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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

S experts in the area were ir:vited to participate in a discussion on the
therma l 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 assiscance with this meeting.

Technical areas discussed at the meeting included : (1) theory and
analysis (heat transfer, finite element methods , aerotherma l analysis , therma l
stress analysis , statistica l approaches , fracture mechanics concepts , thermal-
mechanica l coupled failure , materials factors and microstructura l 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 summi ng-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 wi th 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 wi th 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 understandin g 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 simpli fications
ha ve helped understand materials behavior somewhat. But real control of the
difficulties encountered in serv i ce involves detailed consideration of a large
number of conditions involved in each specific case. Such systematic studies
cannot but help to define the limi tations (and capabilities) of ceramics and
related materials when thermally stressed.

I

—i

~

-

~ 

~- .—.-. ~~~-.-- ~~~~~- .-~~~~~~~~~~~



.~~ .
. —~~~~~~~~~~~~~~~~~~ .-.- -— .—-,--- -~~~~~ -— .. - . -  — —

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 followi ng 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 , i s for a much more extens ive 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 elas ti c modulus as a function of
temperature. If possible , strength data should be obtained from specimens
removed from components of a particular mater ial , in order to be representa-
tive of actual flaw distri butions 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 determi ne 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 materia ls 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 tes ts , 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 shoc k res i stance 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 Dy an actual part . It would also be usefu l if the residual strength of
th~~;dterial 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 Si~N4 can be compared , because of their
very different respc nses 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
therma l flux through control of the beam conditions. Otherwise, spurious
results can be obtai ned 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 distri butions (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 appea rs to be the best one available at least as a first screening test
for new materials being considered for therma l stress resistance.

It appears that more work is necessary on many of these tests in order to
accurately determi ne 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 therma l 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 particu lar thermal stress
environment , so that ranking of materials according to R factors can be quite
dangerous. For example, at high fluxes , R = o (l-vj , while at lower fluxes

c c E
R = j (l-)~ , where a is the fracture strength , v is Poisson ’s ratio , o is

t E
the therma l expansion coefficient, E is Young ’s modulus and K is therma l
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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 therma l stress resistance.
The question becomes one of whether or not a material that has a lower
critical ~T but loses a smaller percentage of its strength during the quenchmay, 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 determi ne 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 distri bution 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 differen t 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 wi th predictions from the various types of thermal stress
codes which are available. Some correlations between predictions and tests have
been established for graphite but littl e 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 feel i ng 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 appl i cations 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
wi th lower elastic moduli , the discovery and development of materials having
l ower thermal expansion coefficients , and the tailoring of the thermal diffu-
sivi ty of a material to meet the particular application ; that is , there are
situations where one prefers higher thermal diffusivity and those in which a low

-
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thermal diffusivity is preferred. Also , the point was raised that the use
•f compressive l ayers on the surface of components appears to enhance their
therma l shock resistance. The use of fiber composites might possibly also
lead to greater therma l shock resistant materials. As demonstrated by the work
on graphite , the microstru cture of a material can also be quite important to
its thermal shock resistance.

4
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WORKSHOP ON

THERXAL STRESS AND SHOCK RESISTANCE

OF CERM4ICS AND GRAPHITE

MATERIALS AND STRUCTURES TECHNOLOGY

FOR REENTRY VEHICLE APPLICATIONS

ROBERT J. EDWARDS

NAVAL SURFACE WEAPONS CENTER

REENTRY SYSTEMS BRANCH

The significan tly 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
liscussed In three general areas: material characterization , material
modeling and computer code development. The significant advances that
iave occurred in the past five years in thermostructural and materials
technology will be indicated . This discussion will be directed toward

~he 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

~ccurate 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

5



~~~i t t e r , m a t e r i a l  an i so t ropy , d i f f e r e n t  mod u l i  in t e n s i o n  and compression
tnd non—linear behavior serves to t urther increase the data required
t. d ie sults In a large test matrix. The physical property tests (also
i t  t e m p e r a t u r e )  and the  a b l a t i o n  t e s t s  provide a basis for  the  therma l

~iode1 . Fai lure  c r i t e r i a  are e s t a bl i s h e d  t h r o u g h  s t , i t i s t i ’ a l ly  s i g n i f i c a n t

~I :II~~er s t in l i x  l i i  m d  nit It ~n x f a l  t e s t s .  Therma l St r & s s  t e s t i n g
serves as a screening tool in making comparative evaluations between
candidate materials and is an aid in establishing failure criteria .

The thermal  s t ress  disc te s t  developed at Southern  Research I n s t i t u t e
(SoRT) (Ref 1) has proven to be a valuable screening tool in the develop—
nent of advanced graphites . New graphi tes such as Un ion Carbide’s
proprietary grad.~s 994 (Ref 2) and CMT (Ref 3) and the non—proprietary
CRAPHNOL N3M (Ref 4) have been developed within the past five years.
The N3M graphite was developed at Oak Ridge National Laboratory under
Naval Sii rfae ’ Weapons Center sponsorshin (Ref 5). Figure 1 shows the
improvement  in the across—grain  s t r a in  to f a i l u r e  at 20000F tha t  has been
achieved over ATJ — S graph i te  which prev ious ly  represented the
state—of—the—art.

The deve lopment  of constitutive equations for advanced graphites
is an are m tha t has received a lot  of attention in recent years. Non— l inear
theories have been developed which address transverse isotropy , d ifferen t
s t r e s s — s t r a i n  behavior  in tension and compression, temperature—dependent
proper ties and biaxial softening (larger strains for biaxial stress
states than for urmiaxial 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 sign i ficant progress
has been made Is that of failure criteria development. The PFAIL
model (Ref 9) and the STARVE model  (Ref 3) have both  been successfu l ly
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 Weibu l l  type t heo r i e s  fo r
d e f i n i n g  the  d i s t r i b u t i o n  of t en s i l e  failure strains or stresses. Such
actors as material armistropy, statistical variability, volume effect s,

bLix ial 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
incorpora ted  in these codes and they model the geometric aspects of the
p roblem extremely well wi thin their range of applicability (e.g. 2D axi—
symmet r i c  or plane s t r a in/ s t r e s s  sol ids) .  A conservative predict ion of
the rmal s t r a i n  r e su l t s  if a linear analysis is conducted with different

• c I , i s t i c  m odu l i  in tension and compression (which is accounted for
by iteration of the elastic solution) and also accounting for temperature
dependent , transversely isotrop ic material response. If the PFAIL or
STARVE failure criterion is entered with the strain state predicted by
a line ar , multi—modulus analysis the resulting forecase of probabil ity
af surviva l is also conservative (Refs 3 and 9). The most accurate
a n a l y s i s  t hat  can c u r r e n t l y be per formed is to use one of the newly
developed nonlinear models in conjunction with the PFAI L o: STARV E f a i l u r e

6



criterion . (Refs 3 and 9 ) .  The m a t e r ia l  m o d e l / f a i l u r e  c r i t e r i o n
c ombinations that have correlated best with ground tests are Jones—Nelson!
PFAIL and CYR—CHINN or BATDORF / STARVE. C lass ica l  p l a s t i c i t y  theories  such

~.s are app lied to metals do not predict the biaxial softening phenomenon
observed in g raph i te  and therefore are not as sa t i s fac tory.

In suTmnary, during the last five years the state—of—the—art
has been greatly advanced in graphite materials technology , in materials

~creening and characterization , in non—linear constitutive modeling , in
cevelopment of failure criteria and in thermostructural computer code
c.eve lopment .

7
- ‘  •*_ - .  - - - 

——-- —. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~—~~~~~~~~~~~~~~~ • - .—- - ----~~- -•, .
~~~ -- ..-~~ • - -~~~



- V  - ~~~~~~~~~~~~~~~~~~~ 
V 

- - -

a)

0

0
0 

43

Z 8 •~~~ .~

! 

