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INTRODUCTION

In order to consider the state-of-the-art on understanding of thermal
shock resistance and related matters for ceramic materials, a number of
experts in the area were invited to participate in a discussion on the
thermal stress and thermal shock resistance of ceramics. It was held at
the Naval Surface Weapons Center, White Oak Laboratory on December 19 and
20, 1977. Special thanks are due to Mr. Frank Koubek of that laboratory
for his assisctance with this meeting.

Technical areas discussed at the meeting included: (1) theory and
analysis (heat transfer, finite element methods, aerothermal analysis, thermal
stress analysis, statistical approaches, fracture mechanics concepts, thermal-
mechanical coupled failure, materials factors and microstructural aspects
of the problem; (2) several applications in which thermal shock behavior is
of concern (e.g., re-entry, electromagnetic domes, rocket nozzles and turbine
components); (3) test technologies currently being used (such as quenching,
cyclic flaws method, laser heating, disc tests, engine exhaust exposure and
rig tests); (4) the comparision between calculated and observed thermal stress
behavior for brittle materials.

Active discussion occurred throughout the course of this meeting. Impor-
tant points brought out during the meeting, and during a summing-up session
led by Dr. S. W. Freiman are presented in the section entitled "Summary of
ONR Workshop on Thermal Shock". In addition to this Summary section, all
of the abstracts submitted for the invited discussions have been compiled
in this report. It was the sense of the meeting that there were several impor-
tant areas in need of either further work by materials specialists or of more
careful recognition by designers. They are presented in the summary section.
Several important exchanges occurred during the meeting. For example, systems
designers were provided with insight into current materials development efforts
now underway, and materials developers and researchers heard about considera-
tion systems designers are concerned with.

The results of the meeting revealed an apparent and important gap having
to do with shock for thermal shock for ceramics and other brittle materials.
Understanding of thermally caused failure has advanced since earlier views of
the 1950's era. This newer understanding seems not yet to have had a signi-
ficant influence on thermal shock test methods. Relationships between test
methods and in-service conditions often has not been considered properly.
Clearly, thermal shock failure is a complex field; theoretical simplifications
have helped understand materials behavior somewhat. But real control of the
difficulties encountered in service involves detailed consideration of a large
number of conditions involved in each specific case. Such systematic studies
cannot but help to define the limitations (and capabilities) of ceramics and
related materials when thermally stressed.




SUMMARY OF ONR WORKSHOP ON THERMAL SHOCK

This summary represents the views of Drs. P. F. Becher, S. W. Freiman,
and A. M. Diness, which evolved from discussions held at the ONR Workshop
as well as follow-up discussions with several attendees. It is felt that
the following are the most important points to have evolved from this
Workshop.

1. The first priority need, especially from the point of view of the
systems and material designer, is for a much more extensive data base on
materials of interest for thermal shock applications. In particular, data
is needed on the strength, thermal conductivity, thermal diffusivity, specific
heat, thermal expansion coefficients, and elastic modulus as a function of
temperature. If possible, strength data should be obtained from specimens
removed from components of a particular material, in order to be representa-
tive of actual flaw distributions expected in practice. The size dependence
of the strength of ceramics must be recognized. In addition, the strength
data determinations should be of a statistical nature. It should be taken
in an environment similar to that in which the component will be used. Crack
growth data is also needed in order to determine possible effects of thermal
cycling. The use of strain-to-failure rather than strength data may make
computation easier. In addition, such data may be useful for materials which
exhibit non-linear stress-strain curves.

2. It seems clear that ranking of materials as to their thermal shock
resistance depends both on the test used to rank them as well as on the appli-
cation for which the material is being considered. That is, the ranking of
different ceramic materials will strongly depend on the severity of the heat
flux which they will see in service. It is important to recognize that the
ranking of materials in a particular heat flux situation such as a water quench
may be quite different from the ranking in a less severe thermal stress environ-
ment such as that seen by a radome in flight. The possible change in ranking of
various materials with changes in heat flux has not been sufficiently defined
for many materials. Thus, the designer generally must depend on laboratory
scale tests in order to judge whether a material is suitable for specific service
applications. Except possibly in the reentry case, the correlation between
laboratory and field experiments has not been performed. A test heirarchy of
increasing sophistication is needed, which ranged from laboratory screening
tests through to tests of actual components.

3. There were a number of laboratory scale tests for thermal shock discussed.

These include quench tests, laser tests, flame tests (including the NASA wedge)

and the Southern Research disk test. Of these, it appears that the flame test

may, in fact, not measure thermal shock resistance at all, since it does not
appear to put the sample through a large enough thermal gradient. The NASA

wedge test may be a suitable thermal stress test provided that measurements

of temperature distributions and temperature responses are known so that the

stress distribution throughout the wedge can be matched to that which will be
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seen by an actual part. It would also be useful if the residual strength of
the material after a number of cycles could be measured. It appears that the
Southern Research disk test would be quite expensive as a screening test for
most ceramic materials. In addition, it does not seem that materials of
different types such as graphite and Si3Ny can be compared, because of their
very different respcnses to electrical induction.

The laser test appears to be a suitable test for thermal shock measure-
ments in the laboratory provided that precautions are taken regarding the
size of the beam compared to the area and thickness of the particular specimen
being tested. For example, the beam area to sample area should be no less than
0.25 and no greater than 0.9, while the beam diameter to sample thickness should
be no less than 2.0. An advantage of this test is the ability to control the
thermal flux through control of the beam conditions. Otherwise, spurious
results can be obtained and over-optimistic determinations of thermal stress
resistance will result. To date, the quench test still seems to be the most
useful thermal shock screening test for ceramic materials development purposes.
Whether one measures the strength decrease after thermal shock or the internal
friction changes in these specimens, similar results seem to occur although
care must be taken in comparing these two types of measurements. In addition,
care must clearly be taken in comparing materials with one another. In fact,
they should not be compared based on the same size specimens but rather would
best be compared based on samples of the same Biot's modulus (since the size
dependence for different materials can be quite different and probably should
be determined as well). One clear drawback of the use of this test is that
it represents one of the most severe thermal shock situations. Extrapolation
of these results to less severe cases could be quite misleading. While it
would be possible to perform the quench tests in less severe environments,
for instance, in a silicone oil rather than water, it is probable that many
materials will not exhibit a decrease in strength up to quench temperatures
above which results become quite questionable because of inaccuracies in
temperature measurements. One should also recognize that a quench test imparts
different stress distributions (and so activates a different population of flaws)
than a heat-up test. The latter would tend to cause failure from internal pro-
cessing defects rather than surface flaws. However, at this time, the quench
test appears to be the best one available at least as a first screening test
for new materials being considered for thermal stress resistance.

It appears that more work is necessary on many of these tests in order to
accurately determine the stress distribution throughout the specimens during
quenching or thermal shocking processes. This more quantitative treatment of
the tests will better enable the system designer to use the data to predict
behavior of the material in an actual service condition.

4. The use of thermal resistance "R" factors was discussed fairly exten-
sively. However, it was pointed out by Professor Hasselman that there are a
large number of R factors, each of which depends on a particular thermal stress
environment, so that ranking of materials according to R factors can be quite
dangerous. For example, at high fluxes, R = o (1-v) , while at lower fluxes

1 a E
R = x o (I-v) , where o is the fracture strength, v is Poisson's ratio, o is
a E
the thermal expansion coefficient, E is Young's modulus and x is thermal

WR—



S TR

conductivity. It was brought up that these R factors are dimensional and
are thus affected by size and shape. These are not desirable from a design
state point for ranking materials as the size and shape factors can be
different, thus affecting the ranking.

5. Professor Hasselman discussed the idea of retained strength as a
possible means of ranking materials for their thermal stress resistance.
The question becomes one of whether or not a material that has a lower
critical AT but loses a smaller percentage of its strength during the quench
may, in fact, be a better candidate for a particular thermal stress environ-
ment than one which requires quenching from a higher temperature but undergoes
nearly catastrophic failure as a result of that quench. It will be up to the
designer to determine whether other stresses, e.g. aerodynamic, etc., are
large enough such that any loss in strength due to thermal shock is unacceptable
for a particular application.

6. The use of computer codes to determine the stress distribution in
particular components appears to be useful. The use of these codes to analyze
the thermal stress problem has proved valuable in the case of reentry nosetips.
Nevertheless, while it is felt that the methodology in the code is likely to be
correct, there are questions on the data input to the codes such that the stress
distributions obtained for different materials, and therefore the way in which
materials are ranked for thermal stress applications, may not in fact be correct.
It should be made clearer what assumptions and what materials variables go into
the use of the codes. In particular, the sensitivity of the final results to
changes to material properties that are used to calculate the final stress dis-
tributions needs to be addressed. There is a clear need for more test data
which can be correlated with predictions from the various types of thermal stress
codes which are available. Some correlations between predictions and tests have
been established for graphite but little has been performed on other material.

