 feet high with a 30-inch base, is to0 be fabricated
asing alumina tile in two lsyers and a Narmco adhesive. Eerly 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 =dges. While a number of ceramic
leading edges have been designed, few have been tested under severe conditions.

At North Anerican Aviation, Tne. (Ref. 183) a full scale leading edge
model fabricated from beryllium oxide segments supperted by a silicon carbide
coated graphite structure was found t» be unaffected by plasma test conditions
similar to those expected for a typical reentry trajectory. The desigu
Incorporated small segments of the oxide which were hot pressed to a density of
about 99 per cent of theoretical. Holes wore drilled in the beryllia segments
with a diamond core drill, and the sezgments and the graphite structure were
joired by beryllia pins using a simple method of attachment. The leading edge
cenfipguration 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 . 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 coodl. The cracks were observed on the beryllia
surface after the sample surface reached 3000° F. The segments
remained intact for considerable handiing after cool down.

The meximum rate of terperature ricc was 54° F/second.

Sample 2. The sample was preheated slowly to approximately 1600° F,
heated in the plasma to a temperature of 4000° F over a
period of 26 minutes, held at or near 4000° F for 16 minutes,
cooled in the jet to 2200° F, and cooled from 2200° F to room
temperaturo slowly. The maximum rate of temperature rise was
32° F/second. The sample withstood the complete test cycle
with only slight surface ablation at the point of maximum
t ~mperature.

Sample 3. The sample was heated at a rate equal to or greater than that
required in the simulated reentsy. It was preheated slowly to
1600° F, heated in the plasma to a temperature of 4200° F over
a period of 23 mimubes in such a manner as to produce a time-
temperature history similar to that for a reentry mission,
and ccooled at a rate to simulate the reentry schedule. The
maximum rave of temperature rise was 80° 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 attechment 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 g
for a hypersonic glider. A 5.0-inch diameter was established on the basis of (
a maximum allowable temperature of 3000° F. A lower surface length of 6.50
inches was selected so that the suprort structure would not exceed 2000° 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 feobricetion consideration, and a 16-inch segment
length was selected on the tasis of airload considerations. The attachment ’
design presented the major structural problem. Three graphite leading edge ;
assemblies were tested:

[PV

Post L. The assembly was subjected to statin lcad at room temperature
and failed at 170 per cent of the design limit load. Failure
occurred not in the grephite but in a metal part. However,
this precipitated fracture of the grapn.te leading edge at
several locations.
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Test 2. The assembly was subjected to the radiaunt 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 2300° F. The assembly withstood
the test cycle five times with no structural failures.

Test 3. The assembly was tested under the simulated flight tempera-
ture history (up to 2300° F) in the quartz lamps facility and
feiled during the first cycle. The failure was attributed to
insufficient clearante 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 preccated with a pack
cementation c¢oating. The component withstood several long time exposures
up to 3500° F.

.17 Prestressed Ceramic Structures

At the University of California (Ref. 117) attempts were made to prestress
ceranic wing sections through the use of pretensioned steel cables. The wing
serments were formed from alumina by slip-casting, assembled in spanwise
fzshion, and prestressed compressively in the spanwise direction. Because of
‘he difficulties in applying a load uniformly to a brittle structure, the
program was only partially successful. A higher degree of success mignt have
been attain~d through “he use of rigid end plates to promote more uniform
lcading andsor through the use of gasketing namterial to reduce the intensities
of localized stresses.

Warshaw (Ref. 185) reported another method of obtaining prestressed
ceramics so that maximum advantage could be taken of their high compressive
s rength. The method coasisted 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 thermsl shock behavior of
a prestressed ceramic material. Eighty-three nominally identical samples of
a certain ceramic composition were subjected to 10 thermal shock cycles,
500° F to an air stream. During the thermal shock tests, 27 of the samples
had an external compressive load of 10,000 psi, while the remaining 56 samples
had no external load. After the thermzl shock test, the unstressed samples
had an average compressive strength of about 15,000 psi, while the prestressed
samples had an average compressive strength near 20,000 psi. The aversge
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
presantly beig investigated gquantitatively at the University of California
(Ret. 187). Ceramic plates are thermally shocked in a quariz lamp facility.
The damace 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 unpres*ressed condition failed in thermal shock when a particu-
lar set of test couditions 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 moderate initial loads produced the greatest improvement and tnat
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 siress 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 funcvion of temperature.

A salient feature of the method used at Lawrence Radiation Laboratory is
that the output consists of the single thermal shock parameter %g? where

S8 = Strength

k = thermal conductivity

E = Yourg'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 individual
material properties, four experimental errors are involved. Wnat is mmch
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 testiug.
The transient thermal stresses in a circular cylinder were considered, and
the analysis wes based on the theory of Weibull. The following relationships
were developed Tor equal probebilitics of fallure:

1/m
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where:

0 = thermal stress
S = mechanical strength
V = Volume of cylinder under stress

= flaw density

and the subscripts apply as follows:

t = c¢ylinder subjected to tension
be = circular cylinder subjected to bending
br =

rectangular cylinder subjected to hending

(63)

(64)

The' formulas are valid when Biot's modulus* is less than two and when the
material has a "zero strength" (in the sense of Weibuil) 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 cylirder having a volume

¢f the thermal shock test cylinder (See Yquetion Alt) apd heving

surfece aresa exposed to the tensils stress in the outer fibers.

equal to that
the same

After carefully establishing appropriate strength criteria for both
heating and cooling shceka, Glenny and Rogﬂﬁon compared the mechanical
strength of & 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 expeiimental

*Sea Section 7.8.4 Thermel Shock Parameters.
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strength values. This mey have been caused by a concentration of flaws at
the surface of the thermal sho~k test specimens. The same type of effect
was observed by Crandall and Ging (Ref. 190) in their work on the rapid
heating and cooling of alumina spheres.

9,16 Selected References _on the Thermal Shock Behavior of Refractory Struciural
Components

Extenied Abstracts 45 to 56 (Appendix I) refer to recent foreign publica-
tions which deal with the thormal st :ck characteristies of ceramic compcnents.
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X. DESIGN WITH BRITTLE MATERTAILS

10.1 Design Guides

During the conduci of this program an effort was made to uncover various
design hints based on the art, rather than the science, of brittle strvetural

design.

The following design vulac, which deal with the problem of preventing

therial shock failure in ceramlcs, were ccllected: -

1.

Since ceramics are stronger in compression tnan in tension, they
should he 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.

Simple shapes should be used. Sharp corners and angles should be
avoided. All edges should be rounded with genercus radii - in
general a 1/32-inch radius is noi excessive.

Sadden changes of section should be evoided. Thick or irregular
sections should not be used. The ellowable 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 skock parameters).
For a specific example illustrating the effect of thickness

on the performance of a ceramic component, the reader is
referred to Section 9.15 Radomes.

Point loading and stress concentrations should rot be permitted.
Holes shonld be kept out of tension zones, and resilient pads
should be used at load bearins contact zones. Holes for attach-
ments should not be used without special consideration. If the
loads ere not equally distributed over all pins, failure will
most likely occur priox to the achievement of the full load
carrying capacity. Under the assumption of a load uniformly
distributed over all pins, the following observations have been
mede on the basis of experience in stress enalysis (Ref. 191):

i. Ne¢ solution exists for the case of more than two holes,
but for a given unit width of material the lowest maximum
stresses occur for a hole dismeter to hole spacing ratio
of approximstely O.L. (Thus ihe distence 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 effectea
through the use of pins which y* e¢ld before the fracture load
of the brittle article is reached. When the hole size is too
larjze to accommedate a yielding solid pin, the use of a
yielding hollow pin is suggested.
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iii. The stress concenirations can be reduced by using smaller

holes spaced closer together or by using multiple rows of
holes.

iv. An elliptical shaped hole leads to lower stress concentra-

tion factor if the major axis of the hole is in the
direction of the stress field.

Rrittle shtruc.ures cannot be pilled into position during assembly.
Tr srefore this situation must be avoided by careful machining to
¢« se 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 tolerenccs which can be met. (Refer to Section
6.4 Machining and Grinding.) For radomes, and other articles,
mechanical mismatch is sometimes minimized by fastening the metal
attachment ring and ceramic together and then metch drilling the
assembly to the missile body or other parts.

Noncompressive mechaniecal restraints should be minimized.

Advantege should be taken of the fact that the thermzl expansion

of a ceramic is highly reprcdvcible. A carefu) analysis will help
eliminate thermal mismatch. However, the designer must kaow the
material being used. Every refractory ceramic is a special material,
and the use of tabular, handbook data can be misleading. If ihe
composition of the material. is altered through the us¢ of additives,
or if thc supplier changes a raw mabterial 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.

In hyperbthermal 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. QConsideration should be given to the use of an emissive
coating and to the surface structure of the material.

Por high heat transfer rates, a materiasl with a low thermal expansion
should be selected. For low heat transfer rates, a material with
inberently poor thermal shock characterishics (high thermal expansion)
zan be used if it has a high thermal conductivity. Refer to Section
7.8.4 Thermal shock parameters.

Localized heating or cooling should be avoided.
It is desirable to confine ceramic materials to small individual
cells so0 thai destructive temperature gradients will not occur within

any given cell. Refer to Section 9.1% Honeycomb Structures for
specific examples.
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12. Nonredundant ettachmenits are desirable to the extent that a part can
be designed with confidence when all loads are known.

13. The maxisum strein criterion for failure is in some ways better
than the maximum s*ress criterion. The critical strain is feirly
constant for a wide range of ceramics.

10.2 (General References on the Design of Brittle Materials

Extensive 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. Artamorov, A. Ya. and Shvedkov, E. L., "Effect of Machining on the Strength
of Stperhard Materials," Poroghkovaya metallurgiya (Powder Metallurgy,
Joviet), 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 titanium
carbide containing 30 per cent nichrome. Superhard cermets on a chromium or
titanium carbide base should not be ground since therely the strength is
reduced by 40 to 60 per cent (the initial strengths being 52,700 psi for the
titanium cerbide 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, with
subsequent removal of the defective surface layer by fine electro-erosion
cutting. When the machining allowances are small, machining must be carried
out only under mild electro-erosion cubting conditions which increase the
shrength by T to 14 per cent.

2. Guleviv, 0., "Some Ways of Speeding Uy thc Process of Body Formation in
((Jaszix;g, " Szklo i ceramika (Gluss and Ceramics, Polish) 1k, no. 4, 111-1h
1663).

The following techniques are used for the acceleration of casting:

(1) proper selection of materials and electrolytes;

(2) increasing the temperature of the casting slip;

(3) de-seration 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;

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

Examples glven for the casting of porcelain and fireclay show that the
rate of hody bullding and the crushing 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
gbove 2500° F to assist in the selection of mabtorials for high-tempersture
applications.

