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ABSTRACT

Tensile creep tests under conditions of constant load and constant
temperature were performed on four different types of graphite, The tem-
perature ranged from 2300°C to 2900°C. Some of the data were fitted to
creep equations and the temperature and stress dependence of the steady-
state creep rates were investigated. For National Carbon Company grade
ATJ graphite, the creep rates yielded an activation energy of 124 Kcal/mole
and varied with the fourth power of the stress for specimens with two differ-
ent grain orientations. The activation energy was found to be the same for
all the other graphites which were tested. The creep was found to be greater
in the direction "against the grain'' than in the direction "with the grain, "
and differences in creep strain and creep rate for the two orientations were
found to increase as the anisotropy of the graphite was increased, For one
type of graphite, the creep of specimens oriented '"with the grain' decreased

as the density increased and was not sensitive to differences in the propor-
tions of filler and binder carbon.
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1. INTRODUCTION

Creep of graphite in tension at hi(gh temperatures has been observed
and reported by several investigators.{1=8)  Although the general features
of the creep curves are by now well established, there are great differences
in the creep behavior of different grades of graphite, The literature also
shows that one can expect to find in many cases considerable scatter in the
data obtained from one grade of graphite. Several means of analyzing the
creep data have been proposed, but no one method is yet completely satis-
factory for characterizing the data or for defining the mechanisms for creep.
The equation proposed by Davidson and Losty(” to describe the creep in
graphite cantilevers and springs has also been favored by Martens(2-4} and
his coworkers for describing the tensile creep of graphite. Another equa-
tion, based on a model for a viscoelastic material, was judged to be more
suitable in the analysis of creep of graphite in flexure. (1%} The activation
energies for creep which have been reported cover a very wide range, and
they have varied with the grade of graphite, the type of creep test,and the
method of analysis. There is also considerable disagreement in the litera-
ture as to the stress dependence of the creep rate.

In the present work, tensile creep data are reported for several of the
grades of graphite whose creep in flexure was previously investigated( 0, 11)
and for some low density graphites which were prepared in the laboratory.
The most extensively tested grade is National Carbon Company grade ATJ
graphite; the tensile creep data for this graphite have been fitted to several
equations, but most of the analysis is devoted to the equation based on the
model for a viscoelastic material. The other graphite grades which were
tested were some very high density grade ZTA graphites and a lampblack
base graphite. Activation energies have been determined for each of the
graphites from the creep rates and, where possible, the stress dependence
of the creep rate has also been determined. Some of the variables which are
discussed are the grain type and orientation, the density, and the relative
proportions of filler and binder carbon,

Manuscript released by the author July 1963 for publication as an ASD
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2. EXPERIMENTAL

The apparatus used for tensile creep testing is illustrated in Figure 1.

N-3782

Figure 1. Apparatus for High Temperature Tensile
Creep Testing of Graphite
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The major part of the apparatus is built on and around a large angle iron
frame. In the center of this frame is the vertical tube furnace, which is

used for heating the specimen. The heating element of the furnace is a graph-
ite tube with dimensions of 3 inches OD by 2-3/8 inches ID by 34-1/2 inches in
length. The center of the heating element has three vertical slots 1/2-inch
wide by 6 inches long which are symmetrically oriented to help concentrate
the hot zone at the center of the furnace. Surrounding the heating element is
a carbon tube with an inside diameter of 4 inches, about five inches of carbon
black insulation, and an outer shell of transite pipe. A 50-kw transformer
and saturable core reactor supply the electric current for the heating element.
Two sight tubes are used in order to measure and control the temperature.

The specimen and all the parts of the load train within the furnace, as
shown in Figure 2, were made of graphite. The specimen, 3-1/2 inches long,
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Figure 2, Specimen, Load-transmission Rods, Lock-collars, Baffles,
and Extensometer Rods Used for High Temperature Tensile
Creep Tests

was threaded on both ends with 1/;-13 threads. The central gauge section of
the specimen was 0. 25.-inch diameter and one inch long, and there was a
1/8-inch radius between each end of the gauge length and the threaded ends.
Two circular collars were threaded and locked on each end of the specimen as
closelyas possible to the gauge section,and the ends of the specimen were
connected by their threads to the main parts of the load train. Two graphite
extensometer rods which projected from the top of the furnace were threaded
into the upper and lower collars, re spectively, and were guided by the

baffles on the load train,



The furnace could be moved vertically on two screws which were
driven by a small electric motor. While the furnace was in its lowered posi-
tion, the load train was assembled and suspended from the top of the frame
through a universal joint. The furnace was then raised so that the specimen
was at the center of the furnace where it could be viewed through the two
sight tubes. A graphite end cap with a Plastic bellows was attached to the
lower, threaded end of the heating element. The weight holder, which con-
tained another universal joint, was threaded to the lower part of the load
train; the end plate of the bellows was clamped to the load train during the
assembly, thereby making a seal which kept air from entering the bottom of
the furnace. The weight holder rested on a hydraulic jack below the furnace
so that the specimen supported only the weight of the lower half of the load
train, the end plate of the bellow, and part of the universal joint—a total
load of about two pounds—before the start of the creep test. A loose-fitting
graphite cap on top of the heating element permitted the load train and ex-
tensometer rods to pass freely out of the top of the furnace. An inert atmos-
Phere was maintained inside the furnace by introducing either nitrogen or
argon into the lower end of the heating element and into both sight tubes,

Two differential transformers were mounted oxn a common base above
the furnace and the core of each transformer was connected to an extensom-
eter rod. The sensitivities of the differential transformers were carefully
matched and the difference in their outputs, which is proportional to the
change of length of the gauge section of the specimen, was rectified and re-
corded on a strip chart recorder.

