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ABSTRACT 

Three series of graphite based, refractory composites 
compositionally related to commercial Grade JTA, but containing 
30, 50, and 70 weight percent additives (ZrE2 and Si), were pre- 
pared.  Within each series, the porosity waö varied from approxi- 
mately 2 to 17 percent.  Property measurements were carried out as 
a function of composition and porosity and along the two principal 
symmetry axes, i.e., normal and parallel to the molding direction. 
Property measurements carried out at room temperature consisted of 
tension, compression, flexural, torsion, ultrasonic, and resonant 
bar tests.  The specific heat, thermal conductivity, coefficient 
of thermal expansion, and effect of high temperature annealing were 
also determined.  Stress-strain relations and fracture strength 
under multiaxial stress were determined for the material with 50 
percent additive.  A generalized stress-strain relation for a 
transversely Isotropie, nonlinear material has been obtained with- 
out assuming volume constancy.  Various theories of fracture for 
anisotropic materials were compared with the fracture strength of 
JT materials.  The comprehensive property data compilations in this 
report should provide designer, with sufficient information for 
structural applications of JT materials. 

This abstract is subject to special export controls and each trans- 
mlttal to foreign Governments or foreign Nationals may be made only 
with prior approval of the Nonmetalllc Materials Division, MAN Air 
Force Materials Laboratory, Wright-Patterson Air Force Base, Ohio 
45433. 
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SECTION   I 

INTRODUCTION 

••  r.*r*f     rThe  ln£ormation presented  In this report  was  kenerated 

excellpm-   nÜH7^oJ       . are  the  subJect  of this  report  are 

In depth.     Should paoIesles^hLprOVl?ir'g ^"atlon protection 
or vaporlzation^ult" r ocafo^^nerario^f^L^^10"; layer.     Based on this  mode of behavfo^    f^.     f t5e Pr°te<:tlve 
is  a candidate material  for  use  a^e^M°*  tr,*** of  =°raP^ltes 
envlrorment.     Previous  Air Force Materl«??  UtZ K 0}cldlzlnS 

Is^ÄrrT^Ü T LhV? -i- '--Polite 0^er!L0^d 
exampirc?thll series ofe;nm

C0Tri0ial Grade JTA ls b^ »S 
materials can be "rled over rS^eSi the Pr°^rtiea of these 
changes In composition and/or ooro^ rang^thr°^h appropriate 
work was to provide desfeners ^»V/- .he,0l:,Jectlve of thls 

flclent characterlLt!on of ?h» ^T 
U?tUral en8lneers with suf- 

proper ^r^tTeTeT^^Tst^l^ll t£%£Vt£ ^ 

have been reporteTln  ?"r1Annualf-■ M«  Ass°c^tion-s  program 
all program Is primarily  oon"erned »frl   lP°rlU    "owever.  the  over- 
composites;  the resulti on n^rt^.n^      graphite fiber reinforced 
throughout "a number of these reoortfL^"15031^3 are  mattered 
venlently accessible      Moreover    ^ ar<7  theref°re,  not  oon- 
on the JT-serles  composites  h»^  nl * pr°Perty measurements   (') 
later work and/or ^dltaobta^jT !???r!*d!d ^ more accurate 
more optimized process     %n^^^n blllets  fabricated by a 
only  1^ Quarterly  Prog;esfSepo"ts^M^eWer data Were  raP°^ed y rrogress Reports which are not as readily available 

- 



as the Annual Reports. For these reasons, it was decided to pub- 
lish the present Topical Report, which In a convenient format pro- 
vides the designer with sufficient details for the structural 
application of these materials. 

, 
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SECTION II 

SUMMARY 

The fabrication procedures and properties of a series of 
fnfsic^^r?' VT,1™1?*  refrao^y oom^S?tes confining ZrB2 
l^w f-üf! Jnvestlfated- The hot-pressing parameters (partlcu! 
iarly temperature and pressure conditions) required to produce 
oense cylindrical billets up to 3-lnch diameter by 3-l/2-?nch 
ate.  SI* de,termJ"ed-  A "«•« -0" technique was found to pro- 
duo» Itl f0St  unlf?rm blllets. and this method was used to pro- 
Uon wcrk!y'SeVen 3 X 3-5-lnoh specimens for the property evalua- 

„»„. ,-,   The elements Zr, B, and SI (the "metallic additives") 
were always maintained In the same proportion as In the commercial 
composite Grade JTA». I.e.. .2.-4 partsV ZrB2 ?o 9.5 partHS S?! 
cent mlt^!L0L^?0SlteS oontainl"e 30. 50. and 70 weigh? per- 
rorosltl- o? thf h^?3/81"6 PrfPared; ""hin each series, the 
mate!! 2 L 17 ^^U.let:sJere »»««JlonalUr varied from approxl- 
Xld as a fnL?fo°enr- Thus« Jhe Physical properties were deter- mined as a function of composition and of porosity. 

terlstlc« JPSUOll  JT-aerJes "»aterlals have the symmetry charao- 
£1 »S! « of transverse Isotropy (the symmetry axis Is parallel 
IV t^^0^™,0*  m0ldln8 Pre"ure). It was necessary to mets- 
™LJ I  p^sloal Properties In two directions: parallel and 
SfSS1.*0 the fy™6*^ axla- Mechanical properties were deter- 
Sr^r^ teraPeratu" "y "otn static and sonic techniques. 
The static measurements Included tension, compression, flexuräl 
and torsion tests; ihe sonic tests consisted of ultrasonic and 
resonant bar tests.  In addition to the ambient temperature meas- 
urements, the thermal properties of the JT-serles materials were 
*}3°Jtterm*™d'  agaln as a Motion of both composition and of 
porosity. The specific heat, thermal dlffuslvlty. thermal con- 
The eff^; *"? ooef"fient of thermal expansion wire Amined. 
alL ftudiL  ^Healing JT-materlals at various temperatures wire 
also studied. The unlaxlal stress-strain relations for JT-materlals 
are nonlinear and nonconservatlve. and brittle fracture Is preceded 
Mt^10^-  Stren8ths and moduli Increase with Increasing 
metallic additive content and decreasing porosity  The ohvalcfl 
property data, both mechanical and thermal. °rovlde auffielen? 
Information to optimize the material and geometry of a structural 
component for specific applications. / " ■ structural 

»A proauct of Union Carbide Corporation, Carbon Products Division. 
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Stress-strain relations and fracture strength of JT-50 
(50 percent metallic additive) for all four biaxial stress quad- 
^Vr6 de^rmined on thin-walled cylindrical specimens sub- 
Ü2 !l!? ?om5lna^ons of internal pressure, external pressure, 
and axial load.  The stress-strain relations of this material 
under combined stresses are also nonlinear and nonconservative. A 
generalized stress-strain relation for a transversely isotrooic 
«?«Üvearrpwaterlal.h?? been obtalned without assuming volume con- 
stancy  The correlation between effective stress and effective 
strain for the uniaxial and biaxial stress tests is satisfactory 
for engineering applications. y 

V!rl?l1u theories of ^acture for anisotropic materials 
were compared with the fracture strength data of JT-50 materials. 
An empirical fracture criterion has been formulated from the frac- 
ture strength data, and the fracture envelopes for JT-50 series 
r!1!^la.1!LaLfUnC^l0n 0f comP0sition and porosity have been calcu- 
lated with these fracture criteria.  Significant influences of 
Si w1^ a? ?tfeSS State on the modes of ^acture were observed 
for JT-50 material.  Catastrophic fracture resulted when the speci- 
men was subjected to a large compressive stress, regardless of 
whetht- the other stress was tensile or compressive 

,.'■ 
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SECTION III 

FABRICATION OF JT-SERIES MATERIALS 

1•   Description of JT-Serles Materials 

The JT-serles materials are graphite-base refractory 
composites similar to the commercial material having the grade 
designation JTA produced by the Carbon Products Division of 
Union Carbide Corporation (JTA is one member of the series).  On 
a weight basis. Grade JTA is composed of 48.1 percent C, 42.4 
percent ZrB2, and 9.5 percent Si.  The minimum density limit for 
Grade JTA is 3.0 g/cm3.  During manufacture, silicon combines 
with part of the carbon to form silicon carbide. 

In thla  work, the elements Zr, B, and Si are called 
the metallic additives; these elements are always present in the 
same proportions as in JTA: 42.4 parts of ZrBz to 9.5 parts of 
Si,  Let 

c = mass fraction of metallic additive 
in the fabricated product, and 

p = density; 

Grade JTA may, then, be specified by composition c « 51.9 percent 
and density p> 3.0 g/cm3. 

