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ABSTRACT

Three series of graphite based, refractory composites
compositlonally related to commercial Grade JTA, but containing
30, 50, and 70 weight percent additives (ZrB, and Si), were pre-
pared. Within each series, the porosity was varied from approxi-
mately 2 to 17 percent. Property measurements were carriec 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 isotropic, nonlinear material has been obtained with-
out assuming volume constancy. Various theories of fracture for
anlsotropic materials were compared with the fracture strength of
JT materials. The comprehensive property data compilations in this
report should provide designerc with sufficient information for
structural applications of JT materials.

This abstract is subject to special export controls and each trans-

mittal to foreign Governments or foreign Nationals may be made only

with prior approval of the Nonmetallic Materials Division, MAN, Air

ﬁogce Materials Laboratory, Wright-Patterson Air Force Base, Ohilo
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SECTION I
INTRODUCTION

The information presented in this report was generated
as part of a much larger program, "Integrated Research on Carbon
Composite Materials," which is designed to fulfill three differ-
ent, but clearly interdependent needs of th: Department of
Defense: a material need, a structural design capability need,
and a need for more scientists and engineers trained in applied
materials problems and advanced design methods. The Carbon
Products Division of Union Carbide Corporation, Case Western
Reserve University, and Bell Aerospace Company have formed an
Assuciation through which a joint effort is made to meet these
needs. The Association has formulated a broad program which in-
cludes the development of new materials, generation of advanced

excellent candidates to satisfy the needs of weapons and aero-
Space systems for structural materials exhibiting high tempera-
ture oxidation resistance, good thermal shock resistance, refrec-
toriness, and good machinatility. These composites, upon expo-
sure to oxygen at elevated temperatures, enclose themselves with
a protective oxide coating. 1In this fashion, they represent an
improvement over coated systems by providirig oxidation protection
in depth. Should processes such as erosion, chemical reaction,
or vaporization result in local or general loss of the protective
layer. Based on this mode of behavior, this Cclass of composites
is a candidate material for use abcve 3000°F in an oxidizing
envirorment. Previous Air Force Materials Laboratory reports
containing information on the JT series composites are listed

as Reference 1-5 inclusive. Commericial Grade JTA is but one
example of this series of composites; the properties of these
materials can te varied over a wilde range through appropriate
changes 1in composition and/or;wrosity. The objective of this
work was to provide designers and structural engineers with suf-
ficient characterization of the JT-series composites to permit
proper materials selection and structural optimization,

The results obtained under the Association's program

have been reported in four Annual(®~'!)Reports. However, the over-

.

all program i3 primarily concerned with graphite fiber reinforced
composites; the results on particulate composites are scattered
throughout a number of these reports and are, therefore, not con.-
veniently accessible. Moreover, some property measurements (!)
on the JT-series composites have been Superseded by more accurate




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.




SECTION II
SUMMARY

The fabrication procedures and properties of a series of
graphite-based, particulate refractory composites containing ZrB,
and SiC were investigated. The hot-pressing parameters (particu-
larly temperature and pressure conditions) required to produce
aense cylindrical billets up to 3-inch diameter by 3-1/2-inch
high were determined. A float mold technique was found to pro-
duce the most uniform billets, and this method was used to pro-
duce twenty-seven 3 x 3.5-inch specimens for the property evalua-
tion werk.

The elements Zr, B, and Si (the "metallic additives")
were always maintained in the same proportion as in the commercial
composite Grade JTA*, 1.e., 42.4 parts of ZrB, to 9.5 parts of Si.
Three series of composites containing 30, 50, and 70 welght per-
cent metallic additives were prepared; within each series, the
porosities of the billets were intentionally varied from approxi-
mately 2 to 17 percent. Thus, the physical properties were deter-
mined as a function of composition and of porosity.

Since the JT-series materials have the symmetry charac-
teristics of transverse isotropy (the symmetry axis is parallel
to the direction of molding pressure), it was necessary to meas-
ure all physical properties in two directions: parallel and
normal to the symmetry axis. Mechanical properties were deter-
mined at room temperature by both static and sonic techniques.
The static measurements included tension, compression, flexural,
and torsion tests; :he sonic tests consisted of ultrasonic and
resonant bar tests. 1In addition to tre ambient temperature meas-
urements, the thermal properties of the JT-series materials were
also determined, again as a function of both composition and of
porosity. The specific heat, thermal diffusivity, thermal con-
ductivity, and coefficient of thermal expansion were determined.
The effects of annealing JT-materials at various temperatures were
also studied. The uniaxial stress-strain relations for JT-materials
are rnonlinear and nonconservative, and brittle fracture is preceded
by plastic flow. Strengths and moduli jincrease with increasing
metallic additive content and decreasing pcrosity. The physical
proprerty data, both mechanical and thermal, provide sufficient
information to optimize the material &nd geometry of a structural
component for specific applications.

¥A product 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 blaxial stress quad-
rants were determined on thin-walled cylindrical specimens sub-
Jected to combinations of internal pressure, external pressure,
and axial load. The stress-strain relations of this material
under combined stresses are also nonllinear and nonconservative. A
generalized stress-strain relation for a transversely isotropic,
nonlinear material has been obtained wlthout assuming volume con-
stancy. The correlation between effective stress and effective
straln for the uniaxial and biaxial stress tests is satisfactory
for engineering applications.

Various theories of fracture 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
materials as function of composition and poroslty have been calcu-
lated with these fracture criteria, Significant influences of
anisotropy and stress state on the modes of fracture were observed
for JT-50 material. Catastrophic fracture resulted when the specl-
men was subjected to a large compressive stress, regardless of
whethe » the other stress was tensile or compressive.
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SECTION IIX
FABRICATION OF JT-SERIES MATERIALS

Ly Description of JT-Series Materials

The JT-serles materials are graphite-base refractory
composlites 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 welght basis, Grade JTA is composed of 48.1 percent c, 42.4
percent ZrB,, and 9.5 percent Si. The minimum density limit fer
Grade JTA is 3.0 g/cm?d. During manufacture, silicon combines
with part of the carbon to form silicon carbide.

