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. DETERMINATION OF RELATIVE THERMAL RUPTURE
RESISTANCES OF GRAPHITES#*

G. T. Yahr

Abstract

Polycrystalline graphite, which is used as a material for
high-temperature application by the nuclear and aerospace indus-
tries, has remarkable resistance to thermal-stress-induced frac-
ture. Nevertheless, certain applications tax its thermal rupture
resistance, and selection of a particular grade of graphite for
such an application must therefore include consideration of this
property. Currently the type and grade of graphite are often
selected on the basis of figures of merit that have evolved from
elastic analyses, since the thermal shock tests that have been
developed are too expensive to be used as screening devices.

The thermal shock test described in this report is rapid
enough and sufficiently economical to be used for screening
candidate materials for a particular application. The test con-
sists of heating thin disks of graphite at the center with an
inert-gas shielded-arc nonconsumable electrode welder.. Several
disks of each graphite are heated, each at a different, but con-
stant, power level. The minimum power input to the welder that
will consistently cause the graphite to fracture is determined.
The graphite that requires the highest power level to produce a
fracture is the one most resistant to thermal shock.

Twenty-one grades, or types, of graphite were ranked accord-
ing to thermal shock resistance by using this test. Mechanical
and thermal properties of the specimens were obtained from the
literature so that figures of merit ratings could also be deter-
mined, and none of the standard figures of merit gave reliable
predictions of the relative thermal shock resistances of the
graphites.

Keywords: Graphite, thermal shock, thermal rupture, rupture
resistance test, figures of merit, fracture, threshold power level.

Introduction

Graphite has unique properties that prompt its use in such advanced

2

systems as rockets! and nuclear reactors. One of the principal reasons

¥This document was originally prepared in partial fulfillment of the
requirements for the Degree of Master of Science at the University of
. Tennessee. The work was performed at the Oak Ridge National Laboratory.



for its use is its ability to withstand severe thermal environments. .
Graphite does not melt under atmospheric pressure, but it does sublime
when heated to 6500°F. Although graphite has little tensile strength at
room temperature, its strength increases as the temperature increases up
to approximately 4500°F, instead of decreasing as is typical for most ma-
terials. In addition to being one of the strongest available materials
for extreme high-temperature application, it is the most thermal-stress-
resistant refractory material. Its thermal stress resistance is due to
the low modulus of elasticity, low coefficient of thermal expansion, and
high thermal conductivity, as well as the good high-temperature strength.

Although graphite is extremely thermal shock resistant, thermal shock
failure is of concern in certain applications. Ideally, the relative
suitabilities of various types of graphite for a particular application
would be determined either by testing under conditions that duplicate
service conditions or by an analysis that accurately describes the mate-
rial behavior, the component geometry, and the interaction of the compo-
nent with its environment. In most cases, however, the ideal methods for
evaluating the relative suitabilities are expensive and complicated, if
possible at all. The difficulty of performing accurate analyses has been
discussed by Derby.3

Figures of merit, such as kOf/uE, where k is the thermal conductivity,
Of is the tensile strength, o is the coefficient of thermal expansion, and
E is the modulus of elasticity, have been used for determining the rela-
tive thermal shock resistances of graphites." However, consideration of
the variation of properties with temperature and the plasticity of graph-
ite at high temperatures casts doubt on their validity. Kendall and
McClelland® summarized the present situation in a recent discussion of
nonmetallic materials for aerospace applications, as follows:

The ability of graphite to withstand thermal shock is often the
determining criterion in materials selection. However, attempts
to predict the relative thermal-shock behavior of various graph-
ite grades using the classical four factor formula have been un-
satisfactory.

The basis of the figures of merit is the observation that the mate-

rial properties always enter into the final equations for stresses as a

constant multiplier in thermoelastic analyses when the heat transfer rate .




is of the same order of magnitude regardless of the geometry. This ob-
servation also justifies the selection of thermal-shock-resistant graph-
ites with a simple thermal shock test that only approximates the service
conditions. One of the purposes of this investigation was, accordingly,
to test the validity of figures of merit by comparing them with ratings
obtained from thermal shock tests. The advantages of the thermal shock
test are that the variation of properties with temperature and plasticity
are automatically taken into account and only one quantity, thermal shock
resistance, must be measured.

Several types of single-cycle thermal shock tests and steady-state
thermal stress tests have been used to determine the thermal stress re-
6—9

sistance of brittle materials. However, few of the thermal stress

tests have been successfully applied to graphite.

10511 oonducted a series of thermal stress tests on both KS

Crocker
graphite and uranium-impregnated graphite in which the specimens were
12-in.-long circular cylinders, 3/4 to 1 in. in diameter, with a 1/8- to
3/16-in.-diam hole in the center. The specimens were electrically heated
by their own resistance. A temperature gradient was established across
the walls by flowing nitrogen through the coaxial hole in the specimens.
A maximum surface temperature of 2500°F was maintained in a nitrogen at-
mosphere of 500 psi. A maximum net power of 2430 w/in. was used with a
nitrogen flow rate of 600 1lb/hr. None of the specimens broke.

12 yan a series of thermal stress tests on commer-

Powell and Massier
cial graphite of three types. Their specimens were 1/8-in.-thick 3/L-in.-
wide T-in.-long plates mounted in a passage with blackened water-cooled
mild-steel walls. The specimen was resistance heated, and the temperature
difference was obtained with pure nitrogen flowing through the passage.
Thermal stress fractures were induced at surface temperatures between 3200
and 5100°F. An obvious advantage of this test was the ability to control
independently the specimen surface temperature and temperature distribu-
tion, since a range of conditions could thus be studied. The primary dis-

advantages were the undetermined mechanical stress in the specimen and the

difficulty of accurately computing the thermal stresses.



Corum and Dodge13 investigated the feasibility of thermal rupture
tests on graphite specimens with simple geometric shapes. They recom-
mended a thick-walled cylinder heated by electrical resistance and cooled
on the outer surface. Their parameter study indicated that the larger
the ratio of outside-to-inside radius the less power would be required
for fracture.