Measurement of the temperature was obtained by sighting through the
front sight tube with a Leeds and Northrup optical pyrometer. The tempera-
ture could be held constant either by manually adjusting the power input to
the furnace or by using the automatic temperature control device which
operated from the second sight tube. The temperature sensing element of
the latter was a silicon diode whose resistance decreased as the intensity of
illumination increased, A tele scope mounted next to the second sight tube
focused the image of a small region of the specimen on the silicon diode.
Automatic control was obtained by means of two transistorized circuits with
highly stable d.c, voltages and a magnetic amplifier. When the optical PY-
rometer indicated that the desired temperature had been reached, the voltage
across a potentiometer in one circuit was balanced against the voltage across
a resistor in series with the silicon diode in the second circuit, and a switch
was thrown to allow the control device to assume control and hold the tem-
perature constant. Balance between the two circuits was maintained through
the magnetic amplifier which controlled the saturable core reactor, which in
turn controlled the main transformer. The automatic temperature control
device was completed and used as part of the standard operating procedure
after almost all of the testing of the ATJT graphite specimens had been
completed,

In a typical creep test, the temperature was raised until the desired
temperature was attained, then held constant, Load was applied by gently



lowering the weights on the hydraulic jack until they were freely suspended.
The furnace was maintained at constant temperature until after the load
was removed by raising the weights on the jack or until the specimen broke.
The testing temperature was in the range of 2300°C to 2900°C and control

of the temperature with the automatic control device was good to within
*10°C.



3. RESULTS

3.1 Grade ATJ Graphite

Grade ATJ graphite is a fine grain, molded graphite which is made by
National Carbon Company. All of the specimens which were tested were cut
from a single large block of graphite and were oriented either "with the grain"
or "against the grain.' The average density of the grade ATJ graphite was
1.72 g/cc. The test temperature was varied from 2300°C to 2900°C and the
tensile stress was varied from 1200 1bs/in? to 4800 lbs/in?, For this graph-
ite, the load was maintained constant during the creep test for a period of
90 minutes or until the specimen broke.

The creep curves which were obtained for the specimens oriented
"with the grain" are shown in Figures 3 through 9, the curves being grouped
according to test temperature. The creep curves which were obtained for the
specimens oriented "against the grain" are shown in Figures 10 through 16,
The amount of creep was found to increase as both the stress and tempera-
ture were increased. Under the same conditions of stress and temperature,
the specimens oriented "against the grain" had greater creep than the speci-
mens oriented "with the grain."
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The creep data for the grade ATJ graphite specimens were fitted to
the several equations which were previously used(1%11) in the analysis of
the flexural creep data. These equations, which give the strain X in time t,
are as follows:

(1) X=A+Bt+Clogt
(2) X=D+Et+F * £t)
(3) x-=D+ut

(4) X =Kt"

Equation (1) was proposed by Davidson and Losty(9) to describe the
creep of graphite cantilevers and springs. The fits obtained with the ATJ
tensile creep data were so poor that no serious consideration has been given
to this equation,

Equations (3) and (4) were tested by plotting the data on log-log plots
of X-D vs t, and X vs t, respectively. The value of D was read from the
original data as the magnitude of the initial instantaneous deformation. The
equations gave surprisingly good fits to the data. In the majority of cases,
equation (4) gave a slightly better fit than equation (3). The value of y was
found to increase as the stress was increased and varied over a wide range
fromO0.13 to 0,54, The value of £ for any creep curve was always slightly
greater than the value of y. These results are considerably different from
the results obtained by the analysis of the flexural creep data, where P and
y were lower and did not appear to vary with the stress, (19)

Equation {2) was judged to give the best description of the creep data.
This equation, which was previously used in the analysis of the flexural
creep data for grade ATJ graphite, 10} is based on a simple viscoelastic
model containing two springs and two dashpots. The model consists of a
spring and dashpot in series with a parallel combination of a spring and dash-
pot: the term D arises from the single spring; the term E arises from the
single dashpot; and the parallel combination of spring and dashpot gives rise
to the function f(t}, which has the form [1 - exp (-a t)] when the spring and
dashpot constants are both linear in the stress and strain. The simple ex-
ponential function given by the linear viscoelastic model has been replaced
by the more general function f(t) because it has been found by the analysis of
the tensile as well as the flexural creep data that the simple exponential
function given above does not fit the data exactly. However, the function f(t)
has the same general form as the exponential function: f(t) is zero when
t = 0 and approaches unity as t becomes large. The analysis which follows is
based on equation (2).