_
_

_
_ _  

_

_

_

_

-

~~~~U.. ~~~ 

,
~o . -

~. ‘ .~~~~~~~A
II ~ -~~~~~~~

=
% l p  o 43 -

‘ N —

:~~~ 
C f  __ 

_ _

(
~NI/ NI ~-OL) NIVIJJ.S

8



-

~~~~~

REFERENCES

1. Pears, C. D. and H. S. Starrett , “Polygraphites Subjected to Tempera-
ture Stress Loadings,” Air Force Materials Laboratory , Technical
Report AFML—TR—73—59, March 1973.

2. Starrett , H. S., “Probable Values for the Mechanical and Thermal
Properties of 994—2 Graphite,” Air Force Materials Laooratory ,
Technical Report AFML—TR—76—l17, February 1977.

3. Rebho]z, M. J. and Teter, R. D., “Thermal Structural Reliability
Analysis of Reentry Vehicle Nosetips,” Lockheed Missiles and Space
Company Report , LMSC—D436937, June 1976.

4. Fornaro, G. F. and Starrett , H. S., “Thermal and Mechanical Evaluation of GRAPHNOL
N3M , ’~ Southern Research llns t i tu td  Report , SoR T— F .AS—77—737.

5. Kennedy, C. R., “Microstructural Aspects of Controlling the Thermal
Stress Resistance of Graphite,” ONR Workshop on Thermal Stress
and Shock Resistance of Ceramics and Graphi te, Dec . 1977.

6. Jones, Robert M. and Dudley A. R. Nelson, Jr. “A New Material Model
for the Nonlinear Biaxial Behavior of ATJ—S Graphite ,” J. Composite
Materials , Vol. 9, January 1975.

7.  Batdorf , S. B . ,  “A Pol yaxial St ress—Stra in  Law for ATJS Graphite ,”
Journal of the American Ceramic Society , Vol. 59, 1976, pp. 308—312.

8. Stetson , J. R. et. al., “Material Requirements Definition (MRD )
Program , Vol. 1: Advanced Graphite Nosetip Requirements and Rayon
Staple Heatshield Performance,” Air Force Space and Missile Systems
Organization Repor t , SAMSO TR— 77— l49 , August 1977.

9. Buch , J. D. Crose , J. C’.. and Robinson , E. Y . ,  “Fai lure Criteria in
Graphite Program ,” Air Froce Materials Lab Report , AFML—TR—77—l6,
March 1977

10. Crose, J. G. And R. N. Jones, “SAAS III 2inite Element Stress
Analysis of Axisymmetric and Plane Solids with Differential Ortho—
tropic , Temperature—Dependent Material Properties in Tension and
Compression,” TR—0059 (S68l6—53)—l , The Aerospace Corporation,
San Bernardino , CA , June 1971

Weiler , F., “DOASIS, A computer Program for the Deformation Plastic ,
Orthotropic , Axisymmetric (and Plane) Solution of Inelastic Solids;
Vol. I , II , and III ,” AFML—TR—75 -37 , September 1975.

9
— .~~• - # V , ~~~

- - ~~~~~ 
•
~~~~~~~

•~ •



_ _ _ _  _  V

H! I I II V j V  

~~ ~l I ~~ I ii. 1)1

I,... i~ 
III  / ,‘

U. i t  I ofl —

~‘ti ~~~j 1 , - ;,., k l I c l , , : , s i t -  III l i i i  t g r . i t  ‘ m m  . t t  l i e  in I ,sl I t i I r ~ i _ i i ~.’
is ~, t I  I is a w I t m ~It .w t o i  tit ~~~~ . Aerud v mI.mi ;T i~ - j i l l  l i t ,  ~~~~~~~ f -

~~
V
~~

e l  ,.[ ~lOrl..’ p t -m i .lI ’lil.lil, ( . iiI T i i  I ! t ’ t~~~ oi l  I I i i  t~ i i t  ~~ (~~iIi . .1 - t  I t  —•

t i m r a l  . t i  l u r e  n . m v  h~ ~ t I l e l . m L t - i I n ot , t h e r m i I I ~~ i t  ion r r c m v  tm r i d ,
opt  i . m I or t~lt ’,.t i’OTIi .i gllt t i .  t i ma -o r i m s hin it  the V , . , ki’r. A . with . i i i
syst c :n s , pc.rfor:~ m nre r ( l u i r e n h t i m r T .. r . -  i m m c r ’ - t - i T , ,~~. ~‘li . - ;i I t s  w i l l
l~~u ;ictit d JI 4 1 t i L t - c  .imid g r t , m t  i-  spi -ds.  Pr o p ,  I , ; ~ r V T - i t t i l T ;  w i l l  I .  ‘re
( n i t e4t ’ t  ic , i m p _ i r t  l u g  .i g r o u t e r  I e l .  I i m p u l s e  I 0 t h e  m i r s  I h- . I i i  r m ’ a r — ’ - c
s~~~,. a  ri , ,ins ifli -rea l .meu’odvn . ’ m  me eat i n g .  C u r r e n t  : i u a l v t  l i i  I rn t i m , t m 1 ~~
- u t  t ou gh t beot— ,-t ha I Iv  adeqmu.m 1 ’ ’ a i • l i m i t  ed hv I n.iui. ’q u.-i clv d m a  ra t e r —
T. .ed ;mtt ’r I l i S .  !ln T-i~ n i t  y r  j a  I t h.i vj n r  t l . I i~ j t I i t  les u! i u T ; I  be ( ‘ e m :  , i ~~ . i

it ~~~, i r e  t o  d e s i g n  w i t h  cen t  i l ~- n.-

I n  ei ’l ice p t • t i m e  t. ~IL r l T I . L  1 ~i r um, um ~ I :in.i I v ; .e ; ;  a mml i ss ii e dome i
i t  e s im p l e .  t n t  t ’ a 11  I~.~l i t  t r i  u - t o r y  has b een  : ; t ~ I t ’t’ tr ’ d .a sequen t i i i

s t r  ,~~ i t  i t i m I vr~~ s i r e  p~- r t o r n t ’d

I )  i b m  i i ,  er 1 :e t i i - - I 1, w t i t -  I d  ( i iv i or I P and b ou n d ar y  I av r )

ii) ~- t..I r a t  t- r I .~~t ’ l i e  d i e  he~~ t I f lg t r iv  I t . ’ imm ~ ut ( h e a t  t m a i r o t . -r
t~~~ t I I C I i t  .11 1 r f l o u t  I t i t i  i im d I’e• t ~~~~~~~~ V l ernlleratur e ) l i L t  t ed

1 ‘t~’ i- I  ~

1 I ) u :  t i t  d ‘ . L I t  t I m o o  I e m i t  i n d t -p  I Ii t i -n h le t .. t im rt’ d I st r 11)11 t I en

i v)  I . Iu ig I t I , V i - t e d  t ’ r r ~ t - r u t u l r t ~ I I  I s t i l t e d  t i me , t hu-
l i t  1~ fl it St I I U ? !  r i spe r i r i .  V

v) m ; .pi v u l ’ p l i  p r i a ’ . - i j l u r e  i n t e n t t o  —. t r u m ’ t t t r ; i I r e S l i o l l s t

ot  i t  n r a  I h i d  i i  l i t r e  , m ~ i, I v o c  . a r ~ re lie i t t - il i i  ‘t o r  o t

I ~m e t  t ’t I a t  e m  1

I i  1~t ’ a e r , m h  , c u t n r t  n t  m r u , u l v t  i t  t e c h n i q u e . t - ; - 1 ’ l o ~ t d  hit I i m i t t d  t o
ax j - , mur, t r I c  g t t ’ t r t - ~ i— v and l~ ..-, .  l u g ;  .iri gle t ’t  a t  t l i i  15  j ns i i m i -d e he
~~~~~~ ~ t.i t - — , l t i l .~~~.ll t . e i I T l u j u t  Ire used i. I ’r ’ - d i e t  the 1 low ij i ~1cl ,
:.~ .~~~ ~~ m v  iroiumt -r mt , t i ud  i U(leIt LlI t mper.i turt’ t i m  - t  r i h u t  I tm n r . (eed • m g r & . e ’—