7. The use of proof tests as a means of assuring quality components for
various applications was discussed. The general feeling seemed to be that for
applications such as reentry nosetips, the expense of the final product, especial-
ly for carbon-based materials, may warrant the use and development of proof tests,
but that for less expensive applications such as radomes, there is serious ques-
tion whether it would be economically feasible to devise and use various proof
tests to screen these components. In addition, there was clearly no easy way to
test components of complex shape, and hence a complex stress field situation.
There seems to be no indication at this time that non-destructive evaluation has
reached the degree of sophistication to enable screening of ceramic components
for flaws which will cause failure under the known stresses.

8. There was some discussion on possible techniques to improve thermal
shock resistance of ceramic materials and to develop new materials with greater
resistance to thermal stresses. One of these techniques, which has been demon-
strated, is to increase the fracture toughness of the material by the use of
microcracking phenomena. Other possible avenues of approach are through materials
with lower elastic moduli, the discovery and development of materials having
lower thermal expansion coefficients, and the tailoring of the thermal diffu-
sivity of a material to meet the particular application; that is, there are
situations where one prefers higher thermal diffusivity and those in which a Tow
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thermal diffusivity is preferred. Also, the point was raised that the use

of compressive layers on the surface of components appears to enhance their
thermal shock resistance. The use of fiber composites might possibly also

Tead to greater thermal shock resistant materials. As demonstrated by the work

on graphite, the microstructure of a material can also be quite important to
its thermal shock resistance.




WORKSHOP ON
THERMAL STRESS AND SHOCK RESISTANCE

OF CERAMICS AND GRAPHITE

MATERIALS AND STRUCTURES TECHNOLOGY

FOR REENTRY VEHICLE APPLICATIONS
ROBERT J. EDWARDS

NAVAL SURFACE WEAPONS CENTER

REENTRY SYSTEMS BRANCH

The significantly higher performance required of advanced ballistic
(BRV) and maneuvering (MaRV) reentry vehicles places a high priority
on the development of new materials which can withstand the benign
and hostile environments dictated by such systems as extended range
POSEIDON and TRIDENT. The materials and structural technology problems
are however, intimately related and many phases of the materials develop-
ment effort must be coordinated with a valid structural evaluation. Due
to the complex behavior under aerothermal and dynamic loading of
materials such as bulk graphites and carbon-carbon composites it is
necessary to provide a parallel advance in structural technology in order
to perform an accurate evaluation of material development efforts and
to perform design analyses for future flight systems.

In the following sections the pacing technology problems will be
discussed in three general areas: material characterization, material
modeling and computer code development. The significant advances that
nave occurred in the past five years in thermostructural and materials
technology will be indicated. This discussion will be directed toward
the application of bulk graphites to reentry vehicle nosetips.

Material characterization is an important problem area since
it serves to link the material development efforts and the technologies
of structures and aero/thermodynamics. Without a valid preliminary
characterization it is impossible to determine whether new or "improved"
materials offer significant advantages over existing materials, and further
downstream, a comprehensive characterization is required to insure
accurate design analyses for prototype development.

The characterization effort involves a wide range of tests, including
physical and mechanical property tests, ablation tests, thermal stress
tests, and establishment of failure statistics. The mechanical property
tests, which must be conducted over a wide range of temperature, are used
to provide a basis for elastic and non-linear material models. Statistical
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scatter, material anisotropy, different moduli in tension and compression
ind non-linear behavior serves to further increase the data required

and results in a large test matrix. The physical property tests (also

at temperature) and the ablation tests provide a basis for the thermal
model. Failure criteria are established through statistically significant
aumbers of unfaxial and multiaxial tests. Thermal stress testing

serves as a screening tool in making comparative evaluations between
candidate materials and is an aid in establishing failure criteria.

The thermal stress disc test developed at Southern Research Institute
(SoRI) (Ref 1) has proven to be a valuable screening tool in the develop-
ment of advanced graphites. New graphites such as Union Carbide's
proprietary grades 994 (Ref 2) and CMT (Ref 3) and the non-proprietary
GRAPHNOL N3M (Ref 4) have been developed within the past five years.
The N3M graphite was developed at Oak Ridge National Laboratory under
Naval Surface Weapons Center sponsorshin (Ref 5). Fipure 1 shows the
improvement in the across-grain strain to failure at 2000°F that has been
achieved over ATJ-S graphite which previously represented the
state-of-the-art.

The development of constitutive equations for advanced graphites
is an area that has received a lot of attention in recent years. Non-linear
theories have been developed which address transverse isotropy, different
stress-strain behavior in tension and compression, temperature-dependent
properties and biaxial softening (larger strains for biaxial stress
states than for uniaxial states at the same stress level). The Jones-
Nelson model (Ref 6) the Batdorf model (Ref 7) and the Cyr-Chinn model

(Ref 3) have been shown to correlate well with ground test data (Refs. 3, 8).

The other area of material modeling in which significant progress
has been made is that of failure criteria development. The PFAIL
model (Ref 9) and the STARVE model (Ref 3) have both been successfully
used to predict observed fracture rates of full scale nosetips in
rocket nozzle environments which simulate quite well the thermal strains
developed in flight. Both models employ Weibull type theories for
defining the distribution of tensile failure strains or stresses. Such
‘actors as material anistropy, statistical variability, volume effects,
biaxial softening, non-linear stress-strain behavior, temperature dependence
and general stress states are accounted for in the failure modeling.

The SAAS-IIT (Ref 10), DOASIS (Ref 11) and FANCAP (Ref 3) codes are
examples of the degree of analytical sophistication usually applied to the
design/analysis of graphite nosetips for BRV applications. One or more
of the nonlinear material models previously discussed have been
incorporated in these codes and they model the geometric aspects of the
problem extremely well within their range of applicability (e.g. 2D axi-
symmetric or plane strain/stress solids). A conservative prediction of
thermal strain results if a linear analysis is conducted with different
elastic moduli in tension and compression (which is accounted for
by iteration of the elastic solution)and also accounting for temperature
dependent, transversely isotropic material response. If the PFAIL or
STARVE failure criterion is entered with the strain state predicted by
a linear, multi-modulus analysis the resulting forecase of probability
of survival is also conservative (Refs 3 and 9). The most accurate
analysis that can currently be performed is to use one of the newly
developed nonlinear models in conjunction with the PFAIL o STARVE failure

6
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criterion. (Refs 3 and 9). The material model/failure criterion
combinations that have correlated best with ground tests are Jones-Nelson/
PFAIL and CYR-CHINN or BATDORF/STARVE. Classical plasticity theories such
&s are applied to metals do not predict the biaxial softening phenomenon
observed in graphite and therefore are not as satisfactory.

In summary, during the last five years the state-of-the-art
has been greatly advanced in graphite materials technology, in materials
screening and characterization, in non-linear constitutive modeling, in
cevelopment of failure criteria and in thermostructural computer code
development.
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AFROHEATING OF TACTTCAL MISS1LE DOMES

19 December 1977
J.B. Patton = NWC

Misgile sccker domes are o integral part of the missile airframc
as well as a window tor the secker.  Aerodynamic heating can severely
ef fect dome pertormance. Fhermal stresses sufficient Lo cause a struc-—
tural tailure may be pencrated: it not, thermal distortion may dograde
optical or electromagnetic transmission to the secker. As with all
systems, performance requirements are increasing. Missiles will bhe
launched at greater and greater speeds.  Propulsion svstems will be more
encrgetic, imparting a greater total impulse to the missile. locreased
speed means increased aervodynanic heating.  Current analyvtical methods
although theoretically adequate are limited by inadequately character-
ized materials. These material behavior deficiencies must be corrected
if we are to design with confidence.

In concept, the thermal struciural analvses of a missile dome is
quite simple. Once a flight trajectory has been selected,a scequential
series of analyses are performed:

i) characterize the flow field (inviscid and boundarv layer)

il) characterize the dome heating cnvironment (heat transfer
covtticient distribution and rcecovervy temperature) based
upon tlow tield

iii) predict dome trmsicnt indepth temperature distribution

iv) using predicted temperatures at a sclected time, calcu-
late dome struccural responsc

v) apply appropriate failure criteria to structural response

The structural and failure analvses are repeated for other selected
times of interest.