The max.inmum recommended use tenperatires (in a suitabie medium) and the
high-temperature oxidabtion choracteristics of' the carbides are given. Since
the nitrides are subject to decomposition in the agbsence of an adequate
nitrogen overpressure, the vapor pressures have bsen listed for the nitrides
along with their high-temperature oxidation charscteristics. For the borides,
the oxidation characteristics and high-temperatuwre stebilities are presented.
For the oxzides, whose behavior varies markedly in different environments, high-
temperature stabilities are given for an oxidizing cbtmesphere, a reducing
atmosphere and a vacuum. Alsc listed are the oxidation characteristics of the
silicides and sulfides, the volatility of the sulfides, the high-temperature
characteristics of mixed oxides and chromites, and the high-tempersture
properties of beryliides, aluminides, other intermetallies, and phosphides.

Thermal properties including the thermal shoek resistance, thermal
conductivity and thermal expansion are presented for cirbrdes,. uxides, nitrides,
borides, sulfides and silicides. In the case of the oxides, the thermel con-
ductivity is given for the dense materisl and for & materiel with scme porosibty.
The data on the emittance of some of the materials are alsco presented.

Mechanical jwoperties are ligbed for refractory carbides, oxide, nitrides,
end silicides.

A number of portinent figures are presented. However, the real value of
the report lies in its tables which 1list ‘the properties of materials al verious
temperature levels together with references. Host of the dsta on theimel shock
resistance was extracted from Cempbell, I. B., "High-Temperature Technology," -
John Wiley & Sons, New York (1956).

Lk, Goldsmith, Ale:ander, Waterman, T. £. and Hirschhorn, H. J., "Thermophysical
Properties of Solid Materiuls," Five volwnes, Macmilian Company, New York
(1961), 4263 pg.

A1l original test date published from 1940 to 1957, inclusive, on the
thermopbysicel proportiss of seiids were collected, asnd the data are presented
in five volumes: I. Elements, TI. Alloys, ILI. Cersmics, I¥. Intermetallics,
Polywerics, and Composites, V. Appendix. The materiels covered in volumes III
and IV include those that melt abhove 1000° F. Host of zhe dabe are presented
Ix graphical form. lMost probabvle vslues are prescnted for both the gravhical
dati and the tabular dsta, Voiume V serves as the materiel fndex for the tirst
four volumes and jncludes tne references and the author irseX.
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5. Shaffer, ¥. T, B., "High-temperature Materiels, No. 1 - Materlals Index,"
Plerum Press, New York (1964).

Data on the propexties of more thar 520 different materials are presented.
Data are presented in tabular form, and somebimes in equation form, for a wide
range of temperatures. Borides, carbides, nitrides, oxides, and silicides are
among the materials which are coisidered. The volume is well indexed and well
docurented.

6. Stutzman, R. H., Salvaggi, J. R. &nd Kirchner, H. P., “Summary Report on
an Investigation of the Theoretical and Practical Aspects of the Thermal
Expension of Ceramic Materials, Volume one - Iitecature Survey,"
AD220685 (August 31, 1959).

A literature survey was conducted ca the reversible thermal expansion of
various meterials, and 954 references are assembled in a bibliograp‘hyy. The
results of thermal expansion measurements from 523 articles and reports are
presented in tabular form. The materials considered include crystalline
ceramics, glasses, cermets, intermetallic compounds, and ceramles combined with
other types of materials. The data are listed in alphahetical order according
to chemical composition, with only a few exceptions.

7. Wood, W. D., Deem, H. V. and Lucks, C. F., "Thermal Radiative Properties
ofé‘Sejlected Materials," DMIC Report i77, Volure i and Volume 2 (November 15,
1962 ).

The firet vr.auw inciudes data on refractory metals and their alloys,
superalloys, and ticentun and its alloys, together with a brief discussion of
the fundare; tals of therrel radiation and the metheds used to measure thermal
radiative properties. The second volume includes radiative property data for
ceramics, graphlte, and coated materiais for high temperature. Emittance data
are presented in graphical form as a fimction of temperature and as a function
of wevelength, and references to the source of the data are cited. The
coverage 1s excellent with data on ceramics listed for carbides, nitrides, oxides,
silicides end Pyroceran®.

The data on ceramics and graphites was published separately at an earlier
date: Itid, "The Emittance of Ceremics and Grephites," AD 274148, DMIC
Masorandum 148 (Mewrch 28, 1962).

8. Astarita, G., "Contribution to the Study of Fhermal Shock," Bulletin de la
Société Francaise de Céramique, no. 41, 3-20 (1958).
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PART ONE

The resistance of a given material to variations of tenperature depends on
the thermal and mechanicel parameters relative to the material, on the geometric
form and conditions of contact of the sample, and on the type of thermal phenom-
enon acting on the exterior.

The mechanicel parameters include: +the critical stre : o {resistance to
tension or compression acccrding to whether the thermal rhenomenon is cooling or
heating); Young's modulus E; the Poisson coefficient p; the coefficient of
linear expansion ¢«; and Weibull's constant m.

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

The geomebrlc form of the test piece and conditions of contact can be
charecterized by a sufficient number of foxm coefficients and by a single linear
dimension L; the thickness of the picce in the direction perpendicular to the
surface exposed tc thermcl shock is usually chosen. To characterize the external
+thermal effect, there are available a sufficient mumber of form factors, a
characteristic time 6 and two paramesters: the maximum level of external
temperature t'max and the swrface heat iiensfer coefficient h. The influence
of each of these parameters is not always the same, but depends on the value
of the others.

Some predictione can be made concerning the reletive influence of these
parameters by using the principles of dimensional anelysis. Dimensional
analysis allows the independent variables to be reduced to six groups according
to their dimensions:

ab hL
o t'mex, ofE, m, p, =5 T
% :

Furthermore, the theory of elasticity shows thet the stresses of thermul
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:

o R
M = TR resistance figure of merit
F = -‘-‘-g ; Yourier number
o
N nt, - 6
= 5=, Nusselt mmber (65)
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m, the Weibull constand
©, the FPoisson ccefficient

Each time that the theory of meximum stress can be accepted as valid,
dimensional analysic can be applied for determination of the degree of thermal
shock which the material can withstand without shattering (omex = o). 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 thet effect.

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

To fix attention on the ratio h/k, the Musselt number, implies formm-
lating the problem as a function of parameters vwhich are not proper to the
material (h), therefore confirming the impossibility of a quantitative formula
for the coefficlent of resistance as a function of all parameters relative to
the material and it alone.

Occasionelly, the thermal variations of the parameters of the material can
be important, wnd it is necessary to take them into account. Recourse should
then be made to direct methods for calceulating the distribution of stresses.
When the tempersture distribution .s ncwn, the stress distribution can be
calculated by measn of the theory of elasticity. Furthermore, the maximunm
stress can always be coupeared to the critical value relative to the temperature
existing at the point and at the instant where this stress appears.

It is difficult to handle the variations of Young's modwlus, but variations
of the E modulus with tempersture can be importent. OCne cannot establish
vnether or not this is favorable. 1In order to furnish 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 <hoosing
avergge constant velues for « and E and by taking into account their
varigtion with temperature. The following table includes the data for the
materiel and the thermal cycles considered. For test 1, the variation of «
end E led to higher stress levels within the slab, while the vardation led to
lower stress levels for test 2.

Parameter 32°F 392° F 752° G 1112° F 1472° F
%, BTU/ft + °F « hr 0.4 ol 0.k 0.k 0.4
10%, £t2/hr 1.07 1.07 1.07 1.07 1,07
8, psi 1670 1270 170 1700 2120
(Continued)
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Parameter 32° F 392° F 752° ¢ 1112° F 1472° F

1073E, psi 198 198 226 325 297
108 gp oy © FL - 3.0 3.1 3.3 2.7
My=mmmmmmmmns 9.k 10 9.4 9.k 9.
Composition 510, 69.21%
A1,04 26.36
FepOs 3.25
Ioss to fire 0.70

Thermal cycle: Thickness of wall 11 cm. Initial temperature distribution,
linear, frcr 1832 to 68° F. Natural ccoling in still air (test 1); forced
cooling with air blast at .75 £t/sec (test 2).

Conclusions:

By means of analytical and graphical mebthods proposed by various authors,
thermal phenomenon can, at least, be theoretically predicted. This prediction
cali be justified by the agreement of results of calculatious and experiences
demonstrated by recent studies. These prediction methods do not neglect the
influence of the value of the surface heat transfer, the geomeiric form of
the elements subjected tc stress, the conditions of binding, the homogeneity
of the material (the Weibull constant m), or variations of the parameters
with temperature. I% cannoi be affirmed a priord if the latter influence is
faborable or not to the material's resictance to stresses of Therual origin,
but it is at least possible to have theoretical prediction in a given
perticular -.aga.

PART TWO

MECHANICAL RESISTANCE OF PLANE SURFACES TO
PROGEESSIVE PROCESSES OF HFATING AND COOLING

With regeri to the coefficient of homogeneity, it is well to observe that
its influence is negligible vhen itg value exceeds 10, and the theory »f
mavimum stress can be accepted as applivable. The author's research hes been
limited to meterials with m > 10. In the case where this inequality does not
“103d, o ndgher safety factor would be edopted to take account of the degree of
approximation introduced. However, recent studies have shown that even for
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rare materials where m < 10, the theory of maximum stress pr. t.us cafficient
predictions. The difference in experimental resulis does nut exrced 1% to 20
per cent.

The following problem is Cealt with in this note: given a plane surface
of imown depth and of known thermal and mechanical properties, the initiul
temperature distribution being constant or linearly variable in the .drection
of depth (thickness), determine the most severe heating (or coolirg) zowiiti- ..
of the atmosphere in contact with one of the surfaces (the surface o° nygheg:
temperature) which assure the resistance of the material to stresses . e
set up during the transitory period.

The problem is particularly interesting in ‘the case where the exter.n’
temperature difference is greater than the minimum velue for absolute saf:,
namely

£ 'max >EU§5 M>1 (€5)

vhere %'max is the total temperature variation. The object of the the. =ztical
and exrerimental study here is the determination of a luw of general character,
vhich furnishes the minimum period 6 capeble of assuring the mechanical
resistance of a surface subjected to a progressive thermal shock for which
M>1.