In this work, the elements Zr, B, and Si are called
the metallic additives;, these eiements are always present in the
same proportions as in JTA: U42.4 parts of ZrB, to 9.5 parts of
Si. Let

mass fraction of metallic additive
in the fabricated product, and

o
]

P density;
Grade JTA may, then, be specified by composition ¢ = 51.9 percent
and density p> 3.0 g/cm?.

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.(!) Therefore, to a good approximation,
each member of the JT series can be uniquely identified by two ,
values: the compositional variable, ¢, 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 Crientation, 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 arbltrary rotations about the
symmetry axis, which 1s parallel to the direction of molding and
perpendicular to the molding ram face.




Throughout this study, physical properties of the JT-
serles materials are specified with respect to a Cartesian co-
ordinate system orientcd with the x, and x, axes in the plane of
transverse isotropy and the x; axis parallel to the axis of rota-
ticnal 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 which 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-
grain" 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 ihe fourth
fabricated and that the composition is approximately 30 percent
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 1s not easily measured. Therefore, the porosity was calcu-
lated from the measured bulk density p and the calculated theoreti-
cal maximum density P

p=1-p/p (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 ZrB, to S1i 1s 42.4/9.5,

all S1 is in the form of a- and B-SiC5 and
X-ray density of pure C 1s 2.267 g/cm®, of
ZrBz 1s 6.10 g/cm®, and of SiC is 3.216 g/cm?,

.

P



the calculated theoretical maximum density is given by

2.267

P = =5

m - T = 0.5905 G (2)

where c (0O<c<l) 1s, as above, the muss fraction of Zr,B, and Si
the fabricated composite. In practice, there are uncertainties

of perhaps one percent in the mass fraction ¢ and ZrB,/Si ratio and
in the density of ZrB,. At low porosity levels of less than five
percent, the corresponding uncertainty in the calculated porosity
is several tens of percent. The possible error in the calculated
porosity will not affect the stress analysis and structural syn-
thesis work provided that Equations (1) and (2) are used consis-
tently in calculating the porosity.

4, Fabrication of Initial Billets

The initial series of billets to be fabricated was
selected to provide the initial trend of property data with com-
position at a fixed porosity and the trend with porosity at a
fixed composition. Billets three inches in diameter by 3-1/2
inches in length were pressed on production-size equipment at a
maximum observed outside-surface mold temperature of 2130°C and
at pressures ranging between 3,300 and 5,500 1b/in.%. Two attempts
to fabricate compositos with ten percent additive were unsuccess-
ful due to mold failures. Two other billets were of smaller slze,
Table I gives the compositior., average density 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 glven in Section IV.

TABLE I

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

Composition Average Average
Billet Percent Metallic Density Porosity
Number Additive g/cm? Percent
JT-30-5 31.5 2.31 17.2
JT-30-6 31.5 2.38 14.7
JT-30-4 31.5 2.58 7.4
JT-40-9 4i1.7 2.81 6.7
JTA-9 51.9 3.05 6.7
JT-70-3 T1.4 3.66 6.7
JT-70-6 T1.4 3.66 6.7
-




5. Process Studies on 1- and 1.5-Inch Dlameter Billets

A basic premise of the entire JT-series 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 1t 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 laboratory
size equipment.

a. Method of Fabrication. Experimental billets 1.0
and 1.5 inches 1In diameter with the same composition as JTA were
hot-pressed by a floating mold technique. The mold was heated
in a 4-inch diameter tube furnace. Reslstance 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 1lb/in.? was applied and
maintained until the mold temperature reached 1800°C; at that
time, the selected maximum pressure was applied. All samples
were held for one hour at the hot-pressing temperature. They
were then cooled under maximum pressure to a temperature of
1700°C, at which time the pressure was released. These experi-
mental blllets are designated by the letter E followed by a
sequential fabrication number.

b. Temperature Series. Effects of pressing temperature
on the density and microstructure were examined on samples hot
pressed at temperatures ranging from 2210° to 2280°C at a pres-
sure of 2900 1b/in.2. The solidus temperature for JT composites
was determined to be 2260° +10°C by inciplent melting experiments.
Examination of the run-out material by metallography and X-ray
diffraction disclosed a eutectic between irB, and SiC. Processing
and density data are given in Table II.

Figure 1 illustrates the effect of pressing temperature
on density and microstructure. Density increases with increasing
pressing temperature to an extrapolated temperature of 2258°C and
then decreases at higher temperatures. This decrease in density
is caused by some run-out of the irB,, Si1C 1liquid eutectic. The
250 X magnification photomicrographs adjacent to the data points
on Figure 1 show the representative structure of the material at
different pressing temperatures. As the temperature is raised
from 2210° to 2250°C, the porosity of the material decreases; the
general physical structure and distribution of the ZrB,-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

-8~
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billet. Both 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 OF
EXPERIMENTAL JT-SERIES BILLETS

Processing Processing

Specimen Temperature Pressure Density Diameter
Number T+10°C 1b/in.? g/cm? in.
E-2#% 2210 2900 2.84 1.5
E-3# 2230 2900 2.98 1.5
E-4# 2250 2900 3.11 1.5
E-5#% 2270 2900 3.11 1.5
E-6% 2280 2900 3.06 1.5
E-17 2240 2900 2.86 1.5
E-18 2260 2900 3.00 1.5
E-20 2265 2900- 3.03 1.5
E-16 2290 2900 2.97 1.5
E-13 2150 3500 2.78 1.0
E-14 2150 4500 2.89 1.0
E-12 2150 5500 2.97 1.0
E-10 2210 5500 3.11 1.0
E-9 2230 4500 5.09 1.0
E-8 2230 5000 3.11 1.0
E-7 2230 5500 3.13 1.0
E-19 2260 5500 3.15 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 2400°C, well above the solidus temperature ;
the analysis showed only the presence of ZrB,, SiC, and graphite.