In general, current analytical techniques employed are limited to
axisymmetric geometry and loading; angle of attack is assumed to be
zero,  State-of-the-art techniques are used to predict the flow field,
heating environment, and indepth temperature distributions. Good agrece-
ment between predicted and measured temperatures has been obtained.
Conventional, lincar tinite e¢loment methods are used to predict struc-
turai response. Finally statistical failure theories are applied to
predicted stress distributions to determine probabilitics of survival.

Unfortunately, the ceramic materials used have not been well char-
acterized. Mechanical properties have been measured using materials
that are not representative of the as=fabricated dome material. Insuf-
Ficlent test data exist to verify any failure theory.




GRAPHITE APPLTCATIONS IN TACTICAL
MISSTLE ROCKET NOZZLES

I 19 December 1977

| J.E. PAUTON

| NAVAL WIAPONS CENTER
|

i

Bulk graphites, because of their relatively low cost, good erosion
resistance, and strength at clevited temperatures, are used as nozzle
i throat materials in many tactical! missile rocket propulsion systems.
Heat trvanster and conscquently the mechanisms for material removal are
in general, most severce at the nozzle throat. Surface recession (erosion)
at the throat decrecases the exit velocity of the propellant gases and
the specific impoulse. Bulk graphites, for manv missions, can provide
adequate erosion resistance; the problem then becomes one of designing
the nozzle components to avoid a thermostructural failure.

Several different tactical nozzles are shown in Figures 1, 2, and
}. The ALVRJ nozzle (Figure 1) is fully submerged with the graphitce
insert heated on all but one side. Interior tensile stresses caused a
failure and necessitated changing to o better grade of ¢raphite. The
SRB graphite throat piece (Figure 2) because of an inability to control
the bond gap between the outside diameter and the phenolic support
caused a compression failure on one firing and a tensile failure on a
second.  Subscquent redesign allowed bhetter control of the bond-gap and
has been successtully tested.

The original Agile nozzles (FMigure 3) performed adequately in the
carly development phasc.  However, when a total impulse of the motor
was increased twenty-tive per cent, the three G-90 graphite rings failed.
Subsequent development, first replaced the G-90 with AT.-5; finally the
three throat pieces and two of the phenolic throat supports were replaced
with a single piece of ATJ-5. Both fixes were successfui. Detailed ther-
mal and structural analyses were performed on all three nozzles.

In concept, the thermal structural analyses of a rocket nozzle is
quite simple; a sequential series of analyses are performed:

i) characterize the flow field (inviscid and boundary layer)

ii) characterize the nozzle heating environment (heat transfer
coefficient distrilution and recovery temperature) based
upon tlow field

1ii) predict surface recession and transicnt in=depth temperature i
distribution

iv) using predicted temperatures at a sclected time, calcu-
late dome structural response

v) apply appropriate failure criteria to structural rosponse




The structural and railure analyvses are repeated for other selected times
of interest.  However, there arce many sources of uncertainty in this
analysis.  la many instances, results are used qualitatively, not
quantitatively.,

Frosion predictions within ten per cont are considered excellent,
within twenty per are considered excellent.  In=depth temperature pre-
dictions are also intivenced by surface thermo-chemistry.  Unfortanately,
only the external temperature response of g nozzle is measured, thesce
data are not of much use in validating our thermal models.

Graphite nozzle components are generally supported by phenolic
materials.  Phenolics decompose and char at elevated temperatures;
their mechanical properties are a function of temperature and heating
rate. An accurate prediction of the behavior ot these materials is
required in order to model the support provided to the graphite. This
capability does not exist.

In these multi-component syvstems, even if the support materials
could be accurately modeled, bond gaps between components are difficult
to hold to close tolerances. Small changed in bond paps significantly
change stress levels.  Also the adhesives used in these gaps eventually
decompose, supporting the graphite in compression but not tension or
shear = a non=lincar contact problem with sliding.

The majority of bulk graphites are not well characterized.  This
is not unexpected when one vealizeos that mechanical properties are
required between room temperature and S000°F of a transversely isotropic
material with different behavior in tension and compression. Bulk
graphites also exhibit large variations of properties within a billet
and trom billet to billet. 1t should be also mentioned that the high
temperature compressive behavior is highly non-lincar; nozzle graphite
material at high temperature and in compression is the most signiflicant
contributor to thermal stresses.  High thermal expansion on the inside
diameter results in hoop tensile stresses on the outside diameter.

In conclusion, the thermal structural analysis ol rocket nozzles is
far from an exact scicnce and is really an enginccering approach that
bounds the extremes of the problem.  Predictions of very high or very
low tactors of safety are meaningtul. If the margins are close, however,
most desiygners prefer to fall back upon experience. Successful design
ot tactical rocket nozzles requircs the judicious application of avail-
able design tools and data, tempered with experience and understanding
of the rocket nozzle problem.
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Thermal Fatigue Data Design Requirements
for Gas Turbine Applications

David W. Richerson
Garrett AiResearch

The ability of a ceramic material to survive in most gas
turbine components is largely dependent upon the capability of
the material to withstand thermal shock or thermal fatigue.
However, little or no thermal fatigue data is available for use
in the design and life prediction of ceramic components. To be
directly useable in analytical design, data must consist of
either 1) direct strain versus time and temperature or 2) temp-
erature distribution and change (thermal response) versus time
and temperature plus the thermal and elastic properties of the
material.

The following thermal shock or thermal fatigue test ap-
proaches have been considered at AiResearch:

1. Cascade rig or engine rig

2. Torch/air quench

3. Combustor/air quench

4. Strength versus AT water quench to produce
Hasselman type curve

5. Induction heated ring

6. Fluidized bed

The first three approaches appear to have significant disadvan-
tages for obtaining design data. In order to achieve stresses
comparable to engine conditions, the test specimen must have an
airfoil shape or a taper. This specimen must then be instrumented
to obtain the precise temperature distribution as a function of
time during an engine-simulating transient. The heat sources

for the three approaches cannot be adequately controlled to
guarantee reproducible conditions and the specimens cannot be
adequately instrumented to precisely determine the temperature
distribution.

The fourth approach produces data that permits a semi-
guantitative comparison between materials and is a good approach
for ranking or screening. However, the heat transfer conditions
in this test are quite different from those in a gas turbine.

In addition, temperature distribution as a function of time is
not measured.

The fifth approach has the potential to produce design data.
It permits the application of pure thermal strain and a direct
measurement of the strain to failure. However, this approach
also has potential problems. It can be used easily for graphite
specimens since the graphite can be used directly as the sus-
ceptor for the induction coil. Si3N4 and most SiC materials do

14




not act as a susceptor. Therefore a separate susceptor such as
graphite or molybdenum must be used and the heat transferred to
the ceramic test specimen., Two questions must be answered:

{(a) Can adequate gradients be produced to fracture the specimen?
(b) Can conditions be controlled to permit cyclic testing at a
subcritical strain to evaluate thermal fatigue life?

The final approach, fluidized bed testing appears to have
the most promise for obtaining thermal fatigue data suitable for
gas turbine design. Fluidized beds provide rapid heat transfer
under well controlled and instrumented conditions. Ceramic speci-
mens have been successfully instrumented and the temperature/time/
position response recorded. This type data can then be used to
analytically design a test specimen that will simulate in fluidized
beds the thermal stresses predicted for a specific component in
a gas turbine during maximum transient condition.

15




ABSTRACT
PRACTICAL HEAT EQUATION SOLUTIONS FOR CERAMICS
W. T. LAUGHLIN
AIR FORCE WEAPONS LABORATORY

The causes of thermal stress failure of ceramics are reviewed and
the inadequacies of applying conventional thermal shock criteria to
ceramic design problems discussed. The importance of detailed
transient temperature and thermal stress solutions is emphasized to
answer the important question of under what thermal stress conditions
a ceramic will fail. Useful analytical solutions to the heat
equation for predicting transient temperature response are presented
(Refs 1, 2) for a wide variety of surface boundary conditions and
thermal environments. Examples of some series analytical solutions
are given and their numerical evaluation discussed.