Theoretical Study :

Foy simplification, it is supposed that the Nusselt mumber is infinite.
Hence, the predictions formuated theorevically would err in favor of sefety.
It is @lso supposed that the distributions of temperatures are indepeadent of
the thermal characteristics of the unexpesed surfacs. The initial distribu-
tion of temperatures is considered 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 betweern M awd F:

p%-i =1-l2/F [2 + e-1.67//‘r] + 2. 16F [.1 - e-1'67//T] (67)

where p 1is the safety factor. The relation shows that the resistance to a

known shock will be all the better when the diffusivity @ and the critical

stress o0 are larger, and when the coefficient of linear erpansicn «, the

rmodulus of elasticity E, and the thicknesses L are smaller. However, ror .
shocks of very short duration or truly instantaneous nature, the parameters

¢ ond L play no part. Furthermore, the preceding confirms the lmpossib?f | tor

of characterizing materials in a general manner tzzause of the influence .
thermal parameters which depend on the type of shock considered.
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Experiaents’ Pe *

A sevigs «f experimental dervevwsins “ons were performed, and the results
exacti, confMirmed the fundarmental lheoretical hypothesese. While the tests
perfocmed have omen chiofly wita cocling, some tests with heating have given
results which ag~ee with the theory. Most of the evperimental work was per-
forred on magnesia refracteyy briec’:s, Lut the results of other experimental
work with siliciovs and s!’ico-alun. mcus bricks were glso examined. The
sriterion for failure was cracki, =t the surface of the bricks.

Conclusions

The relation devel p2d represents a limiting condition: infinite Nusselt
warber. Insofar as thi: .sudit.on can be regarded as exact, the relation
supplies exact predictions. Undonptedly this limiting condition is not
wrxays verifiable in pract’.+; however, in all cases this relation offers
predictions relative to the .ost onfavorable case, and allows the severity
1y v he thermal shock to be maintained within limits of absoiute safety.

O, Bakn, Kolf and Pump, Karl, "Investigation of a Simple Measuring Procedure
Tor The Determination of the Thermal Shock Resistance," Silikattechnik, 10,

o= (1959). ‘

I meay cases, the criticel examination of the thermal shock resistance

of cerumic materials exhibiabs considerable deficiencies because of the very

iy ferent {and often inadequate) mecsuring methods which are used. As a

-~ iit, these measuring met..ods are c¢nly comparable if similar samples are :
“w~de M. 8. Tacvorian has fouud, however, that the appzurance of cracks :
LLwiys precedes a visible destruction of a sample and that e reproducible N
wnd exact . *lationship exists between visible fracture and decrease of ~
mechanical . rength. The purpose of 4his research was to examine this
depoendency .

A rmumber of e¢ylindrical rods, 8 to 10 mm in diemeter, of drawn sintered
corundum were tested for bending strength (oo = 32,100 psi) while others were
submitted Lo £lve Lh:rmal shocks. After each shock five rods were selected
and bending sticugths (6) were teken. For the bending strength an edge
distance of 70 mm +a3 used. The thermal shocking was accomplished by
heating the rods *- = small *urnace at a rate of 5.4° F/min., allowing the
rods to stabilice . 3C nin. at the final temperature of the furnace, and
quenching the rods & reter. The temperature change AT for the shocks were
inere wed by oonutamt ilatervi s to establish the characteristic function
-g—o— = f{aT).

- B et

o st T 5

Since the decoay of the struchture took place gradually, & precise determin-
ation of the thermal shock carrying capacity was not obtained. A threshold
value of 160° F, howrver, was obtained for the material. Above the threshold
disinter:alicn becm - apparent because of a decrease in the mechanical stremgth.
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Below the threshold no disintegration took place, regardless of the number of
times 1t s shocked. Iv Was, therefore, suggested that a characteristic
function o== f(AT) end a threshold could he determined for any ceramic
material ang that a szmple below its threshold could survive any munber of
thermal shocks, regardiess of its shape.

In the experiment it was observed that samples of the drawn sintered
corundum shocked beyond the 160° F threshold showed cracks at the surface,
while the core was unaffected, but the samples still gad a certain bending
ctrength. For samples cycled five times, a plot of oo Vversus AT showed
a minimim ot a AT of approximstely 300° F. The samples investigated in the
minimum exhibited no exterpal cracks, but were under a high tension (stress)
caused by the thermocycling so tha’ the bending strength was low. These
stresser decreased after the surface cracked with increased shock, and the
bending strength increased to & 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 (@ia) cylindric rods, and (2) pipes with
a2 12 mm outside diameter and & 2 mm wall thickness. These samples were thermo-
cveled 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
o mrinirmm, preceding the threshold was found to be a characteristic for
materials consisting of various components. No maximum wes observed with
one compoient material. systems, such as AlpOy or ZrO, regardless of the shape
of the srample. Thus in multi-component systems, stresses due to different
coefficients of thermal expansions of the various components must cause other
streases in the samsles.

In experiments on a glazed china it was found that a well fitting glazing
"sits" on a ceramic material with little tensile stress. One glazing, which
"sut" on a ceramic under compressive stress, exhibited a rather high maximum
G5 versus AT) before the threshold was reached.

Messurements were clsu carried out for the development of mixed ceramic
materials. It was found that the thermal shock resistance of pure clay
increased only a small amount wit.. increasing chromium content (up to 30%)g
vitile the thieshold increased sliglitly. The characteristic feature of the
o . versus AT plots for mixed cerausics is 'that they do not decrease to zero
right after the threshold, bt remain constant within a relatively wide range.

In general, i was founa 1: these experiments that scattering of the

strength results appears tc¢ he 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," Ogneupory (Refractories,
Soviet), no. 8, 341-47 (1963).

A survey is prevented on statistical rules governing the relation
between the melting point and physicochemical prcperties. 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. Hence, new oxide refractories must, above all, be searched in
binary oxide systems.

11. Blank, H., "Transoission Electron Microscopy of Single Crystals of Ceramic
Materials," Berichte der Deutschen Keram Gesellschaft (Reports of the
German Ceramics Society), 40, no. 2, 136-39 (1963).

The method of investigabting lattice defec’s in crystalls have been
largely developed for metals and in most cases they are appliceble to non-
metals. CSome results on irradiated and non-irradiated U0, orystals are
reported. Using an electron beam, cracks can be produced in the specimens
by thermal shocks and changes in the structure can he observed. In irradiated
UO> the lattice defects caused by nuclear fission and the traces of fission
atoms become observable.

12. Dawihl, W. and Ddrre, E., "The Strength and The Dei'ormakion Properiies of
Sintered Alumina Bodies as a Function of Their Composition and Structure,"
Berichte der Deutschen Keramischen Gesellschaft (Report:s of the Cerman
Ceramics Society), 41, no. &, 85-97 (19%64).

Sintered alumina bodies were investigated at room temperature, at 772°
and at 1832° F for crushing strength, impact strength, shrinkage and hrcdness
in two series: a) varying the MgO and Sio?_ content and keeping the firing
conditions constant, and b) varying the firing conditions and keeping the
composition constant. The crushing strength of sintered alumina contsining
up to 3.5% MgO or 6.5% $10, comes up to that of WC + 6% Co. The crushing
strength is inversely prondrtivnal. to the grain size above tne critical size
of 3-4 mp. Below thig size, effects of porosity, etec. play the first part.

The spinel which originates f'rom the MgO addition forms agglomerates increasing
in size with increasing MgO content without affeching the crushing strength.

33. Delrieux, J. srd Recco, D., "Reflections on the Fracture of Thermal
Origin in Refractories Subjected to Service Conditions," Silicates
industriels (Yndustrial Silicstes, French) _2__5.},_ an. 2, 59-70 (ic%37.

The fractures of thermal origin in refractories in service can take 2
variety of forms. Some can be explained in a simple way tut for others the

- b S




absence of a mechanical explanation of the phenomenon has led to the beliel
tnat the influence of physiccochemical processes, which change the properties
~f the material, had an over-riding influence. For the simple case of
retractory bricks exposed to a furnace on one side, the direction of the
thermal shock affects the crack formstion--quenching acts more intensively
than heating. In practice neither elastic nor plastic deformation occurs,
but a series of intermediate states with varicus degrees of elastic and
plastic properties. Hence, one most appreciate the complexity of the
phenomenon and estimate the thermal shock resistance of relractories with
creat care.

1k. 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 khiumicheskogo obshehestva im. D. I. Mendeleyeva
(Journal of the All-Union D. I. Mendeleyev: Chemical Society, Soviet),

8, no. 2, 155-62 (19%63).

Relevant squations are given for the maximm temperesiure difference that
a material can withstand, and cases of quick and slow heat transfer, as well
us ‘be size factor, are discussed. For heterogeneous systems (refractories
und ooramics), the maximum stresses, as well as the statistics, mist be taken
into econclderation. Supplementary to the statistical theory by Weibnll, not
on.y the presence of the defects expressed by the homogeneity factor m but,
&lco, their size and position in the material are decisive for the heat
resistance. Existing test methods de¢ not yet consider the change of a
refractory during service. As a test for cermets, the change of the bending
strength before and after the thermal shock 1is measured; for alumina-silicate
refractoriss changes in the gas pers2ability and adhesion are determined
be fope and after tv . thermal shock. One new method is the determination of
the ocenrrence of cracks after thermal shock by meusuring the change in the
‘egonance frequency of the wmaterial or the ultrasonics propagation rate.

Means for increasing the heat resistance are mentioned, such as:
reduzing the coefficient of thernal expansion ¢ medification of the
coafflelent of shear by microcrack stiucture; allowing mutual displacement
of “ne gruine {for example, by combining two or more phases); or by using
poroas o1 fibkrous ceramies.

15, Lambert, R,, "Influcnce of the Conditions of The Edge on The Thermal Shock
of a Piece of Flat Glass," Verres Refractories, k. no. 6, 333~39 (1950).

The manner of cutting and fabrication of a glass object can affect its
permanence once it ic in place. 1In effect it can produce mementary tensile
stresses due to local heating which, acting on a point of low resistance, can
prodece broaking of the glass. The breaking depends not only on the magnitude
of the gtrigs, btut also on the nature and on vhe oriextetion 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 especielly dangercvs on the edges of the
volume which possess the impercepiible week points due to handling and the
methed of making the edges.

In tre extreme case, part of a glass surface is heated by radiation and
a break wccurs 2t the end of a certain time. The origin of the break is always
located on the closest edge of the heating zone. The bresk comes from a spot
less resistant and propegates 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 spreeds over the remuining volume.

If the guard, i.e., the distaace between the heated zone ari the edge of
the volume, is decreased without changing the heat sourcz, the time which
elapses between the beginning of the heating end the breek also decrezses, and
the break becomes less and less violent. If the distance vetween the heating
source cnd the edge is decraased unti. they finally are in contact, tensile
stresses do not rise u: lang as the heating period lasts, but a break can
occur on cooling becwmuse tne cunditions of cooling avs wo longer the came
between the edge aad the interior of the volume. It nas been found experi-
mentaliy thet the heating time needed to cause a break is a minimum for a
suard of 10 to 15 mm, and exprrience has shown that changes in cutting and
~ aishing vechniques can result in a 70° to 150" F temperature difference at
L.aonv aaock failure for a pilece of flat glass.