Carlsen'® heated graphite spheres in vacuum in a graphite resistance
furnace to temperatures as high as 4000°F and then quenched them in a
graphite crucible at room temperature. The spheres were 1 1/2 and 2.36 in.
in diameter, and most were graphite shells containing a uranium-loaded core
or solid spheres of uranium-loaded graphite. Cracks were produced in a
number of the spheres. 8Solid spheres of CS-312 graphite were tested but
did not fail.

Bohn and Kingls’16

developed a thermal shock apparatus based on an
electron-beam heat source. The specimens were 0.5-in.-long cylinders

with an inside diameter of 1 in. and an outside diameter of 1.5 in. that
were heated very rapidly on the inner surface. The tests were made on
ATJ, AXF-5Q, AXF-9Q, and PO3 graphites, and none of the specimens cracked
during testing. These tests were valuable, however, because both tempera-
ture and strain measurements were recorded.

None of these methods are economically suitable for determining the
relative thermal stress resistance of a large number of types of graphite.
Corum and Dodge's calculations of the power required to get a steady-state
temperature gradient large enough to fracture graphite indicated that a
transient test would be more suitable. Such a test is described in this

report.

Thermal Shock Test for Graphite

The excellent resistance of graphite to thermal stresses necessitates
a very severe test to produce failure. 1In the test described here a thin
disk of graphite is heated at the center so that a radial temperature dis-
tribution is produced that can cause the disk to fracture at the rim. The

geometry is simple and the elastic analysis can be readily made. !’




In preliminary tests to determine whether disks could be heated fast
enough to produce fracture, a plasma torch was used to heat the specimen.
The specimens were 4 3/8 in. in diameter and varied in thickness from 1/h
to 1/2 in. A hole was drilled in the center of most specimens so the
plasma jet could be directed through the hole and the axial temperature
gradient would be a minimum. The holes were 3/8 to 3/4 in. in diameter.

The first specimens were soaked in liquid nitrogen just prior to
testing so that the test would be as severe as possible. This increased
the possibility of thermal rupture because (1) the thermal conductivity
of graphite decreases rapidly at subzero temperatures and thus produces
a steeper temperature gradient in the disk, and (2) the strength and plas-
ticity of graphite increase at elevated temperatures. Precooling of the
specimens was later found to be unnecessary, however.

Two grades of graphite, RVA and AGOT, were cracked in these early
experiments with the plasma torch, which successfully demonstrated that
graphite disks could be cracked by thermal stress alone. On hearing of
these results, R. N. Lyon of ORNL suggested that an arc welder might be
used as an alternate heat source, and the inert-gas shielded-arc non-
consumable-electrode welder was ultimately chosen as the heat source.

The tests with the welder as the heat source give a direct measure
of the relative resistances of graphites to thermal stresses. The thin
disks are heated at the center so that the center becomes extremely hot
before the temperature of the circumference increases appreciably. Sev-
eral disks of each graphite are heated, each at a different, but constant,
power level, and the minimum power input to the welder that will consis-
tently cause the graphite to fracture is determined. The thermal shock
resistance is directly related to the power level required to produce

fracture.

Specimens

The test specimens were thin circular disks 2 in. in diameter and
0.10 in. thick that are ground flat and parallel to within *0.0005 in.
total indicator runout. The circumference has a root-mean-square rough-

ness height of 63 uin. Approximately 30 specimens were needed for an



adequate determination of the thermal shock resistance of each type graph- .
ite. Two other specimen sizes, 4 and 3/4 in. in diameter, with thicknesses
of 0.20 and 0.05 in., respectively, were also used. The tolerances for

these specimens were the same as for the 2-in. specimens.

Heating Apparatus

A schematic drawing of the power circuit used for the tests is shown

in Fig. 1. Direct-current power was supplied from commercially available
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Fig. 1. Schematic Diagram of Power Circuit for Thermal Shock Test. ‘
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welder power supply units. The standard test installation, which was
used for testing the 2- and 4-in.-diam specimens, had two Miller direct-
current arc welders, Model SR 300, that could be hooked in series to de-
liver up to 20,000 w of power. The lowest power at which an arc could
be sustained was 1700 w. A second test installation had a Revere auto-
matic gun welder with a working range from 200 to 5500 w as the power
source. The 3/b-in.-diam specimens were tested with the Revere welder
as the heat source.

Direct-current straight polarity was used so that most of the heat
was produced in the specimen rather than in the electrode; that is, the
electrode was negative while the specimen was positive. Hence, the elec-
trons struck the specimen with high velocity and imparted their energy to
the specimen.

A thoriated-tungsten electrode was held in a water-ccoled Heliarc
electrode holder. A flat-ended 3/16-in.-diam electrode was used for test-
ing the 2-in.-diam specimens. The electrode used for testing the k-in.-
diam specimens was also flat-ended but was 1/L4 in. in diameter to carry the
higher currents necessary for testing the 3-in.-diam specimens. A pointed
1/8-in.-diam electrode was used for testing the 3/4-in.-diam specimens.

The specimen was supported by a copper plate with a hole in it that
was slightly smaller than the specimen diameter. A circle of the same
diameter as that of the specimen was scribed on the top of the plate con-
centric with the hole so the specimens could be accurately centered over
the hole. Each size specimen required a different support plate. The
plate used for testing the standard 2-in.-diam specimens had a 1 3/8-in.-
diam hole in it. It was important that the plate and specimen both be
flat to maintain good electrical contact during a test to prevent arcing.
Steel rings 2 in. OD by 1 3/8 in. ID by 3/8 in. long were placed on top
each 2-in.-diam specimen to keep it in adequate contact with the plate.
The 3/k-in.-diam specimens were held in contact with the support plate
by a vacuum pump attached to the hole (3/8 in. in diameter) under the
specimen.