References:

1. Carslaw and Jaeger "Conduction of Heat in Solids"
Oxford, London, 1959.

2. 0Olcer, "General Solutions of a Class of Heat Flow

Problems in a Finite Circular Cylinder"
Brit. J. Appl. Phys. 18 pp. 89-105, 1967.
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NONLINEAR DEFORMATION OF A THERMALLY STRESSED GRAPHITE DISK

by Robert M. Jones
Southern Methodist University
Dallas, Texas 75275

An ATJ-S graphite annular disk of a wedge-shaped cross section as
in Fig. 1 is subjected to outside to inside temperature gradients of
up to 3000°F from an induction heating coil. The change in internal
diameter of the disk is measured with a laser tracking device as shown
in Fig. 1. The disk deformations are predicted with a modification of
the Jones-Nelson nonlinear material model [1-5]. This model is shown to
be valid for ATJ-S graphite, which is a transversely isotropic granular
composite material with stress-strain behavior that is highly nonlinear,
strongly dependent on temperature, and different in tension than in
compression. These characteristics are displayed in Fig. 2. The predicted
diameter changes at three times in the same test agree with the averages
of two perpendicular diameter change measurements within about 3% as
seen in Fig. 3. A measure of the degree of nonlinearity of the problem
is obtained by observing the substantial differences between elastic and
nonlinear solutions for stresses and strains at the inner and outer
diameters of the disk in Fig. 4. These results are discussed more completely
by Jones and Starrett [6].

REFERENCES

]Jones, Robert M. and Nelson, Dudley A. R., Jr., "A New Material
Model for the Nonlinear Biaxial Behavior of ATJ-S Graphite," Journal of
Composite Materials, Jan. 1975, pp. 10-27.

2Jones, Robert M. and Nelson, Dudley A. R., Jr., "Further Characteristics
of a Nonlinear Material Model for ATJ-S Graphite," Journal of Composite
Materials, July 1975, pp. 251-265.

3Jones, Robert M., "Stress-Strain Relations for Materials with
Different Moduli in Tension and Compression,” AIAA Journal, Vol. 15,
Jan. 1977, pp. 16-23.

4Jones, Robert M. and Nelson, Dudley A. R., Jr., "Material Models
for ;onli?ear Deformation of Graphite," AIAA Journal, Vol. 14, June 1976,
pp. 709-717.

5Jones, Robert M. and Nelson, Dudley A. R., Jr., "Theoretical-
Experimental Correlation of Material Models for Nonlinear Deformation of
Graphite," AIAA Journal, Vol 14, Oct. 1976, pp. 1427-1435.

6Jones, Robert M. and Starrett, H. Stuart, "Nonlinear Deformation of
a Thi;Tgl}{zgtressed Graphite Annular Disk," AIAA Journal, August 1977,
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AEROTHERMAL ANALYSIS OF
NAVAL SURFACE-TO-AIR MISSILE RADOMES

R. K. Frazer
Johns Hopkins University
Applied Physics Laboratory

Assessing the suitability of a particular material for use on
supersonic missiles requires knowing at least two basic items: The
first item is the flight environment, namely altitudes and Mach numbers,
and the second involves the thermomechanical properties of the material
in question. The characteristics of importance to ceramic radomes
include thermal shock resistance and limited distortion of the radar
seeker beam. Also important, but less often a problem during flight
are resistance to melting and structural strength sufficient for
handling and high-g maneuvering. Determining these characteristics
over the range of flight paths for a missile system depends on pre-
dicting the aerodynamic heating to the radome and calculating the
resultant structural K temperatures, boresight errors, and thermal
stresses. The URLIM computer code (Ref. 1) performs these calculations
and suitably edits the data for ready interpretation. The thermal
stress calculations used by URLIM are performed assuming a thick-wall
cylinder whose expansion and elastic modulus properties may vary with
temperature (and hence thru the radial thickness) of the wall section
(Refs. 2 & 3). This thermal stress prediction technique along with
the aerothermal calculations have been verified by numerous experiments
(Ref. 4) and are felt to be reasonable engineering tools.

Recent applications of the URLIM code have included a radome
material screening for an improved version of the long range Standard
Missile (SM-2). 1In this effort six materials (Pyroceram 9606 and 960X,
fused silica, Rayceram, beryllium oxide, and reaction sintered silicon
nitride) were evaluated over the "improved" trajectories and rated for
their performance in thermal stress. The results showed that all of
the materials would withstand the thermal shock and that the most
readily available material (i.e. Pyroceram 9606) would be the radome
of choice. In connection with this study a survey of available wind
tunnel facilities capable of simulating the aerodynamic environment
experienced by the improved SM-2 radome was made. The URLIM program
was instrumental in providing the correlation between facility capability
(Mach number, total pressure and total temperature) and flight induced
thermal shock. 1In connection with another aspect of the Standard
Missile program, the URLIM program has been used to simulate the
detailed thermal respunse of a flight test radome. The thermal
results from the URLIM program are being used as input to another
program to evaluate the boresight error characteristics of the radome
during flight. It is anticipated that these results will be correlated
with telemetered data about the seeker's behavior. The overall result
of this effort will be to quantify the effect of aerodynamic heating
on boresight errors.

The accuracy of results of any radome material evaluation using
URLIM are highly dependent on the thermomechanical characterization
of the material. Specifically these properties include: thermal
conductivity, specific heat, density, IR emissivity/absorptivity,

E elastic modulus, free linear thermal expansion, Poisson's ratio,
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dielectric ¢onstant, and loss tangent. All of these quantities should

be given as functions of temperature up to the maximum use temperature,
Other crucial parameters that depend as much on the missile system
specifications and radome geometry as on the intrinsic material properties
are the maximum design stress for thermal shock and the maximum allowable
boresight error slope. Only when these detailed material properties are
available can the suitability of a material for radome use be confidently
assessed.
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THE ROLE OF FRACTURE STATISTICS IN
THERMAL SHOCK FAILURE OF CERAMICS

BY

C. A. Johnson

General Electric Company
Corporate Research and Development
Schenectady, New York 12301

Physical Chemistry Laboratory
Ceramics Branch

ABSTRACT

Ceramics generally contain a nonuniform distribution of flaw sizes
which causes variability or scatter in fracture strengths and a dependence
of strength on specimen size and geometry. Several distribution functions
have been suggested to quantitatively describe the consequences of
nonuniform flaw sizes including the Weibull distribution,l extreme value
distributions,2’3etc. Most distributions are based on the 'weakest
link" concept which states that the entire structure will fail catastrophically
when the stress in any element of the body is sufficient to cause crack
propagation of the largest flaw in that element. No single distribution
function is universally acceptable for all brittle materials in describing
the observed statistical effects of fracture.

Application of fracture statistics for components with thermally
induced stresses is more involved than for most mechanically loaded
components. As shown by Manson and Smith,A the highest probability of
failure during a thermal transient does not occur at the time of maximum
stress but at some time shortly after when the tensile stresses are more
uniformly distributed over a larger volume of the component. Once a
particular distribution function is chosen and the statistical parameters
are determined for the material of interest, then fracture statistics
are easily incorporated into finite element thermal and stress analyses
to predict the maximum probability of failure during a given thermal

transient.

23




REFERENCES

1. W. Weibull, "A Statistical Distribution Function of Wide Applicability,"
J. Appl. Mech., 18, 293 (1951).

Vie F. A. McClintock, "Statistics of Brittle Fracture," in Fracture
Mechanics of Ceramics, p. 93, Plenum, 1974.

3. A. G. Evans and T. G. Langdon, "Structural Ceramics," Prog. in Mat.
Sci., 21, 320 (1976).

4. S. S. Manson and R. W. Smith," Theory of Thermal Shock Resistance
of Brittle Materials Based on Weibull's Statistical Theory of Strength,"
J. Am. Ceram. Soc., 38, 18 (1955).

24




II (f) Analysis Problems Related to Fracture Toughness of Concrete
and ATJ=-S Graphite
G. R. Irwin, University of Maryland

The general term, fracture toughness, has been defined as a measure
of the resistance to crack estension. In these terms the fracture tough-
ness of concrete and of ATJ-S graphite have similarities. In toth mate-
rials crack extension is somewhat difficult to follow because fine scale
cracking gives a diffuse character to the leading edge of the separation
process. The crack tip zone of partially stress relieved material thus
generated can, however, be treated for analysis purposes in a manner sim-
ilar to that used for crack tip plastic zones in metals. The process of
developing representations of fracture toughness using currently familiar
methods of fracture mechanics involves oversimplifications. Nevertheless,
the available results appear to be useful and extensions of these results
would be of interest.