16. Lapoujade, Paulatte, 'General Conceptions Regarding Thermal Shock -
Parts I and IT," Silicates industriels, nc. 22, 491.-496, 578-582 (1958).

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

Some very detsil=d studies have been made, and sre being made, on the
nature of therma). stresses induced by thermal shock by basing everything on
the determination off thz maxisum stress supportable by the sample before the
appearance of a fissure. The most genersally accepted conclusions are:

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

2. 'The maximum stress is not always preduced 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 valuasble under well det'ined conditions, and 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 only 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
crmpirical test that is carefully defined ind conducted can give as much, if
not more, information on the service life of a refractory product than a
vheoretical foermula; cince not only the appearance of the fissures and their
propagation is followed, but the fashion in which the product accommedates the
ctressts is also teken into account.

Given all the imperfectionz (f empirical tests and the difficulties of
the application of theoretical formulas, there has been a several years'
rearch to find indirect test methods for determinating the resistance of
ceramis products to thermal shocks. A number of researchers have studied
tne variation of the modulus of elasticity E as a function of thermal cycles
undrraons by the products, either by sonie methods, ultrasonic methods, or
sLe Lo methods. Others, owing to the difficulties of measuring E, have
atiressed themselves 4o resisiance to 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 suproritable by a given product.

Several researchers have tried to detect the onset of invisible fissures
and relate it:

--with the limiting rete of heating, by sonic study of the variation
of thie modulus of elasticity, and

--with the number of thermal shock cycles sndurable, for example in
France by studying the variation of permeability after btwo thermal
shock cycles, or by ultrasonic measurement of {he variation in the
modulus of elasticity.

Other researchers have taken for systematic scudy 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 valumble since it attempts to
determine what in the very structure of the product can zccount for the
creation of thermal stresses and for the transmission of these siresses and
the resulting fissures.

17. L'vov, 8. N., lemchenko, V. ¥, and Paderno, Yu. B., "Heat Conductivity of
The Hexsborides of Alkaline-earth and Rare-earth Metals, " Dokl. Akadmii
Hauk SSSR (Reports of the Academy of Sciences 1SSR), 1&2, no. 6, 1371-72
(1963).
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Data are given for the heat conduntivity or the hexaborides of Ca, Sr, Ba,
Y, La, Ce, Pr, Nd, Sm, Bn, Gd, Tb, Tn. In all cases, the heat conductivity is
about three times higher than that of the corresponding metals.

18. Massimilla, L., and Bracals, 5., "Investigations Concerning the Resistance
of & Silica~Alumii Refractory to Repid Cooling Tests, " Giornata dei
Refraciewi, Milan, April 26, 1957.

In invesligations concerning the resistance of a material tc thermal
shocks the two most common theories delt with are: (1) the theory of
maximum stress, and (2) Weibull's statistical theory.

For the determination of the actual temperature distribution in a
refractory wall, it is sufficient to know: (1) the thermel cycle to vhich
the wail will be subjected (2) the thermal and mechanical characteristics of
the material from which the wall is constracted; i.e., thermal diffusivity
and conductivity, coefricient of shermal expansion, the mcodulus of elasticity,
and the effect of tempersture change on each, and (3) the coesficients of
external thermel transmission and the nature and characteristics of the
external constraints. After the acbual temperature digtributions within a
refractory and the breaking strengths (tensional and compressional) of the
refractory are known, it is then possible to make predictions concerning the
stabilivy of the refrac*ry to the stresses that take place in the stmeture
after & designated thermal cycle.

A choice between the m cinmum stress theory and Veibull's statishical
theory should be mede by taking into account the velue of the homogeneousness
constant m for the refractory materiel fvrow vwhich the wall is made. If m
is high, i.2., the material is very homogeneous, the theory of mesimum stress
will give sdequate results. On the olher hand, when & nenhorogeneous refrac-
tory material is used or when the wall is to be expused to high rates of
heating or cooling, the zone of high stresses is much smelisr with respect
to the whole volumc and Weibull's shabistical thecry should be used. As a
Zeneral rule, when working with waterials with a high m, higher than 20 for
safficiently homogeneous muterials, it is superfluous to use Weibull's
statistical theory, but for materials with an m below 3 it becomes necessary
to use Veibull's stutistical theory even in the case of slow cooling. In the
intermediate cases, l.e., when the homogeneousness constant for the refractory
is between 3 and 20, it is impossible to know a priori on which of the %wo
throries the investigations should be based. Nevertheless, even in these
cases, Weibuli'c statisticel theory has ine mosl (o offer because it takes
the honicgencity characteristics of the material into consideration.

Exverimentel

Tebles II and III zive an insight into the various properties of the
refractory materizls considered. The breaking strengths were obtained oy
averaging the results of 20 to 25 breaking tests on a rectangular section
(220 x 30 x 10 me) o the refractory material to be shocked using 3 point
icadfing wi h 200 mm between the two fixed xnifes.
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TABLE II

CHEMICAL COMPOSITION AND THERMAL AND MECHANICAL CHARACTERISTICS

OF THE SILTICA-ATUMINA REFRACTORY UNDER EXPERIMENTATION

Chemical compogition

Thermel Conductivity
Specific heat

Thermal diffusiv.ty

Linear thermsal. expansion

510, £9.219
Fezo3
26.364-

0.405 BTU/ft° "k *hr.

£1,04

28.9 BIU/£t3.°F

b

1.05 x 107 £62/hr.

3.5 x 107 per X

3.25% Loss on fire 0.7%

BREAKING TENSILE STRENGTH, MODULUS OF ELASTICITY AND
HONOGENECUSNESS CONSTANT OF THE MATERTAL AT TEMPERATURES

TABLE IIX

BETWEEN 68° AND 1472° ¢

Minimm Maximm Average Homogen~
breaking breaking breaking eourness Modulus of
Temm . strength strength strength constant elasticity
(°F) (psi) (psi) (pst) (no aim.) (psi)
68 762 1510 1255 10.9 197,600
752 1105 1840 1465 9.4 221,600
1202 1520 2090 1685 o.} 526,000
k72 1520 2210 2115 Ok 292,800
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The testine was done on panels cub 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 lincer tswuperature
distributicn was established. All dabta concerning these tuvts are listed in
Table IV. The value of the homogeneousness constant m o “.e material was
close to 9 so it was not possible to state & priori whetier ~ .e theory of
maximum stresses or Weibull's theory should te used. PR-_ause of this
uncertainty both theories were used so that the results could be compared.
The temperature distraibution in the wall and the tensions that take place in
the refractory during the determined thermal cyecle were calculated at time
intervals of 0.58 seconds. In all calculetions, m was assumed to have a
constant value of 9.k4.

It can be deduced from Table IV that, as a general rule, the theory
of meximum stress is sufficient enough to make predictions on the resistance
to repid temperatare variations of the refractory. In all the tests the
1efractory was fractured when the maximum generated stress was roughly close
to the eritical 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, yct, the wall was fractured.
These uncertainties are caused by the disputable physical significance
of Lhe average breaking strengths and can be eliminated by using Weibull's
stetisticzl 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 Trans:ition Metals,' Poroshkovaya metallurgiya (Powder Metallurgy,
Soviet), nc. 1 (19), 23-28, (196k4).

The shear moduli of MoSi,, WSio, ReSis, MoszSi, Mb58i3, ReSi, RegSi, and
McGep were studied experimentally. Data on the velocity of sound and the
shear modulus were obtained for the first time. The convalent bonds between
the silicon atoms in higher silicif:s were found to be predominant.

20. DNeshpur, V. S. 2nd Reznichenko, M. I., "Investigations of the Thermal
Expansion of Some Silicides, " Ogneupory (Refractories, Soviet), no. 3,
13437 (1963).

On the hasis of a empirical formla o = atb (where a and b are constants,
and t is the melting point), ¢ was calculated for the silicides of T, Vv, Cr,
Co, Ni, Fe, Zr, Wb, Ta, W, Re, La, Ba, Mg, and U and compared with data
chtained experimentally. As a rule, the deviakions vary vetween S5 and 10%,
but sometimes they vary between as mich as 20 and 40%.
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21. Poluboyerinov, D. N., Bashkatov, V. A., Serova, G. A., Golubeva, Ya. V.
and. Shlemin, A. V., '"Test of High-refractory Insulating Materials
in Tdithium Vapor and in Vacuo at High Temperatures," Ogneupory
(Refrectories, Soviet), no. 2, 82-89 {(1964).

The compounds 2r0Op, ZrSi0,, Ca0d, and MgO are unstable against thermal
shock.

22. Robijn, P., "Measurement of the Mean Specific Heat of Refractory Material,"
Silicates industriels (Industrial Silicates, French) 28, no. 5, 247-53
(1963).

Changes of the specific heat cen point to the structural changes, as, 1.
i., with zirconia fusion cast refractories for which the specific heat is
variable due to different degrees of stabilizaticn. For Aly03, MgO, and 2rQ:,
the thermal shecck (2282/68° 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 Ceremic Soclety
%0, mo. 1, 13-15 (1963).

The temperature dependence of the thermal shock resistance of sintered
alumine and beryllis was studied by use of literature velues and recent
measurements of the tensile strength, thermal conductivity, linear expansion
coefficient, and the modulus of elasticity of these compounds. In the cese
of a moderate heat exchange rate on cooling, BeO is found to be far superior
to Alz0; because of its high thermal conductivity, and wilh a high heat
exchange rate AlpOz is more resistant than BeO because of its higher strength.
vihen a sintered poiycrystalline material with a porosity of 2-3% was exposed
to a tempersture gradient of about 440° F/inch per 0.1 sec., the moximum
stress in the contour zone was found to be 20,500 psi for 02 and 10,700 psi
for BeO. Investigations with Aly03 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.

2, Schwiete, H. E., "Contribution To The Development of Mevhods 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 importence for their use. The test processes in current
use c¢an 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 thermel shock resistance
is the test according to DIN 1068 B. In this test the sclid samples, 36 mm
in dizmeter and 60 mm long, are heated to & temperature of 17h2° F and
quenched for 5 minutes in running water at 50-68° F.

In Austria it is felt tnat the results of thermal shocking basic ceramics
in water can distort the results because of hydration. So ceramics are heated
for 50 minutes at L742° F and cooled by leying ‘them on an iron plete and
blowing them with compressed air for 10 minutes. After a fixed number of
quenchas, if Lhe ceramics have not been previously broken, they are evaluected
according to their appeerance. To supplement these results, the loss in
bending strength can be asceriained.