T • ~ i~~ l e t  we~’n p r d  I t t t  o mu d  s - u  ~u i r t ’ d  t em p e r a t u r e s  1 1 0  t een Ob t a  i n - d  .
t : - ~~ . ~~t I t O h  • 1 m r - - m i  I T i  i t t  ( 1  i~~’ !1 t  methods l i t  used t i pred jet ot rue—
t i m u  i i  i ,  ;t ni . t~~~ i r u i  l i v  ot  .mt  I ‘-it he I f a i  l i tre l iner ~~~~~ Ii ap p i  ~~t I i  ti)
r. -~I i r t . . 1  V _ I r i s ;  .1 i,~ t rj iui i t  I t ’ O  1 . ’ Ic term int - Iireli.i hi I i t  i t - s  s u r v i v al .

liii t i n t  UI1.i t t I v , I h~ i t - r i m  m i- i ’ e r i a l s  ii ;, ! I .IV & - mu ’ t  been wel I
a t t i  . ‘ t ’ .i . > k- - -~ i t  ~~i’ j 0 T  t ie~ m u v i- been nmt - , u : m m r e u l  u s i n g  u n i t e r Is

i i ,  l I l T  t O ’ r i - j im i it i t  iv. ~I I i i ’ s — I  tih r h - i t t . !  ‘ 1 0 1 5-  malt-I — i i i .  I n s t i l —
I I~~ i , T u t  t . -;l d~~ia i x  i s t  t o  v t - i  i t  v • i m i v  f aj  h u e  t h t o ’ r v .
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liii  I ~ g r - m p h i t  os , beca use 01 I ic u r r e l , I t  l v t  iv low t e L , good (-r osittum
re -s i s t a r i ~- c - . and st u ’ i - i ug t lm :lt ~ l e - e u t e d  t m I)e ra t l i I, , ; . arc u;5 -d as nu zsle-
t t a r e ’ , i t  : r . m t c r i a l s  i n  mail’,- t a c t  i t u  m i s  ; j )  r o ck e t  ; ) r i ) p u i l o i t ) l u  sy s tem s .
Heat  t u ’ u n s f e r  and c on s e q t m c -n t l y  t i : - mc-  ban i sin s f ,  m i t e r  :u l  r em ’ iva I a re
in gc-’iit -r al , mos t scv er t -  t i t  t h e  F1i .T.T I t  t h r o a t - . Su r f . u e  r e c e s s io n  ( 1 - r u t s  j o ; i )
at  t I m e  t h r o a t  dccrc -as- -s t h e -  ~~X i t  vt- b i tv  of the I i r O ; o I  hunt gases is!
t Ii t ~ spei - i f  ic i m p o u l s ~- . R u l k  gr . i p h i i t e - ; , for many i l i s si u n i - .,  can  p r o v i d e
a d e qu u t  c er o s ion  r e -s i s i_ a n c e ;  tbi~ )r ol)  em then beu ’uimi-s t ’ m u e  of d e s i g n  ing
I he n o z z l e  e-omp on.~nt  s t o  LI Vt ’  I t I  a hermes t rue I u rn  I f i t  I I  ure

0eV era I di f f ei ~eii t t a c t  i en I no .~z l~ -s are shown in 1-’ 1 gures I , .h , ~mn d
I . i 0t ~ A l VRJ n o z z l e  ( F i g u r e  1)  i t  f u l l y  s t m l i i n e r g t - e i  w i  l i i  I h i c - g r i m p h i l  t i
inst - rI  heated on a 1 I but  u’Ii - s j i l t -  - I t i t e r  or t ens i i  c st m e s s e s caused a
m i  lure and nec -s r I t i l e d  c-h a n g i n g  I i  b et t e r  g ra d e  of ~‘r.-up Imi t e- . The
S1~B ~ r a I ) } u t t L ’ t h r o a t  p i t t -c (Figure- 2 ’) : 1-cause of tn  in - ib i l i t y  to cont  rol
t i me  bon d gap  bet we -n t ~~ ou t s  ide  I i  ami - t e r  and I lie  phon e  i i’ suppor t
. ‘_ u u su-J a c e mp r V t_ s o  i on  a i i lir e ’ on or ie ~ f i r i n g  and .m t e n s i l e  m l  l u r e  on -‘

-- t c o i t d . Subsequent  ri -ut-s i gu i i  1 os’ed b e t ter  e u i f l t  r o l  I~ t i m e  bond—gap .in i
ima s bet -u sui- t’ e s s l u  I I v  t t -~~ t cd