The JT-series materials are a class of materials pro- 
duced by varying the amount of metallic additives and the density. 
In order to vary the density at a fixed composition, variations 
had to be made in processing temperatures or pressures; other- 
wise, the manufacturing conditions are kept as close as possible 
to those for grads JTA.C1)  Therefore, to a good approximation, 
each member of the JT series can be uniquely identified by two 
values:  the compositional variable, c, and a value that is equiva- 
lent to a processing variable, the density, p. To the same approxi- 
mation, the physical properties of the JT-series materials may 
be considered to be functions of only two material variables, 
c and p. 

2'  Material Symmetry, Coordinate Orientation, and 
Billet Notation   

All of the JT-series materials were molded in cylindri- 
cal billets.  This process yields material with the symmetry 
characteristic of transverse isotropy, i.e., all physical proper- 
ties are invariant with respect to arbitrary rotations about the 
symmetry axis, which is parallel to the direction of molding and 
perpendicular to the molding ram face. 

-5- 



Throughout this study, physical properties of the JT- 
serles materials are specified rlth respect to a Cartesian co- 
ordinate system orient'.d with the Xi and xz axes in the plane of 
transverse isotropy ana the X3 axis parallel to the axis of rota- 
tional symmetry.  These symmetry oriented coordinates should not 
be confused with other types and orientations of coordinate 
systems used in the stress analysis problems.  In JT material, 
as in other molded material, the elongated graphite particles or 
grains tend to be aligned with their two larger dimensions parallel 
to the plane of transverse isotropy, a situation shich has led to 
properties (Young's modulus, coefficient of thermal expansion, 
etc.) in directions parallel to the plane of isotropy being called 
"with-grain" properties and properties in the direction parallel 
to the symmetry axis being called "against-grain" or "across- 
graln" properties. 

The billets of JT material fabricated especially for 
this program are identified by the letters JT, followed by the 
nominal composition, and, finally, the sequential fabrication 
number.  Thus, JT30-4 designates that the billet is the fourth 
fabricated and that the composition is approximately 30 oercent 
metallic additive. 

Commercial JTA billets from the standard production 
material which were also used in this program are identified by 
the letters JTA followed by the sequential order number.  Thus, 
JTA-9 designates the ninth piece of commercial JTA used for this 
program, 

3.  Calculation of Theoretical Maximum Density 
and Porosity 

Because the density varies with the composition as well 
as with porosity In the material, the composition c and porosity p 
were chosen as the material variables, rather than composition and 
density.  Part of the porosity is in closed pores, the volume of 
which Is not easily measured. Therefore, the porosity was calcu- 
lated from the measured bulk density p and the calculated theoreti- 
cal maximum density p : J Km 

P - 1 - P/Pm (1) 

The theoretical maximum density can be calculated from 
the mass fraction and X-ray density of each phase in the composite 
material. Based on the following assumptions: 

mass ratio of ZrB2 to Si is M2.V9.5, 
all Si is in the form of a- and 0-SiC. and 
X-ray density of pure C is 2.267 g/cm% of 
Zi'Bz is 6.10 g/crn*, and of SIC is 3.216 g/cm3. 

-6- 
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the calculated theoretical maximum density Is given by 

2.267 
pm * 1 - 0.5905 (2) 

where c (0<c<l) is, as above, the DUOS fraction of Zr B and Si  , 
the fabricated composite.  In practice, there are uncertain?Js 

in Än^: IVH?  lnJh? maSS fra^ti0n C and ^/«i mS and m zne  aenslty of ZrBz.     At low porosltv levels of IP^C» than ri„T 

is several tens of percent.  The possible error In the calculated 
porosity will not affect the stress analysis and structural svn 
thesis work provided that Equations (1) and (2? are used conllsl 
tently In calculating the porosity.        v ^ a c u.jea consis- 

*».   Fabrication of Initial Billets 

O^T  <-  .The lnitial series of billets to be fabricated was 
position a? ^"fixfd the 1^tlal;tr-d or  property data'wl^com- position at a fixed porosity and the trend with porosltv at a 

lichfs
C?nP?Slt^0n- BllletS three inches ln dlame?er b^-l/l Inches In length were pressed on production-size equloment at a 

maximum observed outslde-surface Sold temperature of 213S°cLd 
at pressures ranging between 3,300 and 5.500 lb/In?*. Two attemots 

ful'd^to LidmPf°?^
t0S Wlt!? ten Pe—t'addltlCe were unsSccIa^3 

T«hif ? ? mold failures.  Two other billets were of smaller size 
the LLg^?i ^he crp2Sltlor- average dens^y and porosity of 
the good billets and of a commercial JTA billet.  All of these 
billets were cut Into specimens for physical property testing 
The test results are given in Section IV    ProPe^y testing. 

L 

TABLE I 

COMPOSITION, DENSITY, AND POROSITY OP 
INITIAL JT-SERIES BILLETS 

Composition Average Average 
Billet Percent Metallic Density Porosity 
Number Additive g/cm8 Percent 

JT-30-5 31.5 2.31 17.2 
JT-30-6 31.5 2.38 14.7 
JT-30-i| 31.5 2.58 7.4 
JT-40-9 41.7 2.81 6.7 
JTA-9 51.9 3.05 6.7 
JT-70-3 71.4 3.66 6.7 
JT-70-C 71.4 3.66 6.7 
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5*  Process Studies on 1- and 1.5-Inch Diameter Billets 

A basic premise of the entire JT-serles program was 
that the physical properties of the materials depend on only two 
material variables, composition and density, and not on, say. 
the individual values of processing temperature and pressure used 
to attain a certain density.  When it was found that the physical 
properties of commercial JTA did not fit smoothly with those of 
the Initial experimental billets, a limited study of processing 
conditions was Initiated to determine conditions which would 
yield material more comparable with commercial JTA on laboratorv 
size equipment. ' 

a-  Method of Fabrication.  Experimental billets 1.0 
and 1.5 inches in diameter with the same composition as JTA were 
hot-pressed by a floating mold technique.  The mold was heated 
tS a ZZ diameter tube furnace.  Resistance heating, rather 
than the induction heating normally employed for manufacturing 
JTA, was used to obtain closer temperature uniformity.  During 
hot pressing, an initial pressure of 2500 lb/in.2 was applied and 
maintained until the mold temperature reached l800oC; at that 
time, the selected maximum pressure was applied.  All samples 
were held for one hour at the hot-pressing temperature.  They 
Tr7nnophen cooled un^r maximum pressure to a temperature of 
1700 C, at which tiiue the pressure was released. These experi- 
mental billets are designated by the letter E followed by a 
sequential fabrication number. 

b.  Temperature Series.  Effects of pressing temperature 
on the density and mlcrostructure were examined on samples hot 
pressed at temperatures ranging from 2210° to ?28o0C at a pres- 
sure of 2900 lb/in.2.  The solidus temperature for JT composites 
was determined to be 2260° ±10oC by incipienr melting experiments, 
bxamina^lon of the run-out material by metallography and X-ray 
diffraction disclosed a eutectic between ZrB2 and SIC.  Processing 
and density data are given in Table II. 

Figure 1 illustrates the effect of pressing temperature 
on density and mlcrostructure.  Density increases with Increasing 
pressing temperature to an extrapolated temperature of 22580C and 
then decreases at higher temperatures.  This decrease in density 
is caused by some run-out of the ZrB2, SIC liquid eutectic.  The 
5 -7 magnification photomicrographs adjacent to the data points 
S?^ gure 1 show the representative structure of the material at 
different pressing temperatures.  As the temperature is raised 
from 2210° to 2250oC, the porosity of the material decreases; the 
general physical structure and distribution of the ZrBz-SiC-C 
phases remain essentially unchanged. As the temperature is raised 
above 2260 C (the solidus temperature), some of the dense metallic 
phases are pressed out, causing a change in composition of the 
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m tu'     ^ot\the Porosity and the density of the billet decrease, 
and the structure shows the presence of an increased amount of 
a well-dispersed metallic phase. 

TABLE II 

PROCESSING CONDITIONS AND DENSITY OP 
EXPERIMENTAL JT-SERIES BILLETS 

Specimen 
Number 

E-2» 
E-3* 
E-^» 

E-5* 
E-6» 

E-17 
E-18 
E-20 

E-16 

E-13 
E-14 
E-12 

E-10 
E-9 
E-8 
E-7 

E-19 

Processing 
Temperature 

T±10oC 

Processing 
Pressure 
lb/in.2 

2210 
2230 
2250 

2270 
2280 

2240 
2260 
2265 

2290 

2150 
2150 
2150 

2210 
2230 
2230 
2230 

2260 

2900 
2900 
2900 

2900 
2900 

2900 
2900 
2900 

2900 

3500 
4500 
5500 

5500 
4500 
5000 
5500 

5500 

Density 
g/cm3 

2.84 
2.98 
3.11 

3.11 
3.06 

2.86 
3.00 
3.03 

2.97 

2.78 
2.89 
2.97 

3.11 
3.09 
3.11 
3.13 

3.15 

Diameter 
in. 