The support plate for testing the 4-in.-diam specimens had a 3 1/2-
in.-diam hole. The L-in. specimens were heavy enough to insure adequate

electrical contact between the specimen and plate. The plates were



water-cooled to maintain them at the same temperature for every test. .
Otherwise, the plate would have become hot and after several specimens
had been tested, the plate would have heated the specimen before the arc
was initiated.
The electrode holder was clamped into position to insure that the
center line of the electrode coincided with the center of the disk and
was perpendicular to the flat face of the disk. The electrode was below
the 2- and b-in.-diam specimens but was above the 3/L-in.-diam specimens.

Before each test, the electrode tip was positioned 0.25 in. from the sur

face of the 2- and 4-in.-diam specimens. It was 0.075 in. from the 3/4-
in.-diam specimens. After a commercial high-frequency starter initiated
it the arc was self-sustaining.

Helium and argon are the two gases most commonly used in the inert-
gas shielded-arc nonconsumable electrode welding process. Although a
hotter arc is produced with helium, it is easier to maintain an arc at
low power with argon. Helium at a flow rate of 50 cfh was used with
the Miller power supply to test the 2- and L4-in.-diam specimens. Argon
at a flow rate of 30 cfh was used with the Revere welder to test the
3/4-in.-diam specimens.

Figures 2 and 3 show 2- and 3/4-in.-diam specimens in position. The
test stands are enclosed in a booth during tests to protect personnel from

the flash of the arc.

Instrumentation

The current and voltage output of the welder were recorded on a
strip chart during each test. A typical strip chart is shown in Fig. L.
The current trace lags the voltage trace a distance approximately equal
to T sec. The numbers 2670 to 2675 designate the specimen numbers. In
the tests recorded in Fig. 4, and, in fact, in most tests, the specimens
failed vioclently by breaking into two or more pieces that were often thrown
off the support plate. This caused a sudden increase in arc voltage. The
current and voltage maintained reasonably constant values once the arc
stabilized, which usually took less than 1 sec. Specimen 2673 (see Fig.
L) broke 13 sec after the arc was initiated. The only specimen (Fig. k&) ‘




PHOTO 73418

Fig. 2. Test Rig for 2-in.-diam Specimens.

that did not break was specimen 26Th. The power output from the welder
was determined by multiplying the values of current and voltage read from
the strip chart. This power level supplied the criterion for measuring

the severity of the test.

Procedure

The procedure for determining the relative thermal shock resistances
is illustrated by the data of Table 1 for 2-in.-diam specimens of PO3
graphite. The specimens are listed according to increasing test power
level. The run numbers indicate the order in which the -specimens were
tested. The welder setting is the nominal value of welder current at

. which the welder was set. The time is the time during which the arc was



Fig. 3.

Test Rig

for 3/4-in.-diam Specimens.

PHOTO 7341k
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Table 1. Thermal Shock Data for 2-in.-diam
PO3 Graphite Specimens

Welder Actual

Run . EMF Power Time
Setting Current Broke

No. (amp) (emp) (v) (w) (sec)

1438 100 108 26.0 2808 16.0 No
1453 125 132 26.1  3k4s 15.0 No
1hsk 125 133 26.1 3471 16.0 No
1451 130 135 26.1 3526 16.0 No
1hhy 135 140 25.2 3528 15.0 No
14ko 125 135 26.2 3537 15.0 No
1450 130 135 26.2 3537 15.0 No
1hh7 130 135 26.2 3537 15.0 No
1hs2 130 135 26.2 3537 8.0 Yes
14k9 130 135 26.3 3550 15.0 No
1448 130 135 26.3 3550 5.0 Yes
1455 135 14 26.0 3666 16.0 No
1Lkh2 140 1k4s5 25.8  37hl 15.0 No
14hé6 135 1ko 27.0 3780 3.5 Yes
1456 140 145 26.1 3785 16.0 No
14hs5 140 1ks5 26.7 3872 6.0 Yes
1443 145 148 26.7 3952 4.0 Yes
1hhh 145 148 27.0 3996 6.0 Yes
1Ls57 145 153 26.2 L4009 15.0 No
1458 150 160 26.9 430k 15.5 No
1462 150 160 26.9  L304 15.0 No
1439 150 165 26.8  Llho2 4.0 Yes
1463 155 165 26.9  L4kh3g 15.0 No
1460 155 165 27.0  LkLss 3.5 Yes
1461 155 173 25.9  L4h81 3.0 Yes
1k59 155 165 27.6  Lsslh 5.0 Yes
146k 160 173 27.0 LTl 15.0 No
1465 165 182 27.1  Lg3p 15.0 No
1466 170 185 27.9 5162 3.0 Yes
1468 170 185 28.0 5180 15.0 No
1467 170 185 28.9 5347 3.0 Yes
1h37 175 205 27.0 5535 3.0 Yes
1471 175 200 27.7 5540 15.0 No
1470 175 198 28.0 554k 5.0 Yes
1469 175 199 27.9 5552 5.0 Yes
1472 175 200 28.0 5600 5.0 Yes
1436 225 255 27.0 6885 2.0 Yes
1435 275 310 29.2 9052 2.0 Yes
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Fig. 4. Typical Brown Recorder Chart from Thermal Rupture Tests.