Knonpicky, in modification of DIN 1068 A, has developed a test procedure
in which the ceramics to be studied are loaded into the furnace so that 1/3
projects into she furnace, 1/3 igs cooled by the oubtside air, and the middle
is surrounded by the furnace lining. In this test procedure the ceramics
are turned after the front end has reached test temperature. In addition,
there are other test methods in use in obther countries.

On the basis of long experience it can now be stated, especially in
the case o' DIN 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 prescribed maximum termperature,
and

3. The test does not differentiatve between varioues 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 roproducible results on the thermal shock behavior
of refractory materials, the customary water quench should be replaced by
a less drastic cooling method and o standerd ceramic should be used as the
test bedy.

The Aachen m=taod best approaches these "ideals." With this method
ceramics are piaced in a gas-heated furnace at temperatures of 1742°, 1832°,
2012°, 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
mimites at the investigation temperature, taken from the furnace, cooled
on a water cooled copper plate to 392° F for one hour, and returned to the
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furnace and heated again. As a criterion for thermasl shock resistance a
darcrease of bending strength is recorded after a fixed number of guenches.

A mumber of ceramics were tested for specific weight, water uptake,
vorosity, berding strength, and cold compressive strength both before and
after thermal shocx testing. Good agreement between the Aachen method and
the results of Konipicky was established. Ia particular, the results show
that the specific weight is scmewhat decreased by the varying shock while
the values for water uptake and porosity increase; however, the variation
of' these data is small when compered to the strength change.

In other experiments ceramics were quenched according to the Aachen
method. The 200ling time from 1742° 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
ceramics were investigated:

l. Hard fire clay AI
2. Dry pressed fire clay ceramics, grades AI, AIL, ATII
3. Plastically formed fire clay ceramics, grades AI, AJT, AITI

In all cases investlgated, a good parallelism existed between the decline
of I'requency and the decline of bending strength, and in all cases a strong
decline of the natural freguency was observed after the first thermal cycle.
It was concluded that the variation of natural frequency of the investigated
refractory ceramics c¢an be taken as & criterion for evaluation of thermal
shock resistance. It would be ideal if the natural frequency of these
materiale in their new conditicon could be taken as the criterion for good
or poor thermel 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 Gless and Quartz Ware,"
Silikattechnik (Technology of Silicates, Eastern Germany), 15, no. U,
116-19 (196%4).

Quartzglass (I) was melted from pure mountain crystal, quartzware (II)
from pure quartz send. Por I, the following mechanical characteristics vers
found: crushing strength 92,000 psi, tensile strength 8500 psi, bending
strength 14,000 psi, impact stremgth 15 psi. The values for II are only 1/2-
1/3 of the valves for I. The thermal expansion coefficient of I is 3 x 10-7
at 68° F and 6 x 10~T at 2192° F. From this follows a high thermal shock
resistance: samples with a wall thickness of up to 3 mm stand thermal shocks
of 1832° Ffair. Slowly cooling to 350-450° F causes the a = p cristobalite
trausformation, & decrease of the volume, and the destructior of the sample.
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26. Solomin, N. V., "Thermomechanicel Stress in Joints Between Glass,
Ceramics, Metals, and Other Materials," Steklo J. Keramika (Glass &
Ceramics, Soviets, no. 8, 1h-15 (19623.

Formulas are derived for the tangential stress between two thin coaxial
cylinders having different thermal expansion coefficients. It was found
that the tansential stresses do not depend on the radius.

»7. Spath, W., "Thermxl Shock Resisiance of Refractories. III," Radex~

Berichte (Radex Repo-ts, Austria), no. 5, 221-30 (1962).

i

The reas’pr.cal EXoleton Soresses occurring in refrsctory materials are
comrared with pheaorine observed in prestressed glass and on germanium single
crystals. Tre use of the polarizing microscope and the determination of
dislocations promise further progress witl regard to the elucidation of tne
microstability during stresses caused by temperature changes. However,
phenomena cauced by thece stresses can only be elucidated by a very close
imitat.ion »f the conditions wmet in practice.

28. Spath, W., "Statistics of Internal Processes in Solids," Radex-Berichte
(Radex Reports, Austrla), no. 3, 462-70 (1963).

The asglomerate of a solid body is considered as a statistic collection
of numerous eiementary ranges, the behavior of which under any influences
tollows statistic principles. This is set forth on the example of the
progrescive damage of a solid bedy under alternative mechenical stressing,
and Ccuclusions are drawn regarding ihe deterioration of refractory materials
under aliernative thermal stressing.

29. Spath, W., "On The Resistance of Refractory Materiuls Toa Thermal Shock, "
Radex-Rundschan, no. 5, 673-88 (1961).

Considerations regaxrding thermal shock resistance, as a rule, proceed
from the statemsnt that: due to temperature differenc>s between the individual
parts of a ceramic picce, perhaps between its surface :..d its core, opposing
mechanical stresses are produced which lead to formation of cracks and
ultimately to spelling. Ths complicated process of crack formation and
spalling lg influenged by the elassicity, thermul expansion, tensite strength,
thermal conductivity, temperature distribuation in the ceramic and, above 2ll,
the structure itself. It is well known that a method has been long socught to
bring these physicel guantities into formal relationships in order to determine
the thermal chock resistance mathematically. However, caution must be used
to avoid attributing too much importance to reletionships characterized by
such feormlas tor quantitative purposes. These releticnships are set up under
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the assumption that a homogeneous ve¢iy is shoscked, but it must be remembered
that refractory ceranics are not homogeneous bvacause cf the disiribution of
crystals and the pore structure.

A refractory material can be concelved a: a statistical collection of
numercus elementary regions in which portions with entirely different
mechanical and thermal properties adjoin. Each of these elementary regions
represent a "compound solid.” Because of dissimilar coefficients ¢f expansion
of the components mutuzlly bound in the most varied fashions, microscopicaelly
} distributed stress:zs erise between these various structural constituents of

the meterial. A characteristic of these stresses is that they are operative
when the tenperature of the entire so0lid under investigation is completely
r unif'orm and depend, to a large extent, on the temperature at hand. With
varying temperatures the enbire structure consequently must "breathe" and
very high loads can arise from the stresses so that locsl breaks can occur
’ in the structure. These microscopic siresses caused by dissimilax
coefficients ol cxpansion cannot be relieved by annealing. By sufficiently
strong heating these stresses can be made to disappear, but they mst
reappesr vgon subrequent cooling.

It can be concluded from the foregoing considerations that with cyclic
heating of a refractory ceramic der'ects appeer 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‘Fepetition of the heating will be called "macroresistance to thermal
shock.

However, a second cause of the deflects which occur is to be differen-
tiated from this. Opposing stresses exist between the different struchural
conetituents and therefore alsc between crystal grain and cohesive phase
hecunre of the unequal coefficients of expansion of these giructural
constituents. These "microstresses” vary with the temperature so that very
finely distributed forcen of varying Jdirection appear as a function of the
instanteneous temperatvre. The resistance of a refractory material to this
“breathing” of the entire structure will be called "microresistance to
thermal shock."

Obviously, a certain interaction can exist batween the two effects,
andi since the effects obey entirely different laws, very different types of
phenomena are to be expected from the interaction. Delay phenomene of a
fracture with cooling can be explained by the course of microstresses. With
cooling the microstresses usually incrsase. Vnen a structure is suddenly
quenched, thc 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., "The Thermal Shock Resistance of Refractory Materials," Radex-
Rundschan, no. 13, 3-13 (1952). -
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1. 5. S. Manson ("Behavior of Materials Under Conditions of Thermal Stress,"
NACE Report 1170 [1954] ) heated geometrically similar samples of steatite

to a definlte temperature and then quenched them, either in water or in air.
As an index of effectiveness, the temperature difference tetween the hot solid
and the coolingz medium, which lesds directly to & breaking of the solid to

be studied in a single thermoshock, was used.

Fhen & graph of the temperature difference versus the reciprocal of the
cample dismeter was plotted, a straight line was obtained not only for
quenching in water but in air also. The line for air quenching lies
roticeably higher and both lines intercept the ordinate at a critical
temperature of 250° F.

2. F. J. Bradshaw ("The Improvement of Ceramics for Use in Heat Engines,"
Toche Note MEP ITI, Brikish RAE [Oct. 1949) ) investigated the behavior of
samples of beryllium oxide and aluminum oxide with miid air quenching and
more abrupt quenching in water. In this case the particular critical
temperature at waich the sample cracked with a single shock was determined.

Witk air quenching, the beryllium oxide samples resisted up to a
temerature of 1418° F and the aluminum oxide samples up to a temperature of
1053” F. Therefore, for this test, the beryllium oxide was rated much higher.
when water quenching was used the corresponding temperatures were 797° ¥ for
veryllium oxide and 979° F for sluminum oxide. The classification for abrupt
quencaing was thus inverted.

3. Durirn; %erman experiments on turbine blades in 1938, which are described
by Manson, experimental pieces were heated for one minute in a gas flame

and then cooled for three minutes in air. Two maximum tenmperatures were
chosen; {irst, the heating was chosen in the region between 1200° F and

1290° F; and in 8 second series of experiments the maximm temperatuve was
raised to 1530° - 1650° F. It was shown that & material which was regarded

&35 the best with the high heating behaved the poorest at the lower temperature.

It should be mentioned with regard to this series of experiments that
experiments sompering thermal shock resistance tc breaking strength at rowm
temperature gave no correlation. The zame holds for the creep provertics ab
1328° 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 cresp properties withstood the lowest and the
highest number of thermal shocks.

The author shows that the apparent contradictions listed in the thrse
examples above can be explained qualitatively by the interachions of different
types of stressec (micro- and macro-stresses) and the damages caused by thenm.
The author then points out that a conclusion for cerrying out thermal shock
investigations ought to te established by practicel experiences as well as
by theoretical considerations. If a test piece of definite form is studied
in the usual way for determining thermal shock resisztance of & material,
within a definite temperature interval and with a definite velocity sequence
of’ tcmperature change, then only onz particular case is singled <ut from the
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abundance of combination possibilities. Such a “one-point" measurement can-
not characterize a fixed material reliability and completely, nor cilassify

its worth fairly in comparisou to other materials. Under experimental
conditiong, other indexes are to be expected whereby two materiasls can be
clacsified exactly the inverse. This is true for changes of geometriec form of
the test piece, with chenges of extent and positicn of the temperature interval
of the thermal shock, and also with changes of velocity sequence. Measurements
in which more severe axperimental conditions are chosen for short cut purposes,
s are expected in more recent work, will usually not be able to yield any
valuation releted 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 same test. There also exists the opposite possibility, namely

that a material classified as poor behaves hetter than exvected in practice.