1.5 
1.5 
1.5 

1.5 
1.5 

1.5 
1.5 
1.5 

1.5 

1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 

1.0 

•Specimens E-2 through E-6 were inadvertently made 
with 53.7 instead of 51.9 percent metallic additive 

An X-ray analysis was made on the liquid run-out from 
a specimen taken to 2400oC, well above the solidus temperature- 
the analysis showed only the presence of ZrBz, SIC, and graphite. 

c.  Pressure Series.  The effect of molding pressure 
on density was examined on samples molded at pressures ranging 
from 3500 to 5500 lb/in.2 at temperatures of 215CP ±10 and 2230°±10oC 
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PROCESS      TEMPERATURE   (•C) 

3100 

Figure 1.  Effect of Processing Temperature on Density and 
Mlcrostructure of JT Material of 53.7 Percent Composition. 
white Phase Is ZrB2) Light Gray Phase is SIC, and Dark 

Gray and Black Phases are Graphite and Porosity. 
N-955b 

Figure 2 shows the dependence of density on molding pressure the 
figure also shows the density change with temperature for four 
samples pressed at 5500 lb/in.2. These data indicate that, to achieve 
densities of 95 or higher percent of theoretical maximum density 
U95 x 3.2/ ■ 3.11 g/cm ), temperatures in excess of 2200oC and 
pressures in excess of 5000 lb/in.2 are necessary. 

d- Ultrasonic Elastic Stiffness Constants.  The elastic 
stlffneis constants c^ have been determined for the experimental 

billets from measurements of the velocity of ultrasonic pulses at 
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one megacycle per second frequency. Figure 
constants ßn, C33, and c^i, and the density 
processed at successively higher temperature 
the value of each constant is 15 to 20 perce 
cessing temperature is above rather than bei 
ture. The consistently high values of the e 
the initial billets (fabricated as described 
are probably due to the maximum billet tempe 
higher than the solidus temperature, even th 
temperature was only 2130oC. 

3 shows the stiffness 
for a series of billets 
s.  At a given density, 
nt higher if the pro- 
ow the solidus tempera- 
lastic constants of 
in Section 111-4) 

ratures having been 
ough the outside mold 

3500 ^500 5500 
(Processing Pressure (lb/in.2) 

N-9^81 

Figure 2.  Effect of Processing Pressure and Temperature on 
Density of JT Material of 51-9 Percent Composition. 

Figure h  shows the stiffness constants c^s and c.^ versus 
density for all the 51.9 percent composition billets fabricated 
at various pressures und  various temperatures less than the zoli- 
dus temp3rature (see Table II for the processing conditions).  It 

-11- 
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appears that, within the reproduclblllty of the experiments, th-: 
elastic constants at fixed composition depend only on the density 
and not on the Individual processing temperatures and pressures 
used to achieve that density, provided that the temperature Is 
less than the solldus temperature.  This result strengthens th« 
original premise that the JT-materlals program can be based entirely 
on composition and density as material variables. 
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I 
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O
C 
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2250 

2270 
2280 

2.9 
f80.    i 
3.2 3.3 3.0     3.1 

Density (g/cm3) 

?lgure 3.  Effect of Processing Temperature on Density and 
Ultrasonic Elastic Stiffness Constants of JT Material 

of 53.7 Percent Composition. 
N-9i«79 

6.  Process Studies on 3-Inch Diameter Billets 

A MO-ton press with an induction furnace capable of 
attaining temperatures higher than 3000oC was employed for the 
process studies.  Figure 5 shows an overall view of the press 
including the induction coll and furnace assembly. * 
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1^?^0^1? Ela8tlc Stiffness Constants Versus 
Density for JT Materials of 51.9 Percent Composition 

. ****        In induct3on heating at high heating rates, there is 
a difference between the temperature of the outside surface of 
the mold (which acts as the susceptor) and the temperature of the 
billet.  During normal fabrication, only the outside mold tempera- 
ture is measured.  Therefore, it was necessary to correlate the 
surface temperature of the mold to the Interior temperature of 
the olllet.  This correlation was established by simultaneous 
temperature measurements on the mold surface and at the center 
of a specially prepared, prepressed billet of 51.9 percent compo- 
sition. The maximum temperature difference was lil0oC. 

A three-inch diameter b 
percent composition was hot press 
density by single ram pressing, 
density profile consisting of 15 
was obtained.  The density variat 
cent; densities ranged from 3.01 
meter billet of 31.5 percent comp 
molding.  The density profile of 
a 1.2 percent density variation; 
2.50 g/cm3.  Thus, float molding 
a three-inch diameter billet from 

illet of JT material of 51.9 
ed to 92.5 percent of theoretical 
The billet was sectioned, and a 
specimens (1/2 x 1/2 x 1/2 inch) 
ion within the billet was 3.0 per- 
to 3.10 g/cm3. A three-inch dia- 
osition was hot pressed by float 
the sectioned billet resulted in 
densities varied from 2.4? to 
reduced the density variation in 
three percent to one percent. 

-13- 



Figure 5.  Forty-Ton Press and Induction Furnace Used for 
the Fabrication of the JT-Series Materials. 
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Based on these results, additional billets of JT material were 
fabricated employing the float molding technique. 

7.  Fabrication of JT-Series Billets for Physical 
Property Evaluation 

A seri 
and thermal prop 
carefully contro 
press billets th 
in length. Nomi 
additive were us 
a low of two-to- 
the composition, 

es of JT materials was 
ertles evaluation. The 
lied processing condlti 
ree inches in diameter 
nal compositions of 30, 
ed; at each composition 
six percent co a high o 
density, and porosity 

fabricated for ^chanical 
float mold technique and 

ons were employed to hot 
and approximately 3.5 Inches 
50, and 70 percent metallic 
the porosity was varied from 

f 17 percent.  Table III lists 
of the 27 billets fabricated. 

TABLE III 

COMPOSITION, DENSITY, AND POROSITY OP JT-BILLETS 
USED FOR PROPERTY EVALUATION 

Billet     Composition 
Number   Percent Additive 

JT-30-16 
JT-30-48 
JT-30-^0 
JT-30-38 
jT-30-32 
JT-30-35 
JT-30-31 
jT-50-il6 
JT-50-22 
JT-50-P3 
JT-50-13 
JT-50-21 
JT-50-W 
JT-50-45 
JT-50-28 
JT-50-42 
JT-50-27 
JT-50-29 
JT-50-26 

TT-70-19 
j^-70.47 
JT-70-20 
JT-70-18 
JT-70-33 
JT-70-31* 
JT-70-37 
JT-70-17 

31.5 
31.5 
31.5 
31.5 
31.5 
31.5 
31.5 

51.9 
51.9 
51.9 
51.9 
51.9 
51.9 
51.9 
51.9 
51.9 
51.9 
51.9 
51.9 
71.^ 
71.^ 
71.^ 
71.^ 
71.4 
71.M 
71.^ 
71.M 

tensity Porosity 
g/cm' Percent 

2.61 6.2 
2.57 7.9 
2.5^ 8.8 
2.48 11.1 
2.4r 11.9 
2.32 16.8 
2.30 17.6 

3.14 4.0 
3.11 4.9 
3.08 5.7 
3.08 5.7 
3.07 6.1 
3.05 6.7 
3.04 7.0 
3.02 7.7 
2.95 9.8 
2.9^ 10.1 
2.82 13.9 
2.71 17.3 
3.86 1.6 
3.84 2.0 
3.83 2.2 
3.82 2.6 
3.57 8.9 
3.M5 11.9 
3.^2 12.9 
3.26 16.9 

15- 



SECTION IV 

PHYSICAL PROPERTIES OF JT-SERIES MATERIALS 

The objective of this work was to obtain physical pro- 
perty data which may be used as Input Information to stress analy- 
sis and structural synthesis calculations and for engineering 
applications of JT-serles materials.  The physical properties of 
interest are the elastic moduli, Polsson's ratios, stress-strain 
relations, fracture strengths, thermal conductivities, specific 
heats, and coefficients of thermal expansion. 

1.  Methods of Measurement 

a. Ultrasonic _     Elastic constants were determined 
from the velocities of propagation of longitudinal and transverse 
ultrasonic pulses at one megacycle per second frequency.  Due 
to the high attenuation of the JT-serles material, a through- 
transmission method was used with a path length of approximately 
1.25 inches and with directions of propagation parallel, perpen- 
dicular, and at 45 degrees to the symmetry axis of the material. 

b«  Resonant Bar. Elastic constants were determined 
from the frequencies of longitudinal, flexural, and torsional 
vibrations of bars of dimensions 1/4 x 1/4 x 3 Inches. In addi- 
tion, measurements were made on the static tension and flexural 
specimens to detect defects and unusual characteristics of the 
specimens prior to static testing and to provide a check of the 
moduli determined from the initial slope of the stress-strain 
curves. 

c»  Tension and Compression Tests. Both longitudinal 
and transverse strains were measured with pairs of strain gages 
mounted on dog bones in tension and on rectangular prisms In 
compression.  The dog-bone blank dimens.'ons were 1/4 x 5/8 x 2-3/4 
inches, and the gauge-section dimensions were 1/4 x 1/4 x 1-1/2 
inches.  The size of the compression sample was 1/4 x 1/4 x 1 inch. 

d.  Flexural Tests.  Pour-point loading on 1/4 x 1/4 x 
3 inch bars was used for flexural testing. Transverse and longi- 
tudinal tensile and compresslve strains were measured at the top 
and bottom surfaces with strain gages. Because the load versus 
strain relations are nonlinear and slightly different in tension 
and compression, the data obtained from flexural tests were con- 
verted to uniaxial stress-strain relations by means of Naidai's 
graphical method. (") The effect of frictional forces at the loading 
and supporting edges was taken into account in the calculation 
of the true stresses. 

