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ABSTRACT

In continuation of the work on elastic properties of carbons, using the greatly
improved high tecmperature equipment, families of curves of the dependence of
Young's modulus on temperature and on the heat treatment have been obtained for
four basic types of carbons and as far as possible, for a number of special types
of commercial carbons. The amplifude dependence of internal friction and dynamic
Young's modulus were investigated in the sonie range for a number of types of
carbons as made and also neutron irradiated, as wecll as the tecmperature dependence
ol internal friction of the resonancc frequency from room down to liquid hydrogen
temperature. The presence of a Bordoni peak at 50°K has been found connected with
the relaxation of motion of dislocations. Families of curves of the dependence of
heat conductivity and electric resistivity on temperature and on the heat trecatment
have been obtained for four basic types of carbons, using an improved technique.
The '"steady" sinusoidal wave technique for determinaticn of heat diffusivity has been
improved in precision and extended in temperature range and data collected for
several types of graphitized materials.

This technical report has been reviewed and is approved.

W. G. RAMKE

Chief, Ceramics and Graphite Branch
Metals and Ceramics Division
Air Force Materials laboratory
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I. INTRODUCTION

The aim of this projeet was to study elastie properties of carbons and graphites
and to investigate the heat conduction and heat diffusivity of graphite in a wide range of
temperatures in relation to the main fabrication variables and to the basic types of
carbons tested. With the exception of the mechanieal strength, all the factors affecting
the resistance of the earbon materials to temperature shoeks were subjected to testing
in our laboratory. In the previous Technieal Reports, Part I}, Part IIZ, Part IM° and
Part IV* the results of the previous work up to January 1962 werc described. This in-
cluded a number of research projects; first the construction of a novel high precision
equipment for studies of deformation at room temperature. With this equipment broad
studies of the creep and permanent set, as well as of the clastic moduli E and G in re-
lation to the type of carbon material and its heat-trecatment temperature were carried
out. Later this equipment was improved and some more data collected. Some studics
of Poisson ratio were made. The four basic types of carbon investigated were made of:
1) soft filler-soft binder, 2) soft filler-hard binder, 3} hard filler-soft binder and
4) hard filler-hard binder. In addition to these, carbons made using graphitized filler
(soft and hard) as well as impregnated carbons and graphites, were investigated. The
experience gained in operation of the room temperature equipment permitted the sue-
cessful construction of the high temperature elasticity apparatus, of a completely novel
design and of a very high sensitivity and preeision. The results obtained for the four
basic types graphite rods were reported in form of force deflection loops and of curves
of dependence of clastic modulus on temperature up to 2200°C. It was found that only
carbons made with soft filler show maxima at high temperature. Also for the first
time complete families of curves were obtained for the dependence of Young's modu-
lus on temperature and heat treatment for soft and hard earbons, and the presence of
maxima in modulus was found to have a quite general occurrence. It has been found
however, that the operation of the equipment presents some difficultics as far as ob-
taining the more precise shape of these curves is eonecerned and for that end the clee-

tronics associated with this equipment has been rebuilt, just at the end of the previous
report period.

Some studies of ultrasonic attenuation in relation to the porosity of the carbons and
frequency of vibrations used were carried out. They led to a clarification of the scat-
tering mechanism in carbons and of the nature of the true attenuation being caused by
clastie hysteresis. Sinee the attenuation is predominantly caused by seattering due to the
inhomogeneous structure of carbons, in continuation of the work on internal friction, we
have limited ourselves to the sonic range of frequencies. For this purpose an apparatus
with associated clectronics was set up and studies of the dependence of internal friction
and of the dynamie Young's modulus on strain amplitude were performed for several
types of carbons al room temperature.

A thermal eonduetivity apparatus for studies in the temperature range 10000 -
3000°C was constructed first of a conventional design and studies of the influence of
the environmental atmosphere on the measured conductivities, as well as measurements
of the temperature dependence of the eonductivity for the four basie types of earbons

"Manuseript released by authors September 1963, for publication as a RTD
Technieal Report."




wcre earried out with this apparatus. Having gained experience with the simplified appa-
ratus, the construetion of a new improved eonductivity test equipment was carried out,
the novel feature of the equipment being its great flexibility, permitting heating of the rod
direetly by the flow of cleetrie eurrent as well as indirectly by a helical heating eoil, or
by a eombination of both. After the equipment was tested by performing a number of
runs which showed its satisfactory operation, and having achieved satisfactory repro-
ducibility, a family of eurves for the dependenee of the heat conductivity on temperature
and heat treatment was obtained for a soft carbon, the system of such eurves being for
the first time obtained sineec the unsuecesstul attempt was made by Powell and Sehotield.
Some suecessful experiments were also performed in trying out a novel arrangement for
determination of heat eonductivity without internal heat generation and are reported in
the same seetion.

A thermal diffusivity apparatus permitting study of the propagation of periodic
sinusoidal heat waves through a earbon was eonstrueted and later improved and measurc-
ments of the heat diffusivity carried out in the temperature range 100° - 900°C. Charts
were prepared using an IBM 1620 computer for a rapid determination of @ from ex-
perimental data. Sinee the extension of this technique to higher temperatures eneountered
serious difficulties, another apparatus based on a transient heat flow method was con-
structed and tested in operation in the temperature range 800” - 2800°C. The determi-
nations have been eonsiderably improved by the use of a new radiation pyrometer with a
mueh faster response.

In the present report results obtained in eontinuation of this work arec discussed.
First, some results of additional work on clastic modulus at room temperature, namely
on the dependenee of the modulus for a carbon made from raw filler on heat treatment
are presented (II). The main effort, however, centered around the studics of the Young's
modulus at high temperature (II). With the improved apparatus the following studics
were carrvied out: 1) dependence of Young's modulus on temperature for four basic
types of carbons heat treated to 3000°C (soft filler-soft binder, soft filler-hard binder,
hard f{iller-soft binder and hard filler-hard binder), 2) complcte systems of tempera-
ture dependenee curves for these four types of carbons and for glassy carbon (Tokai
Eleetrode Co.) were obtained as these carbons are progressively heat treatcd to higher
temperatures and then eooled back to room temperature, 3) dependenee of YVoung's
modulus on temperature was measured for pyrolytic graphite (General Elcctrie Co.)
and ZTA graphite (National Carbon Co.). It has been found that for soft filler materials
all eurves of Young's modulus vs. temperature show a maximum below the heat-
treatment temperature. 1lard filler bodies show a eontinuous decreasc in modulus with
increcase of temperature.  ZTA and pyrolytie graphite behavior is similar to that of
soft filler bodies whereas glassy earbon is similar to hard filler materials.