@s Pressure Series. The effect of molding pressure
on denslty was examlined on samples molded at pressures ranging
from 3500 to 5500 1b/in.? at temperatures of 215(° +10 and 2230° t10°C.
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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 1b/in.2?. These data indicate that, to achieve
densities of 95 or higher percent of theoretical maximum density

(.95 x 3.27 = 3.11 g/cm?®), temperaiures in excess of 2200°C and
pressures in excess of 5000 1b/in.? are necessary.

d. Ultrasonic Elastic Stiffness Constants. The elastic
stiffness constants ciJ 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 3 shows the stiffress
constants c,;, C33, and cu4y and the density for a series of billets
processed at successively higher temperatures. At a given density,
the value of each constent is 15 to 20 percent higher i1f the pro-
cessing temperature 1s above rather than below the solidus tempera-
ture. The consistently high values of the elastic constants of

the iritial billets (fabricated as described in Section III-4)

are probably due to the maximum billet temperatures having been

higher than the solidus temperature, even though the outside mold
temperature was only 2130°C.

3.2 Processing
Temperature
E-19 O 2260°C
E-8 E-7 =0 2230
: -10 © 2210
3.1
ng 3 .
¥
— 2150
5 E-12
2
°
£ 2,9 P
8 -14
2.8 |—
-13
2.7 . ' |
*13500 4500 5500
(Processing Pressure (1b/in.?2)
N-9481

Filgure 2. Effect of Processing Pressure and Temperature on
Density of JT Material of 51.9 Percent Composition.

Figure 4 chows the stiffness constants cs:s; and c., versus
density for all the 51.9 percent composition billets fabricated
at various pressures wnd various temperatures less than the .~oli-
dus temperature (see Table II for the processing conditions). It
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that, within the reproducibility of the experiments, th=
constants at fixed composition depend only on the density
on the individual processing temperatures and pressures
achleve that density, provided that the temperature is
an the solidus temperature. This result strengthens the
1l premise that the JT-materials program can be based entirely
osition and density as material variables.
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Process Studies on 3-Inch Diameter Billets

A bl0-ton press with an induction furnace capable of

attaining temperatures higher than 3000°C was employed for the

process

studies. Figure 5 shows an overall view of the press,

including the induction coil and furnace assembly.
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Figure 4. Ultrasonic Elastic Stiffness Constants Versus
Density for JT Materials of 51.9 Percent Composition

In induction 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 ncrmal fabrication, only the outside mold tempera-
ture 1s measured. Therefore, 1t was necessary to correlate the
surface temperature of the mold to the interior temperature of
the billet. This correlation was established by simultaneous
temperature measurements on the mold surface and at the center
of a specially prepared, prepressed billlet of 51.9 percent compo-
sition. The maximum temperature difference was 1H0°Q. ’

A three-inch diameter billet of JT material of 51.9

percent composition was hot pressed to 92.5 percent of theoretical
density by single ram pressing. The billet was sectioned, and a

density profile consisting of 15 specimens (1/2 x 1/2 x 1/2 inch)

was obtained. The density variation within the billet was 3.0 per-
cent; densities ranged from 3.01 to 3.10 g/cm®, A three-inch dia-

meter billet of 31.5 percent composition was hot pressed by float
molding. The density profile of the sectioned billlet resulted in
a 1.2 percent density varlation; densities varied from 2.47 to
2.50 g/cm®. Thus, float molding reduced the density variation in
a three-inch diameter billet from three percent to one percent.
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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.

%% Fabrication of JT-Series Billets for Physical
Property Evaluation

A series of JT materials was fabricated for ~2chanic
and thermal properties evaluation. The float mold technique a
carefully controlled processing conditions were employed to ho
przss billets three inches in diameter and approximately 3.5 1

al
nd

t
nches

in length. Nominal compositions of 30, 50, and 70 percent metallic

additive were used; at each composition the porosity was varie

d from

a low of two-to-six percent to a high of 17 percent. Table III 1lists

the composition, density, and porosity of the 27 billets fabri

TABLE III

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

- T — S——

Billet Composition Density Porosity
Number Percent Additive g/cm? Percent
JT-30-16 31.5 2.61 6.2
JT-30-‘.‘8 3105 2057 709
JT-30-40 31.5 2.54 8.8
JT-30-32 31.5 2.45 11.9
JT-50-46 51.9 3.14 h.o
JT-50-22 51.9 3.11 h.9
JT-50-93 51-9 3008 507
JT-50-43 51.9 3.08 5.7
JT-50-21 5109 3007 601
JT‘SO‘“S 5109 300" 700
JT-50-28 51.9 3.02 7.7
JT-50-42 51.9 2.95 9.8
JT-50-27 51.9 2.94 10.1
JT-50-29 51.9 2.82 13.9
JT-50-26 51.9 2.71 17.3
JT-70-19 T1.4 3.86 1.6
JT=T0-47 T1.4 3.84 2.0
JT-70-20 T1.4 3.83 2.2
JT-70-18 T1.4 3.82 2.6
JT-70-33 71.4 3.57 8.9
JT-70-34 T1.4 3.45 11.9
JT-70-37 T1.4 3.42 12.9
JT-70-17 T1.4 3.26 16.9

|
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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-series materials. The physical properties of
interest are the elastic moduli, Poisson's ratlios, stress-strain
relations, fracture strengths, thermal conductivities, specific
heats, and coefficients of thermal expansion.

L 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-series 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 i
specimens prior to static testing and to provide a check of the
modull determined from the initial slope of the stress-strain
curves.,

e, Tension and Compression Tests. Both longitudinal
and transverse strains were measured with palrs 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. Four-point loading on 1/4 x 1/4 x
3 inch bars was used for flexural testing. Transverse and longi- f
tudinal tensile and compressive strains were measured at the top
and bottom surfaces with strain gages. Because the load versus v
strain relations are nonlinear and slightly different in tension ]
and compression, the data obtained from flexural tests were con-
verted to uniaxlal stress-strain relations by means of Naidai's .
graphical method.(*2) The effect of frictional forces at the loading |
and supporting edges was taken into account in the calculation
of the true stresses,

«l6~




€. Thermal Diffusivity. Thermal diffusivities were ;
measured from ambient to approximately 600°C by a flash method.(?)
The sample size was 5/8 x 5/8 x 0.04 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,C“) zirconium
diboride,( % and silicon carbide,(®) assuming complete conversion
of Si into SiC). The calculations were made at 100-degree inter-
vals from room temperature to 700°C. These calculations have
been checked from room temperature to 400°C by measurements made
with a Perkin-Elmer Differential Scanning Calorimeter.

g. Coefficients of Thermal Expansion. The coefficlents
of thermal expansion from room temperature to 700°C were measured
by the Newton's rings method on 1/2-inch cubes. HMeasurements in
the temperature range from 20° to 2000°C have been made on bars
2-1/2 inches in length heated in a tube furnace. Telescopes (
equipped with micrometer eyeplieces were used to measure the elon-
gation.