There has been limited interest in fracture toughness of concrete.
Civil engineers assume this material to have zero tensile strength in

practical applications. The writer is not familiar with applications of <ke

statistical, worst-flaw viewpoint in studies of concrete tensile strength
although such a viewpoint must have applicability. The discussion here

is illustrated from work by Kaplan (at NBS) and Glucklich (at U. of Illinois)
in the period 1958-1961. From these one can estimate a toughness values, 55

(0.11 1bs/in., 19 N/m) and a nominal crack-tip non-linear zcne size,
215, (Cu4 in., 10 mm),

With ATJ=-S grapnite.hstatlstlcal viewpoint has for some years fur-
nished helpful estimates of tensile strength size effects. More recently
fracture toughness studies by Starrett and Cull (at So. Research Inst.)
permitted estimates of e and K, at room temperature. Data reported by
Hettche and Tucker ( NRL) indicated a positive trend of fracture tough-
ness with increase of test temperature. The reported toughness values
correspond in semi-quantitative fashion with the influence of fine scale
defects on the tensile strength.

With the ATJ-S graphite as well as with concrete, a more complete
representation of fracture toughness could be obtained using the resis-
tance-curve (R-curve) viewpoint wnhich has been quite successful in
applications to metallic materials. The R-curve method employs effective
rather than physical crack size as a basis for resistance computations.
Inferentially the justification for use of effective crack size depends
upon concepts which retain a substantial degree of meaning inside of the
crack tip zone of non-linear behavior. Currently these are the J and é
concepts. The applicability of the J and J concepts to materials of
the kind discussed here deserves additicnal study., Concepts of tnis
nature would seem to be necessary as a means for assisting our understanc-
ing of the relationship between separational behaviors at fine scale and
macroscopic fracture properties.
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Thermal-Mechanical Failure

D. P. H. Hasselman
Department of Materials Engineering
Virginia Polytechnic Institute
Blacksburg, Virginia 24061

Two material design and selection criteria are currently in
vogue for high-temperature structural components subjected to thermal
stress.

The first criterion is based on the concept that the component
is designed in such a manner that the maximum value of thermal stress
does not exceed the strength of the material. The second criterion is
based on the practical fact that the thermal environment usually en-
countered in high-temperature technology is so severe that failure
as defined by the onset of crack propagation cannot be avoided. Under
these conditions crack arrest governs the ability of the material to
withstand failure by severe thermal stress. This latter design criterion
is not commonly found in most engineering disciplines and may well be
unique to engineering design involving severe thermal stress environ-
ments.

In this presentation the general results of a simple fracture-
mechanical analysis of crack-propagation in thermal stress fields will
be presented. This analysis was carried out by the present writer (1,2)
in order to uncover the physical principals which underlie crack pro-
pagation under conditions of thermal stress and to establish the
proper material selection and design rules, in order to minimize the
extent of crack propagation.

This analysis basically follows the approach of Berry (3). In
the absence of external body forces crack propagation under conditions
of thermal stress (strain) mechanically is analogous to crack propa-
gation under condittons of constant displacement. The mechanical
model chosen for the analysis consists of a thin plate uniaxially
constrained from thermal contraction when subjected to uniform cooling
over a temperature difference AT. The plate contains N cracks per
unit area. Crack interaction is assumed to be absent. The effect
of the cracks is taken into account by means of an expression for
the effective Young's modulus in terms of the crack size and crack
density. The conditions for crack instability in terms of the criti-
cal temperature difference of cooling of the plate, AT., can be ob-
tained in a manner identical to the derivation of the Griffith criterion.
The reader is referred to the original papers for the mathematical
details.

Fig. 1 shows a schematic for the crack propagation behavior. The
following general conclusions can be drawn:
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1. AT, for &, << &y 1s proportional to & °.

2. AT, for %o >> &y is proportional to 13/2.
This conclusion reflects the effect of the
cracks on the compliance of the plate at
the higher values of crack length.

3. For %, << &y and AT 2 AT, crack propagation occurs
in an unstable manner. The length of the crack
which results is inversely proportional to the
crack length prior to propagation. This also im-
plies that the strength retained after crack propa-
gation and arrest is an inverse function of the
original strength.

4. For Lo >> %y crack propagation occurs in a stable
manner. For a given final value of crack length,
ATe for stable crack propagation exceeds AT,
for unstable crack propagation.

5. For %, > &y, AT, is a function of the number of
cracks participating in the fracture process.

6. A material can fail in an unstable or stable mode,
depending on the number of cracks participating in
the fracture process.

7. Materials with high densities of micro-cracks
should exhibit excellent thermal stress resistance.

Fig. 2 compares the anticipated crack propagation and relative
crack propagation and relative strength behavior of a brittle
material as a function of severity of thermal stress as measured by
a temperature difference.

The above analytical results are illustrated by literature
data (4,5,6) and discussed in terms of the criteria for material
selection for thermal environments involving severe thermal stress.
Future work will consist of computer simulation of dynamic crack
propagation in thermal stress fields.
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THERMAL STRESS/SHOCK RESISTANCE OF CERAMICS:
MATERIALS FACTORS

G.C. Walther (IITRI)
S.W. Freiman, P.F. Becher, and R.W. Rice (NRL)

Experimental thermal shock results from water-batch
quenches were compared to calculated thermal stress resistance
parameters for several aluminas, silicon nitrides, and silicon
carbides. The degree of damage was monitored by internal
friction and/or residual strength measurements (both 3 and 4
point flexural). Agreement between experimental and calculated
results for resistance to thermal fracture initiation (R) was
good for thicker samples. For thinner samples (<3mm) higher ATC
values (1120000) were obtained, suggesting that the water quenches
were not as severe as expected. Examination of possible quench
severity factors (8=r h/k) further supported this. Boiling water
films may also have decreased quench severity with increasing

1 and Rll parameters

quench temperature difference. Results of R
for milder quench conditions showed satisfactory qualitative

ranking of the various materials.

Comparison of strength changes with thermal shock damage
resistance parameters also agreed qualitatively when actual
strength loss was used, while results in terms of percentage
strength change were less satisfactory. This implies the nature
and influence of flaw structure on strength before and after
shocking needs further attention.

Although all the properties needed to determine the
appropriate resistance parameters can be determined as a function
of temperature, the choice of which particular values to use is
still not well established. Variability in these measured
properties from sample to sample is fairly small, except for
strength and fracture toughness determinations. These two
properties are weak links in attempts to quantitatively compare
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experimental and calculated results because of this variability.

The influence of sample flaw structure, stress distribution
during testing , and test environment on measurements of strength,
fracture initiation, and crack propagation and arrest should be
more fully studied to provide better materials property information
for thermal stress resistance analysis.

D.P.H. Hasselman, ''Thermal Stress Resistance Parameters For
Brittle Refractory Ceramics: A compendium,' Bull. Amer. Ceram.
Soc., 49 1033-37 (1970)

D.C. Larsen and G.C. Walther, Property Screening and Evaluation

of Ceramic Vane Materials, Contract F 33615-75-C-5196, Report No.
IITRI-D6114-ITR-24 (Interim Technical Report No. 4) Oct., 1977.
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MICROSTRUCTURAL ASPECTS CONTROLLING THE THERMAL STRESS
RESISTANCE OF GRAPHITE

C. R. Kennedy

The thermal stress resistance of graphite can be improved significantly
by structural control during fabrication. The gain is accomplished by the
reduction of the critical defect size, increased resistance to crack prop-
agation, and by the introduction of a fine, homogeneously distributed micro-
porosity within the structure. At the Oak Ridge National Laboratory (ORNL)
we have demonstrated several procedures to accomplish these goals culminating
in the formulation of a new thermal-stress-resistant graphite, GRAPHNOL N3M.

Graphite is a porous material with two distinctive defect distributions
to consider in the continuum mechanical approach to fracture. The first is
the large pore associated with the particle boundaries that form the critical
defect eventually leading to catastrophic failure. The second is the micro-
porosity existing on a very fine scale homogenously distributed within the
particulate and crystallites. The generally accepted model is that the pores
initiate a crack that propagates from pore to pore normal to the stress axis.
This may be along optical domain boundaries or along the boundaries of mis-
aligned particles. Microcracking begins well below the failure stress and
increases in number with increasing applied stress. The magnitude and ease
of microcracking is determined by the microporosity pre-existing within the
crystallites. The ability of graphite to achieve large strains to failure
is limited by the ability of the structure to accommodate homogeneous micro-
cracking without resulting in rapid crack propagation to failure. The micro-
cracking is actually a stress-relief system which distinguishes graphjte from
classically brittle ceramic materials.

Graphites made by conventional methods generally do not have efficient
bindering and the crack path is preferentially along the particle-particle
boundary. An ORNL process, developed initially for neutron irradiation
resistance, utilizes a green filler coke with a plasticized surface to obtain
a very efficient bindering system. The resulting contiguous structure elimi-
nates the boundary as an easy path for crack propagation forcing the crack to
travel more tortuously within the particles. The size of the pore or the
critical defect is minimized by reducing the particle size to the point of
where the fines begin to agglomerate. The pore size is then proportional
to the agglomerate size rather than particle size. In our case, we found
that a mean particle size of 35 wm was a practical lower limit.