‘l i t ’ o r i g i n a l \~~ i i  t n, t r  h’s I ’ i g u i e  3) N -r ~ I e I T T l t ( I  a . t i -l I l i I t  e l~ i n  t h e
tar Iv d ,vt , h t ’p m e n t  p u l se .  H owev er . w h e n  .1 t i lt . !  I I:: p&m I se  01 ( l i t ’  m o t o r

r e -a m -t ed twe-nu t v— l v i  - pc r c t \ i . t i e ’ th re e -  C— t) i  grai’ihm i t t  r i ng s  f i  i i  i d .
SuIu s~-qti nt dc-vei i ’pi ; ;t ’n t  , f i r s t  r t ’p I ace d the C—HO w i t  Ii , \ l I  — 5 ;  I i i i t I  I y l i i i -
b rie - I ll r oLu t ~ tee t O  mud t w o  of  t I i - ’ phenol  ii- t h i r i ’ ; u  I s u p por t s  w er e  rep ine - cd

w i  t I m  s i n g l e  p iei i et .-\‘I I — S .  i t o  tu fixes w ere -  O u i t & e 5 s t I l  I . l)e ’ t u j  led h u t  r —
nra I m a d  t - t  r im e  t u rn ]  in n  I ~‘ ses we ’re - - pe r f o r m e d  t i n  m i l l  1 liree nt ’zz  1e- ~~.

In t oni  ep t , t tue  t l i e  i- ma 1 St ru t  t u ra  1 a n u  I y se -Tm of a F ’ t ’ ke I: no r  I c  is
qu i  t~’ m m p i ~‘; a s equ ent  i i i  ser lt ’T i  of ana l yses ~urc p e r f or m e d

i) character i -i.e t h e  f l o w  fie ld ( m i  se hi and b o u n d a ry  I aver)

Ii) cliii r a e !  en i Tt -  t i m e  f t  i T  I e heat i ng cmvi ronnre-n t ( he’ .u t t. ra n m-u f~- r
~~t i t  f t  I ~

- i e u m  t d is tr lb l i t  j o )  and r~ c- ,iv (-ry enupe r u  Litre’) based
upon I low I it-id

i i i )  p r e ’d i t t  s u m r f u e - e re- t ess ( i n  and t r a n - - u i -  l i t  i r m _ , i e p t  Ii e m n m p e - t - a t  u i i - t-
d i s t r l i t  ion

iv) i i s i  r i g  pred feted t t T - ; t u - r _ i  - n r c -s ,i t - I  I - e t c  (I t i m e - , - i l e n—
ba t - - dome s st r u c  t u r d  I r e- ip onse

‘;) l p L - L v  ap~’r ( i p r i . t t e  i j I u i r e  i r i t e , r j , i  I i  s t  ru t - t u u r . u I  i - qo nse-



- - -

,~~~~i ;,j I s  I a u  ,utid i i i :. t un i , i l v s i - s  t i e  ri - I t  t i t e d t~~~i i t  lie- n s H e - c l o d  I Ones
I n t e n t - s t .  Ilet , , ’~’ . r , t i e - r i -  a rc ’ ~- , i : i v  ; e ’u i r c ’ c -s 01 l I f l t , , I  t , u  i n t v  i n  t h i -

u- - i . Lii ~t , tr t - ,- i n t u i t  , - t t - s u l I ~ a r t -  ( u s e - t i  q i m i l  j I l t I V u ’i~~ utt i

j i l t e l L i t  h’ ius m - , i t i i i u  1 - l u  pt r e u — n t  a t  t ’ t r l r u t L  r e ’ u I  t ’ ,s:i ’ i - l i - u t
s - I t  t i l l  w, - n m t v c r  I i  C, ’ ; l . I i t t iS- t l  i ’ l l  l t ’n t  . l i t — U - p t  t , u u i I , _ r

_
V i t u I r I .  !il ~ i

ii , e t l , ’n. ; - i i e - m I so l i i i. t u b - n i t  oil h’i ‘ -~ i I a t  - - t i t - i t ; ; , ’  - i - l i t  - in I - r I i :  lot  I i i i !  e I
o I I - - t l u - ‘ • -m - . t c r11.1 1 I - - m ; . ;  -C r  - t i i  r - - ‘ - ‘ t i -  - - cit - u l i t ’  I C S n ; u u - , t  - nrc-U , t l u  e i

d_ i  t - ~~~ ~ ii ’ i t  ni u — l i  Si - I 0 td I it )  t I t ) ’  tin 1” l I t ’ m u l ti I I f l t i l .  ‘ h- ,

CO I I e 5’i.: I t  -
. i: ‘cue  I t  s ~u ge neral 1 v SIIp~ ‘r t 1-d by p hil- ni t ) I it :

. . u t  c-r U iS . ‘ l e t ) ,  I h -s  dt ’ • i t n p o o t ’ i i i  Par a t  i - I  e v , i t t ’ d  tt-ntiperatures;

I ic i r it; e L l a : !  i - al prop ’ r t j , s  a r c  .*  t w it - I  ion o I t c i : l j i t r a t  li re ’ mu d  l i t - a  I l t g

: - ~ I e .  ~‘cn a i- u r .it t ’ pr~- - l i - I  ( Of l  .11 - ic t” e-ltdV (cur c i t  t k u t ::t mat or i i  I s  us
re ’ c ~uirt -J in t ’ rd~-r t o  i:ss l~ - l  t l m ~- To u l  iio j - t provided t o  t I m e ’  ~, r a p l i i t e - . I h i s
i~~~~~~

i i t  I I t -,- Joe~s n o t  cx 1st

I n  l I t ,  e nui .It i— ct ,:; ii .iIc -ut s a . 1n is , e’Ven i t  L i m e -  s :ippi i I m ; u t c r i~u l s
cc im u i . t  ‘i U t  c u u a t o _’ l y  m ode-  I t ’d , bout i  i j ’ ~ b e t wee n i - t ’m l u , l t u i ’ f l t  ~- i r e ’  U ( f t  j t t i i

I c ’  h O  ~i t o  C l o s e ’ t o  1e ’ r an~- t- ~~. SI-ia I I ch . u n g e d  i n  bond I t . I p ;  signi t ( c u l t  l v
I . .& i ) .~o - t  T e S S  I Cvi ! it . .\ I - u  I lii- a sh es  m -y es u se - cl in I Ii t , t  gaps i v e l i t  un 1 l v

di- i t : -u ~’ e t ’ , u t l p p i u r t  i n u i ~ It s-  gi iHii t r i m  i-o mpre-sn i t - n i  h i t  h u t  t e l l s  i o n  or
~lu~-ar — n o n — i l t t t - L l  i o ~~ t u t  i iu - t i l u l o -nn c~ i t li s I  i t l in g .