-16- 



mm <*v* 

measured from amb 
The sample size was 

Thermal Dlffuslvlty.  Thermal diffuslvltles were 
mblent to approximately 600oC by a flash method. C13) 
was 5/8 x 5/8 x 0.0^ inch. 

f'  Specific Heat. Specific heats were calculated by 
multiplying the weight percent of each constituent phase by the 
specific heat per unit mass of that phase [carbon,^) zirconium 
It SJ^fÜi^i-Ä- silicon carbide.C6) assuming complete conversion 
oi isi into SiCj. The calculations were made at 100-degree inter- 
vals from room temperature to 700oC. These calculations have 
been checked from room temperature to 400oC by measurements made 
with a Perkin-Elmer Differential Scanning Calorimeter. 

. JU    ••  Coefficients of Thermal Expansion. The coefficients 
oi thermal expansion from room temperature to 700oC were measured 
by the Newton's rings method on 1/2-inch cubes. Measurements in 
the temperature range from 20° to 2000oC have been made on bars 
2-V2 inches in length heated in a tube furnace.  Telescopes 
equipped with micrometer eyepieces were used to measure the elon- 
gation. 

2.  Mechanical Properties 

K4-,-,     Room temperature mechanical property measurements on the 
billets listed in Table III were made by using ultrasonic and sonic 
resonant bar tests and by static tensile, flexural, and compresslve 
tests.  For each material composition and for each property, a 
graph of the property versus density and porosity was prepared on 
which the data points from the various test methods were plotted. 
Representative examples of these graphs for JT-50 material are 
shown in Figures 6, 7, and 8.  A curve was drawn through the points, 
and property values were obtained from the curve at porosities of 
5. 10, and 15 percent. These values are listed in Table IV. 

a*  Moduli. In most cases, static values of the Young's 
S?? Lare aPProxir.iately 10 percent less than the sonic values. 
This discrepancy is due to the uncertainty in determining the 
initial slopes of the static stress-strain curves and. possibly, 
to other systematic errors.  The sonic modulus results are con- 
sidered to be more accurate and should be used at near-zero stress 
levels; the static stress-strain curves must, of course, be used 
at higher stress levels. 

Typical longitudinal stress-strain curves for tension 
compression of samples of JT-30. JT-50. and JT-70 material in 
wlth-grain and agalnst-grain directions are shown in Figures 9 
10. Each curve Is a composite of tension and compression data 
represents the results of measurements on six samples (three 

tension and three compression). The range marks on each curve 
indicate both high and low stress values for the samples, and the 

and 
the 
and 
and 
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curves were drawn through their midpoints.  The general shapes of 
the curves in tension and compression are similar with compressive 
strengths and compressive strains being consistently higher in 
each of the two orientations.  The tensile and compressive strengths 
are in each case an increasing function of the amount of metallic 
additive. 

LONGITUDINAL STRAIN c, (*) 
10-- 

■-10 

JT-30  (121 poroBltv       jf I 

JT-50 (IDS porosity) 

-.-20 

-30    « a 

Q  Fracture point 

-l*0 

•-t50 

JT-70 (31 porosityj 

to 

CO 

-«.60    ^ 

-^70    o 

COMPRESSION 

-80 

-r.90 

. 

Figure 9.  Stress-Strain Curves for Wlth-Graln Samples of JT-30 
JT-50, and JT-70 Material in Tension and Compression. 
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Figure 10.  Stress-Strain Curves for Against-Graln Samples of JT-30, 
JT-50, and JT-70 Material in Tension and Compression. 

N-22150 
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Typical longitudinal and transverse stress-strain curves 
for tension and compression on samples of JT-50 material in the 
with-grain and against-grain directions are shown in Figures 11 
and 12.  The stresses are longitudinal in every case.  The trans- 
verse curves have slightly different shapes not only in tension 
and compression, but also with orientation.  In the tension curves 
the transverse strains are negative indicating that when a longl- * 
tudinal tensile stress is applied a contraction takes place in the 
transverse direction.  In the compression curves the transverse 
strains are positive indicating that when a longitudinal cornpres- 
sive stress is applied an expansion takes place in the transverse 
direction.  The transverse strains for the with-grain orientation are 
considerably larger than the transverse strains for the against- 
grain orientation in both tension and compression.  The trans- 
verse strain curves are all nonlinear, and, with the exception of 
one curve, have curvatures opposite to that of the longitudinal 
curves. 

The variation of the with-grain and across-grain Young's 
moduli, with composition and porosity, determined by the sonic 
resonant bar test is shown in Figure 13.  The moduli increase 
with increasing metallic additive composition and decreasing 
porosity.  The variation of Poisson's ratio? with composition 
IS negligible, and the Poisson's ratios decrease slightly with 
Increasing porosity.  The range of Poisson's ratios are: -»it/til - 
0.08 to 0.11, and -s13/s33 = 0.12 to 0.15, and -s^/sn = 0.28 
u o u • 3/ • 

The shear moduli follow the same general variation with 
composition and porosity as do the Young's moduli; i.e., the shear 
moduli Increase with increasing composition ;ind decreasing poro- 
sity. This variation of the shear moduli, determined by the sonic 
resonant bar test, is illustrated in Figure 1^. 

b-  Strengths. The flexural test data (see results 
r L, 50 material»  Figure 7) have been corrected by a factor of 
Ü.77 for nonlinearity in the shear-strain curves and for friction 
between the specimens and the fixture.  The tensile strengths 
computed from load divided by cross-sectional area, have been 
increased hy a factor of 1.06 (see results for JT 50 material. 
Figure 7) to allow for stray bending moments in the gauge section. 
Even after these corrections are made, the tensile strength is 
?nn!  ™ntly less than the flexural strength by approximately 
10 to 20 percent.  Two possible causes of this difference are a 
statistical dependence of strength on test volume and stress con- 
centrations at the fillet of the dog-bone shaped tensile specimen. 
The variations of flexural, tensile, and compressive strengths 
with composition and porosity are shown in Figures 15, 16, and 17 
for both the ^ith-grain and across-grain properties.  The strengths 
increase with increasing composition and decreasing porosity the 
variation in the compressive strength is particularly large 
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Figure 11. Stress-Strain Curves for With- and Against-Graln Samples of 
JT-50 Material in Tension Showing Longitudinal and Transverse Strains. 
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Figure 12,  Stress-Strain Curves for Wlth^- and Agalnst-Qraln Samples of 
JT-50 Material In Compression Showing Longitudinal and Transverse Strains. 
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Figure 17. Variation of Wlth-Graln and Across-Graln Compresslve 
Strengths versus Composition and Porosity. 

N-17327 

c.   Hoop Tensile Tests.  A fixture, similar to one 
originally designed by the Stanford Research Institute, 07) was 
constructed for hoo[ tensile stress testing by pressurizing a 
short, open-end, thln-walled, hollow cylinder.  The test fixture, 
containing a test specimen and a Neoprene bag for pressurlzatlon. 
Is shown In Figure 18.  By means of the hydraulic press, the upper 
and lower plates of the test fixture are pressed against the spacers 
which slide freely over the guiding pins.  Because the length 
of the specimen Is slightly shorter than the length of the spacers, 
there Is a small clearance between the upper plate and the specimen; 
thus, the specimen Is free from end loads.  When the Neoprene 
bag Is pressurized, the specimen Is under pure hoop tensile stress. 
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Conical Plug 

Upper Plate 

Spacer 

Pin 

Specimen 

Neoprene Bag 

Bottom Plate 

Figure 18.  Specimen and Test Fixture for Hoop 
Tensile Stress Testing. 

Talc was applied between the specimen and the Neoprene bag to 
minimize friction. The Inside and outside diameters of the test 
cylinders arev respectively, O.885 and O.985 inch; the length 
can be 0.5, 1.0, or 2.0 inches. 

In order to check the test fixture, an epoxy cylinder 
two Inches long and aluminum cylinders having lengths of one and 
two Inches were tested to examine the effect of the specimen length 
and pressure loading on uniformity of strain distribution. 