31. Troshchenko, V. T., "The Effect of the Loading Rate on the Strength
Characteristics of a lNumber of Cermets," Poroshkovaye metallurgive
(Powder Metallurgy, Soviet), no. 1 (13), 26-32 (1963).

The materials investigated were: T5% CraCp + 256 Ni; 65.83% SiC + 25.13%
Coroe 9.04% Siprees and iron base cermets wita 15% and 248 porosity. The
effect of the loading rate V on the strength of these materials was studied in
the range between 1.4 and L.4 x 1 psi/sec. With increasing loading rate, the
strungth characteristics of the investigated cermets grew by 10-20%. The
following relationships were found: o = 80,500 + 1.36 log V for Cr Co base
material; o = 19,500 + C.85 log ¥V for SiC base material; o = 28,080 + 0.39
lo§ V for ircn with 15% porosity, :nd o = 8800 + 0.78 log V for iron with
34% porosity.

32. Veysfel'd, N. M., Gorbachev, A. A. and Yusim, L. M., "Crystallization of
Light-senritive Glasges in Dependence on the Isolati-n o the Crystalliza-
tion Centers," Dokl. hkademii nauk SSSR (ReporSs uf the Academy of
Sciences USSR), 152, no. B, 90L-Ch (2963).

The fellowing results were obtained firom elechtron microscope investigations
of Li02-Alp03-5i02 zluss with colloidal Ag particles: Slow heating (7° F/min
up to 1382° F) gives a non-uniform crystal structure. Thermal shock (inserting
of the specimen in the furnace previously heated to 1382° F) gives a dense
fine-crystalline structure due to the formaticn of numerous crystallization
centers whose number increases when thermal shock is repeated.

33. Verworner, J., "The Importance cf Mineralogy in the Refractories Industry,”
Silikattechnik (Technology of Silicates, Easterit Germany), 14 no. 7,
213-16 (1963).
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The author points out {hat the mineralogical-petrographic investigation
permits clarification of the different behavior of refractories and their
resistivity egainst thermal shock.

34. Gugel, E., "High-Melting Materials and Theic Application For Re“ractory
Purposes, " Ber. Seut. Keram. Ces., 40, no. 9, 533-43 (1563).

The demand for refractory materlials is steadily increasing, especially
where qualitativz requirements are foremost. For a long time, and especially
during the last twenty or thirly years, new materials have been sought and
known high melting materials have been tested for their applicability for
refractory purposes. This development has been cavsed, on one hand, by the
iner 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 vhich
have a demand for refractory materials profit from the results of this research.

This paper gives a survey of the production of refractory materials
a21lready in use and of potentially aspplicable high-melting materials. It deals,
a* first, with the properties of basic materials because these determine the
peseibility of application. The prcduction is slightly touched upon in its
rrincipal poscibilities, «nd applications are given in typical cases for the
very modern materials.

Materials considered are: metals, carbon, orides, carbides, nitrides,
n~xides, silicides, intermetallic compounds, phosphides, sulfides, fluorides,
buride-metal compacts, carbide-metal compacts, nitride-metal compacts, oxide-
metal compacts, metal-free compacts, and muiticcmponent compacts.

35. Paquin, Pol, "Trends of the Evolution of Ceramic Products," Suppi. Bull.
Soc. Fre.uc Ceram 57 (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
develupment of ceramic preoducts is examined, and attention is given to
applications in the nuclear, aercspace, and elechronics fields and to the
material requirements for these appiications. Considered are the monoxides,
mixed oxides, carbides, nitrides, silicates, bor:des, sulphides, fluorides,
graphites, cermets, mineval polymers, ceramic whiskers, composite materials,
and coatings.

36. Arsbey, B. G., Shtrom, Ye. N., and Lapitskiy, Yu. A., "Features of the
Technolgoy of Mamufacturing Compact Parts and the Mechanical Properties cf
Some Hexaborides of Rare Earth Metals," Poroshkovaya metallurgiys (Powder
Metallurgy, Soviet), no. 5 (23), 65-70 (19€h).
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The authors studied the regularities of hot pressing and ihe mechanical
properties of hexaborides of La, Sm, BEu, and Dy. It is shown that compacl
parts with a density close to the theoretical, made of LaB6, SmB6, EuBg, and
DyBg, may be cbtained by hot pressing at 3480° to 3720° F.

The hexaborides of the TR elements have a high brittleness.

37. Burykina, A. L., and Yevtushok, T. M., "Investigation of Contact Inter-
action of Metal-like Carbides with Graphite at High Temperatures in Vacuo,"
Poroshkovays metallurgiye (Powder Metallurgy, Soviet), no. 2 (20), 19-21

(1954 ).

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° F during
10 hours.

38. Fesenko, V. V., and Bolgar, A. S., "Evaporation Rate end Vapor Pressure
of Carbides, Silicides, Nitrides, and Borides," Poroshkovays 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, TiB,, and LaBg at
tenperatures up to 4150° F. The refractory compounds dissociate in vacuo,
und the vapor pressure is determined both by the vapor pressure of the metal
and that of the metalloid. The evaporation rate of refractory compounds
senerally increases, for the same metals, according to the series: carbides «
vorides < silicides <_nitrides. The partial pressures for TiBp at 2193° K
are: Ppy = 1.921°10~7 at, Pp = 1.828°107 at; and for LaBg : By = 9.78°2077
at, Py = 16.3°10~7 at.

39. Perex y Jorbe, M.; Tilloca, G.; and Collongues, T., "Structures and
Properties of Strontium Zirconate," International Symposium on
Magnetohydrodynamic Electrical Power Generation, Paper No. 78, Paris,
France, July 6-11 (196h4).

The equilibrium diagrem Zr0s ~ SrO was investigated. The material SrZrO,
is of interest as an ultra-refractory material because of its high meiting ~
point. Tts melbing point (approximately 5070° F) is higher than that of
CaZrO3 and BaZr03. 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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40. Rekovekiy, V. S., "The Strength of Cermets," Poroshkovaya metallurgiya
(Powder Metallurgy, Soviet), no. 5, (11), 45-50 (1962).

The results of mechanical tests obtained on the cermets TiC - Co, TiC-
Wi, and TiC-Mo, close by their nature to W3-Co, at temperatures of 68° aad
2192° F confirm that "refractory compounds - metal alloys" are brittle within
e 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 2192° F) than the structure of "scattered type"
(3520 to 4200 psu).

Ll. Ryshkewitch, E., "Oxide-Metal Ccmpound Cermets," Plansee Seminar on
Powder Metallurgy, Preprint Paver Ho. 34 (June 1964).

The most promising way to ervpand the applicability of available materials
is to combine two or mnre approvriate constituents to new composites. National
Beryllia Corporation (USA) dev:loped 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
brdies of uniform of gradient composition, including pieces consisting of pure
sintered beryllia at the one end and pure sintered tungsten on the other.
Nozzles of rocket engin:s, nose cones of extro-atmosphere reentry missiles
and other responsible construction parts of low specific weight and high
thermal and mechanicnl 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, contasining up
to 50 volume per cent Be metal. At temperatures surpassing 2700° F porous
ceramics lose their heat insulation properties and Decome increasingly good
heat. conduetors. Barriers reflecting and dissipating photons were introduced
into porous ceramics. To this effect, to zirconia foam of & 80 volume per cent
porosity tungsten flakes, 20-4Op in diameter, and tungsten-coated hollow micro-
spheres ot zirconia gbout 200u in diameter were introduced in amount 0.3 up to
1 volume per cent of the foam. DPorous zirconia with barriers transfers at
4350° F only 1/k of the heat transferred by the same body without barriers.

42. Yerouchalmi, D., "Materials and Structures for the MID Conversion in
Open Cycles," International Symposium on Magnethydrodynamic Electric
Power Generation, Paper No. 75, Paris, France, July 6-11 {lg0h).

The dependence of electrical conductivity (permissable ~ 3 ohm/ft) on
temperature shows that MgO cannot be used beyond temperatures of 2550° to
2000° F, whereas SrZrO3 can be used even at 3350° to 3600° F. The compata~
bility of insulating ceramics with conducting materials was also tested and
it was found that MgO reacts with ZrOp, TiBp, and TiC. A possible solution
to this problem is that an inner layer which is compatible with both materiais
could b~ used, such as CeOp.
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43. Antonova, W. D., Kalinina, A. A. and Kudryavtsev, V. I., "Cbtaining
Materials ou & Silicon Cerbide Basis with Additions of Boron and Aluminum,
and Some of *“heir Properties, " Poroshkovays metallurgiys (Powder Metallurgy,
Soviet), 12, no. 6, 54-60 (1962).

Silicon carbide with additions of 1 to 5% by weight B, or 5 to 105 by
weight Al was pressed at 6360 psi and heated to 36i0° to 3960° F. The crushing
strength increased from 21,000 psi for 1% B to 100,000 psi for 55 B, and
dropped from 75,000 psi for 5% Al to 28,000 psi for 108 AL, Increasing Al
content reduces the refractcriness owing to easier oxidizability. Compositione
with 3 to 5% Al withstood more than 100 (2192° F to o0il) thermel shocks.

44. Budnikov, P. P. and Cherepenov, A. M., "Some Zirconium Compounds and tne
Fields of Their Application," Zhurnal vsesoyuznogo khimicheskogo cbshehestva
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 ZrOp and Z2rSi0), as refractories. Mentioned
is the use of Zr0Op with addition of Ti, Zr, Cr, Mo, W, V, or Nb in aeronautics.
Literature data are given for crushing strength, linear thermal expansion
coefficient, elasticity moduwlus, specific gravity, and heat conductivity. The
refractory from fused cast ZrOp + 3Q% monoclinic Zr0Os 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 end Certain Properties of CaFp Ceramics," Ogneupory (Refrac-
tories, Soviet), no. 4, 182-85 (1964).

Pure and commercial CaFy powder of varying grain size was sintered at
1560° to 2370° F. Sintered commercial CaF, had a crushing strength of 34,000
to 42,000 psi and a bending strength of 7000 to 8500 psi, whereas ceramics
from pure CaF, reached only 14,000 to 16,000 psi and 420C to 5000 psi, respec-
tivoiy. The small heat shock resistance of CeFp is due to the high thermal
expansion coefficient (~ 14 x 10-5/°F) and to the low heat conductivity of the
naterial. Coarse graincd CaFs ceramics, however, stood twenty thermal shocks
(1872° F to air).