i t ’ .:st ‘ ‘  i t  v ‘I I ‘i i  I k 1’r .  u p ) i t  i - - U t  1 1 , 1 1  We -  I I t h u  r i , - t - r I ‘c-il . Iii I
. 1 1  i u m u , - 1 . , - c t e ’d s S t ’ i l  e u u t  m~ -al i i -  - - t l u l t  mt ’ e- h u . i i m i c ,  I I’ °P- - r t  i i ’t,  ~t I t ’

r c u 1 i i  r’ -1 ‘ u t s i - e u m  r i o t - ;  I c - ; , u 1 ’ t - n i t _ l i re - md ~OOO~ F of a t r  I l l - -v r s e - l v  i s o t r o p ic
matc- r i _ u i c.- i I i  d i l l  i ’ i t -nt I itHlav j , - I  ii ( o t i s  ion  and c omp r to s ioii . R u il ~
g r u ~n u t e S  . i I ~~•i c x d i b i t  la r g i -  v u r i t L o I s 1 ) 1  p rope-rt i c - s  w i U u m n i  a b i i  l u - I
tu i d  I r cu : : ;  h i )  I t  t o  I ’ l l  l i t .  I t  sO. ulci lie a l s i ’  1 1 1 t h 1  i o nit ’ ’I t h a t  t h e  h i g h

r - i t  c u r e  c - . ‘nipr t~~-s  i ‘ i c ’  ‘i - i i .  Iv I or s In I tb l v  Ui i n —  I I l ien r ; no xi  I i ’  g r aph  i t  e
r~~aI - i t  T i g il t -:: pc - r . l t i t n t - . u m d  t i  c’’npr t’ ssiotm is  t I l e - mos t si g iuhi l e a n t

i t t r u l ’ u u t , ’r t i  t i m e r i t u a l s t  u S - o - ~~ - t - . h i g h  t h e r m u l  t : . l i .u n s i , i n  i ’n t u e  i n s i d e
e I t ~i n n - t e - r i- t o n i  t o  in I i i ’, ’ , t e n ; I I c -  : t  r e-soc- s on lb s  o u t s  ide  di an ie-tt - r .

i t t  t - - ’ t u , ’ 1 : i ; i o u m , t l i t ’ t t i e- r : - m l  s I  rue:t or a l  a f l i l  V O l  5 i t t  I i t i k e t  ; o5 5  It’s is
t i n  I - ‘i i ll CX . IC t - i  I c iii - - and I ; - ; ! e  a l l y  tin c ’ h l ~~ I 0CC r l a g  I j r  • i t - l i  I u - i t
b euu ind ; ;  h ,  e x t  r • uS , ’ c o t I l s  p r t l i i  I , C : 1 .  I ’ rc- d i t  ( ions  t I  \‘t ’r: lui gh I or V i i
low t i t e r s  of s a l i - I v  , i r e - mt- , I i u i l i g !  u l .  I f  t h e  m a r g i n s  , u r e -  e l o i s e - , however ,

I T- st  - h ~ - l i ~ l l e i  S p r e t  e r (., I a l l l i , i i ’ ; upeu n e-x p e - r i e - u  i ’ ’ . SiLu - c - s ~f u l  di ’s ign
‘ i t  ( - u t i c i l  r o c k e t  nos~z J t - .; u ,  ~~u i r -  : -  t b e ~ j u d i c i o u s  t p j i 1 I t ~~u t  ion o1 a v a i l —
a l t  t - t i e ’s ig ii t o o l s  ;und do t i , t e m p t - n e d  w i t h  exp c ’ r I - u i i s  m d  untk-rst — m n d  lug

( lie ’  l i l t  k e ’ I iu ;~ -~ I c  p r o l )  i t - r n .
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Thermal Fatigue Data Design Requirements
for Gas Turbine Applications

David W. Richerson
Garrett Ai Research

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
..n 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 z~T 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
iirfoil 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-
quantitative 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 V
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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 f inal  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.

L . _ _  _



ABSTRACT

PRACTICAL HEAT EQUATION SOLUTIONS FOR CERA MICS

W . 1. 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 cerami c 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 .
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NONLINEAR DEFORMATION OF A THERMALL Y STRES SED 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
non li near solu tions for stresses an d stra i ns a t the inner and ou ter
diameters of the disk in Fig. 4. These results are discussed more completely
by Jones and Starrett [6].
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AEROThER~ AL ANALYSIS OF
NAVAL SURFACE-TO-AIR MISSILE RADOMES

R. K. Frazer
Johns Hopkins Univers i ty

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 thermonechanical properties of the material
in question . The characteristics of importance to ceramic radornes
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-
dictin.g the aerodynamic heating to the radome and calculating the
resultant structural , tempe ratures , boresight errors , and thermal
stresses. The IJRL IM computer  code (Ref.  1) perform s these ca lcula t ions
and suitably edits the data for  read y in te rpre ta t ion .  The the~ mal
stress calculations used by tJRLIM are performe d assuming a th i ck—wal l
cylinder whose expansion and elastic modulus properties may vary with
temperature (and hence thru the rad ial thickness) of the wall section
(Re fs .  2 & 3). This thermal stress prediction technique along with
the aerothennal 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). In this effort six materials (Pyroceram 9606 and 960X ,
fused silica , Rayceram , beryllium oxide , and reac tion 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 TJRLIM prog ram
was instrumental in providing the correlation between facility capability
(Mach number , total pressure and total temperature) and flight induced
thermal shock. In connection with another aspect of the Standard
Missile program , the URLIM program has been used to s imulate the
detailed therma l respunse of a f l i gh t  test radome . The thermal
results from the URLIM program are being used as input to another
program to evaluate the boresight error characteristic s 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 boresig ht 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 inc lude: thermal
conductivity , specific heat , density, IR emissivity/absorptivity ,
elastic modulus , free linear thermal expansion , Poisson ’s ratio ,
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die lect ric tonstant , 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
specificati ons and radome geometry as on the intrinsic material properties
are the maximum design stress for therma l shock and the maximum allowable
boresigh t 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

THERNAL 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 functi.ons

have been suggested to quantitatively describe the consequences of

nonuniform flaw sizes including the Weibull distribution,1 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 Hanson and Smith ,4 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.
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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 gra phite have similarities. In beth mate-
rials crack extension is somewhat difficult to follow because fine scale
cracking gives a diffuse character to the leading edge of the secaration
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 ~.nterest .