The parameter D is considered to be the elastic strain since it is the

deformation which occurs immediately after the load is applied. The value
of this deformation is read directly from the creep curve. Since the creep

10



rate in the first few seconds is very high, it is difficult to determine
accurately where elasticity ends and creep begins; for this reason, the value
of D as obtained from the creep curve is subject to considerable experiment-
al error, The values of D were plotted against the stress, and an elastic
modulus was determined at each temperature from the slope of the straight
line which gave the best fit on each plot. While it appears that D is propor-
tional to the stress, this modulus is defined hereafter as an apparent Young's
modulus because of the uncertain contribution of the creep to the initial defor-
mation and the lack of knowledge of the true stress-strain behavior before the
onset of creep, Table 1 gives the values of the apparent modulus at each

Table 1. Apparent Young's Modulus From
Initial Deformation

Temperature Apparent Young's Modulus (lbs/in?)
°C With the Grain Against the Grain
2300 .77 x 108 .66 x 106
2400 .76 .66
2500 . 64 .65
2600 .62 .60
2700 .54 .50
2800 .48 .36
2900 .48 .41

temperature as obtained for the two groups of specimens. The modulus tends
to decrease as the temperature is increased and is generally smaller ""across
the grain'' than "with the grain." If D is truly an elastic term, the elastic
part of the recovery of the deformation which takes place immediately as the
load is removed should be egual to the corresponding elastic deformation when
the load is applied. It has been found that the elastic recovery is generally
smaller than the initial elastic deformation., This type of effect may be ex-
pected if the high temperature stress-strain curves are nonlinear in a manner
similar to the room temperature stress-strain curves. The difference be-
tween the initial elastic deformation and the elastic part of the recovery would
then correspond to the permanent set which is found in graphites strained at
room temperature. If it is assumed that creep deformation does not enter in-
to the observed value of D, the apparent modulus which has been determined
can be considered to be a secant modulus, for it is equal to the stress divided
by the total elastic strain.

The parameter E is the steady-state creep rate, The creep tests were
of 90 minutes duration, and the rates tended to be linear over approximately
the last 30 minutes of each test. The values of E were determined directly
from the final linear slopes of the creep curves. Figures 17 and 18 are
Arrhenius plots of E vs 1/T for the two groups of specimens oriented "with
the grain' and "against the grain' respectively. Fairly good fits have been
obtained with sets of parallel lines, indicating that the activation energy for

11
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creep is independent of the applied stress. The activation energy obtained
from the slopes of the lines is 124 Kcal/mole and is the same for both groups
of specimens. This value is considerably higher than the 70 to 76 Kcal/mole
activation energy which was obtained from the creep of grade ATJ graphite in
flexure.!9 Specimens oriented "with the grain' were stronger than those
oriented "against the grain' and were therefore subjected to higher maximum
stress at each temperature. Over the range of stresses from 2000 1b/in? to
3600 1b/in?, the steady-state creep rate at any given temperature and

stress was lower for the specimen oriented "with the grain' than for the
specimen oriented "against the grain, ' and the ratio of the steady-state
creep rates for specimens withthe two grain orientations was about 1.8. At
lower stress values, the ratio was higher; it was equal to 2 at 1600 lb/in®
and 3.5 at 1200 1b/in?.

The stress dependence of the creep rate at each temperature is shown
in Figures 19 and 20 for the groups of specimens with the two different grain
orientations. The figures show that the stress dependence of the creep rate
for both grain orientations is given by a power law in which the creep rate
varies as the fourth power of the stress. Combining the temperature and
stress dependence, the creep rate E can be expressed as

{5) E = Const, x §* exp[ -U/RT]
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where S is the stress, T is the absolute temperature, R is the general gas
constant, and U is the activation energy, which is equal to 124 Kcal/mole.
The fourth power stress dependence of the steady-state creep rate found in
this investigation is close to that reported by Wagner, Driesner and Haskin (8}
who determined the creep rate to be propoi ional to the stress to the 3.8
power. On the other hand, Martens et al, \*) have reported the creep rate to
be proportional to the square of the stress.

One possible objection that may be raised to our treatment is that the
creep rates, which have been determined from the slopes of the creep curves
at the end of 90 minutes, may not truly be steady-state creep rates. Some
longer tensile creep tests lasting up to six or seven hours have been reported
which indicate that the creep rate continues to decrease with time.(2) The
creep rate in these tests either decreases until failure occurs by rupture or
the rate becomes constant after a few hours or so very slowly varying with
time that it seems to be constant. It is typical, in fact, of graphite that
there is no prolonged period of third-stage creep; when the creep rate does
increase, it is always associated with crack formation and subsequent fail-
ure by rupture, and the period of increasing creep rate is generally no longer
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than about three minutes. The question of whether the creep rate as deter-
mined at the end of longer testing times would satisfy the same tempera-
ture and stress relationship as given in relation (5) cannot be fully answered
at this time. There is evidence, however, from some four-hour creep

tests on grade ATJ gra.phite*,= using only one value of stress, that the creep
rate does continue to decrease slightly but that the activation energy based on
the creep rates at the end of four hours is the same 124 Kcal/mole.