2. Mechanical Properties

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 compressive
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 porositles of
5, 10, and 15 percent. These values are listed in Table 1V.

a. Moduli. 1In most cases, static values of the Young's
moduli are approximately 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 hlgher stress levels.

Typical longitudinal stress-strain curves for tension
and compression of samples of JT-30, JT-50, and JT-70 material in
the with-grain and against-grain directions are shown in Figures 9
and 10. Each curve &8 a composite of tension and compression data
and 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

alT=
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Figure 6. Variation of Sonic Moduli with Density and Porosity
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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.
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Typical longitudinal and transverse stress-strain curves
for tensior and compression on samples of JT-50 material in the
wilth-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 orily 1n tension
and compression, but also with orientation. 1In the tension curves,
the transverse strains are negatlive indicating that when a longi-
tudinal tensile stress is applied a contraction takes place 1in the
transverse direction. In the compression curves the transverse
strains are positive indicating that when a longitudinal compres-
sive stress 1s applied an expansion takes place in the transverse

direction. The transverse strains for the with-grain orientaticn are

considerably larger than the transverse strains for the against-
grain orientation in both tensicn and compression. The trans-
verse strain curves are alil nonlinear, and, with the exception of
one curve, have curvatures opposite to that of the longitudinal
curves.

The variaticn 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 compositicn and decreasing
porosity. The variation of Poisson's ratioe with composition
1s negligible, and the Poisson's ratios decrease slightly with
increasing porosity. The range of Polsson's rvatlios are: -si2/s)j5 =
0.08 to 0.11, and -s,s3/s3; = 0.12 to 0.15, and -s;3/8,; = 0.28
to 0.37.

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 :und decreasing poro-
sity. This variation of the shear moduli, determined by the sonic
resonant bar test, is illustrated in Figure 14.

b. Strengths. The flexural test data (see results
for JT 50 material, Figure 7) have been ccrrected by a factor of
U.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-secticnal area, have been
increased by a factor of 1.06 {see results for JT 50 material,
Flgure 7) to allow for stray bending moments in the gauge section.
Even after these corrections are made, the tensile strength is
consistently 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 strengtihs
with composition and porosity are shown in Flgures 15, 16, and 17
for both the w#ith-grain and across-grain properties. The strengths
increase with increasing composition and decreasing porosity; the
variation 1n the compressive strength is particularly large.
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Figure 17. Variation of With-Grain and Across-Grain Compressive
Strengths versus Composition and Porosity.
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c. Hoop Tensile Tests. A fixture, similar to one
originally designed by the Stanford Research Institute, (7) was
constructed for hoo/- tensile stress testing by pressurizing a
short, open-end, thin-walled, hollow cylinder. The test fixture,
containing a test specimen and a Neoprene bag for pressurization,
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 gulding pins. Because the length
of the specimen is slightly shorter than the length of the spacers,
there 18 a simall 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.

-29-
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Figure 18. Specimen and Test Fixture for Hoop
Tensile Stress Testing.
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Talc was applied between the specimen and the Neoprene bag to
minimize friction. The inside and outside diameters of the test
cylinders are, respectively, 0.885 and 0.985 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 1nves-
tigated with a reflection polariscope, 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 priperties
of the epoxy cylinder itself, rather than to varilations 1in loading
stresses. Strain distributions in the 1.0 and 2.0 inch aluminum
cylinders were investigated with straln 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 with lengths of one and two
inches were testea. The variation of the hoop strains measvred
with strain gages at four locations on the two-inch long ATJ graph-
ite cylinder was two percent. Tensile strengths and strains obtained
from these ATJ graphite cylinders are in good agreement with those
obtained by the unlaxial tensile test. The tensile fracture strength
and strain for a JTA-9 cylinder were 7500 1lb/in.? and 1180 win./in.,
respectively.

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

Tension Load
Cell

Steel Cable

Specimen

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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are shown in Figures 20 and 21, respectively, for one of the speci-
mens. The stress-strain behavior for these specimens is similar

to their uniaxial stress-strain behavior: nonlinear and nonconserva-
tive.

® Fraoture

Shear Stress (10° 1b/in.?)

| — —— CE——

0 .1 .2 .3 K 5 .6

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-series
composites 1s nonlinear and nonconservative, Naidai’s graphical
method(*%) was employed to obtain the shear-stress versus shear-
strain relationship from the torque versus shear-strain curve.

The shear properties for these specimens are also given in Table V.
The shear-strain for specimen 1 was not properly recorded, and,
therefore, cannot be used for construction of the shear stress as

a function of shear-strain curve. The nonlinearity correction on
shear strength is approximately nine percrnt.

The shear strength tends to increase and the shear strain
to decrease with increasing density. The value of the shear
strength is approximately 10 to 20 percent greater than the tensile
strength in the across-grain direction. The specimens exhibited
a small longitudinal elongation. I.ength changes in plastically
twisted circular metal specimens have been observed by Swift.(9)
The inherent characteristics of the torsion test and the aniso-
tropy of the materials are believed to be the source of this phe-
nomenon. (18,19,%0) The theory of anisotropic plastic flow developed
by H111(29%) also supports the explanation of the length change due
to the anisotropy of the materials.
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Figure 21. Shear-Stress versus Longitudinal-Strain
Curve for JT-50 Composite Material.
N-11270
TABLE V
SHEAR PROPERTIES FOR JT-50 COMPOSITE MATERIAL
Shear Modulus Shear Strength Shear Long.
Density 1/s 10* 1b/in.* (1b/4in.? Strain Strain
Specimen (g/cm’ sonic statlc uncorrected ocorrected (percent) (percent)
1 2.934 2.11 -——- 5750 ——— -— 0.01
2 2.931 2.11 1.98 5160 4740 0.55 0.03
3 3.014 2.27 2.43 6160 5630 0.44 0.03
] 3.012 2.28 2.43 6690 6080 0.48 0.0k
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3 Thermal Properties

a. Specific Heat. The dependence of specific heat,
cp, on temperature is given in Figure 22 for the rominal 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.