There has been limited interest in fracture toughness of concrete .
Civil engineers assume this ii’.aterial to have zero tensile strength in
practical applications. The writer is not familiar with applications of -

~~~~~~

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 tLlinois)
in the period 1958—1961. From these one can est imate a toughness va1ues ,.k.)~(0.11 lbs/in., 19 N /rn) and a noiri.rial crack—tip non—linear zone size ,
2~~~ (O. Ll. in., 10 mm) . 

,~~~~

With ATJ—S graphite ,,~statistica1 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 

~~ 
and at room temperature . Data reported by

Hettche arid 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 f ine scale
defects on the tensile strergth .

With the ATJ—S graphite as wall as with concrete, a more comolete
representation of fracture toughness could be obtained using the resis-
tance—curve ( R—curve ) viewpoint wnich has been quite successful in
applications to metallic materials . The R—curve method employs effective
rather than physical crack si:e as a basis for resistance computations.
Inferentially the justification for use of effective crack size depend s
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 &
concepts. The applicability of th. .1 and 6 concept s to materials of
the kind discussed here deserves additional study. Concept s of this
nature would seem to be necessary as a means for assisting our understand-
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 therma l 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 conditions 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 V

over a temperature difference t~T. 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, ~Tc, can be ob—
tam ed in a manner identical to the derivation of the Griffith criterion .
The reader is referred to the original papers for the mathematical
det ails.

Fig. 1 shows a schematic for the crack propagation behavior . The
following general conclusions can be drawn :
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1. ~~ for 
~ 

£~ is proportional to

2. E
~
Tc f or &~ >> 9.,,~ is proportional to L~

’2

This conclusion reflects the effect of the
cracks on the compliance of the plate at
the higher values of crack length.

3. For 
~ 

2.~ and ~T � ~Tc crack propagation occursin 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 L0 >> im crack propagation occurs in a stable
manner. For a given final value of crack length,

~Tc for stable crack propagation exceeds ~~~for unstable crack propagation.

5. For 2.~ > £m, ~.Tc is a function of the number ofcracks 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. Waither (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

fric tion 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 L
~
T
~

values (>12 00 °C) were obtained , suggesting that the water quenches

were not as severe as expected. Examination of possible quench

severity fac tors (
~
=rmh/k) further supported this . Boiling water

films may also have decreased quench severity with increasing

quench temperature difference . Results of R1 and parameters

for milder quench conditions showed satisfactory qualitative

ranking of the various materials.

Comparison of strength changes with thermal shock damage

res istance parameters also agreed qualitatively when ac tual
s trength 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 variabil i ty.

The influence of s ample flaw structure , stress distribution

during testing , and test  environment on measurements of s t rength ,
f rac ture  in i t ia t ion, and crack propagation and arrest should be
more fu l ly  studied to provide bet ter  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 .
S o c . ,  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) O c t . ,  1977. 
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MICROSTR (JCTURAL 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 formulat ion of a new thermal—stress—resis tant  graphite , GRAPHNOL N3M.

Graphite is a porous material with two distinc tive defect distributions
to co n sider in the continuum mechanical approach to fracture . The first is
the large pore associated with the particle boundaries tha t form the cri tical
de fec t  eventual ly leading to catas t rophic  fa i lure .  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
crystal l i tes .  The ab i l i ty  of graphite to achieve large s t ra ins  to f a i l u re
is limited by the ability of the structure to accommodate homogeneous micro—
cracking wi thou t  resu l t ing  in rap id crack propagation to f a i lu re .  The micro—
cracking is actually a stress—relief system which distinguishes graph~ite from
classically brittle ceramic materials.

Craphites made by conventional methods generally do not have efficient
biridering 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 VIm 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
reac t ion 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
therma l and mechanical properties of graphite. It is primarily through the
regulation of the puffing reaction tha t the desired structural modifications

32



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Figur e 1

PUFF ING OF A 2.5* SULFUR A-240 PITCH COKE SAMPLE IS SEVERE

8 I I I

0 NO ADDITIV E

~~~ 
$ pph F.,O,

LVIGTh CHANGE

1200 1~ O0 1EOO 1800 2000 2200 21400 2600 2800 3000

TEMPERATURE . .C

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

0.5
strecture normal to the c—axis of the • ISOTOOTIC coots

individual crystallites within the
filler particle. The use of green 0.30
filler cokes precludes the normal 0 0.5 I 4.5 2 5

development of structural defects by
calcina tion heat treatments and alter-
nate procedures had to be developed .
The microporosity generated by the

Figure 6sulfur puffing reaction , desc ribed
above , also effectively reduces the $ , r , N  COIflNT MOCNIASU ~~ ~~~~~~~~ Or Th(~~AL (11*0310. 40
CTE as shown in Figure 6. The volu— *~20O P40 C M COOL COAP UIITCO

metric CTE (2 x WIG + A/G CTE) is used ‘I
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 ~~~~

microporosity generation. The result
is a further CTE reduction . The 

~ ,0 . A ” s.ir. ,Ic ’ Coo.

mechanical integrity has also been
found to be reduced , however , and
additio nal work is required to utilize o 3