The strain distribution in the epoxy cylinder was Inves- 
tigated with a reflection polarlscope, and the variation of fringe 
pattern was estimated to be less than 0.1 fringe. This small 
variation is believed to be due to variations in the properties 
of the epoxy cylinder itself, rather than to variations in loading 
stresses.  Strain distributions in the 1.0 and 2.0 inch aluminum 
cylinders were investigated with strain gages and were also found 
to be uniform; the experimental and theoretical values of the 
strains are in good agreement. 
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Grade ATJ graphite cylinders vltta lengths of one and two 
inches were testea. The variation of the hoop strains measured 
with strain gages at four locations on the two-inch long ATJ graph- 
ite cylinder was two percent.  Tensile strengths and strains 
from these ATJ graphite cylinders are in good agreement with 
obtained by the uniaxial tensile test. The tensile fracture 
and strain for a JTA-9 cylinder were 7500 lb/in.2 and 1180 
respectively. 

obtained 
those 
strength 

yin./in., 

d.  Torsion Tests.  Pour solid torsion specimens of 
JT-50 material were tested in the apparatus shown in Figure 19. 

Tension Load 
Cell 

Figure 19.  Torsion Testing Machine. 

N-10143 

The overall length of the specimens was approximately 3.5 inches; 
the gage section was 0.75-inch in diameter and 2.0 inches in 
length.  The cylinder axis was oriented parallel to the symmetry 
axis of the material. Shear strain and longitudinal strain were 
measured with pairs of strain gages. The shear-stress versus shear- 
strain curve and the shear-stress versus longitudinal-strain curve 
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mfn«  ££   Figures 20 and 21. respectively, for one of the specl- 
ZU   . he /tf^s-s^aln behavior for these specimens Is similar 
to their unlaxlal stress-strain behavior: nonlinear and nonconserva- 

.1 .5 .6 .2       .3       ,k 

Shear Strain (Percent) 

Figure 20. Shear-Stress versus Shear-Strain Curve for JT-50 Material. 

N-11269 

Since the torque versus shear-strain curve for JT-serlea 
COür^r.?8 l8 nonllnear and nonconservatlve. Naldal's graphical 
methode«) was employed to obtain the shear-stress ve^sSs shear- 
strain relationship from the torque versus shear-straln cSrve! 
The shear properties for these specimens are also given In Table V 
The shear-strain for specimen 1 was not properly rfcorSed? and 
therefore, cannot be used for construction if  the shear stress'as 
a function of shear-strain curve.  The nonllnearlty correction on 
shear strength Is approximately nine percent.      correction on 

The shear strength tends to Increase and the shear strain 
**S£T wlth increasing density.  The value of the shear 
llmStt iB  fPProxlmately 10 to 20 percent greater than the tensile 
rsm2irionffltudfnr?

88Tgrai^dlreCT
tl0n-  The »Pecimens exhibited UTizi  longitudinal elongation. Length changes in plastically 

Thi inn. irfUl!r mel&1  sPeclmens have been observed by Swift.O«) 
tronv^? fh! Sf!l?t?rl§U0; 0f the torslon te8t and the anLo- tropy of the materials are believed to bs the source of thi« nh« 

S ?hen^o?^p0
y
8oT?h

retU^ra
lanatl0n 0f the len6th ehan«e ^ 
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.005 .01 .015 
Longitudinal Strain, (percent) 

Figure 21.  Shear-Stress versus Longltudlnal-Straln 
Curve for JT-50 Composite Material. 

.020 

N-11270 

TABLE V 

SHEAR PROPERTIES FOR JT-50 COMPOSITE MATERIAL 

Specimen 
Density 
(g/om») 

Shear 
1/8. j (1C 
sonic 

Modulus 
r ib/m.') 

static 

Shear Strength 
(lb/In.*) 

uncorrected corrected 

Shear 
Strain 
(percent) 

Long. 
Strain 
(percent) 

1 2.93* 2.11 mmm 5750 ... mmm 0.01 

2 2.931 2.11 1.98 5160 1710 0.55 0.03 

3 3.011 2.27 2.13 6160 5630 0.11 0.03 
1 3.012 2.26 2.13 6690 6080 0.18 0.01 
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3.  Thermal Properties 

a.  Specific Heat. The dependence of specific heat, 
c , on temperature is given in Figure 22 for the nominal compo- 

sitions at 30, 50, and 70 percent.  The curves were calculated 
from the specific heats of the constituent phases.  The measured 
points, are in very good agreement with the calculated values. 
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Figure 22.  Specific Heat versus Temperature for JT-Material. 

N-18117 

b.  Thermal Diffusivity and Conductivity.  The thermal 
diffusivity, K., has been measured from room temperature to 600oC. 
The thermal conductivity k., has been calculated from the thermal 
diffusivity by means of the relation 

ki ■ pC K, , K P i* (3) 

where p is the density.  The thermal diffusivity and thermal con- 
ductivity results for the nominal 30, 50, and 70 percent compo- 
sition and 5, 10, and 15 percent porosities are reported in 
Tables VI, VII, and VIII. 
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c-       Thermal Expansion.  The coefficient of thermal 
expansion data showed somewhat greater scatter than did the otner 
property data.  This scatter masked any dependence of the thermal 
expansion on porosity that might exist.  The thermal expansion 
till  S%nH Sl^Ktly ?" oomP°sl"°n. but the dependencels oppo- 
fllLSl  the wlth-graln and across-graln directions. The coef- 
llclents of thermal expansion a, and as are almost equal for the 70 

Sf °°TSltlr-D/
he t^nd" 0f 0' and "« wlth temperature up to 

5o!0anda70 pe^ent" FlgUre 23 ^ the n0n,lnal comP°^tlons of 3o" 
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Figure 23.  Coefficient of Thermal Expansion versus 
Temperature for JT-Material. 

N-17328 
5 or  Annealing on Thermal Sxpangiion and Effect 

Mechanical Properties 

Irreversible dimensional changes occur during the initial 
neating of the JT-material above approximately l600oC.  In the 
?nn?oo"?rain dli'ection. ^e material expands between 1600° and 
?000 C by amounts of the aame order as the intrinsic thermal exoan- 
sion up to 1600*0.  In the wlth-grain direction, the irreversible 
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dimensional changes are much smaller and are sometimes positive and 
sometimes negative.  During the fabrication process, the JT-blllets 
are heated to temperatures greater than 2000oC and cooled under 
pressure; stress relief apparently occurs when the billets are 
reheated.  When the same specimens are cycled a second time, 
Irreversible changes still occur on a reduced scale. 

Two simple experiments have been performed to study the 
dimensional changes that occur during reheating.  Specimens of 
JT-30, 50, and 70 material were machined to precise dimensions for 
the first experiment.  These specimens were repeatedly cycled In 
an Induction furnace (argon atmosphere) from room temperature to 
various higher temperatures.  After each temperature cycle, the 
specimen dimensions were checked with a micrometer.  Table IX 
summarizes the results of this experiment, and Figure 24 shows a 
representative plot of the data for one of the specimens (JT-50-26) 
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Figure 24.  Room Temperature Dimensions of JT-50 Material 
After Repeated Anneals to Each Higher Temperature. 

N-11413 
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In Table IX and Figure 24, L3 is in the across-grain direction and 
L] and^ are in the with-grain directions.  In this experiment, 
several minutes were required before temperature equilibrium was 
achieved (the hold-time was approximately 30 seconds), whereas 
several hours at high temperature: were required for the coef- 
ficient of thermal expansion tests.  Since approximately the tasi« 
amount of growth occurs in both instances, the growth is apparently 
independent of these heating rates. 

Several additional specimens were machined for the second 
experiment.  These specimens were repeatedly cycled between room 
temperature-and 2000oC, and specimen dimensions were measured after 
each cycle.  Table X summarizes the results:  after two temperature 
cycles, no further growth occurs in either the across-grain or 
with-grain directidis. 

The specimens'should be pre-annealed or cycled several 
times to 20ü0oC before measuring the coefficient of thermal expan- 
sion at temperatures greater than l600oC to insure that no growth 
will occur during measurement.  This procedure should insure that 
only the intrinsic coefficient of thermal expansion of the material 
is measured above l600oC. 

A third experiment was run to determine the effect that 
annealing may have on mechanical and thermal properties.  Two- 
thirds of the billet JT-30-38 was annealed at 2100oC for several 
hours and one-third was left as received.  Specimens for mechanical 
and thermal tests were cut from both parts. 