maintained. If fracture had not occurred after 15 sec, the test was
terminated. The last column indicates whether the specimen fractured.
The first specimen tested, specimen 1435, was carefully positioned
on the support plate with the steel ring on top of it, and the power sup-
ply to the welder, which in this instance was one of the Miller welders,
was adjusted to 275 amp and energized. The helium was turned on and ad-
Justed to a flow rate of 50 cfh, and then the arc was initiated. After
2 sec the specimen broke, and the arc was extinguished.
The distance from the electrode to the specimen was measured and,
if necessary, reset. Specimen 1436 was then positioned on the test stand,
and the welder setting was decreased to 225 amp. Again, the specimen
failed approximately 2 sec after the arc was initiated. Consequently,

the welder setting was reduced still more for specimen 1437, which failed
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after 3 sec. Specimen 1438 had not cracked 16 sec after the arc had been
initiated so the arc was extinguished, and the specimen was discarded.
The power region of interest was now known to be between 2808 and 5535 w.
The next specimen was tested at a welder setting between the welder set-
ting for the preceding specimen and the lowest welder setting that had
broken a specimen. This procedure was continued, as shown in Table 1,
until it appeared that the region within which some specimens would break
and others would not had been determined for PO3 graphite. The specimens
that did not break were not retested, since the high temperatures involved
had undoubtedly changed the material in the disk. Also, the power level
for each specimen was held constant as shown in Fig. 4. The lowest power
at which a 2-in.-diam PO3 specimen failed was 3537 w, and the highest

power at which a specimen did not fail was 5540 w.

Method for Determining Threshold Power Level
for Thermal Rupture

The "staircase method"!® for determining the fatigue strength of
metals was adaptable to determining the threshold power level for thermal
rupture. The mechanics of this method are indicated in Table 2 for the
data listed in Table 1. First, a power increment, d, analogous to the
stress increment in fatigue testing, is selected. A power increment of
0.6 kw was used in this instance. The number of specimens that broke
within each power increment, Nx’ and the number that did not break, No’
are then listed. Data taken prior to the first pair that gave opposite
results were not used. The total number of specimens that failed is com-
pared with the total that did not fail. Only data from the less frequent
event is used in the subsequent analysis — failures in this case. The
power levels are then numbered sequentially, starting with zero assigned
to the lowest power level at which the less frequent event occurred, PO.
The power level number is then multiplied by the number of less frequent
events which occurred at that power level, and the products are summed.
The sum is denoted by A in the equation below. The threshold power level,

P, is then determined from the formula

P = Po *+ d (%'i %) ? (1)
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Table 2., Staircase Method for Determining
Threshold Power for Thermal Rupture
of Graphite Disks

N N .
x? o’ i
Power Number Numbér of Tnt ’ 1 W
(kw) of Disks Disks Not ﬁ egva x
Broken Broken umoer
5.7 L 1 N 16
5.1 2 2 3 6
4.5 L L 2 8
3.9 L Y 1 Y
3.3 2 8 0 0
2.7 1
16 20 3k
- AL L
P = Po + 4 (& + 2)
_ 3L _ T
P = 3.3+ 0.6 T
P =L4.275 kw

where N is the number of less frequent events, and the other symbols are
as defined previously. Plus 1/2 is used if the less frequent event is

1

"not broken," and —1/2 is used if the less frequent event is "broken."

The threshold power for 2-in.-diam PO3 graphite specimens is 4.3 kw. The
higher the threshold power, the more thermal stress resistant the mate-

rial is.

Examination of Fractured Specimens

Typical broken specimens are shown in Fig. 5. The AGOT specimens
did not crack completely, whereas the RVD specimens broke into two or
more pieces. The AGOT specimens were the only ones that did not consis-
tently break completely; all other types of graphite failed in the cata-
strophic manner exhibited by the RVD specimens. All the specimens shown
in Fig. 5, except the 3/4b-in.-diam AGOT specimen, were heated on the side

opposite the one that can be seen in the photograph. The slightly lighter
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PHOTO 73420

‘ AGOT RVD

Fig. 5. Broken Thermal Shock Specimens.

spot at the center of the disks was caused by the high temperature during
the test.

When specimens were heated at high power levels for several seconds,
a spherical cavity was formed where the arc struck the specimen. The
depth of the crater increased as the power and time increased. When very
low power was used, or when the specimen broke very quickly, no craters
were produced. The craters were usually covered with metal which was ap-
parently transferred from the electrode. The craters probably developed
because graphite sublimed. Holes were produced in some of the 3/b-in.-
diam specimens tested at high power levels. Valid measurements of the
thermal shock resistance of several graphites could not be made using
3/b-in.-diam specimens because holes were produced before fracture could
occur. The hole interrupted the test because it destroyed the vacuum that

held the specimen in position.
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Test Results and Analysis

The relative thermal stress resistances of 21 different types of graph-
ite were determined, and many of the types were tested in all three speci-
men sizes. The results are listed in Table 3. Two sets of data are given
for ATJ, 2033, and SX5 graphite. The ATJ and SX5 specimens supplied by
Lyon of Los Alamos Scientific Laboratory were heat treated to 2500°C in
helium for 1 hr. The first shipment of 2033 graphite was baked by an
accelerated process. The other 2033 material was baked in the usual way.
The threshold power and power ranges are given in Table 3, with the thresh-
old power being the power above which a specimen is likely to fail. The
range gives the lowest power at which a specimen cracked to the highest
power at which a specimen did not break. Below the lower limit of the
range, no failures were observed; within the range, some specimens broke
and some did not. All specimens tested at power levels above the range
cracked.

The threshold power is plotted versus specimen diameter in Fig. 6 to
illustrate that results agree for different specimen sizes. Although the
data from 2- and L4-in.-diam specimens show excellent agreement, the data
from 3/4-in.-diam specimens do not quite agree. The curves of Fig. 6 fall
into three broad groups. The ZTA, ATJ, and Graphitite G specimens are
extremely resistant to thermal shock. The RVD, RVA, 780-S, P03, H205, and
2033 gpecimens fall into a group of intermediate thermal shock resistance
and the SX5, AGOT, and British isotropic types comprise the group with the
lowest thermal shock resistance. The tests on 3/k-in.-diam specimens cor-
rectly place these graphites in the proper group, but relative ranking of
the graphites in the intermediate group does not always agree with that
obtained with larger specimens. Since the graphites in the group that has
the best thermal shock resistance cannot be broken in the L-in.-diam speci-
men size with the power supply available, the most useful specimen size is
the 2-in.-diam specimen.