By means of an cleetromagnetie driving and deteetion system investigations of
mechanical energv losses under alternating stress have been performed in the sonie
range on various earbon solids. Materials studied were a glassy earbon, various baked
earbons and polycrystalline graphites and some pyrolytic graphites. It was found that
with deereasing strain amplitude the internal friction Q7% deereases and the dynamie
elastiec modulus E inereases towards limiting values QO'1 and E,. Moreover, the
amplitude dependent portion of the intecrnal frietion Q-1 Qo ~ is seen to be linearly
proportional to the modulus defect (E, ~ E)/Eg for the same amplitude. A very weak
necutron irradiation (dose less than 10°* nvt) eauses in some eases very large ehanges
in the loss character. These faets can be explained by pinning down disloeations by
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point imperfeetions. The temperature dependence of QO_1 for polyerystalline graphite
shows a so-ealled Bordoni peak at 50°K for a frequeney of about 12 KC aceompanied
by a small hump at 80°K. The eurve E, against temperature shows steep drops in the
same 1ranges of temperature. The Peierls potentials of the glissile disloeations in
graphite eorresponding to these two peaks are roughly estimated to be 0.07 eV and
0.12 eV respeetively.

Using the previously developed and tested equipment in eontinuation of the work on
thermal eonduetivity and eleetrie resistivity, families of eurves for the dependenee of
these properties on temperature were obtained for variously heat treated samples of
earbons of the four basie types, thus supplying a eomplete heat treatment history for
these materials. It has been found that the type for the families of eurves for these two
properties is mainly determined by the type and graphitizability of the filler materials,
similarly as in the ease of the elastic modulus.

The "steady' sinusoidal technique used for direet determination of the thermal
diffusivity in earbon has been further improved in preeision and its temperature range
extended to 40Y - 1200°C. DMeasurements of the longitudinal diffusivity were performed,
using this technique on various types of earbons graphitized at about 3000°C and the
results eompared with the transverse diffusivity for the same materials as obtained by
using the transient heat teehnique (800° - 2500°C range). Good eorrespondence is
obtained.




II. ELASTIC PROPERTIES AT ROOM TEMPERATURE

Elastic modulus of various types of carbons was investigated in our work and the
results presented in previous reports. However, one special type of carbon, the so-
called raw coke carbon, was not studied. Although it is not an important type of carbon
from the practical point of view, its spalling eharacteristics being unfavorable for pro-
duction and applications, it is a very interesting type of material since the introduction
of hinder at an early stage of calcination of the filler prevents the development of high
locked-in stresses in the proeess of baking, both filler and binder shrinking about equally
with heat treatment., As a result the material is much stronger and stiffer than the
conventional one and exhibits a high thermal expansion due to soaking of filler with
the binder”?, Extrusion of good sound pieees is slightly tricky and requires some prac-
tice. Successful extrusions of raw coke mixes were made in form of 1/2 inch diameter
rods. The filler material for these mixes was raw Texas coke which had a heat-
treatment temperature of about 450°C and the binder was Barrett M-30 coal tar pitch.
The mixes contained equal parts by weight of 65/100 and through 200 coke particles.
In gffneral, the preparation details were similar to those described in a previous re-
port~. Erucic acid was added to the mixes about 3 min. before the end of the
mixing eycle (0, 2.5, 5, and 7 percent of the binder by weight) for lubrication pur-
poses. The mixes with 5 and 7 percent erucic acid were easier to extrude than the ones
containing 0 and 2.5 percent. Groups of each kind of rods were heat treated to various
temperatures to show that they would survive the large gas evolution and dimensional
changes occurring during the treatments. Table I gives some results of heat treatments
of the raw coke rods. The observed densities arc somewhat lower than one usually finds
for this type of carbon body.




Table I

Apparent Density Data for Raw Coke Rods

ROD NO.| (0% ERUCIC ACID) ROD NO.2 (25% ERUCIC ACID)
H.T. DENSITY WEIGHT VOLUME DENSITY WEIGHT VOLUME
TEMP. ©C omy 8 GM. cm3 gm, 3 GM. cmd
GREEN 1.34 36.21 27.09 1.30 3582 27.65
500 .11 32.03 2877 112 32.03 28.57
750 1.31 29.39 22.41 1.35 30.48 2254
1000 L35 29.17 21.54 1.40 30.19 21.51
2800 1.47 28.02 19.06 1.55 28.87 18.67
ROD NO.3 (5% ERUCIC ACID) ROD NO.4 (7 9%ERUCIC ACID)
GREEN 1.31 36.38 27.43 1.32 36.37 27 48
500 L 3t.65 28.43 .09 31.08 28.52
750 1.30 29.79 22.95 1.27 29.68 23.46
1000 .37 29.52 21.57 1.37 2945 21.49
2800 1.49 28.33 19.02 1.48 28.19 19.06

Young's modulus of sueh raw soft coke-soft binder rods was investigated as a
function of heat-treatment temperature up to 3100°C using the improved room tempera-
ture apparatus described in Part IV, p. 4. Heat treatments in the range 500-1000°C
were made in the baking oven and higher ones in a graphite tube furnace in an inert atmos-
phere of nitrogen or argon. Table II gives the results of elasticity mcasurements on the
raw coke rods along with a regular soft filler-soft binder rod for comparison. Rods A
and B differ only in the erueic acid eontent (A - 2.5 pereent, B - 5 percent). The im-
portant point to notice in Table II is the cxtremely large shrinkage occurring in the raw
coke samples between hcat-treatment temperatures of 5009 and 1000°C; the raw coke
speeimens shrink 10 times more than the usual soft filler-soft binder rods! The
large shrinkage in the raw coke rods is conneeted with the cvolution of gases from both the
coke partieles and the binder during the baking process.