The third term on the right-hand side of equation {(2) represents, accord-
ing to the viscoelastic model, the anelastic part of the creep. The parameter
F was determined from the creep curve by taking the value of the X intercept
at t = 0 of the extrapolated linear part of the creep curve and subtracting from
it the value of D. Errors in D and E therefore contribute to errors in¥. The
value of F was found to increase with increasing temperature and stress. The
stress dependence, shown in Figures 21 and 22, indicates that although there
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Figure 21. F vs Stress for Various Figure 22. F vs Stress for
Temperatures. ATJ Graphite, Various Temperatures, ATJ
with grain. Graphite, against grain.

is considerable scatter of the points about the straight lines, F can be
approximated by a power law of the stress. For the case of the specimens
oriented ""against the grain, ' as shown in Figure 22, F varies with

*See Appendix I.
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the same fourth power of the stress as does the parameter E. However, for
the specimens oriented "with the grain, " as shown in Figure 21, F varies
with the 2, 7 power of the stress.

The analysis indicates that the function f(t) as obtained from the data
does not fit perfectly the exponential function given by the simple linear
viscoelastic model. Some attempts were made to modify the model and thus
change the form of f(t) in order to obtain better fits to the data, One attempt,
suggested by the literature on linear viscoelastic materials, consists of
replacing the parallel combination of a spring and dashpot with a series of
such combinations. Since the total anelastic strain is equal to the sum of the
strains of each parallel combination, the third term on the right-hand side of
equation (2) must be replaced by a series of terms such that

(6) Fr{(t) = ZF, [1-exp (-t/'ri)] ,

where the parameter F is equal to the sum of the F., and relaxation times T,
have been used instead of their reciprocals a,, An lysis of the creep curvek
indicates that improved fits to the data can bé obtained by using only two
terms in the above series (6) such that there is a large member F; associated
with a relaxation time Ty of the order of 10 to 20 minutes and a smaller mem-

better fits by increasing the number of terms in the series.

The term F - f(t) has generally been interpreted on the basis of the
viscoelastic model as an anelastic term. As such, it should also describe
the recovery of the strain when the load is removed. According to the model,
one should observe in recovery the same relaxation time or distribution of
relaxation times that is observed in creep, and all of the anelastic deforma-
tion should be recoverable after the load is removed, This interpretation is
incompatible with experimental observations. Recovery after creep has
been observed in several cases for long periods of time, indicating that re-
covery can continue for pos sibly several hours with a corresponding relaxa-
tion time or times of the order of hours, Also, only a fraction of what has
been considered to be the anelastic part of the creep strain can be recovered
completely, There are, therefore, two serious points of disagreement in the
correlation of the anelastic terms in creep and recovery: they do not agree
either in magnitude or in the distribution of relaxation times,

A further objection to using a linear viscoelastic model is that the par-
ameters E and F are not linear functions of the stress. Therefore, another

ent combinations of powers were tried, each of which gave a parameter F propor-
tional to the fourth Power of the stress and a slightly different function f(t).
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It was found that no great change in the form of the function f(t) was
effected by raising or lowering by one the assumed power of one of the
elements with an appropriate change in the power of the other element, and
no single combination of powers stood out as being better than all others.
The net result of this model for anelasticity is a function containing four
arbitrary parameters, namely, the spring and dashpot constants and the two
exponents of the stress. These functions f(t) were used to fit the data for
the specimens oriented tagainst the grain." There were a few excellent
fits of the data, but no single combination of parameters gave a function
which would satisfy all of the data. The data for specimens oriented "with
the grain" require a different combination of parameters because of the
different stress dependence of F, and no attempt was made to fit these data.
The model at the present time is useful because it gives a good qualitative
description of the creep, but there still remains the problem of correlating
the anelastic part of the creep curve to the recovery curve and the much more
general problem of attaching physical meaning to the model parameters.

3.2 Grade ZTA Graphite

Grade ZTA graphite is a high-density, fine-grain, highly anisotropic
graphite whose grain size is comparable to that of grade ATJ graphite. Two
different pieces of this graphite were used. Piece No, FE-1721 was thick
enough to furnish specimens oriented 'against the grain, "t hut there was con-
siderable variation in density in this piece from top to bottom. Some speci-
mens oriented '"with the grain' were cut from this piece in order to ohserve
the effect of density variation on the creep behavior of this graphite. Piece
No. FE-1745 was more uniform in density, and specimens oriented ''with
the grain' were taken from this piece in order to determine the temperature
dependence of the creep for constant density.

The density of piece No. FE-1721 varied from 1.89 to 2.01 g/cc from
top to bottom. The specimens oriented "against the grain! all had the same
density variation from end to end, with an average density in the gauge
length of about 1.95 g/cc. Figure 23 shows the creep curves obtained for
different specimens between 2400°C and 2700°C with an applied siress of
2000 1b/in®*. The breaking strength of the grade ZTA graphite with this
orientation was between 2400 1b An? and 2800 1b/in? at a temperature of
2500°C. The 2000 lb/in® stress was therefore close to the breaking strength.
Comparison with the corresponding creep curves for grade ATJ graphite of
the same grain orientation indicates that the grade ZTA graphite exhibits
considerably greater creep.