0.5~
Composition

- Theoretical 31.5%
® Experimental

0.4
51.9% .

T1.4%

0.1—

Specific Heat p (cal/g °C or Btu/1b°F)

A l . | l ' l 1 l L
0 Loo 800 1200 1600 2000
Temperature (°C)
Figure 22. Specific Heat versus Temperature for JT-Material.
N-18117

b. Thermal Diffusivity and Conductivity. The thermal
diffusivity, x,, has beein 'measured from room temperature to 600°C.
The thermal coﬁductivity k,, has been calculated from %“he thermal

diffusivity by means of the relation

ki = pCpKi, (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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e ; Thermal Expansion. The coefficient of thermal
expanslon data showed somewhat greater scatter than did the other
property data. This scatter masked any dependence of the thermal
éxpansion on porosity that might exist. The thermal expansion
does depend slightly on composition, but the dependence is oppo-
site for the with-grain and across-grain directions. The coef-
flcients of thermal expansion a; and as are almost equal for the 70
percent composition. The trends of @, and a3 with temperature up to
1500°C are shown in Flgure 23 for the nominal compositions of 30,
50, and 70 percent.

p—
o

Composition

Composition

10

Coefficient of Thermal Expansion (10-%/°C)

ut::;ﬂﬂfﬂﬂp | 1

0 500 1000 1500
Temperature (°C)

Figure 23. Coefficient of Thermal Expansion versus
Temperature for JT-Material.
N-17328

b, Effects of Annealing on Thermal Expansion and
Mechanical Properties

Irreversible dimensional changes occur during the initial
heating of the JT-material above ipproximately 1600°C. In the
across-grain direction, the materig: expands between 1600° and
2000°C by amounts of the saie ordecr as the intrinsic thermal expan-
sion up to 1600°C. In the with-grain direction, the irreversible

T B IR ] A - M — e e -——W Wmm. 1




dimensional changes are much smaller and are sometimes positlve and
sometimes negative. During the fabrication process, the JT-blllets
are heated to temperatures greater than 2000°C and cooled under
pressure, stress rellef 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 performsd to study the
dimensional changes that occur during reheating. Specimens of
JT-30, 50, and 70 material were machined to precise dimensilons 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).

Transverse Direction L)

Transverse Direction L,

. 7546
Specimen ;
L7530 = JT-50-26
_. 71520p
£ 7510
Z .75 Axial Direction L;
n
£ 7500 fjo=—"""
i
v
= cTU9O j
g
4
a ,T480p=
)
B
a
(%]

. 2280
r

] ] |
.2270 J
0 200 f 1400 1600 1800 2000

Temperature (°C)

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, L; is in the across-grain direction and
L, and L, are in the with-grain directions. In this experiment,
severzl minutes were required befiure temperature equilibrium was
achieved (the hold-time was approximately 30 seconds), whereas
several hours at high temperature: were required for the ccef-
lcient of thermal expansion tests. Since approximately the samne
amount of growth occurs in both instances, the growth is apparently
independeit of these heating rates.

Several additional specimens were machined for the second
experiment. These specimens were repeatedly cycled between room
temperature ‘and 2000°C, 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
wlth-grain directious.

Tre specimens’®should be pre-annealed or cycled several
times to 2000°C before measuring the coefficient of thermal expan-
sion at temperatures greater than 1600°C to insure that no growth
will occur during measurement. This procedure should insure that
only the intrinsic coefficient of thermal expansion of the material
1s measured above 1600°C.

A third experiment was run to determine the effect that
annealing may have or. mechanical and thermal propertlies. Two-
thirds of the billet JT-30-38 was annealed at 2100°C 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
materlal has been annealed.

Figures 26 and 27 show similar best-fit curves and points
for annealed and as-received JT-30-38 material for the flexural and
compressive strength data, respectively. Again, the agreement be-
tween the plotted points and solid curves is quite good. In addi-
tion, the flexural and compressive strength data for billet JT-30-
38 fall well within the experimental scatter of the data points
used to determine the solid curves. Therefore, no significant
change in flexural or compressive strength of JT-30 material after
arnealing was observed.

Thermal diffusivity data and best-fit curves are shown
in Figure 28 for with-grain specimens of billet JT-30-38. These
data indicate that the with-grain thermal diffusivity at every tem-
perature increases after the material has been annealed at 2100°c.,
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Figure 25. Comparison of Sonic Moduli Between Samples of JT-30-38
and Best Fit Through All the JT-30 Sonic Data.
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Figure 26. Comparison of Flexural Strengths Between Samples of JT-30-38
and Best Fit Through all the JT-30 Flexural Strength Data.
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Figure 27. Comparison of Compressive Strength Between
Samples of JT-30-38 and Best Fit Through All
the JT-30 Compressive Strength Data.
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Figure 28. Comparison of With-Grain Thermal Diffusivity
Between Samples of JT-30-38 and all the JT-30
Diffusivity Data.
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The increase 1is approximately 11 percent at 100°C and approximately
five percent at 600°C. 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. Althouzh 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

The objective of this 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, thin-walled cylin-
drical specimens were subjected to combinations of internal, exter-
nal, and axial pressures.

1. Multiaxial Stress Testing Apparatus

Since the JT materials are hard and abrasive, teci speci-
mens were first machined to rough dimensionz from the billets t.
using diamond core drills and then ground to the specified dimeasions
with a diamond wheel. Tpe longitudinal axis of the test Speci-
mens was oriented parallel tc¢ the symmetry axis of the material.
The test specimens had the fcllowing dimensions: 1inside diameter,
0.885 inch; outside dlameter, 0.985 inch; and length, 3.50 inches.
In general, the variation of the wall-thickness throughout the
test specimens was less than 0.002 inch. A thin layer of synthetic
rubber coating was applied on strain gages and specimen surfaces
to prevent the hydraulic oil from damaging the strain gages and
penetrating pores.