fable I

RAW COKE RODS SF-S8 CALCINED COKE SF-SB
H.T
YOUNG'S M OD ULUS VOLUME DENSITY E vOL. d
TEMP.
A B8 A B8 A 8
GREEN -— — 7. 8l 27.36 1.29 1.31 -_ 2702 1.69
8500 3.03 2.92 28.57 29.79 .12 1.OS 8.21 27.43 1.50
750 13.33 13.19 22.33 | 22.86 1.36 1.30 |12.33 26.72 1.52
1000 13.79 13.69 20.42 | 20.89 1.46 .40 |!2.18 26.49 1.52
1200 13.28 12.54 19.95 | 20.60 1.49 .41 n.1z 28.21 1.50
1400 12.31 11,46 19.28 | 19.91 1.3 I:;;_—i;.él_—WZ’_G-._ZI_~ 1.30
1600 11.64 .18 18.75 19. 41 1.56 1.4 8 7.52 25.85 1.50
1800 IO.SLw _I0.0(? I_B.T‘ 7 1959f1 15§ ' I.45~"67.?727 26.01 .48
2000 9.81 8.97 18.74 20.03 1.58 .42 5.15 26.18 1.48
2200 9.06 8.23 18.75 19.73 1.54 .44 4.63 25.92 .47
2400 10.12 8.94 18.56 19.70 1.68 1.43 8.17 25.80 .47
2600 10.42 9.46 18.46 19.36 1.53 1.46 5.37 25.81 A7
2800 10.28 9.64 18.23 19.34 1.7 1.46 537 25.69 1.48
3100 9.62 9.20 18.38 19.34 1.36 1.46 5.25 25.69 .48
E YOUNG S MODULUS IOIodynOl/cm2
v VOLUME  e¢m?
d DENSITY grams/cm>
The hez! treatment dependence of the Young's modulus for the raw coke speci-

mens is shown in Fig. 1 along with data from caleined eoke soft filler-soft binder and
hard filler-hard binder rods. The slope of the E vs. heat-treatment temperature curve
for heat-treatment temperatures between 1000° and 22000C is intermediate between
that of soft filler-soft binder and hard filler-hard binder rods. That is to say, raw soft
coke filler makes the behavior of E vs. heat-treatment temperature somewhat more like




hard coke fillers. A similar effeet was observed several years ago by Collins® in studies
of thermal expansion,
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1. ELASTIC PROPERTIES AT HIGH TEMPERATURE
A. Introduetion

Recent developments in high temperature teehnology require advanced knowledge
of the high temperature mechanieal properties of graphite. Quite a lot of information
has reeently bceome available eoneerning the high temperature behavior of the meehani-
cal properties of certain types of commereial graphites. However, there was very little
information on the depcndence of the elastie modulus on temperature for graphite ma-
terials made from various types of earbon and heat treated to various temperaturcs.
Some preliminary results of measurements of statie Young's modulus of earbons in
bending at high temperature were reported already4’ 6, The results presented there
have been verified and extended using an improved measuring apparatus recently eon-
strueted.

The samples were laboratory prepared (eoke binder and extruded) types of earbon
(soft filler-soft binder, soft filler-hard binder, hard filler-soft binder and hard filler-
hard binder) and a few speeial eommercial graphites, namely pyrolytie graphite (General
Eleetric Co.), ZTA graphite (National Carbon Co.) and glassy carbon (Tokai Electrode
Co.). The ZTA and pyrolytie graphites are important from a purely scientific point of
view sinee they arc highly anisotropie; and also have important teehnieal applieations.
A study of these basie earbon types might be helpful in comprehending the high tempera-
ture behavior of earbon materials.

B. Measuring Equipment

The principle of the measuring technique has been deseribed prcviously3: % and
only a bricf description of its operation is ineluded here. The speeimen to be investigated
(1/2" dia. and 8" long) is held by graphite supports at two points 7" apart. The earbon
sample mounted on these supports is plaeed in a 1-1/2" I D graphite tube which ean be
heated clectrieally to any desired temperaturc up to about 2500°C. The hending foree
is applied at the midpoint between the supports and the deflcetion of the specimen is
measured by LVDT's placed 3" apart. The maximum deflection was limited to about
0.05 mm. Contaet between the speeimen and the LVDT core is aceomplished through
graphitized lampblack rods. The foree is also applied to the spceimen through a similar
lampblack push rod and its magnitude is determined from the defleetion of a calibrated
eantilever., The two outer LVDT's are uscd to eorreet for any displacement whiech may
be causcd for instance by crushing at the sample supports.

Electronic circuits average out the two differenees in defleetion and an X-Y re-
corder gives the force-defleetion eurve whose slope is a measurce of Young's modu-
lus. The time required for reeording the stress strain loop at a given temperature
is about 20 scconds. Under these conditions ereep effeets werce found to be negligible
for ambient tcmperaturc within the measurcment range, c.g. below 2400°C.

The glcictronies of the high temperature elastieity measurement apparatus used
previously”™ ™ was improved by eliminating the troublesome servomotor system whieh
had a narrow range of reprodueible opcration and had to be reset several times during a
single scries of esperiments which in time led to extensive seattering in the rcsulting




data. Inthe new design® the displacements which are measured by LVDT's are properly
averaged before being amplified, rectified, and recorded. The dctailed diagrams of the
electronics associated with the measuring circuits were already presented in Part IV,
Figs. 8, 9 and 104 and will not be reproduced here. This apparatus has an increascd
range of linearity due to the elimination of the troublesome servomotor and associated
linkages. The graphite tube furnace is the same as previously used-: 3,

C. Test Samples
1. TLaboratory prepared samples--four basic types

The test specimens were 1/2' dia. extruded rods consisting of soft filler-
soft binder, soft filler-hard binder, hard {iller-soft binder and hard filler-hard binder.
Raw texas coke was used for the soft filler coke and the hard {iller coke was prepared
from phenol formaldehyde resin (Durez No. 175). These cokes were calcined in sepa-
rate batches at 1200°C for several hours in the baking furnace before crushing, grinding,
and sorting into the various particle sizes. Medium No. 30 coal tar pitch from the
Barrett Co. was used as the soft binder and a laboratory prepared phenol benzalde-
hyde resin (PB) was used as the hard binder. When extrusion oil was needed, Vacwax 80
of Socony Vacuum Co. was used. Thelpre%aration procedure for the filler-binder mixture
(green mix) was described previously": 2,17,