One method of regulating the microporosity is through the use of sulfur
to cause an irreversible expansion during the final heat treatment to graphi-
tization, commonly called "puffing". The puffing reaction is a result of a
sudden release of sulfur creating sufficient internal strains to cause a
significant increase in the micropore density. An example of the puffing
reaction is given in Figure 1. This increase in volume due to the micro-
porosity results in lower final bulk densities and alterations in both the
thermal and mechanical properties of graphite. It is primarily through the
regulation of the puffing reaction that the desired structural modifications
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for improved thermal-stress resistance can be made. While the effect of
sulfur puffing is to increase the total porosity, the large pores defining
the critical defect are neither increased in size or number. As expected,
the bulk compressibility is markedly increased by the increased total
porosity (shown in Figure 2) but the strength of the higher sulfur lower
density graphites is slightly reduced. However, the fracture strain will
be increased as seen in Figure 3. Another effect of increased sulfur
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content is to decrease Poisson's Ratio as shown in Figure 4. The implica-
tion is that with higher sulfur content and higher microporosity, a signif-
icant fraction of the straining is a result of void opening or closure.
Thus, the fineness of the microporosity allows for greater fracture strains
and toughness, shown in Figure 5, with a minimal loss in strength.

Figure 4 Figure 5
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The coefficient of thermal ex-
pansion (CTE) of a graphite is almost
entirely a function of the defect
structure normal to the c-axis of the @ 150TRORIC COKES
individual crystallites within the
filler particle. The use of green 0.% N 1 N "
filler cokes precludes the normal
development of structural defects by
calcination heat treatments and alter-
nate procedures had to be developed.
The microporosity generated by the
sulfur puffing reaction, described Figure 6
above, also effectively reduces the SULFUR CONTENT DECREASES THE COEFFICTENT OF TWERAAL EXPANSION 1N
CTE as shown in Figure 6. The volu- e o et
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here to cancel anisotropic differences.
The puffing effect on CTE is amplified
by the use of Furfural alcohol impreg-
nants (Varcum) as shown in Figure 7.
The carbon from the impregnant in the
pores increases in volume during the
puffing reaction intensifying the
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is a further CTE reduction. The
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Figure 7 Figure 8
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veloped to both randomize the structure £ IS, i
as well as introduce the desired defect E
structure. We have found that prolonged - - 1
heat treatments at 500°C are effective in E pEMICmIN
reducing the CTE, as shown in Figure 8, 3 g i 3 .
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while retaining the necessary chemical
reactivity for efficient bindering. Each
recoking step represents an additional

24 hours at 500°C heat treatment for a
mixture of filler coke and pitch. Not only does this process reduce the

CTE but significantly improves the isotropy of the graphites (BAF - 1).

While the mechanism for defect formation and CTE reduction is not completely
clear, it is certainly associated with the condensation and evolution of gases
in the dehydrogenation process. The uncertainty is in whether the internal
strains necessary for the defect formations are generated by the shrinkage of
the lattice by hydrogen evolution or by the pressure generated by entrapped
methane within the lattice. It is likely that both processes are active to
generate the necessary microporosity. One additional note on controlling

the CTE by a fabrication process--reducing the particle size will also re-
duce the defect concentration within the particle and increase the CTE. This
is a result of reducing the particle size by breaking the particle through
existing defects. The increase in CTE is shown in Figure 9.

Figure 9
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In general, it can be concluded that significant improvements in
thermal stress resistance can be achieved by controlling the overall
defect wmorphology. It is clear that the large critical defect must be
reduced in size and neutralized by microporosity. Particle size should
be small, but excessive reduction in size can cause serious degradations
in physical properties. It was shown that the ORNL green coke fabrica-
tion process produces a graphite with a highly contiguous structure.
Integrating the proper raw materials to this process to generate a fine
porosity, evenly distributed, and orientated normal to the c-axis was
found to further improve the fracture toughness and reduce the CTE.

The results of this study have yielded the formulation of the graphite
GRAPHNOL N3M with properties given in Table 1. It is clear from the
table that the major improvement is in the strain to failure in both
the A/G and W/G directions.

Table 1
GRAPHNOL N3M OFFERS A SIGNIFICANT IMPROVEMENT IN THERMAL
STRESS RESISTANCE:

SRADE
AlS-s 994 MM
TERSILE STRENGTH, PSI

WITH GRAIN 5150 5900 6400 .

ACROSS GRAIN 4250 4190 5680
FRACTURE STRAIN, %

WITH GRAIN 0.44 0.55 1.07

ACROSS GRAIN 0.5 0.71  1.04

1000°¢ cTe, %! « 108

WITH GRAIN 3.5 3.4 4.0

ACROSS GRAIN 4.9 4.8 4.9
SORI THERMAL STRESS RESISTANCE, Kw

MITH-WITH GRAIN 18 29 »35

WITH-ACROSS GRAIN 11 21 30
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CYCLIC FLAME TESTING OF STRUCTURAL CERAMICS

George D. Quinn
Army Materials and Mechanics Research Center
Watertown, Massachusetts 02172

A prerequisite to the use of ceramics in structural applications
at high temperature is the determination of thermal fatigue sensitiv-
ity. Whereas tests such as a water quench may simulate unusually severe
<“hermal shock leading to immediate failure, repeated shocking in a less
severe environment may cause iterative damage leading to failure.

In an effort to highlight potential thermal fatigue problems of
ceramics for gas turbines, a thermal fatigue apparatus similar to that
described by Johnson and Hartsock (Ref. 1) was constructed at AMMRC.
(See fig. 1) Ceramic bend bar specimens are heated rapidly to 2500°F
in a flame station and then indexed to a quench station where a compress-
ed air jet cooled them to room temperature. The flame was generated by
a heating torch and was directed at the midspan of the sample creating
a zone of relatively uniform temperature (Fig 2.) The quench jet was
directed at the hottest portion of the sample when the sample arrived in
the quench station. Details of the construction and the operation of
the AMMRC rig can be found in reference 2.

Heatup and cooldown rates were set comparable to small turbine com-
ponents (fig 3.). The bend bar was chosen arbitrarily for its simpli-
city of machining and testing (flexural strength and resonance measure-
ments). Although larger wedge shaped specimens would undoubtedly develop
higher stresses, the difficulty of post exposure analysis made the bend
bars more attractive.

For a variety of the newer structural ceramics, sixteen, twelve and
four bend bars were exposed to 0, 1000, and 10,000 thermal cycles respec-
tively. In addition a group of samples were flame heated only (no quench)
for an exposure equivalent to that which the 1000 shock group experienced.
This group was not cycled, but slowly heated in a flame station to give
a cumulative time-temperature exposure of 1000 times a single cycle. The
intent was to distinguish any possible thermal fatigue damage from flame
exposure effects. Bend bar size was .080 x .125 x 2.'" with machining para-
llel to the long axis and edges chambered.

For most materials specimens survived the test proceedures intact,
out showed marked surface attack. A gradient in damage usually was evi-
dent which corresponded to the temperature gradients which existed during
neating (Fig 2.). This results in gradients in oxidation-flame exposure
and also thermal shock severity. All specimens were tested in flexural
resonance for determination of the elastic modulus and internal friction.
These results showed little variation with test exposure when compared
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with the control group. The resonance techniques measure properties
averaged over the entire specimen volume and the data does not reflect a
change in the specimen bulk.

The flexural strength test on the other hand is surface sensitive.
Nearly all materials exhibited strength degradation after thermal cycling.
Materials tested included: Norton NC-350 reaction sintered silicon nitride,
Norton NC-132 hot pressed silicon nitride, Norton hot pressed silicon
nitride/yttria (formerly known as NC-136), Norton hot pressed silicon carbide
NC-203, Norton NC-435 recrystallized silicon carbide, Coors AD-99 alumina
and a variety of experimental grade materials. The alumina was chosen intent-
ionally for its poor thermal shock resistance, and samples shattered after
only a few cycles. After 1000 shocks a 20% degradation of flexural strength
was experienced by the NC-132 samples, 38% after 10,000 cycles. The flame
exposure samples showed a strength loss nearly identical to the 1000 cycle
group, indicating the damage was probably due to flame exposure or oxidation
rather than due to thermal shocking. For some of the other materials, a
similar comparison suggests the thermal shocks did contribute to degradation.
Further analysis and metallographic inspection are being performed. However,
it seems that the thermal cycling damages protective glass oxidation layers
rather than the matrix itself.