The schematic diagram of the hydraulic system for the
multiaxial stress test apparatus 1s shown in Figure 29. The hasic
hydraulic power unit can supply a continuous pressure to 5000 psi.
The pressure from the power unit can be further increased to
7500 psi by means of a precision hydraulic cylinder and to 50,000
psi by means of a pressure intensifier. The pressure from the
power unit can be increased or decreased at prescribed rates by
replacing the sz2rew for pressure adjustment in the pressure relief
valve with a tihreaded plunger which rotates and moves axially in a
linear actuator. The rate and directlion of the axial motion of the
threaded plunger sre remotely controlled.

The pressure chamber, specially designed fecr combined
stress tests, 1s shown in Figure 30. The specimen assembly, which
consisted of a test specimen and two steel end-caps, 1s shown in-
slde of the pressure chamber. The interior surfaces of the steel
end-caps were slightly tapered, and the steel caps were attached
to the test specimen with eépoxy cement. Since the modulus of epoxy
cement 1s 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 approximately five
percent. The strain gage wires were led cut from the pressure
chamber by means of connectors normally used for thermocouple wires.
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Figure 30. Pressure Chamber Assembly for
Combined Stress Tests.
N-9678

Four foll strain gages, two longitudinal and two tangential, were
mounted at diametrically opposite locations on the outside surfaces
of most of the test specimens. The output of the longitudinal
straln gages was measured individually so that any bending moment
couid be determined and taken into consideration in the calcula-
tion of stresses. The corrections for transverse sensitivity of
the strain gages were made on the measured strains. The hydraulic
power unilt covld supply a continuous pressure to 50,000 psi. The
application of two pressures was usually necessary to obtain a
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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
raalal or constant stress-ratio loading condition. Pressure-strain
relations and pressure-time relations were plotted by X-Y recorders.

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

The tangential stress, 0,, and radial stress, o0;, were
calculated by Lame's equatlions, and the longitudinal stress was
calculated by the equation

a’P; + (d%-p?) P - g2 p
(0] e U)
b? - al L] (

"3 =

where a 1s the inside radius of test speclmen, b is the outside
radius of test specimen, d is the inside radius of the pressure
test chamber, F, is the internal pressure, Po 1s t»e external

pressure, and P_ 1s the axial end pressure. The 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 could be neglected in most cases.

The longitudinal and tangential stress-strain curves,
obtalned by constant stress-ratio loading in various states of
corbined stresses are shown in Figure 31 (a) and 31 (b). Compres-
sive stress and strain are indicated with a negative sign. The
va.ues of stress and strain at the outside surface of the test
specimen are used in Figure 31 (b). The curves designated as AT
and AC in Figure 31 (a) are, respectively, uniaxial tensile and
compressive stress-strain curves in the against-grain direction.
ihe curves designated as WT and WC in Figure 31 (b) are, respec-
fively, uniaxial tensile and compressive stress-strain curves in
the with-grain direction. The material deforms considerably more
in the against -grain (lengitudinal) direction than in the with-
grain (tangentia.) direction under a given compressive stress. Some
scatter was present in the biaxial 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 ian
strain measurements. Strain measured by a strain gage depends
slightly orn the surface condition (size and disribution ol pores)
on which the strain gage is placed. The longitudinal and tangential
Siress-strain relations for a J7-50 composite specimen subjected to
irternal pressure are shown in F.cure 32. The longitudinal strain
and the tangential strain at a Ziven internal pressure are approxi-
mately the same magnitude becauss of the hignly anisotropic proper-
ties of the material. The nonconservative response under cyclic
internal pressure loading is similar to that obtained for uniaxial
stress loading.
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Figure 32, Longitudinal and Outside Tangential Stress-Strain
Curves for JT-50 Composite Cylinder Under Internal Pressure.

N-9607

The biaxial fracture strength of the JT-50 composite is
shown in Figure 33, which 1s a two-~dimensional representaticn of
the longitudinal stress, 03, versus the tangential stress, o0,, at
fracture. The radial stress, 0;,.1s considered to have no effect
in Figure 33 because of 1its small magnitude. The scatter in the
fracture strepngth data in the state of blaxial compression 1s
believed to be due primarily to the variation of percent porosity
of the test specimen and premature failure initliated by localized
defects. An empirical fracture criterion for the JT-50 composite
is assumed to be in the form of a quadratic equation for an
ellipse, and the constanrts in the quadratic equation have been
determined from the fracture strength data by means of the least
squares, best fit technique. The fracture envelope predicted by
the empirical fracture criterion 1is shown in Figure 33, and the
empirical fracture criterion* 1s given as

(12100)%2 = ¢g;2 - 0.63,03% + 1.0403%2 + 155150, + 202080,. (5)

¥The empirical fracture criterion was obtained by Dr. C. C. Chamis
of Case Western Reserve University.
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The agreement between the empirical fracture criterion and frac-
ture strength data is not completely satisfactory, indicating
that the assumption of a continuous ellipse rcr the fracture
envelope may not be accurate.

G 110

TANGENTIAL STRESS,
103 PSI

LONGITUDINAL

EMPIRICAL

Figure 33. Biaxial Fracture Strength for the JT-50
Composite Material.
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3. Failure Criteria for Nominal 230 Percent and 70 Percent
Additive JT-Series Composite Material

A limited number of JT-30 and JT-70 compcsite specimens
were tested under blaxial 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 composlte were tested; the
results are given in Table XI. The biaxial fracture strength for
the JT-30-49-2 specimen appeared to be lower than the estimated
value. The strains measured on the outside surface of the speci-
men are alsc given in Table XI.




TABLE XI

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

Strength*(10% 1b/4in.?%) Strain* (percent)

Density 1Inside Hoop Axial Hoop Axial

Specimen (g/cm?) ou1 Tus Eul Eus
JT-30-48-1 2.62 4.4 2.0 0.15 0.17
JT-30-49-2 2.54 -13.8 -11.1 -1.15 -0.24
JT-70-47-1 3.82 16.5 -16.6 0.09 -0.15
JT-70-47-2 3.82 17.2 ' | 0.06 0.06

*Negative values indicate compression.

b, Comparison of Theories of Fracture with the
Experimental 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 loadinrs, or from the
shape and size of cracks in the material. Maximum stress theory
and Mohr's theory are, perhaps, the earllest theories of fracture
which take into account different strengths in tension and compres-
slon. Several theories of fracture have been prcposed more recent-
ly for materials having various types of anisotropy.(2'-2%) These
theories are generally in the form of a quadratic equation for an
ellipse in terms of stresses, and the constants in the eguation
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 thre
theorles which predict a fracture envelope in the form of an ellipse,
the theories proposed by Stassi(??®) and Hoffman(*?) gave the best
agreement with the experimental data.