2. Pyrolytic Graphite

Pyrolytic graphite specimens were obtained from Dr. R. J. Dictendorf of
the Gencral Electric Co.® The technique used for preparing the pyrolytic graphite is in
princinle very simple, consisting of decomposing a carbonaceous gas on a hot surface?.
However, the elementary processes involved are fundamentally very complicated and a
complete characterization of the material requires knowledge of the tcmperature, pres-
surc, flow rate, geometry, diffusion coefficients, rate constants for all reactions, as
well as thermal conductivities and accommodation coefficients for the gascous spccies.
Pyrolytic graphite is interesting because of its high degrce of orientation and very low
porosity as well as absence of any binder material. The deposition temperature of the

General Electric pyrolytic graphite was 2200°C and the sample was anncaled for 30 min.
in our graphitizer at 2200°C.

3. ZTA Graphite

This gruphite was obtained from the National Carbon Co. The process for
the manufacture of high density graphite consists of compressing a graphite material at
temperatures around 2500°C where graphite is quite plastic. The proccss is far from
simple because of the extremes of temperature and pressure nceded to attain the neces-
sary plasticity and compaction. Hot working of graphite accomplishcs more than densi-
fication--it results in a highly oriented graphite with properties intermediate between
standard commereial graphite and the pyrolytic and single crystal graphite.

*The clectronics was designed and constructed by D. C. Wobschall now at Roswell
Park Memorial Institute, Buffalo, Ncw York.
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4. Glassy Carbon

This so-called glassy earbon was prepared by Tokai Eleetrode Co. Glassy
carbon is a highly cross linked carbonized resin eontaining no binder. The material is
a highly gas-impermeable carbon with an appearance like glass. It is a very hard
brittle material whieh ean be ecut only by a diamond eutter or an ultrasonic technique.
X-ray diffraction studies of this material have shown that even after heat treatment
to 3000°C, this carbon is still guite amorphous. This glassy earbon is interesting
because it is a perfeet example of an extreme ecase of hard earbon in which no erystalline
phase is present,

5. Low Density Carbon

This material was reeceived from the Great Lakes Carbon Corp. Aeccording
to a report by Stecker this sample is made {rom ingredients produeing a typical soft
earbon. The average apparent density is 0. 64 g‘/em3. There is on the market another
low density earbon with a quite similar appearance (average density 0.65 g/01n3), known
by the name '"porous carbon" and developed by the Tokai Electrode Co. The manu-
facturing method is quite different than that of Great Lakes Carbon Corp. carbon and
there is a patent pending at present. This material is made by thermal decomposition
and earbonization of some kind of resin. This porous earbon is expeeted therefore to
belong to the hard filler class as far as the behavior of the Young's modulus at high
temperature is concerned. This would be another very interesting carbon to be examined
but we eould not get hold of an appropriate sampie for our studies.

D. Results and Discussion
1. Temperature dependence of elastic modulus of Graphitized Bodies
a) TFour basic laboratory prepared types ol carbon

Specimens of the four types of laboratory prepared carbons were heat treated
to 3000°C before mounting in the high temperature elasticity apparatus. Fig. 2A
shows the Young's modulus data for these rods as a funetion of temperature up to
2300°C. The measured points are shown by open and filled-in points of the same
shape for increasing and decreasing temperature respectively. Even though observ-
able viscous creep sets in around 2000°C, reliable foree~defleetion measurements
could be obtained because of the small applied force used and the eorrespondingly
small magnitude of the deflection and the speed of operation of the equipment. The
usual maximum in Young's modulus is observed only for the rods with soft filler
whereas bodies with hard filler show a continuous decrease in modulus with in-
ereasing temperature. The faet that there is a maximum for the soft filler bodies
and no maximum for the hard filler bodies shows that the behavior of Young's modu-
lus vs. temperature depends primarily on the filler material. A similar conclusion
was reached previously by Davidson et all? and also in our experiments on the de-
pendence of the room temperature Young's modulus on the heat-treatment temperature
presented previously=s /. The results indicate that a study of the dependence of the
strength of hard filler bodies on temperature would be a worthwhile undertaking to
check if such earbons show a maximum in strength around 2500°C as do the soft
filler graphites.
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b) Pyrolytie Graphite

The elastic modulus results for pyrolytic graphite are shown in Fig. 3.
The deposition temperature of this sample was 2200°C. The load direetion was normal
to grain layers. TFig. 3 shows that the elastic modulus inereases up to about 1600°C,
followed by a decrease beyond this temperature. Pyrolytic graphite therefore has at
least in the grain direetion a behavior analogous to a soft filler material.
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Fig. 3 Relative Young's Modulus as a Funetion of the Ambient Temperature
for Pyrolytie Graphite (Load Direction is Normal to Grain Layer)

13




¢) ZTA Graphite

The Young's modulus of ZTA graphite was measured in the room temperature
elasticity apparatus to investigate the influence of the grain orientation on the Young's
modulus. Fig. 4 shows Young's modulus data for a ZTA graphite rod as a function
of temperature up to 2400°C among others for the case of the sample cut out with the
axis perpendicular to the molding direction and the load applied in the molding direction.

LOAD DIRECTION
NORMAL TO GRAIN LAYER, B

WITH GRAIN

n

LOAD DIRECTION
PARALLEL TO GRAIN LAYER, A

YOUNG'S MODULUS ( X 10° KG/CM?)