On the other hand, the specimens oriented "with the grain"exhibit very
high creep resistance. Figure 24 shows creep curves obtained for speci-
mens cut from piece No. FE-1721 and oriented ""with the grain.'" All tests
were run at a temperature of 2800°C with a stress of 4400 1b/in?, The creep
decreased as the density increased, and the curves demonstrate how rather
small differences in density can account for very large differences in creep
behavior. In this particular figure, unlike any other in this paper, most of
the curves were obtained on specimens which were previously tested at
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either lower temperature or lower stress Prior to these tests,

Figure 25 shows some creep curves which were obtained with speci-
mens cut from piece No, FE-1745 and oriented "with the grain," Density
here varied between 1.97 and 1.99 g/cc. The tests were run at temperatures
ranging from 2300°C to 2800°C with a stress of 4400 1b/in®. There isg
sufficient variation of density within a block of this graphite {and most other
graphites as well) to make it extremely difficult to reproduce any of these
creep curves exactly. The overlap of the curves at 2300°C and 2400°C is not
a real effect, but is rather a demonstration that the creep behavior is not
much different at these temperatures, A comparison of the creep curves of
ZTA graphite oriented "with the grain' at 2400°C and 2500°C with the
corresponding creep curves of ATJ graphite shows that ZTA graphite with
this orientation underwent about one-tenth of the maximum strain given the
ATJ graphite at the end of the creep test. Under a stress of 4400 1b/in?, the
steady-state creep rate of ZTA graphite having a density of 1.98 g/cc was
smaller by a factor of 2,5 than that of ATJ graphite having the same grain
orientation and a density of 1.72 g/cc. The ZTA graphite can sustain a
higher stress than ATJ graphite, but it fails after a lower maximum strain,
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Figure 26. Creep Rate vs 1/T.

An Arrhenius plot of the steady- 7 TA Graphite

state creep rate vs 1/T for the grade ZTA
specimens is shown in Figure 26. For the
specimens oriented "against the grain' an activation energy of 124 Kcal/mole,
identical to that of the grade ATJ graphite, was obtained. The points for the
specimens oriented "with the grain'' show a considerable amount of scatter,
due either to density differences or to variations in grain orientation, but it
seems reasonable that the creep rates for this orientation follow the same
activation energy.

Appendix II contains a sketch of piece No. FE-1721 and a tabulation of
the densities and creep rates for all of the tests run on this material. The
stress dependence of the creep rate at 2500°C was inve stigated for FE-1721
specimens oriented ''against the grain'' and for some FE-1745 specimens
oriented '"with the grain." These data are given in Appendix II. No definite
conclusions about the stress dependence of the creep rate of grade ZTA graph-
ite could be drawn from the data.

3.3 Extruded Graphite Rods

A series of tensile creep tesis was made on graphite rods which were
prepared from different mixtures of the same coke filler particles and of
the same binder. The filler particles were a Continental petroleum coke
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flour and the binder was coal tar pitch. This coke is of dendritic (needle)
structure, and the particle sizes were all lessthan 0, 0164 inch diameter,

in the green mixes,which also contained three to four parts of lubricating

oil. Mixing conditions were maintained as uniform as pPossible for all
mixes and 9/16-inch diameter rods were extruded from each of the mixes,

the influence of density on the creep behavior and to see what effect the vary-
ing proportions of filler and binder coke had on the Creep,

The densities or ranges of densities of the different Broups of graphite
rods are shown in Table 2, It was found that the density was about

Table 2, Bulk Density of Extruded Graphite Rods

No. of Parts Binder to 100

pParts by Weight of Coke in Density
Green Mix g/cc
30 1.48 - 1.49
32 1.44
34 1.44
36 1.44 - 1,45
38 1,38

1.44 g/cc for the intermediate binder contents; it was higher for the lower
binder content, and lower for the higher binder content. The net effect on

the effective filler density dy, which is the ratio of the weight of the filler
particles to the total volume, was to cause it to increase as the binder content
was decreased. In other words, the particles were Packed more tightly
together as the binder content was decreased,

Figures 27 to 31 show the creep curves for the specimens grouped
according to binder content. Each of the figures Presents the results of
tests at temperatures ranging from 2300°C to 2700°C for a stress of
2000 Ib/in?, Where there is no creep curve at 2700°C, as in the figures for
the two lower binder contents, the specimen broke when load was applied at
that temperature, In addition, a series of tests in which the stress was
varied was run at 2500 °C for each group of specimens with a different binder
content. Figure 32 shows the results of tests run on the group of specimens
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made with 34 parts binder. The results are typical of those obtained for
specimens having other binder contents.,

A comparison of Figures 27 through 31 shows that the creep depends
strongly on demnsity, decreasing as the density increases; however, the creep
is not very sensitive to the relative proportions of filler and binder carbon.
The figures indicate that for graphites having the same bulk density but
different ratios of filler-to-binder carbon (as, for example, the rods made
with 32, 34, and 36 parts binder), there is not much difference between the

tion that, for the same density, the creep might be a little lower if the car-
bon is distributed more in the form of binder carbon than in the form of
filler carbon, However, comparison of the C€reep curves for the specimens
made with 34 parts binder with those for the specimens made with 36 parts
binder indicates that the situation might be quite the reverse,