The solid curves in Figure 25 are the best fits through 
all the sonic and ultrasonic moduli data taken on JT materials. 
The data points plotted are for samples cut from the annealed and 
as-received portions of billet JT-30-38.  The agreement between the 
plotted points and the solid curves is quite good; for the JT-30 
material, no appreciable change in the moduli is apparent after the 
material has been annealed. 
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Thermal dlffusivity data and best-fit curves are shown 
!   igure 21  for with-grain specimens of billet JT-30-38.  These 
data 
perature 

--  o w^^w^^.v,.»^ Wi wü^co U-L-JU-JU.  xnese 
milcate that the with-grain thermal dlffusivity at every tern- 

increases after the material has been annealed at 2100oC. 
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Figure 25.  Comparison of Sonic Moduli Between Samples of JT-30-38 
and Best Pit Through All the JT-30 Sonic Data. 
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and Best Fit Through all the JT-30 Flexural Strength Data     3 
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The increase is approximately 11 percent at 100oC and approximately 
five percent at 600oC. Material was available for the annealing 
of only one across-grain specimen.  Comparison of the thermal dif- 
fusivity of this specimen with that of the best-fit curves suggests 
a slight increase in diffusivity after annealing of approximately 
five percent.  Although the effect of annealing on the thermal 
diffusivity and mechanical properties was studied on only 30 percent 
additive material, there is no reason to expect that the results 
would be different for other composites. 
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SECTION V 

MULTIAXIAL STRESS TESTING AND FAILURE CRITERIA 

fH- K .  ^ obJective of thl8 work was to extend and complement 
the physical property data presented In Section IV by determining 
the stress-strain relations and fracture strength under various 
states of combined stresses.  For this work, thln-walled cylin- 
drical specimens were subjected to combinations of Internal, exter- 
nai, and axial pressures. 

Multlaxlal Stress Testing Apparatus 

Since the JT materials are hard and abrasive te-u «n*.r>-! 
u^n W^e ti^t  machlned t0 ^ugh dimensions from ?he bilUts t 
w?Jh8Q i?"

10^00^6 ?rl113 and then 8round t0 the specified dimensions with a diamond wheel.  Tne longitudinal axis of the test specl- 
mens was oriented parallel to the symmetry axis of the material, 
n ftft. f ^eclnens had ^e allowing dimensions:  Inside diameter 
0.885 inch; outside diameter, O.985 Inch; and length, 3*50 Inches* 
In general, thci variation of the wall-thickness throughout the 
test specimens was less than 0.002 Inch.  A thin layer of synthetic 

to nr^nf^H8 TH ap?!ied 0n 3train ^es and specimen surfaces 
pSnSSIu^rX^110 011 fr0m damaglng the Straln ga«es and 

M.i«.4  4 ■.Thf scheinatlc diagram of the hydraulic system for the 
multlaxlal stress test apparatus Is shown In Figure 29. The basic 
Thf n^iC P0VT Un^ Can SUpply a oontlnuoua pressure to 5000 pll? 
ihe  pressure from the power unit can be further Increased to 

of a precision hydraulic cylinder and to 50,000 
pressure Intensifies The pressure from the 

r,ori,l1r, ,v     Increased or decreased at prescribed rates by 
replacing the screw for pressure adjustment 
valve with a threaded plunger which rotates 
linear actuator. The rate and direction of 
threaded plunger are remotely controlled. 

»^o  «. ?he Pres3ur,e chamber, specially designed for combined 
^nn JVr^' ^ 8h0Wn ln Pigure 30- The specimen assembly, which 
«?Sf nre^0f a te8t ^eclmen and two steel end-caps. Is shown In- 
side of the pressure chamber. The Interior surfaces of the steel 
to ;hfP?/re 8l}«htly tapered, and the steel caps were attached 
Itlnt <t n  8Pf°lme" wltn epoxy cement. Since the modulus of epoxy 
cement Is considerably lower than that of the test specimen, the 
test specimen can deform without serious end-constraints. The 
variation of strain due to end-constraints was approximated five 
%££l\  The 8train gage Wlre8 were led oüt froSPthe pressure chamber by means of connectors normally used for thermocouple wires 

7500 psl by means 
psi by means of a 
power unit can be 

in the pressure relief 
and moves axlally In a 
the axial motion of the 
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Figure 30.  Pressure Chamber Assembly for 
Combined Stress Tests. 
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desired state of combined stresses.  For most cases, the ratio of 
the two pressures was maintained constant to provide the so-called 
^jL0r  corJstant stress-ratio loading condition.  Pressure-strain 
relations and pressure-tJme relations were plotted by X-Y recorders. 

2.   Combined Stress Test Results for Nominal 50 Percent 
Additive JT- Series Composite Material  

The 
calculated by 
calculated by 

tangential stress, Oi, and radial stress, 02, were 
Lame's equations, and the longitudinal stress was 
the equation 

a2Pi + (d2-D2) p - d2 P 
a 3 = -p—O ^     (J|) 

where a is the inside radius of test specimen, b is the outside 
radius of test specimen, d is the inside radius of the pressure 
test chamber, P, is the internal pressure, P is the external 
pressure, and Pe is the axial end pressure. 

0The radial stress. 
Which is equal to the oil pressure at the surface of the test speci- 
men, is small compared with the tangential and longitudinal stresses 
and couxd be neglected in most cases. 

The longitudinal and tangential stress-strain curves 
obtained by constant stress-ratio loading in various states of* 
combined stresses are shown in Figure 31 (a) and 31 (b).  Compres- 
siyo stress and strain are indicated with a negative sign.  The 
values of stress and strain at the outside surface of the test 
andC^e?na*f used *n/lgure 31 (D).  The curves designated as AT 
ana AC in Figure 31 (a) are, respectively, uniaxial tensile and 
compressive stress-strain curves in the agalnst-grain direction. 
Ihe curves designated as WT and WC in Figure 31 (b) are, respec- 
li  y^Un aXlal tensile and compress:! ve stress-strain curves in 
the with-grain direction.  The material deforms considerably more 
in the agalnst-grain (longitudinal) direction than in the with- 
graln (tangentia:) direction under a given compressive stress.  Some 
scatter was present in the biaxia] stress-strain data, particularly 
in the state of biaxial compression; this scatter was attributed to 
the variation of porosity of the test", specimens and to errors In 
strain measurements.  Strain measured by a strain gage depends 
slightly on ehe surface condition (size and distribution of pores) 
on which the strain gage Is placed.  The longitudinal and tangential 
..ress-strain relations for a J^50 composite specimen subjected to 
internal pressure are shown in Figure 32.  The longitudinal strain 
and the tangential strain at a ^iven internal preslu- are approxi- 

^ItL^t  ^t  m?gnitU^e because of the hiehl.V anlsotropic proper- 
ties 01 the material.  The nonconservative response under cyclic 
internal pressure loading is similar to that obtained for uniaxial 
stress loading. uiij.aAj.aj. 
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LONOITUOINAL STRAIN, % 

,02       ,04        ,06 ,08 
TANGENTIAL STRAIN, % 

10 

Figure 32.  Longitudinal and Outside Tangential Stress-Strain 
Curves for JT-50 Composite Cylinder Under Internal Pressure. 
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The biaxial fracture strength of the JT-50 composite Is 
Figure 33, which Is a two-dimensional representation of 
tudlnal stress j QJ, versus the tangential stress, a i,. at 

The radial stress, 02 , Is considered to have no effect 
33 because of Its small magnitude.  The scatter In the 

strength data In the state of biaxial compression Is 
to be due primarily to the variation of percent porosity 
st specimen and premature failure Initiated by localized 
An empirical fracture criterion for the JT-50 composite- 

d to be In the form of a quadratic equation for an 
and the constants In the quadratic equation have been 
d from the fracture strength data by means of the least 
best fit technique.  The fracture envelope predicted by 
leal fracture criterion Is shown in Figure 33, and the 
fracture criterion* is given as 

(12100)2 - ai2 - 0.63iO3
2 + 1.04O32 + 15515a, + 20208a 3 • (5) 

•The empirical fracture criterion was obtained by Dr. C. C. Chamis 
of Case Western Reserve University. 

-50- 

■■ 



The agreement between the empirical fracture criterion ard frac- 
ture strength data is not completely satisfactory, indicating 
■hat the assumption of a continuous ellipse for the fracture 
envelope may not be accurate. 

O3 . 

TANGENTIAL STRESS, 
I03 PSI 

10 

.-40 

Figure  33. Biaxial  Fracture  Strength  for the JT-50 
Composite  Material. 

N-I8505 

3.   Faiit're Criteria for Nonunal 30 Percent and 70 Percent 
Additive JT-Senes Ccmposiie MaienaF  ' 

A limited number of JT-30 and JT-70 composite specimens 
were tested under biaxial stresses so that the approximate shapes 
of the fracture strength surfaces for these composites and the 
effects of the composition on biaxial fracture strength could be 
determined.  Two specimens from each composite were tested; the 
results are given in Table XI.  The biaxial fracture strength for 
the JT-30-^9-2 specimen appeared to be lower than the estimated 
value.  The strains measured on the outside surface of the speci- 
men are also given in Table XI. 
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TABLE XI 

BIAXIAL FRACTURE STRENGTH AND STRAIN OF 
JT-30 AND JT-70 COMPOSITES 

Specimen 

Strength»flO3 lb/in.2) 
Density Inside Hoop   Axial 
(g/cm1)     oux       aus 

Strain» 
Hoop 
eui 

(percent) 
Axial 
eus 

JT-30-18-1 
JT-30-19-2 
jT-70-17-1 
JT-70-il7-2 

2.62       %.H                    2.0 
2.5^     -13.8      -11.1 
3.82      16.5      -16.6 
3.82      17.2       7.7 

0.15 
-1.15 
0.09 
0.06 

0.17 
-0.24 
-0.15 
0.06 

•Negative values Indicate compression. 