An attempt was made to analyze the thermal stressing that resulted from
the experimental exposures. It was apparent that due to the transient con-
ditions with significant conduction convection and radiation heat transfer
as well as variable material properties a computer-numerical analysis was
necessary. A finite difference heat transfer computer program was developed
and coupled with a plain strain numerical analysis. At present only a two
dimensional analysis has been performed, but the results have been illuminating.
The maximum tensile stress developed on heatup of NC-132 samples is estimated
to be 1000 psi. The maximum stress on cooldown, is 5,400 psi. Different
stresses will develop for the various other materials as a result of their
properties, but it has become evident the stresses are usually quite low
compared to the strength of the materials tested (There are exceptions). It
is not surprising therefore that little thermal fatigue damage has been detected.
I'he same computer technique is now being used to explore alternate specimen
geometries that may develop more meaningful thermal stress.
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Figure 1. Thermal Fatigue Apparatus
A. Heating station. Four samples are on turntable. B. Quench
station, C. Heating Torch, D. Microoptical pyrometer, E. Auto-
matic pyrometer, F. Falme sensor, G. Safety control, H. Speci-
men failure monitor, I. Turntable rotation control, J. Quench
line, K. Flowmeter, L. Exhaust duct for hot gases.

Asbestos Insutation

1 o s MOANOT B O o
YSRGS Black Heat *

J s e ————
1370
Fixture
0.25 c¢m
Flame
Plgure 2. GSteady state temperature distribution on NC-132 bend bar specimen,
Side vlew. Isotherms ar: in degrees centigrade.
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A SUMMARY OF
THE COMPARISON OF CW LASER IRRADIATION
OF CERAMICS WITH QUENCH TESTS
J.J. Mecholsky

Naval Research Laboratory
Washington, D.C. 20375

An analysis of thermal stress theory shows that the approaches
to analyzing continuous wave (cw) laser irradiation and thermal
quench data are basically the same. High intensity (> 1 kw/cmz)

cw laser irradiation involves a large heat transfer coefficient,

cal

h < 10 schC cm2, whereas the water quench test depends on the

exz:} condition of heat transfer and varies from h = 0.1 to 1.0
significant,.

Ranking of materials for resistance to quench (down) thermal
stress fracture is generally made on the basis of the maximum
temperature difference, ATC, that can be tolerated such that the
original room temperature strength, oi, is maintained. An important
consideration to these tests is the residual strength, or’ that is

left after the critical AT is reached. Depending on the particular

application, ATc and/or © -or may be important. Rapid heating

i
(quench up) is analytically similar to a quench down, except that

the location of the maximum stress is on the inside of the sample
instead of the exterior as in the quench down, and the magnitude

of the stress is not as severe for the same AT. Ranking of materials
for resistance to thermal stress failure from laser irradiation

can be made on the basis of time to failure (fracture or burnthrough).

The time to reach .95 of the maximum stress in a thermally quenched




sample is equivalent to the time to fracture under high intensity
irradiation. The difference between the two cases is that the
maximum stress reached in the quench test will not always result
in a degradation of strength, or fracture because the maximum ATc
has not been reached, whereas in the cw laser irradiation case,
for the materials that fracture, we irradiate until the fracture
stress is reached, provided burnthrough does not occur first.

A comparison between ranked resistance to water quench and cw
laser irradiation is given in Table I. The conditions for the
quench (down) and laser irradiation experiments were selected such
that Biot's modulus was approximately equivalent for the two cases,
Notice that the rankings are equivalent if one compares the time to
fracture to the most commonly used criterion, ATc, but are not
necessarily equivalent if ;; is used as the criterion for the
quench, In general, laser irradiation may be used to rank materials,
and these rankings can be compared to other heating environments
provided that the geometry (i.e. primarily thickness), wavelength

(i.e. opaque or transparent) and heating rates are equivalent in

the two cases, e.g. by comparison of Biot's modulus.
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THERMAL SHOCK OF CERAMICS

Laser (Water)Quench

: Induced %(ksi) ATcC
terial s | i
Materta tf(sec) “i\ks i KOC)
*

50BN-50 A1203 20 12/12 1200
70BN-30 A1203 15 6/25 950
SCFS 8 4/8 850
Pvroceram 9€06 3 5/35 600
HP. SiN, 1.5 60/140 600
R.S. Si3N‘1 [ 17/30 350
Alumina 0.3 15/45 2es
McF 0.1 12/26 150

*
Burnthrough time
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Southern Research Institute
H. Stuart Starrett

ABSTRACT

SOUTHERN RESEARCH TEMPERATURE/STRESS TEST

The thermal stress test developed at Southern Research
has been used to rank relative thermostructural performance
of materials under development, to measure strains to failure
in the development of design criteria, and to calibrate and
correlate analytical techniques used to model thermostructural
loadings. Materials which have been evaluated to date in the
test are polygraphites, carbon-carbon composites, graphite-
carbide composites and refractory metals such as tungsten.

The test utilizes a disc-shaped specimen with a central
hole. The specimen is heated on the OD by induction in the
frequency range of 200-300 kHz. Figure 1 is a schematic of the
test set-up. For the materials tested to date, this frequency
range concentrates the induced currents near the OD of the
specimen. The result of this current concentration is that the
specimen is heated in the outer 0.1 in. simulating a surface
heat flux. The typical time of a test is on the order of 2 to
5 seconds; thus, the ID remains relatively cool. Temperature
gradients in the range of 3000°F from OD to ID are common for
polygraphites and carbon-carbon composites. Some ID and OD
temperature time curves for a 1.75 in. OD specimen heated at
several power levels is shown in Figure 2.

Instrumentation for the test includes an optical temperature
measurement on the OD, a temperature measurement using a
thermocouple at the ID, and independent tracking of two axes of
the diameter of the central hole. The schematic in Figure 1
shows the layout of the rapid tracking strain analyzer used to
measure the changes in the internal diameter which occur during
a test. A typical record of diametral change versus time for
a graphite specimen is shown in Figure 3. This record, plus
the record of the temperature measured at the ID permits the
calculation of a strain time plot from which the strain at
failure may be taken. For graphites, this strain has been
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correlated with strains measured in gas-bearing tensile tests,
and predicted in ground tests on full scale hardware. This
has led to confidence in analytical prediction procedures,

and the development of a strain based design criteria.

Notched specimens have also been used in the T/S test.
The data from these tests were compared with the results from
a K-calibration of the notched specimens. Qualitative correlation
between the test results and the analytical prediction gave
agreement within 15-20 percent. Qualitatively, the analytical
procedure predicted ranges of notch sizes for which rapid and
slow crack propagation would occur. The experimental results
verified these predictions within measurement accuracy.

Although most of the work to date has been on electrically
conductive materials, there has been some limited test on non-
conductive materials. For these tests, a graphite susceptor is
heated inductively, and heat is transferred to the specimen by
radiation. Heat flux densities on the order of 0.5-1.0 BTU/sec-in
can be obtained by this method depending on the emissivity of
the specimen material. Figure 4 shows a schematic of this test
set-up.

2
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Figure 1. Schematic of Southern Research Temperature/Stress Test
with Rapid Strain Analyzer /?é
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INITIAL CRACK

FRACTURE

SUBSEQUENT FAILURES
RESULTING FROM
DYNAMIC EFFECTS

LS

DIAMETRAL DEFORMATION IN MILS

o) 1 gallis )
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3

A) UNSLIT DISC TIME IN SECONDS

Figure 3. Diametral Deformation-Time Record for a Graphite
Temperature/Stress Specimen
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Figure 4. Schematic of a Temperature/Stress Setup for
Nonconducting Materials
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AEROTHERMAL TESTING AT THE NWC T-RANGE
HOT GAS FACILITY

C.F. MARKARIAN
NAVAL WEAPONS CENTER

A key step in the development and evaluation of high speed missile
components such as seeker domes is derothermal testing. To obtain mean-
ingful results, such testing must reallstically simulate the total tem-
peratures, heating rates, and aerodynamic pressures occurring in [ Light.
I'he Naval Weapons Center T-Range Air Augmentation Facility is capable of
providing hot gases for free jet or connected pipe testing. Originally
developed for testing of ramjet combustion chambers, T-Range has recently
been used for supersonic free jet testing of missile radomes and IR domes
(References 1 and 2).

Flow parameters that can be controlled are total temperature, total
pressure, flow rate, flow velocity, Mach number, density, and, to some
extent, chemical composition. The latter becomes particularly important
when testing matevials which undergo thermochemical decomposition. These
parameters may be held constant or varied throughout the test to simulate
a particular flight trajectory.