The temperature dependence of the steady-state creep rate is shown in
Figure 33, A straight line is drawn on the plot which has a slope corres-
ponding to an activation energy of 124 Kcal/mole., A fairly good fit to the
points is obtained at all but the highest and lowest temperatures., The
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activation energy is the same as that which was obtained for the grade ATJ
and ZTA graphites. The stress dependence of the steady-state creep rate
at 2500°C was also investigated for each of the groups of specimens over the
range of 1200 1b/in® to 2400 1b/in%. Over this range of stresses, the creep
rate was found to vary with the stressS approximately as s™ with n equal to
2.6. It may be recalled that in the case of grade ATJ graphite, n was found
to be equal to 4.

By fitting the data to equation (2), the parameter F was also evaluated
for each of the creep curves. The stress dependence of F could not be deter-
inined with any great accuracy from the creep curves which were obtained at
2500°C, but F could be approximated by a function of the form S where m
lies between 2.2 and 2.9, F also increased with increasing temperature,
and on an Arrhenius plot, F may be said to have an "activation energy'' of
about 100 K cal/mole.

3.4 Grade CEP Graphite

Grade CEP graphite is a molded lampblack-base graphite. It is
graphitized to 3000°C and is very nearly isotropic in its mechanical, thermal,
and electronic properties. The material which was tested had a density of
1.58 g/cc, and all of the tensile specimens were oriented in the '"with the
grain' direction as determined by the direction of the force applied during
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molding,

No specimens were Prepared which were oriented '"against the

grain, " but flexural Creep tests have indicated that the creep curves for
this graphite should be almost independent of the orientation, (11)

Figure 34 shows the creep of CEP

graphite at temperatures ranging from
2300°C to 2700°C under a stress of
3600 1b/in?%, which is close to the high
temperature breaking strength of this
graphite. The grade CEP graphite is
lower in density than grade ATJ graph-
ite and has a lower tensile strength,
but it undergoes much less creep for a
given stress than ATJ graphite with
either grain orientation, Only ZTA
graphite oriented '"with the grain"
showed less creep for a given combina-
tion of temperature and stress than did
CEP graphite,

h 2to0*C
3—
2600°¢

o)
z
2]
(%
w2
E 00-C
Z
q 2400°C
n:!
A Z300°C

0 | | ] l

0 30 60 90 120

TIME, MINUTES
N-4005

Figure 34. Strain vs Time at 3600

lb/in?for Various Temperatures,
CEP graphite, with grain,

Figure 35 is a plot of the creep rate vs 1/T for the specimens whose

Creep curves are shown in the pPrevious figure.
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Again, a line which corres-
ponds to an activation energy of
124 Kcal/mole has been drawn on
the Arrhenius plot. This line gives
a fair fit to the points for the three
lower temperatures. At the higher
temperatures the line does not fit,
but the points at these tempera-
tures undoubtedly do not represent
true steady-state Creep rates be-
cause the specimens broke in rel-
atively short times. It is charac-
teristic of all creep data which has
been observed in graphite that
when a specimen breaks in less
time than that of a standard creep
test (i.e., in less than 90 to 120
minutes) the final creep rate is
always greater than that which
would be expected from an extrap-
olation of the line on the

Arrhenius plot which fits the data
at the lower temperatures,



The problem of obtaining accurate determinations of the creep rates
of grade CEP graphite presents the same type of experimental difficulty
as is encountered in the determination of creep rates of grade ZTA graph-
ite. The graphite will sustain very little creep deformation and the result-
ing creep rates are relatively low. AS the creep rate decreases, the
possible error in the measurement of the creep rate increases. Some addi- -
tional creep tests, not shown here, were run on CEP graphite specimens
over the same temperature range with a lower stress. While the results are
not conclusive, the data indicate that the activation energy for creep as
determined from the steady-state creep rates in tension is the same for this
graphite as for all of the other graphites which were tested.

24



4. DISCUSSION

Most theories of creep are based on the motion of dislocations, (12) In
graphite, as in other hexagonal crystals, slip by dislocation motion can only
take place along the basal planes. In polycrystalline materials creep may
also take place by motion along grain boundaries; but in metals the contri-
bution of grain boundary Creep is generally considered to be less than
10 per cent of the total creep.!!3)  The most generally accepted theories of
creep are Pased on the concept of dislocation climb as proposed by Mott, {14)
Weertman {15 16} L5 developed a theory based on a model of dislocation climb
which predicts a fourth (power stress dependence such as was found for
graphite; but Weertman(14) states that his model is not applicable to the creep
of hexagonal crystals even if nonbasal slip occurs because it is impossible to
form immobile dislocations in such a system. Mott{) hag Previously come
to the same conclusion and had stated that in hexagonal crystals the slip
distance (the distance a dislocation moves before it is pinned) for the edge
dislocations must be the same as the linear dimension of the crystal and that
apart from oxide layers there is nothing to prevent their pas sing right out of
the crystal, Direct observations of the motion of dislocations in single
crystals of graphite in the electron microscope have led to the conclusion
that the dislocations move quite freely through the crystal and that the closest
spacing of dislocations is of the order of 1000 A. (") Since the sizes of the
largest crystallites in polycrystalline graphite are of the order of several
thousand Angstroms, one would expect to find few, if any, immobile disloca-
tions within the crystallites. If a dislocation is then as sumed to spend
within the crystallite only the very short time necessary for it to travel from
one boundary to another, the rate controlling mechanism must be the rate of
generation of dislocations at the boundarie 8, which must act as sources and
sinks for the dislocations. The boundaries may also be regions which store
the internal stresses that account for the long lasting recovery which has
been observed in graphite. Since there is no direct evidence at the present
time of grain boundary motion in graphite, these remarks concerning the in-
fluence of the grain boundaries must be considered to be only speculative.