The correlations of the experimental data with the empiri-
cal fracture criterion show:a 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 blaxial fracture envelope of this material may be taken to be

é
:
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composed of fcur separate fracture enve.cpes which are consistent
with the fracture mechanism operative for each state of biaxial
stresses.

Norris, et al.(?®?)* formulated a theory of fracture for
orthotropic materials based cn the assumptions that the ortho-
tropic material is composed of walls of an isotropic material sur-
rounding voids in the 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 generclized form

’

012 0103 032

i +
(0] 2 g Q O,
i, 13 Ja f o

= 1’ (6)

where o,
1)

symmetry directions. The values of 011 and OJa can be either ten-

sile strengths ot] and ot3 or compressive strengths oc,; and 003,

depending on whether the principal stresses o, and o3 are tensile or
compressive stresses. Four fracture envelopes, each of which is
applicable to only a particular stress state, are obtained when

the apprcpriate uniaxial fracture strengths for each stress state
are substituted in 3Equation (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.

and OJ are the uniaxial fracture strengths in the
3

Norris's theory has been applied to the fracture data
for the JT-50 composite materiai. Good agreement betiween predicted
and measured strrengths was obtained, except in the biaiizl-tension
stress state for which the predicted strength was somewnat high.
The fracture envelope in biaxial tension may be best reprecented
by the modified maximum stress theory given by

5

ol:lor-—o—_a-zl. (7)

t Y65

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

*A series of reports pertaining to this subject have been published
by C. B. Norris and his associates at rhe Forest Products Laboratory.




The fracture envelopes for the JT-50 compusite material
at five, ten, and fifteen vercent porosity have been calculated
with Equations (6) and (7) and the uniaxial strenzth data given
in Table IV and are shown in Figure 34, Most o1 .he frecture
strerith data fall between the fracture envelopes te¢n and
five percent porosity, since the porosities of Lh. Ji1-50 composite
billets fabricatecd for this program were gernerally slightly smaller
than eight percent. The calculated fracture envelopes for JT-30,
JT-50, and JT-70 composites at ten percent porosity are shown in
Figure 35.
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Figure 34. Biax al Fracture Strength as a Function of
Porosity, “omposition = 50 Percent.
N-18228

5. Correlation of S ress and Strain Under Combined Stress

a. Effective Stress-Effective Strain Relation for the
JT-50 Compcsites. In the designing of machine and structural com-
ponents, the designers must be able to predict the plastic stress-
strain relations under various states of combined stresses frorn
the uniaxial stress-streain relations. These predictions have been
made with some degree of success for ductile materials by correlat-
ing certain invariant characteristics of the states of stress and
strain vhich are often defined as the effective stress and effec-
tive strain. The relationship between the effective stress and

5k
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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 known sclutions in
plasticity theory may be applied to these composites.
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Figure 35. Blaxlal Fracture Strenéth as a Functlon of

Composition, Porosity = 10 percent.
= N-18229

The effective stress, g, and the effective strain, €,
defined by the deformation-type theory of plasticity for ductile
isotropic material are

5 = b [los = ) & (05 = 04) + (0 - 012 T¥ (8)
V2 ]
and '

: 1% (1 = 6335 @ (os = Bt & (€~ €X2TE, {9
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where o0,, 02, and 93 are principal stressec and €,. €2, and €3

are principal strains. Hill(3°) suggested a theory oi plastic
Flow for anisotropic materials by postulating the effective stress
to be given by

= 2,
6 = [F(o, - 02)% + G(o, - 03)% + Hi(o3 - 0,)2]%, (10)

where F, G, and H are parameterc characteristic of the current
state of anisotropy. Similar stress-strain relations for aniso-
tropic materials were proposed by Jacksor, Smith, and Lankford,(3!)
Dorn,{32) and Fisher(3®*®). More recently, Hsu(®") proposed a yileld
criterion and plastic stress-strain relations for anisotropic mate-
rials exhibiting the Bauschinger effect. Hu,(®5) starting with
Hill's effective stress, obtained an expressica for the incre-
mental effective strain for materials which obz2y the law of con-
stancy of plastic volume. The assumption of plastic volume con-
stancy is approximately correct for many cuctile materials =znd is
often used in the theory of plastlcity because the assumpticn leads
to greatly simplified solutions to manv problems. The assumption
of volume constancy cannot be used in the study of deformation

and fracture of the JT-..erles composites since significant volume
changes under uniaxlal stresses have been onserved for these mate-
rials. The volume changes under stresses ire telievea to be due
largely to changes in the 35i1ze of the macroscopic pores and, to

a lesser extent, to volume changes ir the graphite particles (the
particles contain microscopic porosity..

b. A Generalized Stress-Strain Relation. A genera-
lized form of the plastic stress-strain relation for anisotropic
mzterla.s can be written as

ey = § diﬁ°j¢ (4.9 % 1,2, =~o56), (23

where The aiJ are the constants of anisotropy and ¢ is the propor-
tionalitv functior defined by

¢ = €/0; (12)

the expressions for € and ¢ are given later. The proportionality
function, ¢, is a monotonically increasing function of o and des-
cribes the degree of nonlinearity in the stress-strain behavior.
The constants of anisotropy, aij’ are assumed t» be Iindependent of

deformation. The use of the total strain components 1s permissible
if the stress-~-ratio 1s constant during deformatlion, the stress
increases monotonically, and the material exhibits little elastic
behavior. These assumptions are Justified for the JT-50 composite
and the present test program. There are 36 constants of anisotropy