The temperature capability of the facility is provided by a SUdden
Expansion (SUE) burner. This is an axisymmetric, water-cooled, propane-
fueled combustor and mixing chamber. Compressed air from a high pressure
storage system is delivered into the SUE burner. Propane is injected at
the rate required for the desired temperature and oxidized in the air
stream. Make up oxygen is introduced downstream of the burner to replace
that consumed during combuscion. The hot gases are then expanded through
a nozzle to the atmosphere, thus, producing a supersonic free jet in
which the test specimens are immersed.

Test capabilities include temperatures from ambicent to 5000°R and
mass flow rates from 2 lb/sec to 200 1b/sec. Durations range from
several seconds at high flow rates to approximately two hours at the
lower flow rates. The exit Mach number of the free jet is determined
by the nozzle design.

Specific components which have been tested at T-Range include
quartz/polyimide ogive radomes and magnesium fluoride hemispherical
IR domes. Prior to testing of the actual seeker domes pressure and tem-
perature rakes are used to map the flow and instrumented steel calori-
meter domes are tested to determine surface heating conditions.

The purposes of the quartz/polyimide radome tests have been to
evaluate the performance of the design under severe acroheating condi-
tions and to determine thermostructural limits. Test conditions are
selected to simulate aerodynamic heating at speeds from Mach 2.5 to over
Mach 4. Gas total temperatures have typically ranged from 800°F to over
1500°F.
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Several magnesium ! luoride IR domes have been tested to destruction
In T-Range in order to provide data for evaluation of statistical failure
theories. Temperatures measurcd on the inner wall of the domes have agreed
well with those predicted for the tlight trajectory being simulated.
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NASA BURNER RIG TESTS
J. R. Johnston

ABSTRACT

High velocity burner facilities have been used extensively over the
past twelve years at the Lewis Research Center. The majority of tests
have involved the oxidation and salt corrosion of superalloys and coat-
ings. Other more specific applications have been as follows:

a. evaluation of thermal-barrier coatings for cooled blades (ref. 1).

b. thermal fatigue of simulated airfoils for 1ife prediction

studies (ref. 2).

c. effect of fuel/air ratio on salt corrosion.

d. correlation with furnace oxidation tests of superalloys (ref. 3).

e. effect of alternate fuels such as shale-oil on corrosion,

f. evaluation of ceramic materials for oxidation and thermal fatigue

resistance (refs. 4, 5, 6).

Two basic types of burners are used at LeRC: three large Mach 1
burners designed at Lewis Research Center and ten smaller Mach 0.3
burners from a modified P&W design. The Mach 1 burners have usually
been used for oxidation and thermal fatigue tests while the Mach 0.3
units typically have been used for hot-salt corrosion studies. Both
burners can heat rotating groups of specimens to 2200°F and stationary
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specimens to 2500°F without extensive heat shields or special baffles.

Several programs have been conducted to evaluate the oxidation and !
thermal fatigue resistance of ceramic materials using the Mach 1 burner.
The most recent investigation is a cooperative program between AFML,
IITRI, and NASA. In this program, specimens fabricated from NC132 (HPSi3N4),
NC435 (siliconized S1C), NC350 (RSSN), and KBI RSSN were exposed to the
burner exhaust at temperatures from 2200° to 2500°F and cooled in still
air. The specimens were cycled 4 times per hour between the test temper-
ature and room temperature until failure occurred or a total of 250
cycles was reached. In resistance to thermal fatigue, the materials were
ranked roughly in order of strength. The strongest material (NC132) had
no failures while for the weakest material (KBI RSSN) only one out of
nine specimens survived the 250 cycle test.

The ability of the burner tests to separate materials as noted indicates
that the burner subjects the specimens to reasonable stress levels although
use of forced air cooling may change this conclusion. In future tests it
is planned to measure transient temperaturé. compute thermal stress in the %
test specimen, and correlate failures with computed stress levels for

various temperatures and cycles. These tests should permit optimization

of the specimen shape and assure more meaningful comparison of rig test

results with actual use conditions.
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Correlation - Prediction

D. P. H. Hasselman
Department of Materials Engineering
Virginia Polytechnic Institute
Blacksburg, Virginia 24061

This presentation will address itself to the selection rules for
the optimum ceramic material to be subjected to thermal stress in a
given thermal environment, performance criterion and failure condi-
tion. Subsequently, the results of comparisons between calculated
and observed thermal stress behavior are discussed in detail.

Brittle ceramics may be expected to withstand severe thermal
stress under a wide variety of thermal environments such as steady-
state or transient heat transfer, convection or radiation or other
conditions. Thermal stress resistance may be measured in terms of
temperature differences, heat fluxes, heating rates, time-to failure,
thermo-elastic stability and strength loss due to crack propagation.
All these conditions and criteria are governed by a large number of
individual material properties. The relative role of each property
depends on the specific thermal environment, performance and failure
criteria.

In order to establish the proper selection rules, it has been the
practice in ceramic technology to derive simple analytical expressions
for the conditions of the thermal stress resistance of a ceramic in
terms of the particular heat transfer condition, and pertinent physical
properties as decided by the performance criterion and failure condi-
tion (1-7). From the expressions obtained, so-called thermal stress
resistance parameters can be derived, on the basis of which the most
promising material can be selected for the environment, etc., to which
the material is to be subjected. To this time some nearly thirty (30)
such non-redundant expressions have been derived which lead to some
twenty (20) different thermal stress resistance parameters.

As an example for the above approach, the expression for the
maximum temperature difference ATpgx, which can be tolerated across
the wall thickness of a hollow tube subjected to radially inward or
outward heat flow is:

ATmax = cf(l - v)C/aE (1)

where of is the tensile fracture stress
v is Poisson's ratio
a is the coefficient of the exp.
E is Young's modulus
and C is a geometric factor.
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Eq. 1 can be rewritten in terms of the maximum heat flow per
unit length given by:

Qmax = of(l - v)KC]/«E (2)

where C1 is another geometric constant and K is the thermal conductivity.

Eqs. 1 and 2 lead to the thermal stress resistance parameters:
R = cf(l - v)/aE and Rl =be(l - v)/oE

Similar expressions presented or to be presented in the literature
for other heat transfer conditions, etc., are reviewed briefly. The
appropriate thermal stress resistance parameters are presented collective-
ly in Table I.

Comparisons of the predicted and experimental thermal stress re-
sistance, carried out by the present writer and co-workers are dis-
cussed in detail (8-10). These studies include single-cycle and multi-
cycle thermal shock with or without the presence of slow crack growth.
For fatigue crack growth a numerical program was developed for the
computer simulation of thermal fatigue. The results of these studies
indicate that in general the thermal stress resistance of brittle
ceramics can be carried out successfully. This, however, requires a
detailed knowledge of the heat transfer conditions, extensive evalua-
tion of physical property data, as well as extensive analytical or
numerical analysis.

References

1. W. D. Kingery, J. Am. Ceram. Soc., 38, 3 (1955).

2. W. R. Bussuem, Sprechsaal, 93, 137 (1960).

3. D. P. H. Hasselman, J. Am. Ceram. Soc., 46, 229 (1963).
4. D. P. H. Hasselman, J. Am. Ceram. Soc., 50, 454 (1967).
5. D. P. H. Hasselman, J. Am. Ceram. Soc., 52, 600 (1969).
6. D. P. H. Hasselman, Ceramic Bull. 49, 1033 (1970).

7. D. P. H. Hasselman, J. Am. Ceram. Soc., (in press).

8. R. Badaliance et al., J. Am. Ceram. Soc., 57, 432 (1974).
9. D. P. H. Hasselman, J. Am. Ceram. Soc., 58, 513 (1975).
0. D. P. H. Hasselman et al, J. Mat. Sc., 11, 458 (1976).

56




3 3
¢ < 0 s o)
S/49 2 S/d9 N\.Amm \Nxov w.ﬁ« /9)

57

:uotrjyededoaqg yoeiy °q

& ‘go/e(a-T) s m%mioﬁ-c\i?cu& ffae/me-0s) fae-n s fane-n)’s

T

:193jsuel] 3oy JUIFSUBAL °)

L@27) t@EE'S) tagrs’s) 4 @prts) f e

% -

:3uryong Tewaayy °g

un/u(a-1)?s  fun/(a-1)?s  tao/u(a-1)s  fao/(a-1)%s

:MOTJ 3eay a3el§-£Apea3ls vy

SYALAWVIVd dONVISISHY SSTULS TVWIIHL J0 AUVIWAS