A bar graph of the results of the thermal rupture tests on 2-in.-diam
specimens is given in Fig. 7. The dotted portion of the bars extends to

the lowest power at which fracture was obtained. The crosshatched portion

ranges from the lowest power at which a fracture occurred to the highest ‘



Table 3. Relative Thermal Shock Resistance of Graphite

Power Necessary to Produce Fracture (kw)

Grade 3/b-in.-diam Specimens 2-in.-diam Specimens Yb-in.-diam Specimens
Threshold Range Threshold Range Threshold Range

ZTA 5.50 5.30-5.89 20.0 19.99-19.90 >20.5 (a)
ATJP 5.10 h.65-5.27 13.5 12.42-13.51 >20.5 (a)
ATJ 3.00 2.,282.91 14,0 10.23-15.42 >20.5 (a)
RVA 1.35 1.26-1.46 7.3 6.67—7.98 >20.5 (a)
RVD 1.30 1.09-1.50 T.k4 5.90-8.10 2L, 0c 23.78—(c)
AGOT 0.Lo 0.37-0.40 2.2 1.91—2.95 5.8 5.72—7.40
AXF-5Q 7.7 5.70—10.54
AX7Z-9Q 11.5 9.94—11.69
AXM-9Q 10.5 9.92—10.66
AXF-9Q 12.5 10.88-15.94
AXM 1k.0 11.56-15.16
BXZ-9Q 3.8 3.11-4.19
20334 1.50 (a)
2033 0.95 0.94—1.03 6.6 6.17-7.40 21.0 19.48-20.81
PO3 1.40 1.41-1.38 4.3 3.545.5h 15.0 1h.43~17.51
7808 1.45 1.32-1.62 5.2 3.10-5.36 21.0 21.11—21.00
sx5° 0.55 0.53—0.60 2.5 2.10-2.84 13.0 11.72-13.96
SX5 0.75 0.60-0.80 2.8 2.28-3.20 9.7 9.53-9.77
9326 5.0 3.845.70
H205 0.90 0.80—0.95 4.5 L, k34,82 17.5 16.27-18.24
British isotropic 0.38 0.36~-0.40 2.0 1.80—2.28 5.0 4.60—5.33
G5 9.0 L,91—11.70
Graphitite G 2.50 1.56—3.00 11.0 7.35-12.96 >20.5 (a)
W 3.5 3.10%.20

aRange was not determined.
bSupplied by L. L. Lyon, Los Alamos Scientific Laboratory.

cOnly four specimens could be broken. The upper 1limit of the range
was beyond the capacity of the welder. The threshold is somewhat higher
than the value given.

dProduced by accelerated process.

1T
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power at which a specimen did not break. The graphites are grouped ac-
cording to the manufacturer. Although ZTA graphite appears to be the best
graphite, it must be remembered that the plane of the disk corresponds with
the plane of isotropy of the graphite. Thus, the with-grain direction of
the molded graphites was tested, and the across-grain direction of the ex-
truded graphites was tested.

Derby3 has done a detailed analysis of the graphite disk heated at
the center by a welder that is of help in understanding the basis of this
test. The first step in a thermal stress analysis is the determination

of the temperature distribution in the object of interest. Derby assumed
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that the temperature of the disk did not vary circumferentially or through .
the thickness of the disk. He used a finite-element axisymmetric heat

transfer analysis that enabled him to take the temperature dependence of

the thermal properties into account. Heat was introduced into the disk

near the center in a manner that approximated the heat input from the arc.

In addition, inside a radius of 0.02 in. the disk was assumed to be at the
sublimation temperature from the start of the test. The temperature dis-
tributions calculated for three different power levels after 10 sec are

shown in Fig. 8. These distributions are in reasonable agreement with

unrefined measurements made with thermocouples.
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Fig. 8. Temperature Distributions in RVD Specimen After 10 sec at .
Three Power Inputs.
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‘ As indicated in the Appendix the modulus of elasticity and coeffi-
cient of thermal expansion both vary with temperature. Also the stress-
strain curves for graphite are nonlinear. Derby was able to take both
these factors into account by using finite-element techniques, with the
effect shown in Table U4, where the maximum ratios of tensile stress to
tensile fracture strength obtained with the different assumptions of ma-
terial behavior are tabulated for RVD graphite at two power levels and
for ATJ graphite at one power level. The most realistic analysis is the
plastic analysis with variable modulus, which takes into account both the
nonlinearity of the stress-strain curve and the variation of properties
with temperature. The ratio of tensile stress to tensile strength is
from 41 to 66% higher when the elastic analysis with a constant value for
modulus of elasticity is used than when the plastic analysis with variable
modulus is used. The analyses that only add the consideration of the plas-
ticity or variation of modulus with temperature give ratios of tensile
stress to tensile strength that are between those given by the elastic
analysis with a constant value for modulus of elasticity and the plastic

analysis with variable modulus of elasticity.

Table 4. Maximum Ratio of Tensile Stress to Tensile
Strength in l-in.-diam Specimens

Plastic Plastic Elastic Elastic
Analysis Analysis Analysis Analysis
Variable Constant Variable Constant
Modulus Modulus Modulus Modulus
RVD at 25 kw 0.89 1.07 1.02 1.35
RVD at 33 kw 1.09 1.25 1.26 1.5k
ATJ at 33 kw 0.64 0.87 0.67 1.06

The radial stress is always compressive. Examination of fractured
specimens indicates that fracture is caused by tangential tensile stress.
‘ The tangential stress distributions in RVD graphite at two power levels

determined by the plasticity analysis are shown in Fig. 9. The stress
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near the center is compressive and is of considerable magnitude. Tt is
tensile in the outer region of the disk. The maximum stress is not at
the edge of the disk and is different for the two power levels. This
figure shows that there is a direct correspondence between welder power
and the maximum tensile stress in the disk.