Prd '\
VW'V \
X

. ’v_”,vv ACROSS GRAIN

v -

- -
0 1 1 _1 | 1

o] 500 1000 1500 2000 2500

TEMPERATURE (°C)

Fig. 4 Young's Modulus as a Function of the Ambient Temperature for
ZTA Graphite Rod  (Density d = 1.955)
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Measurements of the above sample in rotated position such that the load direction is
perpendicular to the molding dircetion give a similar curve with a factor of 2 increase
in Young's modulus. The values obtained for a sample cut out with the axis parallel to
the molding direction are similar to the second case above but about 5 percent lower.
The results show that in all three cases the maximum Young's modulus occurs at 2000°C.
The elastie behavior of ZTA graphite is therefore similar to soft filler rods but having
the maximum of Young's modulus shifted slightly to a higher temperature.
2. Temperature Dependence of the Elastie Modulus of Carbon Rods while
Heat Treatment is Progressing

In this work a specimen which was previously heat treated to about 1000°C
was mounted in the furnace and force-defleetion measurements made throughout the
temperature range 750°C to a temperature exceeding the previous heat-treatment
temperature after which the rod was cooled to room temperature. Measurements were
continued using the same procedure, increasing stepwise the maximum temperature by
400°C in each run. The heating rate of the furnaee was about 300°C per houv and
holding time at the maximum temperature about 20 min. The maximum temperature up
to which measurements were performed was 2400°C, this limitation being dietated by
the onsct of rapid viscous creep. Typieal data is shown in Fig. 5 for a soft filler-soft
binder rod having a heat-treatment temperature of 1600°C. For increasing temperature
Young's modulus follows the upper curve (curve A) over a maximum up to the
original heat-treatment temperature of 1600°C and then further down, up to 2000° C;
for deereasing temperaturc it follows the curve B on which it again goes Qpver a
maximum. Reheating the same specimen gives curve C which above 2000°C appears
as an extension of curve A. Cooling from this temperature down gives curve D
which shows a marked stiffening in the range 1600° - 2400°C,

15
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Typical Curves for the Dependence of Young's Modulus on Temperature for
a SF-8B Red having an Original Heat-Treatment Temperaturc of 1600°C.
The Measured Points are Shown by Open and Filled-in Points of the Same

Shape for Increasing and Decreasing Temperature, Respectively. Sample
Heat Treated Prior to Measurement 1600°C - 2000°C

a) Soft filler-soft binder

A complete family of curves for soft filler-soft binder rod is shown in
Fig. 6. The heat-treatment temperature of the specimen when first inserted into the
furnace was 1000°C. The solid curves are for increasing temperature and the broken
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curves are for decrcasing temperaturc. The measured points are shown by open and
filled-in points of the samec shape for increasing and decreasing temperature, respectively.
The general behavior obtained here with the new clectronics does not differ radically
from that obtained previously®., The essential fcatures of the results observed arc:
1) a general decrease in Young's modulus with increasing tempecrature while the rod is
being heat treated, that is for tcmperatures above the highest previous heat-trecatment
temperature, 2) the presence of a maximum in Young's modulus somewhat below the
maximum heat-treatment temperature for all variously heat treated samples, 3) an
increase of the modulus above the heat treatment curve at temperatures above 1600°C.
The heat treatment dependence of room temperature Young's modulus taken from the
above measurements is similar to the general bchavior previously reported in the work
with the room temperature elasticity apparatusz.

by Soft filler-hard binder

Similar systems of curves have been obtained for soft filler-hard binder
carbon specimens. The heat-treatment temperature of the specimen when first inserted
into the furnace was about 900°C. Fig. 7 shows the Young's modulus as a function of
the ambicnt temperature for both increasing and decreasing temperaturcs. The in-
creasing tempcrature curve for pre-hcat trcatment temperature 1600°C was not
measurcd below 1900°C because of equipment failure. The depcndence of the room
temperature Young's modulus values on the maximum heat-treatment tempcrature ob-
tained from this specimen are quite similar to those obtained from the soft filler-soft
bindecr specimen discussed in previous section.
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Fig. 7 Relative Young's Modulus as a Function of the Ambient

Temperature for a SF-HB Rod
¢) Hard filler-soft binder
Elasticity measurements have been made on a hard filler-soft binder rod
whose original baking temperature was 700°C. The temperature dependence of Young's

modulus is shown in Fig. 8. Some of the curves show a very slight maximum and
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others show no maximum at all. During heat treatment the modulus of this material
decreases nearly eontiruously up to 2400°C and possibly also beyond. The heat treat-
ment dependenee of the room temperature Young's modulus tgken from the above measure-
ments is similar to the general behavior previously reported”.

d) Hard filler-hard binder

A similar system of curves has becn obtained for a hard filler-hard binder
carbon specimen whose original heat-treatment temperature was 1000°C. Fig. 9 shows
the Young's modulus as a funetion of the ambient temperature for both inereasing and
deereasing temperature, All the curves show a eontinuously deereasing modulus with
inereasing ambient temperature. The dependenee of the room temperature Young's
modulus of these rgds on hcat-treatment temperature is also similar to the previously
ohserved bhehavior~,
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RELATIVE YOUNG'S MODULUS

e)

Glassy carbon

Elasticity mcasurements have also been made on a glassy carbon plate whose
original baking temperature was 1000°C., The sample dimensions were 1.56 cm wide x
0.3 cm thick x 20 cm long. The results of the clastieity measurements are shown in
TFig. 10. The curves in Fig. 10 show that during heat treatment the modulus deercases
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YOUNG's MopuLus (x10° K9 ¢m?2)

continuously up to 2400°C. The heat treatment dependence of the room temperature
Young's modulus taken from the above mcasurements arc shown in Fig. 11. 1t is inter-
esting to note that the slope of the curve is similar to the one for hard filler earbon
bodics. Glassy carbon is a thermally decomposed resin which is earbonized in an inert
atmospherc. The doited curve in Fig. 11 shows the average Young's modulus as ob-
tained by one of the authors (5.S.) from 10 rods (5 em dia. 130 mm long) by mcans of

an ultrasonie pulse technique, the work having been performed at the Japan Atomic
Energy Research Institute.
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Fig. 11 Room Temperature Young's Modulus as a Function of Heat-
Treatment Temperature for a "Glassy Carbon' Plate




RELATIVE YOUNGS MODULUS

f) Low density carbon

The original heat-treatment temperature of the specimen obtained from
G.L.C.C. is not known but it is probably around 1000°C. To make sure, the sample
was heat treated at 1500°C for 15 min. Thereafter the temperature dependenee of
Young's modulus of this sample was measured while the heat treatiment was progressing
up to 18000C. Then the measurements were repeated until 2100°C and 2400°C were
reached. Fig. 12 shows the ebange of Young's modulus in the heating-up proeess.
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Fig, 12 Relative Young's Modulus as a Funetion of the Ambient Temgerature
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o
o




The presenee of maxima in the modulus at a temperature somewhat below the corre-
sponding heat-treatment temperature for all previously heat treated samples is elearly
visible. The modulus decreases with increasing tcmperature for temperatures above
the highest previous heat-treatment temperature. The material has such a terrible
volume shrinkage that measurements above the highest previous heat-treatment
temperature have little accuracy; holding the samples in position is difficult sincc they
become loose. Therefore the part exceeding the preévious heat-treatment temperature
is shown by a dotted line and for the same reason curves for decreasing temper-
ature are not given at all. The shrinkage values were observed for the initial heat
treatment cycle to 1500°C; the volume shrinkage amounts to about 5 percent and at
2100°C it is about 10 percent.