1.  Comparison of Theories of Fracture with the 
Exf )erinental Data 

A number of theories of fracture have been developed for 
the determination of allowable design stresses for the complicated 
stress conditions which occur in actual situations.  By using such 
theories of fracture, designers are able to predict when failure 
will occur under combined stresses from the known fracture strength 
data in simple tension, compression, and shear loading or from the 
shape and size of cracks in the material.  Maximum stress theory 
and Mohr's theory are, perhaps, the earliest theories of fracture 
which take into account different strengths in tension and compres- 
bion.  Several theories of fracture have been proposed more recent- 
ly for materials having various types of anisotropy. (2 1"'2 8) These 
theories are generally in the form of a quadratic equation for an 
ellipse in terms of stresses, and the constants in the equation 
are related to uniaxial tensile and compressive strengths and 
shear strength in different ways.  The fracture envelopes predicted 
by these theories of fracture were compared with the experimental 
data for the JT-50 composite material; most theories of fracture 
do not predict satisfactorily the experimental data.  Among the 
theories which predict a fracture envelope in the form of an ellipse, 
the theories proposed by StassiC23) and Hoffman(£7) gave the best 
agreement with the experimental data. 

The correlations of the experimental data with the empiri- 
cal fracture criterion shown in Figure 33 and with the theories of 
fracture which predict a continuous ellipse for the fracture enve- 
lopes are not entirely satisfactory, since these theories do not 
consider the different fracture mechanisms operative under differ- 
ent states of biaxial stresses for this composite.  Consequently, 
the biaxial fracture envelope of this material may be taken to be 
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composed of four separate fracture envexcpes which are consistent 
with the fracture nechanism operative for each state of bxaxial 
stresses. 

Norrls, et al.(29)* formulated a theory of fracture for 
orthotroplc materials based en the assumptions that the ortho- 
tropic material Is composed of walls of an Isotropie material sur- 
rounding voids in zhe  shape of equal rectangular prisms and that 
fracture under combined stresses is governed by the distortion- 
energy criterion.  Norris's fracture criterion can be written in 
the generalized form 

_^Li _ -ELiiLi- + .£jl . , r6) 
0,  2    0.    0. C        2      » ^ 
1 J       1 1 J 3     J 3 

where a  and o,  are the uniaxial fracture strengths in the 11      J 3 0 

symmetry directions.  The values of a.  and a,  can be either ten- 
II J 3 

sile strengths o  and o.  or compressive strengths ac, and a 
t 1        t 3 0        i C 3 * 

depending on whether the principal stresses 9] and 03 are tensile or 
compressive stresses.  Four fracture envelopes, each of which is 
applicable to only a particular stress state, are obtained when 
the appropriate uniaxial fracture strengths for each stress state 
are substituted In Equation (6).  Equation (6) can be obtained in 
a different manner through the generalization of the distortion- 
energy criterion to Include the different strengths in tension and 
compression and the transverse isotropy. 

Norris's theory has been applied to the fracture data 
for the JT-50 composite n.ateriaj..  Good agreement between predicted 
and measured strengths was obtained, except in the biaxial-tension 
stress state  for which the predicted strength was somewhat high. 
The fracture envelope in biaxial tension may be best represented 
by the modified maximum stress theory given by 

T- j t 3 

Therefore, the fracture strength of JT-series composites can be 
predicted satisfactorily by Equation (7) for the state of biaxial 
tension and by Equation (6) for the states of tension-compression 
and biaxial compression. 

*A series of reports pertaining to fchia subject have been published 
by C. B. Norrls and his associates at  he Forest Products Laboratory 
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The fracture envelopes for the 
at five, ten, and fifteen oercent pcrosi 
with Eauations (6) and (7; and the unlax 
in Table IV and are shown In Figure 3^. 
stre^th data fall between the fracture 
five percent porosity, since the porosit 
billets fabricated for this program were 
than eight percent. The calculated frac 
JT-50, and JT-70 composites at ten perce 
Figure 35« 
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Figure 3^.  Biaxial Fracture Strength as a Function of 
Porosity. Composition = 50 Percent. 
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1 

5. Correlation of S ress and Strain Under Combined Stress 

a.  Effective Stress-Effective Strain Relation for the 
JT-50 Compcsites.  In the designing o 
ponents, the designers must be able t 
strain relations under various states 
the uniaxial stress-strain relations, 
made with some degree of success for 
ing certain invariant characteristics 
strain which are often defined as the 
tive strain.  The relationship betwee 

f machine and structural corn- 
0 predict the plastic stress- 
of combined stresses fror: 
These predictions have been 

ductile materials by correlat- 
of the states of stress and 
effective stress and effec- 

n the effective stress and 
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effective strain is commonly called the generalized plastic stress^ 
strain relation.  If a generalized stress-strain relation can be 
established for the JT-series composites, the knowm solutions in 
plasticity theory may be applied to these composites. 

^0       -60/    ^Sb       -40       -30 
-L  L 

/ 

/ TANGENTIAL 
STRESS. 10'PSI 

I 
\ 

V COMPOSITION • 70% 

\ 

Figure 35.  Biaxial Fracture Strength as a Function of 
Composition, Porosity ■ 10 percent. 
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The effective stress, 0, and the effective strain, e, 
defined by the deformation-type theory of plasticity for ductile 
Isotropie material are 

and 

G = 
/! 

n 

[(ai - Ö2)2 + (02 - Oa)2 + (ö3 - öj)2]^ 

c = ^| [(e, _ e2)
2 + (e2 _ eg)2 + (ej _ Gi)2]^, 

(8) 

(9) 
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where 9i9  az,   and 03 are principal stresses and Cij ez, and £3 
are principal strains.  Hill(30) suggested a theory oi' plastic 
flow for anisotropic materials by postulating the effective stress 
to be given by 

5 = [PCai - a7)
z  + G(ö2 - o3)

2 + K(o, - O!)2]^',  (10) 

where F, G, and H are parame^erj characteristic of the current 
state of anisotropy.  Similar stress-strain relations for aniso- 
tropic materials were oroposed by Jackson, Smith, and Lankford,(31) 
Dorn,(32) and PlsherC11).  More recently, HsuC3'*) proposed a yield 
criterion and plastic stress-strain relations for anisotropic mate- 
rials exhibiting the Bauschinger effect.  Hu}(

35) starting, with 
Hill's effective stress, obtained an expresslci for the incre- 
mental effective strain for materials which obey  the law of con- 
stancy of plastic volume.  The assumption o^ plastic volume con- 
stancy is approximately correct for many r'uctile materials BAd is 
Often  used in the theory of plasticity because the assumption leads 
to greatly simplified solutions to manv pro-lems.  The assumption 
of volume constancy cannot be used in the study of deformation 
and fracture of the JT-..eries composites since significant volume 
changes under uniaxial stresses have been observed for these mate- 
rial».  The volume changes under stresses are believed to be due 
largely to changes in the size of the macroscopic pore? and, to 
a lesser extent, to volume changos ii the graphite particles (the 
partlcleb contain microscopic porosity; . 

b.   A Generalized Stress-Strain Relation.  A genera- 
lized fjrm of the plastic stress-strain relation for anisotropic 
mate; la-.? can be written as 

ei = ] *V*34 (i,J, = 1,2, --,6), (11) 

whe1-"? the a,, are the constants of anisotropy and <J) is the propor- 

tionality function defined by 

I = t/5i (12) 

the expressions for e and 0 are give 
function, $> is a monotonically incr 
crlbes the degree of nonlinearity in 
The constants of anisotropy, <***,  ar 

deformation. The use of the total s 
if the stress-ratio is constant duri 
increases monotonically, and the mat 
behavior. These assumptions are Jus 
and the present test program.  There 

n later.  The proportionality 
easing function of a  and des- 
the stress-strain behavior. 

e assumed to be independent of 

train components is permissible 
ng deformation, the stress 
erial exhibits little elastic 
tified for the JT-50 composite 
are 36 constants of anisotropy 
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in Equation (11).  Because of the symmetric property a.. = a.. 

and the transversely isotnplc property of the material, the number 
of independent ou, is reduced to 5, namely, otii, as 3, an, ctis, 

and a^^.  Since the material symmetry axes coincide with the princjpal 
axes of the test specimens, the stress distribution is axially 
symmetric and the shear stress components vanish; hence, ou«. does 
not appear in Equation (11).  Therefore, the plastic stress-strain 
relations of interest become 

£1 = (aiiGi + ai2Ö2 + ajaCs) <}>,     (13a) 

€-2  =   {0L12O1   + alia? + CX13O3) (J), and  (13b) 

£3 = (otisCi + OL12O2   ♦ aaaCa) #.      (13c) 

The stress comoonents, in terms of the strain components, 
can be obtained for Equations (2 3) and are given by 

Ci = CkiiCi + kizEz J- titSt)/  0, (l^a) 

02 = CkiiCi + kii€t + ici«€i)/ t* and (14b) 

03 = (kifCi + k^ea + kssej)/ <t>y (l^c) 

where 
ki 1 = (Oti 1033 - ai 32)/ A, 

kiz = (ai 32 - «12013:)/ A, 

ki3 = (ax2 - ai1) ai3/A, (15) 

k33 = (aw2 - ai22)/ A, and 

A = (an2 - aw2) 033 + 2 (ai2 - Bii) ai32. 