The stresses in 4-in.-diam disks of AGOT, PO3, H205, RVD, AXF-5Q,
and ATJ graphite were calculated at power levels of 6, 13, 16, 25, 33,
and 37 kw. The analysis indicated that AGOT graphite was the only one
that would fail at a power level of 6 kw, and the measured threshold
power level for AGOT was 5.8 kw. The calculations for 13 kw indicated
that PO3 disks should fail; however, the measured threshold power was
16 kw. The analysis indicated that H205 graphite disks would fracture
at a power level of 16 kw, and the threshold power for the L-in.-diam
H205 disks was 17.5 kw. Fracture of the RVD graphite was not predicted
by the analysis below a power level of 33 kw. Since the next lower power
analyzed was 25 kw and only a few 4-in.-diam RVD specimens could be broken
at 24 kw, this result is in agreement with the test results. No L-in.-
diam disks of AXF-5Q were tested, and L4-in.-diam specimens of ATJ could
not be broken with the available equipment. The analysis indicated that
more than 37 kw would be required to break both these graphites. The
predictions of the analysis are thus in reasonable agreement with the

measured threshold power levels.

Comparison With Figures of Merit

Thermal stress analyses are usually done by assuming that the mate-
rial is elastic and homogeneous and that properties do not vary with tem-
perature. After a few such analyses, it is discovered that while both
the geometry of the component and properties of the material determine
the stresses in the component, they may be considered more or less inde-
pendently; that is, the stresses are equal to a constant which is depen-
dent on the material properties multiplied by a function of the geometry
of the component. For example, the stresses in a thick-walled cylinder

with steady-state radial heat flow are given by Timoshenko!” as



T, OE 1 b a? b? b
o, =— "% —log — — —— ] log —| , (2)
2 1 —v log = r b2 — a2 r? a
T, oF 1 b a? b? b
g = — 5 1l1—1log —— ——— ——] log —| , (3)
2 1 —v log > r b2 ~ a? r? a,
T, OF 1 b 2a? b
g, = — 1—2log———— log — ], (4)
2 1—v log = r b2 — a2 a
where
Gr, 06’ OZ = radial, circumferential, and axial stress, respectively,
;= difference in the temperature of the inside wall of the
tube and the outside wall,
a = coefficient of thermal expansion,
E = modulus of elasticity,
v = Poisson's ratio,

g = inside radius of the cylinder,
b = outside radius,

r = radius at which stress is being calculated.

Note that the expression for each stress includes a temperature difference
term Ti/2, a material property term, aE/(1 — v), and a geometry term that
is a function of b, a, and r only.

Thermoelastic analyses indicate three figures of merit for rating the

6

thermal stress resistance of brittle materials. They are

of(l —v) ,
Ea
kcf(l - V) ,

Ea
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and

kcf(l - V)

c Ea >
0 Y

where Of is the fracture strength, v is Poisson's ratio, E is modulus of
elasticity, o is the coefficient of thermal expansion, k is the thermal
conductivity, p is the density, and cp is the specific heat. Since
Poisson's ratio for graphite is small, it can be neglected. The specific
heats of all graphites are essentially the same, as were the densities of
all graphites tested, so the third figure of merit need not be considered.
The figures of merit, Of/Ea and kGf/Ea, are plotted versus the threshold
power level for 11 different graphites in Figs. 10 and 11. The threshold

power levels are for the 2-in.-diam disks. The property values were ob-

tained from the Appendix. The thermal conductivity values were measured
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at 250°F. Room-temperature strength and modulus values were used, and
the coefficient of thermal expansion was the mean thermal expansion from
room temperature to 2000°F. The primary reason for selecting data at
these temperatures was availability. The temperature at which the prop-
erties are measured affects the thermal stress rating of the graphites,
as was demonstrated recently by D'Amelio and Roetling.l+ The property
values were measured in engineering units so that the dimension of Of/Ea
is °F and the dimension of ko./Eo is Btu-in./mr-ft?.

Figures 10 and 11 show that neither of the figures of merit correlate
well with the thermal shock test results. Had the figure of merit Of/Ea
been used to select a graphite for an application which duplicated the test
conditions, P03, AXF-5Q, and AXM graphites would have been considered the
best materials. However, ZTA graphite was found to be the most thermal
shock resistant in the test and was far superior to PO3 graphite. The sec-

ond figure of merit correctly ranks ZTA graphite as the most thermal-shock-
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resistant material. The two next best graphites, ATJ and AXM, had the
same thermal shock resistance, but the figure of merit kOf/Eu rates AXM
graphite as much less thermal shock resistant than ATJ graphite.

Because of the differences in tensile properties reported by differ-
ent persons, as discussed in the Appendix, special attention should be
paid to ZTA, ATJ, and RVD graphites. The values of strength and modulus
used to determine the figures of merit were all obtained from Seldin's
data,19 and the values of thermal expansion were all measured by Thornburgh

and Pyron.20

Figure 10 shows that the relative thermal shock resistances
predicted for these three materials were not at all the same as their rela-
tive ranking from the test.

According to Kingery,6 the figure of merit of/Eu is applicable to high
rates of heat transfer, whereas kGf/Ea is applicable to low rates of heat
transfer. It appears that the figure of merit Of/Eu should have correlated
better with the test results than kOf/Ea, since the rate of heat transfer
is extremely high in the thermal shock test. Derby3 found that the value
of thermal conductivity used had little effect on the calculated tempera-

ture distribution.

Conclusions

A simple test has been developed for ranking graphites according to
their thermal shock resistance. The necessary equipment is easily obtain-
able, and the specimen geometry is simple. Although approximately 30
specimens of each graphite must be tested, the time required for each test
is so short that several graphites can be ranked in a short time. Because
of the empirical nature of the test, all graphites must be tested under
identical conditions for the rankings to be wvalid.