0.1,.r C~~tNPI. *t h i s  p rocedure e f f ec t i ve ly .
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Additional procedures were also de— ‘
~~~ S

veloped to both randomize the structure
as well as introduce the desired defect
structure. We have found that prolonged

reducing the CTE, as shown in Figure 8, 3
heat treatments at 300°C are effective in

while retaining the necessary chemical 0 1 2 3
3U~ ER ~~ ~~~~KIPG STEPS

r e a c t i v i t y  for  e f f i c i e n t  bindering . Each
recoking step represents an additional
24 hours at 500°C hea t trea tment fo r  a
mixture of filler coke and pitch. Not only does this process reduce the
CTE bu t  s i g n i f ic . i nt l y  improves t h e  i so t ropy of the grap h i t e s  i~BAF 1).
While the mechanism for defect formation and CTE reduction is not completely
clear , i t  is c e r ta i n l y  associated w i t h  the  condensat ion  and evolu t ion  of gases
in the deh ydrogenation process. The uncerta...vtty is in whether the internal
strains necessary for the defect formations are generated b; the shrinkage of
the lattice by hydrogen evolu tion or by the pressure genera ted by en trapped
methane  w i t h i n  the l a t t i c e .  l 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.
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In general , it can be conclud ed t hat signif icant  improvements in
thermal stress resistance can be achieved by controlling the overall
defect .norphology . 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 s t ructure .
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
GRAP HNOL 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/C and W/G directions .

Table 1

GRAP HNOL N 3M O F F E R S  A SIGNIFICANT IMPROV E MENT IN THE R MAL

STRI SS R E S I S T A N C E :
V 

IR ADE
“4 ~~~

TENSILE STR ENGTH . PS I

VI TH GRAIN 5150 5900 6400
ACROSS GRAIN 4250 4190 5600

F IAC TUN E ST R AIN . S

BITs GRAIN 0 .44 0 .55  1.07
ACROSS ORA lS 0.55 0.71 1.04

1000 C CT (. °C~~ s 10 6

WITH GR AIN  3.5 3 .4  4 .0
A CROSS GROIN 4.9 4 . 8  4 . 9

SOIl THER MAL STRESS RESISTANCE . KM

W I T N .W ITH GRAIN II 2~ ‘35
W ITH -ACROSS GRAIN 11 21 30
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CYCLIC FLAME TESTING OF STRUC ThRAL CERAMI CS

George U .  Quinn
Army ‘laterials and Mechanics Research Center

Water town , Massachuse tts 02 172

A prerequisite to the use of ceramics in structural applications
at hi gh temperature is the determination of thermal fatigue sen~ itiv-

~ty. Whereas tests such as a water quench may simulate unusually severe
thermal shock leading to immediate fai lure, repeated shock ing in a less
severe environment may cause iterative damage leading to failure .

In an effor t to h i g h l i gh t potent ia l  thermal fatigue prob lems of
ceramics for gas turbines, a thermal fatigue apparatus similar to that

-.lescribed by Johnson and Hartsock (Ref. 1) was constructed at A1.IMRC.
(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 q’r jet cooled th”m to room temperature . The flam e was genera ted by
i heating torch and was directed at the midspan of the sample creating
i zone of relatively uniform temperature (Fig 2.) The quench jet. was
iirec ted 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—
isents). Although larger wedge shaped specimens would undoubtedly develop
higher stresses , the difficulty of post exposure analys is made the bend
bars more attractive.

For a variety of the newer structural ceramics , six teen , twelve and
four bend bars were exposed to 0, 1000, and 10,000 thermal cycles respec-
tively. In addition a group of sampl es were f lame heated only (no quench)
for an exposure equivalent to that which the 1000 shock group experienced .
f h i s  group was not cycled , but slowly heated in a flame station to give
i 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-
ile l to the long axis and edges chambered .

For most materials spec imens survived the test proceedures intact ,
out showed marked surface attack . .-~~ gradient in damage usually was evi-
ient which corresponded to the temperature gradients which existed during
r~e a t i n g  (Fi g 2 . ) .  This  resul ts  in gradients  in ox ida t ion- f l ame 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 ‘~hen compared
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wi th. t he  contro l group. The resonance techniques measure properties
avt~raged over the entire specimen volume and the data does not reflect a
change in the specimen bulk.

The flex ural streng th test on the other hand is surface sens it ive.
Nearly all mateiials 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
n i t r i d e/y t t r i a  (formerly kno wn as NC .-136) , Norton hot pressed silicon carbide
NC -.203, Norton NC-435 recrystallized silicon carbide , Coors AD-99 alumina
and a var iety of exper imental grade materials. The alumina was chosen intent-
ionall y for its poor thermal shock resistance , and sampl es sha ttered after
on ly a few cycles. After 1000 shocks a 20% degradation of flexural strength
was experienced by the NC-l32 samples , 38% after 10,000 cycles. The flame
expo sure samp les showed a strength loss nearly identical to the 1000 cycl e
group , ind icatin g the damage was probably due to flame exposure or ox idation
rather than due to thermal shocking. For some of the other materials , a
simi lar compa ri son sugges ts the thermal shocks did contribute to degrada tion .
Fur ther  anal ysis  and metallographic inspec tion are be ing 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-
iitions with significant conduction convection and radiation heat transfer
as we l l  as var iab le  material properties a computer-numerical analysis was
necessary. A finite difference heat transfer computer program was developed
and coupled wit h a pla in strain numerical analys is. At presen t only a two
J imens iona l  analysis  has been perform ed , but the results have been il lum ina ting.
fhe 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
:ompared to the strength of the materials tested (There are exceptions). It
is not surprising therefore that little thermal fatigue damage has been detected .
fhe same computer technique is now being used to explore alternate specimen
geometries that  may develop more meaning ful thermal s tress .
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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 pyro~~ter , E. Auto-
matic pyrometer, F. Falme sensor, G. Safety control, H. Speci-
men failure monitor, I. Turntable rotat ion control , J. Quench
line , K. Flow’meter, L. ~ chaust duct for hot gases .
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A SUM MARY OF
THE COMPARISON OF CW LASER IRRADIATION

OF CERAMICS WITh QUENCH TESTS

J .J .  Mechoisky
Naval  Research Labora tor y
Washington , I).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/cm2)

cw laser irradiation involves a large heat transfer coefficient ,
cal

h > 10 sec”C cm2, whereas the water quench test depends on the

exact condition of heat transfer and varies from h = 0.1 to 1.0
cal 

2sec’~C cm . However , for most materials this difference is not

significant.

Ranking of materials for resistance to quench (down) thermal

stress fracture is generally made on the basis of the maximum

temperature difference , AT
c~ 

that can be tolerated such that the

original room temperature strength , a1 , is maintained . An important

consideration to these tests is the residual strength , ar, that is

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

application , AT
~ 

and/or aj~
ar may be important . 

Rapid heating

(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
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sample is equivalent to the time to fracture under high intensity

irradiation . The difference between the two cases is that the

itaximum stress reached in the quench test will not always result

in a degradation of strength , or fracture because the maximum

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 compar ison between ranked res istance to wa ter 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 , AT , but are not

necessarily equivalent if is used as the crit:rion 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 )Quen ch
Induced °rfk~~ j \  i~Tc

M a t e r i a l  ÷ —(
‘-f(sec ) ( C)

* 
V

5OBN -50 A 1
2
0
3 

20 12/12 1 200

7OBN- 30 A1
2
0
3 15: 6/25 950

SCFS 8 4/8 850

Pvr oceram 9606 3 5/35 600

H P . Si
3
N~ 1 .5 60/140 600

R.S . Si
3
N 4 1 17/30 350

Alu m i n a  0.3 15/45 225

MçF
2 

0,1 12/26 150

Bu r nt h r o u g h  t i m e
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Southern Researc h Ins tit ute
H . Stuart Starrett

ABSTRACT

SOUTHERN RE SEARCH 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 fa i lure
in the development of design criteria , and to calibrate and
correla te  analyt ica l  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 me~isured in gas—bearing tensile tests,
and predicted in ground tests on full scale hardware. This
has led to confidence in ana ly t ica l  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-in2
can be obtained by this method depending on the emissivity of
the specimen material. Figure 4 shows a schematic of this test
set-up.
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A) UNSLIT DISC TtME IN SECONDS

Fi gure 3. Diametral Deformation-Time Record for a Graphite
Temperature/Stress Specimen
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Nonconduct ing  ? ‘laterials
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V~~ key st ep  in t h e  d e v e i V ’pc nt and oval u - i  t i  on i t  h igh Sp i C L I  !fl ~~~5 j

)m~ unents such is seeker t h m i~~ . i s  . t t ’rot  he rma I t i - s t  i r i g .  To obt~1 j f l  ;i , V , i I i _

in~~ uI r e s u l t s , such t t ’ s t z n t  must real ist i ca lly  - 4 i m u ) j t c  the t o t a t  t t ~m—
‘ratures , heating rates , and a e r o d y n a m i c  p r e s sur e s  L , c t u r r i n g  i n  i gut

L t j e Nava 1 ~~zipou ; ( ‘I V  i t  icr 1,_ Rangi , A I r A ug m ent a  t ri Fac I lit V ~~~ t~~p~ b I e (if

providing let gases for free jet or connected p ipt ’ t e~~t ing . )rig inall y

~ieve l o p~~d for t est  Lug i t  r am j e ~. combustion chambers , VJ —Range has rci enti y
h et ’n used ta r super ~~or ~ic fr e e  jet testing at missi le radomes and I R  domes
(R e f e r e n c e s  I and 2 ) .

F l o w  p a r a met e r s  tha t  can be c on t r o l l e d  are  t o t a l  t em p e r a t u r e , t o t a l
~ r o s s ur e , f low rote , f l o w  velocity , Mac h number , diV~f l 5 L t V , and , to some.
e xt e nt , chemical c o m p o s i t i o n .  The latter becomes particularl y important
when t e s t i n g  m at e . i a l s  w h i c h  undergo  thermocht ’ii~ieal  d e c om p o s i t i o n .  These
p ar o : .e te rs  may be held c on s t a n t  or var ied  t h r o u g h o u t  t h e  tes t  to s imu l a t e
a particular flight trajectory.

The temperatur e capabil itv of the fa ~ ii ity is prcv [ded by a SUdden
Expans ion (SUE) hti riier . This is an ax i symmet  r ic , water—cooled , propane—
u~ it’d combustor and mixing chamber. Compressed :i ir  from a high pressure

s
~~~

-
~~~~st s’’jtem is d e l j v ~ V r ed i n t O  t h e  SUE b u rn er .  Pr o ;~~t n e  I t ,  i nj e c  r~~d at.

th e  r i t e  r e q u i r e d  fo r  t h e  des i r&d tcmperzt t U r L V  a n d  OX id ized In the .~ r
S t r e a m .  ~ ak e up ix vg c n  i s  i nt r u d i t ~ od do~nst r e m  i t  t h e  b u r n e r  to  r ep  I ~ .
t hat con sic~ed du r f i g  c irs b u st  ion .  Tti .’ hot g aV o .~:: a rio t C i n  expand  t ’d L i t  r
i : ‘ r z i &  to the , t t r r t o s p h c r c , t h u s , p r od u c i n g  a ‘ ; i i o i r s o r . i c  f r e e  ,j u t  I r ~

~ V f l  
~ I C e  test O j i C  iis~ tv-~~.t r&

est capabi it i~ s inc I ace t i m p or a t u r e s  I r em .tmh i nt t i  5000 ° R .-u~d
miss f h-v r iti s rein 2 l b/ s , . c t o  200 l b/ so c .  t , : j ’.it O t 5  range frost

t,V 5 L ~V t  I seconds at  h i gh  l o w  r a t e s  to approx imati l v  t v  h ou r s  at  t h e
fl ow r a te s .  The :~. it ~L it Ii number at  the t ree V l O t  i s  d e t e r m i n e d

C’ t ~ c neiorle Ui ’s i g n .

Specific c o mp o n e n t s  w h i c h  I i V I V I ’  been t e s t e d  i t  I — P V i I i ~~ e includ e
c!nartL/ 1ioly Lmide og ive r adones  m d  m agn e siu m  t

V
l t l or i d k , h em isphe r  I m a !

I ~ domes. P r  ~or t i - s t  ing at  t it i ’  a c t u a l  seek er  d a r n e r  pressure and t ern—
perat .u re’ rakes arm . ~~~~~~ to map the low and instrumented steel c a l o r i —
~ c ’~ r dorm s are tested to d c t r V r m i n e  s u r f a c e  heating renditions.

The ;iurpus ot the - l i m i r t  z / p o l y  im ide rad ome t e s t r t  have  been to
ev a l u a te  e p er~ o r r m , t n c i  i f  t r i o  d e s i yr .  under  severe t i e r o h e a t i n g  ci ’n d i—
t io ns  - m d  to d e t e r m i n e  t h er m n o s t  r u c t u r a l  l i m i t s .  Test  co nd i t i o n s  a re
— . e l e c t e d  a s Irnu j . i  ta. er  i ’d v zi ir.i I c  h eat  i rig i t  speeds I ron M~ ch 2 .  5 t a ave  r