46. Guzmsn, I. Ya., and Pcluboyarinov, D. N., "Some Properties of Porous
Ceramics Prepared From Beryllium Oxide," Ogneupory (Refractoriss, Soviel),
no. 10, Ls7-62 (1962).

BeQ was foumed with a colophory-glue foamer then fired at 3092° F. The
thermal conductivity was found to be 1.5 BTU/ft°hr'°F at 2550° ¥, the specific
density 0.65 (~ 78% porosity), the softening point was higher than 3270° F, and
the material had & crushing strength of 16,200 psi.
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47. Kukolev, G. V. and Nemets, I. I., "Introduction of Organic Liquids into
Fireslay Prcducts for the Purpose of Controlling the Structure and
Tmproving Their Thermsl Stability," Ogneupory (Refractories, Soviet),
no. 2, 85-92 (1963).

The addition of a water-repellent liguid to fine grained fireclay before
the addition of the binder causes the formation of microcracks on the grain-
binder interface and increases the thermal shuck stability (2372° F - water).
The ontimum 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 foermation of pores in the binder and lowers
the thermal stability.

48. Kutateladze, ¥. 5. anl Zedginidze, Ye. N., "The Problem of Nitriding
Kaolin," Zhurnal prikladnoy khimii (Journal of Applied Chemistry, Soviet)

Investigated was the feasibility of obtaining nitride refractories by
nitriding kaolin in the presence of aluminum powder: 3(41p03+28i0,+2H,0)
+ BALl ~ 7A1203 + 68i + 6H20 + heal:'s The Si is bonded %o Si3Nh in nitrogen
4t nocphere at 2352° F (4 hours firing). The refractory obtained is conposed
of AlpO3 and Sigly, it does not show shrinkege, it has a compression strength
equal td 5000 psi, and a refractoriness up to 3450° F. The specimens are
not destroysd after 20 thermal shocks 1562° F/water or 2192° F/air and stand
40 shocks 2912° F (25 sec) to water. The material is stable against molten
metals and is obtainable from an inexpensive raw material.

44, Lukin, Ye. 8. and Poluboyarinov, D. N., "Some Thermochemical Properties of
Ceramics from Pure Oxides," Ogneupory (Refractories, Soviet), no. 7,
318-23 (1963).

The followingz ceramics were investigated: pure A1203, A1203 + 1% 1i0o,
Alp03 + 5% Zr0p, Alp03 + 1% Mz0, AlpOy + 1% Tilp + 5% 2r05, 2r0x™+ 8 to

Ca0 or MgO, pure MgO, and Be(’. The softening point of the ceramics based
on Alp0y lies between 3380° F and 3510° F. MgO and BeO have & higher softening
point but are volatile in vacuo. Zirconia stabilized with MgO has a bendi
strength 31,000 psi after thermal shock (2372° F to air on 1562° F %o watenﬁ.
At high temperatures MgO and BeO have a higher crushing strength than the other
oxides LROO to 5100 psi at 3270° F).

50. Marguiis, O. M., and Stovbur, A. V., "The Stability of Oxide Products,”
Ognoupory (Refractories, Soviet), no. 5, 206-09 (1964).

The stability of specimens of MgO or of Zr0O, stabilized with 8% Ca0 end
with the addition of monoclinic 2r0; was investigated by repeated rapid heating
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and quenching. At 3270° F, MgO ana ZrC, products were found to be compatible.
The thermal shock stability for MgO was found to be 3 at a temperature drop
3452° F to 752° F, 120 at 3452° F to 1832° F, and 400 at 3452° F to 2732° F,
and the thermal shock stability of Zr0Oo was found to be 1 to 2 at & tempera-
ture drop 3452° F to 752° F, and 30 at 3452° F to 2732° ¥. Monoclinic Zr0p

is regenerated because of the decomposition of the solid Ca0-Zr0 solution
during thermal shock cycles.

51. Margulis, O. 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 resulis were obtained from experiments made at the pilot
plant level: ZrO, + 5% Ca0 fired at 2870° to 2950° ¢ withstood only one
thermal shock (2372° to 68° F). An addition of 15F monoclinic ZrO and firing
at 3182° F gave an average thermal stability of 3.5 to 9.5 thermal shocks
(2912° to 68° F). Large sized products which were manufactured by the
improved method stood 15 (2372° to 68° F) and 3 (2912° to 68° F) thermal
shocks.

52. Poluboyarinov, D. N., Kalliga, G. P. and Lyutsareva, L. A., "Problems
of Stabilization and Sintering of Highly Pure Zirconia," Ogneupory
(Refractory, Scviet) no. 4, 175-79 (1963).

Zirconia, 99.5%, was sintered with additions of 4 to 15 mol % Ca0 or
Mg0O. Oxidative firing at 3110° F for 5 hours resulted in total sintering with
107 stabilizer and gave a bending strength of 21,600 psi and 19,600 psi after
thermal shock (2372° ¥ to air). Higher stabilizer content decreases the bend-
ing strength. A 10% addition of stabilizer causes a low density (325 1lb/ft3
with Ca0, 330 1b/ft3 with MgO). Firing at 3990° F has no effect on the
density. Higher density can be obtained by (a) a 105 addition of a Ca compound
with another anion (333 1b/ft3 with CaF,, bending strength 27,700 psi, but
only 13,600 psi af‘er thermal shock) or (b) preliminarily firing of the initiel
2r0, (giving similar velues).

53, Rummel, W., "Materiais For MHD Ducts, " Jnternational Symposium on
Megnetohydrodynamic Electrical Power Generstion, Paper No. T3, Faris,
France, July 6-11 (1964).

The possibility of using various ceramics as insulators at a plesma
temperature range of LOLO® F to 4940° F was studied. ZrBp and ZrH alone or
with the addition of Zr0, Ca0, or 5iC for improving the oxide skin proved
to be stable in 10 minute tests. In the case of Zr0,, the oxide nkin was
destroyed on zooling; this destruction is due to the fransformation of the
tetragonal modification into the trigenal modification at 1830° to 2010° ¢.
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A =% addition of Cal has, however, & 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: 905 ZrB, + 10 SicC,
5% ZrN + 10% SiC, and 90% ZrBp + 106 MoSiO,. A difficulty was encountered
in that the seeding material used (Kp0) destroys any layer which contains

8105.

S4. Sukachev, V., "Experiments on the Use of Lithium Carbonate in Ceramics, "
Sprechigaal Air Keramik, Glas und Email (Consulations on (eramics, ¢lass,
and Enamel, German) 97, no. 13, 387-88 (156M4).

Although favorsble results have been obtained in preliminary experiments
on the working of bodies with additions of 0.1 to 0.2% LinC0Oq, difficulties
occurred on an industrial scale in the drying process. The cast articles had
e low thermal shock resistance which was caused by the crystallization of
lithium aluminosilicates in the glass phase. The resultant crystals had
a negaltive expansion coefficient while the coefficient of expansion of the
glass phase was positive, and large intermal stresses were developed. The
difficulties were overcome by rapid cooling (572° F/hr) to 2012° F and intro-
ducing *he lithium as a Li-quartz frit {1 LinCO; + quartz fired at 2282° F)
which favored mullite crystallization and lowered the firing temperature.

The resultant products obtained were resistant against 4 to 5 thermal shocks
from 203° F to 68° C water.

55. Vlasov, A. S. and Poluboyerinov, D. N., "Utilization of the Exothermal
Reaction for the Preparation of Cermets Based on Chromium and Alumine, "

Oaneupory (Refractories, Soviet), no. 5, 232-34 (1963).

The exothermic reaction Crp0y + Al - 2Cr + Alp03 is used for the
preparation of cermet. If a cermet incorporating 7CUs corundum is desired, the
necessary auount of Alp03 can be added either before or efter the reaction.

The product is then ground and fired at 3130° F f'or one hour in & 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 nsi as compared with 30,000 psi) than a similar cermet
made by mixing chromium end corundum. The thermal shock resistence is smaller
(bs% residual strength compared with 605 on the non-thermite cermet in the

case of thermal shocking frem 1562° F to water).

56. Washburn, M. E., "A Silicon Cerbide Refractory Bonded with Silicon
Oxynitride, " Keramische Zeitschrift (Ceramics Journal, German), 15,
no. 4, 203-05, no. 5, 273 (1%63).

Silicon oxynitride and silicon nitride act differently as bonds for SiC.
The oxynitride is more adherent to the SiC than the nitride. The nxynitride
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combines this bettsr coherence with good oxidation resistance and goed thermal
shock resistance. With the combination of unique characteristics, silicon
carbide products bonded with silicon oxyniiride have shown advantage over

SiC products when used ir structural and ccrrcsive environments. Oxynitrida-
bonded SiC is a general purpose SiC refractery and its use eliminates the
necessity of choosing a specific bond for e specific application. SiC

bonded with nitride withstands 16 thermal shocks (2192° F/air stream) with

a rapid decrease of the modulus of elasticity setting in, while SiC with
oxynitride bond showrs no breask in the continuity of the modulus of elasticity
after kO 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 bend at 280 psi.

169

[ e e e s et o R e




APPENDTX II

AN EXAMPLE OF A THERMO-STRUCTURAL ANALYSIS




THERMO-STRUCTURAL ANALYSIS FOR RADOMES
rroduction

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 »roblem 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 function of time. The second step
is to determine the temperature distribution in the radome as a funection of

time. The third 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

Betore the heat transfer rates ¢o a radome can be predicted, the pressure
distributicn over the radome surface must be debtermined. One semi-empirical
method for estimating pressures which has been favored becsuse of its simplic-
ity and its degree of success under various conditiors can be expressed in the
forr (Ref. 198):

(8 - B,) /[ (B, - B) = sin? (68)
where
Ph = local pressure
P = undisturbed ambient pressure

P6s= stagnation pressure behind the normal shock wave
N = angle between the stream and the tangent te the 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 bluni body (Ref. 198).
Fortunstely, relatively precise methods have recently become available for
such calculations. KXennedy (Ref. 198), for example, has presented methods
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for calculating the pressure distributions of various nuse 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 distribuiion over s radome (or other body) is lknown,
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 vwhicle specifisd as & function of
tire and a knowledge of the atmospheriec properties, the following calculations
can be made:

- n -1 2
o= @) Y5 uPle (69)
Whereo:

tr = the recovery boundary-layer temperature
Ty
P_= —£~ = the Prandtl number

or laminer flow
or turhulent flow

w Qo
I Rad

C
Yy = 52-= the ratic of specific L.oats

the local stream Mach nunber

—
-
it

ot
i

5 the local stream temperature
Cp = the specific heat at constant pressure

Cv = the specific heat at constant volume
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1
0

the viscosity

~
]

the thermal conductivity

The transition between laminar and turbulent flow is associgted with a Reynolds
number R, on the order of 105 for a flat plate and 2 x 100 for a cone.