The most thermal-shock-resistant graphite tested was ZTA graphite,
which was also the most anisotropic material tested. Since the speci-
mens were all oriented so that the plane of the disk corresponded to the
plane of iscotropy, the ability of ZTA graphite to withstand thermal gra-
dients in the across-grain direction is unknown. AXM and AXF-9Q graph-

ites, which are apparently isotropic, exhibited good thermal shock
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resistance. In addition, these two graphites have extremely high coeffi- ‘
cients of thermal expansion.

The rankings of 11 grades of graphite determined by figures of merit
did not correlate well with their rankings obtained from the test. These
results indicate that the figures of merit, Of/Ea and kOf/Ea, should not
be used in the selection of thermal-stress-resistant graphites. The ther-
mal shock test described here should be used as a tool for screening graph-
ites for applications where the thermal environmment is similar to that of
the test specimen. For conditions that are different, some other suitable
test should be developed for screening candidate materials.

The thermal shock test described here is useful for determining the
most thermal-shock-resistant materials. For critical applications, ther-
mal and mechanical properties of the graphites selected with the test must
be determined so that the final selection can be made on the basis of de-
tailed realistic analyses that consider the conditions that will be ex-
perienced by the component. As an alternative, components of the selected
graphites should be tested under design conditions. The chief application
of this test method should be to limit the number of graphites that must

be thoroughly investigated for a particular application.
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Appendix A

PROPERTIES OF THE GRAPHITES INVESTIGATED

Available data on the 21 grades, or types, of graphite included in
this investigation are given in Table A.1l, which lists the manufacturer's
grade designation, manufacturer, principal filler material, maximum par-
ticle size, type of binder, forming method, graphitization temperature,
billet size, and density. Even these basic data were not available in
many instances, as indicated by the blank spaces in the table. The grain
sizes range from 0.0008 to 0.03 in., and the graphitization temperatures
range from 4170 to 5250°F. Six of the graphites were extruded and 13 were
molded. A relatively new technique, called hot-working, was used to make
ZTA graphite, which has with-grain properties in the isotropic plane, as

does molded graphite, but is much more anisotropic than molded graphite.

Mechanical Properties of Graphites

Graphite is a brittle material at ordinary temperatures and has a
nonlinear stress—-strain curve. The with-grain stress-strain curves for
RVD graphite at various temperatures ranging from room temperature to
5500°F are shown in Fig. A.l. The effect of temperature on the stress-
strain data 1s typical for polycrystalline graphites. At temperatures
above about L0O00°F, creep and strain-rate effects are of considerable
magnitude.

Because of the brittle nature of graphite, tensile tests must be con-
ducted very carefully or the recorded strength will be well below the true
tensile strength. The reported values of the with-grain tensile strength
of ATJ graphite at room temperature range from 1790 psi (Ref. 25) to L4200
psi (Ref. 21). An ASTM standard for tensile testing of graphite is cur-
rently being evolved so that tensile strengths reported by different in-

vestigators will be more comparable.22

The flexure test is sometimes used
instead of the tensile test, but because of the nonlinearity of the stress-
strain curve and differences in the tensile and compressive stress-strain

curves, proper analysis of the data is difficult. 23



Table A.1. Information on Manufacture of Graphite

Maxi@um . Graphitization . . .
Grade Manufacturer Filler Par?lcle Binder Forming Temperature Blll?t Size Density
Size Method (°F) (in.) (g/ce)
(in.)
ZTA Union Carbide Petroleum coke 0.006 Coal-tar pitch Hot worked 8 1/2 diam x 11 1.92
ATJ Union Carbide Petroleum coke 0.006 Coal-tar pitch Molded 1.77
RVA Union Carbide Graphite flour and 0.03 Coal-tar pitch Molded 1.82
thermatomic black and sulfur
RVD Union Carbide Graphite flour and 0.015 Coal-tar pitch Molded 5070 23 diam x 15 1.86
thermatomic black and sulfur
AGOT Union Carbide Petroleum coke 0.032 Coal-tar pitch Extruded 5070 18 x 18 x 240 1.69
AXM Poco 0.0006 Molded k170 2 diam x 12 1.7
AXF-5Q Poco 0.0006 Molded 4530 2 diam x 12 1.81
AXF-9Q Poco 0.0006 Molded 5250 2 diam x 12 1.80
AXM-9Q Poco 0.0006 Molded 5250 2 diam x 12 1.75
AX7-9Q Poco 0.0006 Molded 5250 2 diam x 12 1.58
BXZ-9Q Poco Molded 5250 2 diam x 12 1.60
2033 Stackpole Graphite flour Molded 4 1/2 diam x 5 1.63
with high CTE®
P03 Pure carbon Petroleum coke and Coal-tar pitch Molded T diam x T2 1.78
graphite flour
7808 Speer 0.008 Extruded 5 diam X 9 1.80
SX5 Speer Petroleum coke 0.032 Coal-tar pitch Extruded 5070 31/2 x 18 x 20 1.66
9326 Speer Petroleum coke 0.0008 Coal-tar pitch Molded 2xhxs 1.90
H205 Great Leakes 0.006 Molded 9 x 20 x 2k 1.73
British iso- Petroleum coke 0.0L4 Coal-tar pitch Extruded 16 OD x 5 1/2 1.89
tropic ID x 35
G5 Pechney Graphite flour 0.01 Coal-tar pitch Extruded 31/4% diam x 17 1.84
Graphitite G Carborundum Petroleum coke 0.008 Coal-tar pitch Extruded 3/4 diam x 6 1.89
2 diam x 12
4 diam x 2L
W Carborundum 4 diam x 24 1.76

&CTE = coefficient of thermal expansion.

9¢
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Fig. A.1. With-Grain Tensile Curves for RVD Graphite at Various Tem-
peratures.

Even a simple mechanical property such as Young's modulus is difficult
to measure. The initial part of the stress-strain curve is nonlinear, so
the tangent to the curve at zero stress is usually taken to be the modulus.
However, the tangent drawn depends on the scale to which the curve is drawn
and on the judgment of the person who selects the tangent. For instance,
with-grain modulus values for ATJ graphite at room temperature range from
0.80 x 10° psi (Ref. 21) to 1.67 x 10° psi (Ref. 19).