~~~~ 4. GV IS total tempera tures have t y p i c a l  iy ranged  f r o m  800 ° F t o  ever
1 ~00° F.
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~ a’; e ra  I i.ta~ m . u: r ,  i V ri i l l  N ~. , ‘ r ,  ‘S S iv  a be m i  I ’  -~ t i t  to ~t m s t  s . c  t
I r i  i — k , t f l ~~m ’ l f l  er~. m 1, 1 ‘\ E m i &  ,i t. i or ev alu at i o n  a t  s t a t i s tj i  . t ~ l a i I u ~ eh e o r  as .  Tttmper. i t ur e  VS i , i r a i r e d  an t h e  i n n e  r w i  I 1 i I he domes h a  V t ’
v o l  1 wj ~ hi those pr ad jt t ed  I a t  time l i gh t I L~ I j o t  ‘r ‘,‘ h0 1 ~r s inn ! at t’d

C ER R 1 N C E S

Nava l Weapons Cent Cr. ‘‘S im 1 Ia t i’d At ’ri ’tim’ .jt ing of t t m  Q u a r t  z—P ma I v j ilt ide
NA RN Radom e and C , j i t m t  i d . it e  I~ ing Sim& ’ c imens :  l i s t  Res u l t s ” , by R .G.
Pur c e l l .  C h i n a  Lj k e , CA , ~~~( ‘) f leeemher 1975 . (NWC TN 3506—15
( 4 3 6 1 — 1 7 9 ) ,  UNCI,.-\SSICIED. )

2. . “A p p i  i c,1 t i on  a t  S t . t tj s tj c a l  F , i i l u r t ’  E r i t m ’ r j ~i to t h e  P r ob l e mof P r e d i c t i n g  r i~f r . i r ~’d Pot ’ , - Th erma l  Shock tV i ii t ire , by W. R. Ctt mpton.
Chii~a Lake , I A , (NUi.) (To he pub! ished , 1N !,ASC I ‘i~~i ) )
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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 invol ved the oxidation and salt corrosion of superalloys and coat-

ings. Other more specific appl ications have been as follows:

a. evaluation of thermal—barrier coatings for cooled blades (ref. ‘I).

b. thermal fatigue of simulated airfoils for life 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).

Tim 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 22OCPF 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,

IIT RI , and NASA . In this program , specimens fabricated from NC132 (HPSI3N4), 
.

NC435 (siliconized SIC), NC350 (RSSN), and KBI RSSN were exposed to the

burner exhaust at temperatures from 22000 to 25000F 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 tenperatur’e, 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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Correlat ion — Prediction

D. P. H. Hasse lman
Depa r tme n t 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 .

Br i t t l e  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 te rms 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 ~iTmax, which can be tolerated acrossthe wall thickness of a hollow tube subjected to radially inward or
outward heat flow is:

AT c (1 — v)C/ciE (1)max f

where 
~f 

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.

55



Eq. 1 can be rewri t ten  in terms of the maximum heat flow per
uni t length given by:

umax 
= O f (l — v) KC~faE (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 - O
f

(l - v)/ aE and R1 =~bf(l - v)/ aE

Similar expressions presented or to be presented in the l i te ra ture
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 hea t transfer conditions, extensive evalua-
tion of physical property data , as well as extensive analytical or
numerical analysis.
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