R -_-.ml—x-
e —
1]
vhere:
p = the local density
1 = the local velocity
x:

the distance from the stagnation point measured along the surface
of the radome

For laminar flow over the surface ¢ 2 blunt body (Ref. 200):

2w, /2 (p6)1/2 Mg 1/2

0.76: X BD
b r =l o8 () v (= e u_ C 0
I R @ G G ) ewg (0
r [++]
where:
h = surface at~transfer coefficient
D = diameter of sphericel nose
, > REE\th
ug Bi(v-z)mg+21 . x-l.(y-l)M&-bZ :
8= 1+ 2 (71)

2y - (y -1)

2 (v +1) M2
|\ L
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The subscript o refers to conditions in undisturbed flow, and the subscript
& refers to local conditions at the outer edge of the boundary layer. The
functional value f(%) is given approximately by (Pef. 201):

f(%) = 0.765 + 0.235 cos 2.6 (;‘—)) (72)

Equation 70 holds until the asymptotic value of h is reached {kef. 199):

.. 0.332 o
h '1;—2—7§ Py Mg CP ({3)

r

for a flat plete, and

- 0.323 /3 .
h 1;——373— Ps M5 C (74)

r

for a cone.

For turbulent flow over the surface of a blunt body the corresponding
equation is (\Ref. 200):

_ 0.042 (@)h/ﬁ( by (1/5 pg M5

s 1/5  3/5
h = ;;:575 @ ) =)

Py Uy D P (; ) Po %o % (75)

until the asymptotic value of h is reached:

C.030
h = ___7._:‘.._3.*_,’-_... P 3 C (76)
P~2 N‘Res i 5§75 7p

+

for a flat plate, und the asymptotic value for a cone in axial flow will equal
that for a flat plate for the same local Mach number and wall-to-local-free-
stream temperature ratio if the calculation on the plate is made using e
Reynolds number of one-half that on the cone.
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The ratios pé/pm and pé/ﬁ;, as well as B and T,, are evaluated by
computing the pressure ratio from Newtonian theory and isentropic expansion
from the stegnation point.

Once the recovery boundsry-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 can be expressed in terms of the temperature of the
radome surface on the basis of an overall heat balance. For a given peint
on the radome surface:

a=h(t, -t)-cT¢ (77)
where:

q = net heat flux t¢ the radome

Ls= surface temperature of the radome

€ emit*ane~ at the surface

0 = Stephan's radiation constant

Temperature Distribution in the Radome

In the general case, the temperature distribution in a body is computled
using an incremental analysis end 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 & critical parameter in the
enalysis.

In an incremental analysis using finite difference techniques, the vody
is partitinned into an integral mumber n of volumciric elements. Wilhin
each volume element one station (point) is selected as a reference point for
that clement. For example, the ith element, which would have volume Vi,
would contain a charscteristic point (xi, Yis zi), Lf Cartesian coordinates
were employed. The temperature at the point (xi, ¥y zi) at a given time ©
would be designated t4 (65). For an element exposed directly to the environ-
meni, & point on the surface of the body weculd in genersl be selected for the
reference point.

The temperature profile in the body is computed on the basis of approxi-
nate heat balances taken over the individual elements. For example, for the
time interval 485 =0, -8 ;:
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t (0, .)-t, (8, .)
o G+ 3kl oy ] -y mtamd h :

pJ
2 2 2
- + - 4 -t
J X, = %) F (v - yy)° + (2 - 55)

v ety (93-1)] e[ty (93-1):! e &) -t (93-1)} (78)

where the sum is taken over the collection {p: V., is adjacent to vg}.
Generally, equat® . (1) can be simplified to a large extent by careful
selection of the partitions (Vi, V,, ==, V,) and careful placement of the
stations (xi, ¥is 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 ¢
of the material used in equation (78) are those associated with the temperature
in the ith element at a time 0.1 previous to the time 95, 4 is the
aree common to the ilh and pth diements projected into a plane normal to the
vecter (Xp = X3, ¥p - Vi, Zp - z3). ©; (83) is the net heat flow to the
ith elements from the environment (during tﬂe period 93 - ej_l) and pertains
only to those elements exposed directly to the envircnmenti, in which case:

Q (80 =5, *q (8) * (85 -0, ;) (79)

where Sy 1is the surface area of the iﬁh element exposed to the environment,
and qj (93) is the net heat flux to the surface §; at time 65 as given
by Egquation T7.

The temperature distribution within the body is established according
{0 %the following scheme:

1. At time 0, = 0, the temperature distribution is known, and
ty (8g) is taken as the temperature at the point (xy, ¥i, 23)
et time ©O¢ for L -1, 2, --, n.

2. A finite time A&y = 87 - 0, iz assumed 10 have elapsed, and
equation (1) is used to cowpute ty (6y) for i =1, 2, ~=, no

3. Continuing in this fashion, t; (9 ) is determined for i =1, 2,

~-, n, for j=2,3 ~--, m where 08y is the total time of
exposure.
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4. The sbove procedure is continued using finer partitions (Vi, Vo, ==,
V) and (85, 8;, --, 8,) untii the temperature distribubion is
ogtained to e reasonable degree cf precision in the sense of a
limit.

Stresses Caused by Temperature Qradients in the Radome

Once the tempersture distribution has been established, the stress field
cen be predicted. This can also be accomplished using an incremental analysis
and finite difference equations on small volume clements if the elements are
"idealized." Again this eliminates the shape of the body as 2 oritiesl nara-
meter in the analysis. 1In ine case cf & 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 holiow spheres and cylinders. The equations were
developed using the three-dimension theory of elasticity under the assumptions

1. infinitesmal deformations

2. straius proportional to stresses
an isctropic material

4. negligible axial and circumferential temperature gradients

For a right circular cylindrical shell free at both ends and subjected to =
radial temperature gradient:

° ()= & 2 -4 ° oE * oF
T Lb2 _ a2 a l-p a l-pu

b T
2 2
= =[r_ta_ _OE ~OE - (%E
%(r) = 3 |5 2 fa T t(rar +L . s - (E-v), (61)

b
o, (r) = -2-2~-2— —1%5- t(r)ar - 1{"'—3— 8), (82)
b -a &
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where: ¢, 0o, 0, = normal stress components in cylindrical codrdinates
r, 8, z

=1
i}

modulus of elasticity

i = Poisson's ratio

o = linear coefficient of expansion, a funcbtion of

temperature
t = temperature
&, b = inner and outer radius, respectively

Por a thick, hollow sphere subjected to a radial temperature gradient:

~-b 9
3. 43 [ o} e .2
o (p) =08 B oy -5 E () (83)
b P
3.3 \
0n (p) = o, (p) = 282 &2 yap + ] EP(p)ap ~(E-b) (84)
8 ! » (b3-a3) p3 Lep p3 1-u l-u "
a a,

where %, %9, 9% are the normal stress components in spherical codrdinates
p, 6, & and the other symbols ar: as previously defined.

The analysis of various ceramic radomes has shown that the limiting
stresses in & radome design are the 0g and 0y components or the o and
op components, and these stresses beacome a meximum at the inner or cuter
surface of a radome (Ref. 177). Since the rate of acceleration for & missile
{s usually much greater than the rate of deceleration, peak stresses generally
ocenr during acceleration and the maximum tensile stresses appear on the inner
surface of the radome. Since ceramic materials are sbout an order of megnitude
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 shcck test results
with calculated predictions based on the thermal stress analysis of the hollow
spherical section for a radome tip and based un the thermal stress analysis of
the cylinder for 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 stresses caused by the
attachment. In the vicinity of the attachment, the recovery temperature will
be the same for both the radome and vehicle wall, but generally the thermal
expansion of the two structures will diffar. The average temperatures of
the structures will differ (because of ihe dissimilar material properties),
and the thermnl expansion coefficients will differ.

For the case where the design is besed on an absence of stresses intro-
duced by a mismatch in the slopes of ithe mating sections ithat is, in the case
of a pin-%ointed boundary condition), the following analysis can be made
(Ref. 199):

S -A
M=3= Vv d

r %sin lrz (85)
r

where:

M = bending moment in the radome

Vo=2r1, (ar b = % tm) ) 1 l+ 1 (86)
D_a DA
r r m'm
o o3
p=2Esa (87)
3(1-12)

= [2ah T &
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r, = middle radius of radome at the region of attachment

¢ = linear thermal expansion coefficient

t = average temperature at the attachment

z = distance from attaclment measured in the direction of the axis
of the radome

E = modulus of elasticity

& = half wall thickness of radome

1 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 ir Figure 10 and an ogival X-band
radome having a l.5-inch spherical tip radius and a fineness ratio of 2.0.

For & Eyroceraﬂg radome launched at 70° F on the trajectory shown in Figure 10-4,
a thermal analysis produced the temperature profiles shown in Figure 1l for the
tip of the radome. A thermal stress snalysis based on Equation 81 produced the
thermal stresses shown in Figure 12. The maximum vensile stress on the inner
surface of the radomz was estimated to be 14,500 psi - well within the safe
operating limits of the Pyroce‘ra.rﬂD at the temperatures encountered. For an
alumina AD-99 radome lgsunched on the trajectory shown in Figure 10-B, the
analysis produced the temperature gradients shown in Figure 13 and the thermal
stresses shown in Fipure 14 for the tip of the radome. The maximum tensile
siress on the inner surface of the radome was estimeted to be 40,750 psi. The
aluming redome weuld fail after epproximabely 6-1/2 seconds since the tensile
ctrength of the aluminra at the temperatures encountered is sbout 27,000 psi.

For an example of an analysis made fcr the attachment of a radome, the
reader mey refer to Reference 1355.
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Discussion

The thermo-structural anslysils 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 gradients in the component must be computed, and the
influence of the attachment muet be assessed.

The heat fluxes on non-ablaeting bodies of simple shapes can be readily
calculated from infcrmstion which is available in the literature. Methods also
exist for the prediction of heat iluxes on arbitrary shapes. The calculation
of ‘he Leat transfer with laminar flow is considered quite relisble 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 reiisble. The calculation of the rate of heat transfer
in the transition renge 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 bacause the deformations in a ceramic component will
generally be very srrnll. 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 forward
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 maximnm value at
the stagnation point and e relative maximum value at the transition point, but
the (absolute) maximum tensile stress in the radome may occur at the stagnation
point, at the tiansition 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 circumferentisl thermal gradients will be negli-~
gible (Ref. 177, 179). For most ceramic materials, it ig also indicated thet
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-
putions. 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/° F.
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