Available room-temperature mechanical properties of the 21 types of
graphite investigated are given in Table A.2. These data were obtained

from Refs. 19 and 23—28. The modulus of elasticity, tensile strength, and
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Table A.2. Room-Temperature Mechanical Properties of Graphite

Modulus of Elas- Tensile Strength Modulus of Rup-

ticity (psi) (psi) ture (psi)
Grade
With Across With Across With Across
Grain Grain Grain Grain Grain Grain
x 10°® x 10°
ZTA 2.72 0.66 4 Loo 1,630 5,400 2,425
ATJ 1.65 1.17 3,850 3,000 4,010 3,580
RVA 2.01 1.30 3,300 2,400 3,700 2,900
RVD 2.32 1.36 4,000 2,840 4,700 3,100
AGOT 1.73 0.95 1,570 930 2,280
AXM 1.7 1.6 7,400 7,400 8,000 8,000
AXF-5Q 1.97 1.97 10,170 10,170 12,000 12,000
AXF-9Q 1.69 1.69 5,530 5,530 10,450 10,450
AXM-9Q
AX7-9Q 4,500 k4,500
BXZ-9Q
2033
PO3 1.5 1.5 5,000 5,000 10,000 10,000
7808 4,0kLo
SX5 1.28 1.1k 2,400 1,700 4,550 k4,325
9326 1.5 5,000 6,500 7,500
H205 1. 1.4 3,200 2,800 4,500 4,000
British isotropic 1.65 1.51 2,150 2,000
GS 2.03 1.02 h,000 2,200 4,200 2,860
Graphitite G 1.5 1.0 3,300 5,500
W 1.8 1.3 2,500 1,k00 L, 4oo 3,000

modulus of rupture are recorded for both the with-grain and across-grain
directions. These data show how anisotropic the various types of graph-
ites are. ©Some of the materials are apparently isotropic. The most
anisotropic graphite included in the study was ZTA graphite.

The dynamic modulus of elasticity is plotted as a function of tem-
perature for five of the graphites in Fig. A.2. These data came from
Refs. 27 and 29. The with-grain modulus is shown for the molded grades
(ZTA, RVA, ATJ, and RVD) and the across-grain modulus is given for G5 ‘
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Fig. A.2. Temperature Dependence of Dynamic Modulus of Elasticity.

graphite, which is extruded. The dynamic modulus is found by determining
the resonant frequency of a sample.

The static modulus is determined by measuring the initial slope of
the stress-strain curve and should be about the same as the dynamic modu-
lus. The static moduli of several graphites are plotted versus tempera-
ture in Fig. A.3. These data were obtained from Refs. 4, 21, and 29—33.
With-grain modulus values for ATJ graphite from three different sources
are shown, and they are in poor agreement. However, the highest of the
three static modulus curves for ATJ graphite is in good agreement with the
dynamic modulus curve for ATJ graphite in Fig. A.2. The static and dy-
namic moduli for RVD graphite also agree.

The tensile strengths of ten graphites are plotted as functions of
temperature in Fig. A.L. These data were obtained from Refs. L4, 21, 27,
30, and 32—3k4. A wide range of strengths is represented in the figure.

However, all the graphites increased in strength as the temperature in-

creased to at least 4000Q°F.
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. A transversely isotropic material has three strain ratios. The values
of the strain ratios for graphite remain approximately constant as the
compression stress increases, but in tension the strain ratios decrease
slightly as the load increases. >’ Room~temperature initial strain-ratio
values or Poisson's ratios (v;2, Vi3, and v31) for several graphites,
which were obtained from Refs. 19 and 23, are given in Table A.3. The
subscripts refer to a Cartesian coordinate system where the 1 and 2 di-
rections are in the isotropic plane. The first subscript refers to the
direction in which the stress is applied, and the second subscript indi-
cates the direction of the lateral strain. The Poisson's ratio values

are small compared with those of most common metals.

Table A.3. Room-Temperature
Poisson's Ratio Values
for Graphites

Poisson's Ratio

Graphite
Vi Vi3 Vil
ZTA 0.10 0.25 0.05
ATJ 0.10 0.16 0.11
RVA 0.11 0.16 0.11
RVD 0.11 0.22 0.12
AGOT 0.10 0.0k 0.08

Thermal Properties of Graphite

The unit thermal expansions of 16 types of graphite due to a tempera-
ture increase are plotted against temperature in Fig. A.5. These data
were obtained from Refs. 20, 27, 32—3L4, 36, and 37. Only the expansion
in the plane of the thermal shock specimen is shown, except for ZTA graph-
ite; that is, the with-grain expansion is shown for the molded graphites,
and the across~grain expansion is shown for the extruded graphites. The
ZTA graphite is so anisotropic that the across-grain thermal expansion is
the highest expansion exhibited by any of the graphites, and the with-

@

grain thermal expansion is the lowest. The behavior of PO3 graphite is
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Fig. A.5. Thermal Expansion of Sixteen Types of Graphite.

peculiar in that the coefficient of thermal expansion increases at a much
higher rate than for the other graphites. It is also interesting that the
AXF-5Q and AXM graphites show inflexions at about 5000°F.

Graphite has a relatively high thermal conductivity that is higher in
the with-grain direction than in the across-grain direction. Thermal con-
ductivity data as a function of temperature are shown for several types of
graphite in Fig. A.6. These data were obtained from Refs. U, 27, 32, 3k,
and 36—L41. Data were available only over a very limited range for several
of the graphites. The thermal conductivity decreases markedly as the tem-

perature increases.,
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The values of specific heat, which are given as a function of tem-

perature in Fig. A.7T, are essentially the same for all graphites. These

data are from Ref. 42,
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Fig. A.7. BSpecific Heat of Graphite.
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