For a deformed body, the total work per unit volume is 

W = ÖE = öi^i + 02^2 + O3Z2. (16) 

The expression for the effective stress for the present case can , 
be obtained by the substitution of Equations (l2) and (13) into 
Equation (16): 

5 = [aii (ai2 + O22) + a33C32 + 2 ai2öiC2 + 2 0113(0203 + OsCi)] 

(17) 
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The  corresponding expresrlon for the  effective  strain  can be 
derived from Equations   (12),   (1^),   and   (16): 

e  =  [kn   (ei2   + ez2)   +  ks-ea2   ♦  2 ki^cca   +  2  ku   Uitt  +  e?ei)]% 

(18) 
c'   Numerical Calculation.  in order for Equations (13) 

to represent the stress-strain curves at the origin (Hooke's Law 
for transverse Isotropy), the proportionality function 4) Is defined 
to have the value lO"6 In.Vlb In tne limit of zero stress and each 
anlsotropy constant a.. Is chosen to be a dlmenslonless quantity 
having the numerical 7&lue of 106 times the value of the corre- 
sponding elastic compliance constant s^; the values of the s.. can 

be calculated from the data given In Table IV.  The value of 4) for 
a given value of o can be computed from the average effective stress- 
effective strain curve which was determined from the unlaxlal tensile 
and_compresslve stress tests.  For the biaxial tests, the values 
of a can be calculated with Equation (17) and the values of e can 
be computed with Equation (18) by using the experimental values 
of ei and Ea and the values of £2 calculated with Equation (13b). 

Figure 36 shows the effective stress-effective strain 
relations calculated for a number of test specimens, ircludlns 
those represented In Figures 31(a) and 31(b).  The average effec- 
tive stress-effective strain curve for the unlaxlal stress tests 
is also plotted in Figure 36 (the dashed line).  Some scatter 
exists in the correlation between the effective stress and the 
effective strain, but the correlation is satisfactory .'or engineer- 
ing applications.  An increase of scatter in the correlation with 
increasing compresslve stresses is probably due to statistical 
variation and to difficulties in determining the values of strain 
under such unstable stress states.  The scatter in the correlation 
for the combined stress test specimens is not any greater than that 
for the unlaxlal stress test specimens.  In fact, the effective 
stress-effective strain relations for the combined stress test 
specimens generally fall within a band formed by the effective 
stress-effective strain relations for unlaxlal stress test speci- 
mens.  Thus, the stress-strain relations under combined stresses 
can be predicted for the JT-50 composite material with the same 
degree of accuracy which is obtainable in the measurements of unl- 
axlal stress-strain relations. 

6.  Microscopic Observation 

a.  Modes of Fracture.  The Influence of the high degree 
of anlsotropy and the state of'combined stresses on the modes 
of fracture can be observed from the photographs of the fractured 
specimens of the JT-50 composite material shown in Figure 37. 
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Figure 36. Effective Stress-Effective Strain Relation for the 
JT-50 Composite Material. 
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opecimen (a) was fractured by an internal pressure, but it does 
not have the longitudinal crack which occurs normal to the direction 
of the largest tensile stress in an Isotropie cylinder.  The •rrecfu- 
lar fractured surface may be due to -*-.* fact that the longitudinal 
and tangential stresses.  Just prior to fracture, were approaching 
Glmultaneously the values of the uniaxlal tensile sti-ngths in 
the agalnst-grain and with-gr-Un directions of the composite, 
since the stress-ratio and th uniaxial tensile strength-ratio 
are both approximately 0.5. 

The effect of a state of combined stresses on the mode 
of fracture is clearly illustrated by specimens (b) and (c).  These 
specimens were fractured under an internal pressure and an axial 
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compresslve load.  The axial compressive load applied to specimen 
(c) was approximately twice that applied to soeclmen (b).  The 
fracture of specimen (b) resulted from a barely visible longitudinal 
cleavage crack caused by the tangentxal tensile stress.  The irac- 
ture of specimen (c) occurred as a result of catastrophic random 
cracks.  Catastrophic cracks such as those shown by specimen (c) 
have been observed in specimens subjected to a large compressive 
stress, regardless of whether the other stress was tensile or 
compressive. 

i 

^0.5 
-^3 

or4-31 

(a) (b) (c) 

Figure 37.  Specimens Fractured Under Combined Stresses. 
N-20612 

b.  Factors Affecting Stresses. The <'gree of anlso- 
tropy in stress-strain properties varies with the orientation 
of graphite particles and the quantity of the metallic additives. 
The properties of the graphite particle itself are highly anlso- 
tropic, whereas the properties of the metallic additives, ZrB^ 
and Si, are relatively Isotropie. Thus, the degree of anisotropy 
of the JT-series composites varies from the moderately anisotroplc 
characteristics of graphite materials (no metallic additives) 
to the fairly Isotropie characteristics of 
(all metallic additives). 

the ZrBa and Si phases 
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Tensile strength of the graphite particles In the direc- 
tion of the symmetry axis Is very weak because of the low bonding 
forces between basal planes.  This anlsotroplc behavior of the 
graphite particles and the Internal stress concentrations caused 
by the notch effect of pores are responsible for the fact that 
tensile strengths are considerably lower than compresslve strengths 
for the JT-serles composites.  If stresses are concentrated around 
the pores, fracture In those graphite particles which are oriented 
with their symmetry axes parallel to the direction of loading can 
be Initiated under a relatively low tensile stress.  The anlso- 
tropy In the strengths In the graphite particles, together with 
the preferred orientation of the particles, are largely responsi- 
ble for the fact that the agalnst-graln tensile strength of the JT- 
serles composites Is lower than the wlth-graln tensile strength. 
The compresslve strength of the graphite particles In the direction 
parallel to the basal planes Is weaker than that In the direction 
normal to the basal planes, probably because a condition of the 
low bonding forces between the basal planes leads to premature 
failure due to separation and buckling of the basal planes when 
a compresslve load Is applied along the basal planes. When the 
metallic additives are added to a graphite matrix, the compresslve 
strength Increases because the metallic additives can carry more 
load and also act as Interlocking agents which prevent the basal 
planes of rhe graphite particles from separating and buckling pre- 
maturely.  Therefore, the compresslve strength In the wlth-graln 
direction of the JT-serles composites Increases more rapidly than 
that In the agalnst-graln direction as the percent of metallic 
additives Increases. 
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SYMBOLS  AND  UNITS 

Symbol Unit Description 

l/s |, 10« psl Young's modulus (wlth-graln 
direction) 

i/8ll 10$ psl Young's modulus (agalnst-graln 
direction) 

l/s,. 10* psl Shear modulus 

ati 
10 3 psl Tensile strength (wlth-graln 

direction) 

at, 
10 s psl Tensile strength (agalnst-graln 

direction) 

acl 
10' psl Compresslve strength (wlth-graln 

direction) 

ac> 
10» pel Compresslve strength (agalnst- 

graln direction) 

afl 10' psl Plexural strength (wlth-graln 
direction) 

af. 10» psl Plexural strength (agalnst-graln 
direction) 

at psl Stress (wlth-graln direction) 
as psl Stress (agalnst-graln direction) 

1 

ei percent Strain (wlth-graln direction) 

fi percent Strain (agalnst-graln direction 
ai 10-« /0C Coefficient thermal expansion 

(wlth-graln direction) 
as io-6 /0C Coefficient thermal expansion 

(agalnst-graln direction) 
Ki cal/sec cm- -deg Thermal conductivity (wlth-graln 

direction) 

Ki cal/ sec cm deg Thermal conductivity (agalnst- 
dlrectlon) 

•Cl cm2/ sec Thermal dlffuslvlty (wlth- 
graln direction) 

•Cl cm2/ sec Thermal dlffuslvlty (agalnst- 
graln direction) 

CP 
cal/g0C Specific heat 
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