Fig. 13 shows the change of room temperature Young's modulus with heat-
trcatment temperaturc and the decrease in volume with heat treatment in which the
original heat-treatment temperature was assumed to be roughly 1000°C.

E. Conclusions

The elasticity measurements presented in this paper show that the nature of the
filler material is much more influential than the nature of the binder in determining
the bchavior of the temperature dependenee of Young's modulus of a carbon. The
modulus of soft filler rods shows the following behavior: 1) a general decrease in the
elastic modulus with inereasing temperature above the highest previous heat-treatment
temperature and 2) the presence of a maximum in the elastic modulus at a temperature
somewhat below the maximum heat-treatment temperature. The carbon made with
hard filler shows also a decrease above highest heat-treatment temperature, but no
maximum below heat-treatment temperature for hard binder and only slight maxima
for soft binder. These differences demonstrate the importance of the filler material
in determining the elastie modulus behavior and might be used in describing the
eharacter of materials whose manufacturing processcs are quite different. The
results of measurements on pyrolytic and ZTA graphites have shown the temperature
dependcnee of Young's modulus arc similar to soft filler bodies. On the other hand,
the results for glassy carbon show that the temperature dependencc of its Young's
modulus is as for a typical hard carbon body.
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IV. MECHANICAL ENERGY LOSSES

A. Introduction

One of the authors has rccently in collaboration with Kobayashi11 reported some
results of preliminary investigations of internal energy dissipation in carbon materials.
Under the present contract cfforts were made to get morc detailed information by re-
peating a number of experiments under a variety of conditions. In this report the newly
obtained results are presented and a discussion of the loss mechanism in terms of
motion of dislocations and other defects is given.

A great amount of information on crystal defects in graphite has been provided by
studies of a number of investigators in recent years -187 One can hope therefore that
in the not very distant future the mechanical properties of graphite, as well as of other
carbon solids, will become well understood from the microscopic point of view. How-
ever, the big difficulty is that one has not yet had good single crystals of graphite large
enough for mechanical tests. At present, onc has to study polycrystalline specimens
which are not only porous but also full of structural irregularities. Even for such
specimens the mechanical properties are probably mostly dependent on the behavior of
crystal defects which however exist in such complicated cnvironment as to be thecoreti-
eally not tractable. For instance, to the authors knowledge various high temperature
ereep tests on graphite gave such different values for the activation energy that no
definite identification of the corresponding elementary process could he obtained.

The analysis of the internal friction in terms of crystal defeets is somcwhat easier
for the following reasons: 1) the expcriments can be performed at such small strain
amplitudes (ranging from 10-3 or 1074 down to 1076 or even 10-7y that the motion
of each defcet is controlled in accordance with the mobility; 2) the contributions of
various mechanisms can be separated by observing the characteristic relaxation spectrum.
For example, if the following Arrhenius type expression for the relaxation time is
applicable:

T=To exp(H/KT) (1)

the temperature dcpendence of internal friction Q’1 would give sueh a spectrum as
mentioned above. I{ seems that in the case of carbon materials the study of the charaeter
of the mechanical cnergy loss provides a good tool for the investigation of the dynamical
nature of dislocations as well as other crystal defects.

B. Experimental Method and Spccimens
.1. Apparatus

The expcrimental arrangement used in this work (especially as far as the
elcetric circuit is concerned) was very similar to the one used in the previous work
i.e., in short a sample was vibrated by driving it electromagnetically and the vibrations
detected using a pair of earphone coil transducers. The damping f{aetor Q_1 of the first
mode resonance curve was {aken as a measure of internal friction but thc frequency
determination was made by means of an electronic counter instead of a direet reading
from the dial scale of the oscillator as it was done beforell,




The experiments on amplitude dependence of the energy loss at room temperature
were made by using transversal vibrations of 6-4 in. long slabs the frequency of which
was ranging between 250-2600 c/s. On the other hand, a resonance bar technique for
longitudinal vibration frequencics between 10-20 kc was used in the low temperature
experiments. A drawing of the sample holder and cryostat systcm is shown in Fig. 14.
A cylindrical test piece about 4 inches long is supported at the middle by two needles
facing each other in the common horizontal plane. In order to avoid cxternal disturbances
intervening in the samples' vibration the needles had to be only in light contact with the
sample itself, while being rigidly fixed to the outer holder. When the coolant was liquid
hydrogen the inner Dewar vessel was surrounded by another container filled with
liquid nitrogen. To avoid possible troubles originating from moisture absorbed on the
specimen, the sample chamber was evacuated and hecated to 60°C before starting a run.
Pure helium gas was flown through the chamber. By combination of controlled flow of
gas and of electric power supplied to the heater, quite constant cooling and heating rates
could be obtained (about 0.5°C/min.).

2, Specimens

First, specimens were made from two representative commercial carbons:
polycrystalline graphitc of reactor gradc and baked carbon for crucible use, The reactor
grade graphite was formed by extrusion and heat treated to 2800°C in an atmosphere
containing fluorine for purification., Its density ranged between 1,67 - 1,69 and its
impurity content was about 2 x 107”, The baked carbon was a molded block heat treated
to 12000C. Its density was quite high, ranging betwecen 1,82 - 1.86.

Next, a glassy amorphous carbon prepared from a highly cross linked resin without
using any binder (product of Tokai Elcctrode Mfg., Co.) and heat treated to 1000°C was
cxaminced as a perfect example of extremely hard carbon. It has been found by means of
an X-ray diffraction that even after heat treatment to 2000°C no crystalline phase is
present in this material.