Dorn(18) has shown that the activation energy for steady-state creep in
metals is about equal to that for self-diffusion. Dienes(19) has performed
theoretical calculations of activation energies for self-diffusion in graphite
by three different mechanisms: vacancy diffusion, direct interchange of
atoms, and diffusion by interstitial atoms. The calculations were based on
the value of 124 Kcal/mole for the heat of sublimation of graphite. Kanter (20)
using the more presently acceptable value for the heat of sublimation of
170 Kcal/mole {21, 22) corrected the values of the activation energies given by
Dienes. Table 3 shows the results obtained by Dienes and Kanter., In ex-
periments on the diffusion of C!* through crystals of natural graphite over the
temperature range of 1995°C to 2347°C, Kanter (29) obtained an activation
energy of 163 £ 12 Kcal/mole. In experiments on the diffusion of C!* through
polycrystalline graphite (AUF gra(ph)ite) over the temperature range of
1835°C to 2370°C, Feldman et al'23) agssumed the diffusion to be due to a
combination of volume diffusion and grain boundary diffusion. Since Dienes
had concluded that the preferred mechanism for self-diffusion in graphite was

25



Table 3. Energy Parameters for Diffusion in Graphite

Kcal/mole
Dienes Kanter
Activation Energy for Direct Interchange 0.4 113
Activation Energy for Motion of a Vacancy 71.4 93
Energy of Formation of a Vacancy 119.4 170
Activation Energy for Self-Diffusion by a 190.8 263

Vacancy Mechanism
Activation Energy for Motion of an - .

Interstitial
Energy of Formation of an Interstitial 417.0 467
Activation Energy for Self-Diffusion by >417.0 > 467

an Interstitial Mechanism

Activation Energy for Creep = 124 Kcal/mole.

the direct interchange mechanism, Feldman et al used Dienes'svalue of

90 Kcal/mole for the activation energy for volume diffusion to calculate on
the basis of this value and their experimental data a value of 75.4 Kcal/mole
for the activation energy for grain boundary diffusion. By using Kanter's
corrected value of 113 Kcal/mole for the activation energy for volume
diffusion, the above value for the activation energy for grain boundary
diffusion can be corrected to yield a value of 86.6 Kcal/mole. However, both
of the above values for the activation energy for grai n boundary diffusion may
be in error because of the pgssible wrong choice of an activation energy for
volume diffusion. Kanter (20) states that the experimental values for the
activation energy for diffusion in graphite are compatible with existing
theoretical calculations for either the vacancy or the direct interchange
mechanism. On the basis of independent calculations, Baker and Kelly(“)
believe that self-diffusion in graphite occurs by a vacancy mechanism and
they calculate an activation energy for self-diffusion of 149 + 33 Kcal/mole.
If the activation energy for creep is to be related to that for self-diffusion,

it is most likely related to self-diffusion by a vacancy mechanism because
the direct interchange mechanism does not lead to the transport of matter.
The value of 124 Kcal/mole which was obtained for the activation energy for
creep can be seen to fall within the range of activation energies which have
been calculated for self-diffusion, but it is impossible at this time to deduce
from this value and present theories of creep any specific mechanism for the
creep of graphite.
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5. SUMMARY AND CONCLUSIONS

Tensile creep tests, usually of 90 minutes duration, were conducted on
several types of graphite under conditions of constant load and constant tem-
Perature. The materials which were tested were fine-grain grade ATJ
graphite, high density grade ZTA graphite, some coke-base extruded graph-
ite rods having low density, and lampblack-base grade CEP graphite. The
testing temperature varied from 2300 °C to 2900°C., The results led to the
following conclusions:

creep tests, (11

2, At a given temperature, the Creep rate of grade ATJ graphite
was found to vary with the fourth power of the stress for specimens oriented
both ''with the grain'' and "against the grain." On the other hand, the creep
rates of the extruded graphites oriented "with the grain" were found to vary
with the 2. 6 power of the stress. No stress dependence was determined for
the grade ZTA and CEP graphites,

3. The creep strain and Creep rate are greater for specimens
oriented "against the grain" than for specimens oriented "with the grain, "
The differences in creep behavior for the two orientations become greater
as the anisotropy of the graphite increases, as can be seen from a compari-
son of the creep curves of grade ATJ graphite with those of the more highly
anisotropic grade ZTA graphite. Under the same conditions of temperature
and stress, the steady- state creep rate for a specimen of ATJ graphite
oriented "against the grain'" was 1.8 times as great as that of a specimen
oriented "with the grain'" over most of the range of stresses,