4
1
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in Equation (11). Because of the symmetric property aij = aji
and the transversely isotropic property of the material, the number
of independent aij 1s reduced to 5, namely, o111, 033, Q12, Q13,

and a,4. Since the material symmetry axes coincide with the principal
axes ot the test specimens, the stress distribution is axialily
symmefric and the shear stress components vanish; hence, o,, does

not appear in Equation (11). Therefore, the plastic stress-strain
relations of interest{ tecome

€1 = (01101 + 01202 + a;303) ¢, (13a)
€2 = (@1201 + 01102 + 01303) ¢, and (13b)
€3 = (01301 + 01302 + 03303) 9. (13c)

The stress comoonents, in terms of the strain components,
can be obtained for Equations (13) and are given by

g1 = (kire1 + kiz€2 + Ki13€3)/ ¢, (lbda)

o2 = (kiz2€e1 + k1162 + Ki13€3)/ ¢, and (1llb)

03 = (kiser + Kiszez + Kzzes)/ ¢, (lbe)

where 3
kir = (arn1033 - 0132)/ &4, |
kiz = (013 - a120a32)/ b,
kis = (@12 - a11) oa13/4, (15)

k33 = (@112 - @12%2)/ b, and

A= (ar11? - a122) a3z + 2 (@12 - @11) @32
For a deformed body, the total work per unit volume is

W =0t = 01€; + 0262 + O3€3. (16)
The expresslon for the effective stress for the present case can

be obtained by the substitution of Equations (12) and (13) into
Equation (16):

3

e
0 = [a;; (012 + 022) + 033032 + 2 120102 + ¢ 013(003 + 030,)]%

(17)

I«
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The corresponding expresrcion for the effective strain can be
derived from Equations (12), (14), and (16):

€ = [kii (€12 + €22) + ki-es? + 2 Kizesea + 2 k13 (e2e3 + 6361)]%

(18)

€+ Numerical Calculation. In order for Equations (13) i
to represent the stress-strain curves at the origin (Hooke's Law
for transverse isotrogy), the proportionality function ¢ is defined
to have the value 107° in.%/1b ir the limit of zero stress and each
anisotropy constant a is chesen tc be a dimensionless quantity
having the numerical %glue of 10° times the value of the corre- ;
sponding elastic compliance constant siJ; the values of the Sij can

be calculated from the data given in Table IV. The value of ¢ for

a given value of 0 can be computed from the average effective stress- +
effective strain curve which was determined from the uniaxial tensile
and_compressive stress tests. For the biaxial tests, the vzlues

of 0 can be calculated with Equation (17) and the values of & can

be computed with Equation (18) by using the experimental values '
of €; and €3 and the values of €, calculated with Equation (13b),

o

Figure 36 shows the effective stress-effective strain _
relations calculated for a number of test specimens, including i
those represented in Figures 31(a) and 31(b). The average effec-
tive stress-effective strain curve for the uniaxial stress tests
is also plotted in Figure 36 (the dashed line). Some scatter
exists in the correlation between the effective stress and the
effectlve strain, but the correlation is satisfactory ior engineer-
ing applications. An increase of scatter in the correlation with '
increasing compressive 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 uniaxial stress test specimens. 1In 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 uniaxial 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 uni-
axlal stress-strain relations.

-

e i

e kS -

6. Microscopic Observation

i
]
1

a. Mcdes of Fracture. The influence of the high degree
of anlsotropy an<i 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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Specimen (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 i1sotropic cylinder. The irregu-
lar fractured surface may be due to “*: fact that the longitudinal
and tangential stresses, Jjust pricr to fracture, were approaching
simultaneously the values of the uniaxial tensile strengths in

the against-grain and with-grain 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 (¢). These
specimens were fractured under an internal pressure and an axial

-59-
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compressive load. The axial compressive load applied to specimen
(c) was approximately twice that applied to specimer. (b). The
fracture of specimen (b) resulted from a barely visible longitudinal
cleavage crack caused by the tangential tensile stress. The frac-
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.

(a) (b) (e)

Figure 37. Specimens Fractured Under Combined Stresses.

b. Factors Affecting Stresses. The 7rgree of aniso-
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 aniso-
tropic, whereas the properties of the metallic additives, ZrB,
and Si, are relatively isotropic. Thus, the degree of anisotropy
of the JT-series composites varies from the moderately anisotropic
characteristics of graphite materials (no metallic additives)
to the fairly isotropic characteristics of the ZrB, and Si phases

(all metallic additives).

-60-

N-20612




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 anisotropic behavior of tha
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 compressive strengths
for the JT-series 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 aniso-
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 against-grain tensile strength of the JT-
series composites is lower than the with-grain tensile strength.
The compressive 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 compressive load 1s applied along the basal planes. When the
metallic additives are added to a graphite matrix, the compressive
strength increases because the metallic additives can carry more
load and also act as interlocking agents which prevent the basal
planes of the graphite particles from separating and buckling pre-
maturely. Therefore, the compressive strength in the with-grain
direction of the JT-series composites increases more rapidly than
that in the against-grain direction as the percent of metallic
additives increases.
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SYMBOLS AND UNITS

Symbol Unit Description
1/81, 10¢ psi Young's modulus (with-grain
direction)
/833 10°® psi Young's modulus (against-grain
direction)
1/844 10* psi Shear modulus
o 10 psi Tensile strength (with-grain
t)
direction)
o, 10? psi Tensile strength (against-grain
4 direction)
o, 10* psi Compressive strength (with-grain
1 direction)
o, 10? peil . Compressive strength (against-
. grain direction)
Op, 10° psi Flexural strength (with-grain
direction)
Op, 10? psi Flexural strength (against-grain
direction)
0, psi Stress (with-grain direction)
Os psi Stress (against-grain direction)
€1 percent Strain (with-grain direction)
€; percent Strain (against-grain direction
o) 10-%/°C Coefficient thermal expansion
(with-grain direction)
a3 10~¢/°¢C Coefficient thermal expansion
(against-grain direction)
K, cal/sec cm-deg Thermal conductivity (with-grain
direction)
Ks cal/sec cm deg Thermal conductivity (against-
direction)
Ky cm?/sec Thermal diffusivity (with-
grain direction)
ol cm?/sec Thermal diffusivity (against-
grain direction)
Cp cal/g°C Specific heat

O ———————————————————————————————————
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