Finally, two pyrolytic graphite specimens prepared at General Electric Rescarch
Laboratory were investigated. One of these samples was an as-deposited at 2200°C
from mecthane gas at a pressure as low as 20 mm Hg. As well known, in such specimcn
the microcrystallites are aligned nearly parallel to the surface of deposition. Howcver,
even such graphite exhibits still a somewhat coarse appearance due to the so-called conc
structure which indicates that the parallel alignment of the crystallites is not quite perfect.
The sccond specimen was originally obtained by the same method mentioned above but
was further heat treated to 3700°C at the General Elcctric Laboratories. During this
latter heat treatment an appropriate tensile stress was applied so as to improve the
crystalline alignment. Thus, an exccllent graphite specimen exhibiting quite glossy
appearance was obtained. The electric resistivity of this specimen was about 5 x 107
ohm-cem, of the same order as that of single crystals of graphite in the a-direction.
ltereafter this spccimen will be called "two dimcnsional graphite." The density of
these pyrolytic graphites both as-deposited and the two dimensional was found to be

o

above 2.2, thus indicating the presence of very few internal pores.

3. Ncutron lrradiation

Samples of polyerystalline graphite of glassy carbon and of the two-
dimensional graphite were irradiated in a 1 MW swimming pool type reactor on the
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campus of thc State University of New York at Buffalo. Specimens werc cnclosed in an
aluminum container and cxposed to neutron flux for 2 hr. at the outer side of the recactor
corc. The total dose of fast neutrons was estimated to be not more than 101 nvt
which is very small in comparison to irradiation doses used by other investigators.
Anmnealing of thesc irradiatcd specimens as well as all the heat treatments of various
samnples to temperatures up to 3000°C were made in a graphite tube resistance furnace
under nitrogen gas flow,

C. Strain Amplitude Dependence

Curves of the dependence of internal friction Q_l and of the dynamic clastic
modulus E of polycrystalline graphite and baked carbon specimens on the strain ampli-
tude were rcported previously (Part IV, Fig. 12 and 13)*. They are reproduced here
for convenicnce as Fig. 15 and 16. As was found previously Q~! gradually decreases
with decreasing amplitude towards a limiting value to be denoted by Q_1 while E is
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found to inerease asymptotically towards a eonstant value Ey. For a given material
curves of Q"1 and E/EO vs. strain amplitude begin to flatten out in about the same range
of amplitudcs. That is the internal frietion as wecll as the dynamie modulus eonsist of
two parts, an amplitude-dcpendent and an amplitude-independent part.  As can be seen
the amplitude-dependence parts equal to (Q™4 - Q, 1y and (Eo - E)/E,, are varying in
parallel (lincar relation) in agreement with the prediction of a theory of Granato and
Luckel? concerning the meehanical damping caused by dislocations.

Results for glassy carbon are presented in Fig. 17. Although the internal _
friction of this specimen is cxtremely low with numerieal values of the order of 107?
and the amplitude-independent region extends to higher strains than for the other
eonventional carbon products, the eorrespondence between variation of (Q'l - Qo‘l)
and (E, - E)/E is still holding well. That is the predietions of the theory of Granato
and Lueke seem to be essentially in agreement with experiments even for an
amorphous solid.
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Fig. 17 Internal Friction and Dynamic Modulus of Glassy Amorphous Carbon
as Function of Strain Amplitude Before and After Pile Irradiation

According to the Granato-Lucke theory the amplitude-dependent portion of internal
friction is expressed in terms of a single function of the form

Q7! -l = (Cy/E ) ew (-Cy/ &y ) @

where €e denotes the strai amplitude. Hence the experimental data plotted in the form
ofC,(Q'l - Qn'l) vs €¢ ' should lie on a straight line which is sometimes called
"Granato-Lucke plot." The corresponding results from our study are shown in Fig. 18.
One can see that the theoretical relationship mentioned above is satisfied in good approxi-
mation for high amplitudes. Thus the mechanical energy loss even in poorly or little
graphitized carbon solids is probably explainable in terms of the basic ideas of the
Granato-Lucke theory, i.e., the loss being due to dynamical motion of glissile dis-
locations pinned down partially by point defccts. It seems possible that even in such
amorphous body as glassy carbon some dislocation-like patterns do exist and oscillate
under alternating stress (although with an extremely small mobility).
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As easily seen the eonstants C; and Co in equation (2) eorrespond to the slope
and intereept of the Granato-Lueke plot respeetively. Taking into aceount various
parameters eonneeted with crystal imperfections these authors have given some
struetural meaning to these eonstants in their original paper. However because of
the peeuliar strueture of graphite and earbons their assumptions (espeeially those
eoncerned with the binding foree between dislocations and the pinning point defects)
are not applicable to our problem. In short, one has to modify the theory so as to
make it applieablc to the pinning meehanism of disloeations in carbon materials.




Finally, the results obtained for two pyrolytie graphites, the as-deposited at
2200°C and the 3700°C heat treated under tension are shown in Fig. 19. The as-
deposited graphite gives quite small values of Q_1 and of (E, - E)/E0 over the
whole strain range examined. So far as the loss eharaeter is coneerned, the as-
deposited graphite in spite of the nearly parallel alignment of erystallites seems to
be similar rather to the hard earbons than to the well-graphitized ones. Why the slight
deviations from the ideal alignment known as '"cone strueture' should lower the mobility
of disloeations so effectively would have to be clarified by speeial studies of this structure.

On the eontrary, the 3700°C heat treated sample gives much higher values of Q—l
(by a factor of morc than 10) and shows a remarkable amplitude dependence for
both Q! and E. The extremely low value of eleetrieal resistivity 5 x 107> ohm-em
indicates that all erystallites in this material are not only large and well developed but
almost perfeetly aligned parallel in one plane, although they probably are randomly
oriented in relation to the e-axis. Thus of all carbon solids the loss eharaeter for this
graphite should most elosely approximate that of single erystals of graphite whieh pos-
sess the lowest eoncentration of structural irregularities impeding the motion of
disloeations.
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D. Effect of Neutron Irradiation

1. Results

Fig. 20 shows examples of the internal friction vs. strain amplitude relation-
ships obtained for a polyerystalline graphite befove and after irradiation in the pile.