5. For graphites with different proportions of filler and binder,
the magnitudes of the creep strain and the creep rate depend on the average
bulk density,remaining insensitive to the relative proportions of filler and
binder carbon. As the density increases, the creep strain and creep rate for
specimens oriented I'with the grain' both decrease. The activation energy

and the stress dependence of the creep rate were found to be independent of
the density.
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APPENDIX I

EXTENDED CREEP TESTS

Some four-hour long creep tests were run on specimens of ATJ graph-
ite oriented '"with the grain.'" For each test, a stress of 3600 1b/in? was
applied. The temperature was varied in this series of tests from 1700°C to
2700°C. Figure 36 is an Arrhenius plot of the creep rate vs 1/T in which
the ratesat the end of 90 minutes and at the end of four hours are both
plotted. There are only two exceptions: at 2700°C there is only a 90-minute
rate because the specimen broke shortly after 90 minutes under load, and at
2600°C the rate at the end of three hours is plotted. In general, the creep
rate did decrease in the interval between 90 minutes and four hours, except
at the very lowest temperatures where a condition of steady-state creep was
reached after a relatively short period of time. Two conclusions can be
drawn from these results, First, above 2300°C the activation energy as
determined from the four-hour creep rates is the same as that which was
determined from the 90-minute creep rates. Secondly, the activation energy
for creep appears to decrease below about 2100°C.
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Figure 36. Creep Rate vs 1/T. ATJ Graphite,
with grain. Stress = 3600 1b/in2.
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APPENDIX II

TENSILE CREEP DATA FOR GRADE ZTA GRAPHITE

A sketch of the block of ZTA graphite, FE-1721, is shown in Figure 37.

PR

ALYV
[3/3/8) [2) [R/Z

N-3031
Figure 37. Sketch of ZTA Graphite Piece No. FE-1721.

The block was five inches thick, and specimens having both grain orientations
were prepared, Table 4 summarizes the creep data obtained for the specimens
oriented ''with the grain™ and Table 5 summarizes the data obtained for the
specimens oriented ''against the grain.,"

Table 6 gives the creep rates which were obtained for specimens of
ZTA graphite, FE-1745, oriented "with the grain' for various values of stress
at 2500°C,

w
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Table 4. Creep Data for ZTA Graphite, FE-1721, With
the Grain. Creep Tests Were 90 Minutes Long.
Specimen Density Test Temp. Stress Creep Rate
No. (g/cc) No. {°C) (1b/in?) (min~1)
B 1 1.89 1 2400 4400 0.352 x 10~%
2 2500 4400 0.566 x 1074
3 2600 4400 1.28 x 104
4 2700 4400 5.12 x 1074
A2 1.90 2800 4400 15.8 x 107¢
B 2 1.90 1 2500 4400 0.453 x 107*
2 2600 4400 1.09 x 1074
3 2700 4400 4.55 x 10°%
A3 1.91 1 2600 4400 1.28 x 104
2 2800 4400 16.0 x 107
A4 1.93 1 2600 3600 0.207 x 10-4
Z 2800 4400 6.45 x 1074
B 4 1.94 2700 4400 1.91 x 10-%
A5 1.96 2600 2800 0,139 x 10-4
A b 1.98 1 2600 4400 0.278 x 10-%
2 2700 4400 0.449 x 1074
3 2800 4400 1.60 x 10-4
B 6 1.98 1 2500 4400 0.255 x 10-4
2 2800 4400 2.27 x 1074
B 7 2,00 1 2500 4400 0.182 x 107%
2 2600 4400 0.299 x 107
3 2700 4400 0.366 x 10-*
4 2800 4400 2.10 x 10-4
B 8 2.01 1 2800 3600 0.136 x 10-4
2 2800 4000 0.290 x 1074
3 2800 4400 0.860 x 107%
4 2800 4800 3.2x 104
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Table 5,

Creep Data for ZTA Graphite, FE-1721, Against

the Grain, Creep Tests Were 90 Minutes Long.
Specimen Density Test Temp. Stress Creep Rate
No. (g/cc) No., {°C) (1b/in?) (min~1)
C1 1.95 1 2500 1600 0.308 x 10~%
C 3 1.95 1 2500 1200 ~0.2 x 107*
CcC5 1.95 1 2500 2000 1.82 x 1074
D2 1.95 1 2500 2400 6.8 x 10~¢
D3 1.95 1 2700 2000 11.0x 10-4
D 4 1,95 1 2400 2000 0.800x 1074
D5 1.95 1 2600 2000 3.96 x 10-%
Table 6. Creep Data for ZTA Graphite, FE-1745, With the
Grain. Creep Tests Were 120 Minutes Long,.
T = 2500°C
Demnsity Stress Creep Rate
{g/cc) (1b/in?%) {min"~1)
1.98 3200 3.33x 1076
1.98 3600 6.0x 10
1.98 4000 1.92 x 1073
1.97 4000 1.1 x 10-3
1.99 4400 1.04 x 1075
1.97 4800 2.86 x 10°°
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