. POLYCRYSTALLINE
GRAPHITE

[P I 4
o
= i
‘o / NEUTRON IRRADIATED
S —>e— UP 7
i —o0<— DOWN |
48 HR. LATER
—+— UP

—a<— DOWN

0O l_ Ji 2
106 165 104 103
STRAIN AMPLITUDE

Fig. 20 Internal Friction vs. Strain Amplitude for Polycrystalline Graphite
Showing the Influence of Neutron Irradiation
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As mentioned before the total dose of fast neutrons was so small ( ~ 1014 nvt) that no
remarkable changes in the electric resistivity as well as in the external appearance were
observed. XNevertheless, as a result of such slight irradiation the internal friction
eurve heeame measurably displaced. Moreover it exhibited hysteresis: Q'1 had
somewhat higher values on the return trips when the amplitude was being deereased.
Sueh an increase in Q=1 oceurring as a result of vibrating the sample has been found
to partly disappear after the specimen was left for a while to recover. A loop obtained

48 hr. later is also shown; the rcturn part of the curve repeated the results obtained
two days earlier.

It was found from the shift in the resonanee frequency that after such weak
irradiation the dynamie modulus incrcased by about 10 percent. A full recovery in
both Q7' and E was observed within the experimental accuracy when the spceimen
was annealed at 3000°C,

The effeet of irradiation on the so-called two dimensional graphite is demon-
strated in Fig. 21. One ean see that slight irradiation eauses a remarkable decrease
in (Q"l down to about the same level the material exhibited before heat treatment to
3700°C. Hysteresis and recovery similar to those observed for the polyerystalline
graphite were also found for this material as can be seen in Fig. 21. Again no
change in the eleetrie resistivity or in external appearance was observed after the
irradiation.
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The resonance {requeney of the two dimensional graphite sample ehanged as a
result of irradiation from about 2600 ¢/s to 6300 e/s; i.e., E inereased by a faetor of
about 6. This was very surprising sinee in general the elastie modulus of solids is
known to be rather a strueture-insensitive quantity. It is felt that this observation might
be an important key for unravelling the nature of loss mechanism in the graphite structure.

The irradiated sample of two dimensional graphite was annealed at 3000°C (sece
Fig. 19). The internal frietion inercased remarkably after annealing but did not return
completely to the original value observed before irradiation. As for the dynamie modulus
it has reecovered its original value as a result of this heat treatment.

The results for glassy earbon are presented in Fig. 17. Q'l increases as a
result of the irradiation contrary to the behavior of polyerystalline graphites. Hysteresis
and partial reeovery were not detectable in this ease beeause of the extremely small

values of Q7". No ehange in E due to irradiation was observed within experimental
aeeuraey.

2. Diseussion

The remarkable effeets produeed by irradiation and annealing are probably
due correspondingly to the generation and to the elimination of point defeets which partiei-
pate in the pinning of dislocations. Aeeording to Seitz one fast neutron (~1 MeV) is
expected to displace aboul 1000 earbon atoms in graphite lattice. Therefore the
number of point defects produeed by our irradiation (~1014 nvt) should be of the
order of 1017 per em?, i.e., above 107% atomic percent. Such a small number of
defeets which hardly can be detected even by the electron spin resonanee causes no
observable ehange in the clectrie resistivity as well as in other macroseopic properties.
However the preecipitation of these defecets along the dislocation lires impedes the
glide motion so effectively as to lower the internal frietion. The length of dislocation
strings limited by these pinning points is shortened by the irradiation possibly down
to an order of 100X,

For the irradiated two-dimensional graphite most of the knoeked-on atoms are
likely to recombine with vacaneies on annealing at 3000°C, leaving a small number of
most stable defeets, e.g., atoms trapped at edge disloeations. Pinning of dislceations
by sueh residual defects would be responsible for the incompleteness of the recovery of
Q™" by annealing shown in Fig. 19. Tt is remarkable that the presence of defects in
concentration even much lower than 10™% atomie percent measurably affects the loss
charaeter.

Due to the remarkable anisotropy of graphite strueture applied stress will exert
a big shearing moment on the basal layers and as a result the basal dislocations will
have a much higher mobility than in other crystals. Therefore, in the basie expression

of strain & =&e1 + & dis where £ g1 and Edis denote the strain comj.onents
due to the pure elastieity and to the disloeation movement respeetively. For graphite
Cdis might be of eomparable order of magnitude with Eel while for usual solids

Eeot 7€ 4ie in the low strain range. One can easily see that this remark might also be
important for explaining the behavior of Q™ in eonneetion with the pinning mechanism.

Two problems are left unexplained. ‘The first are the hysteresis loops and
reeovery of Q-1 shown in Figs. 20 and 21. The partial reecovery observed suggests
the presenee of a diffusion process. The second problem is the inerease of Q1 for
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glassy carbon when the material is irradiated. For a completely amorphous body
neutron irradiation might cause some structural relaxation rather than usual
hardening. There is no point however to discuss these phenomena at the present
time without having more information as to the naturc of dislocations and point de-
fects as well as their interactions in carbon materials.

E. Temperature Dependence

The temperature dependence of the amplitude-independent part of internal
friction Q4 - and of the dynamic modulus (reprcsented by the resonance frequency f)
was investigated for polycrystalline graphite for as-deposited pyrolytic graphite and
for glassy carbon.

One can see from Fig. 22 that thc curve of Qo_l vs. tecmperature for poly-
crystalline graphite possesses a remarkable peak at 50°K aceompanied by a (sub-peak
like) hump at 80°K. The corresponding curve of f vs. temperaturc (Fig. 23) exhibits
a stcep slope in the same tempcrature ranges as expected by the formal theory of
anelasticity20, Substituting w={ 2 7rf)'l from the resonancc condition and Ty :
10-10 - 10-13 gec into equation &1) the activation energies arc roughly obtained as
follows: H = 0.07 eV for the 50°K peak, H = 0.12 eV for the 80°K peak. In analogy
to similar peaks found for metals by a number of authors22s 22 these two peaks are
concluded to be the so-called Bordoni pcaks for graphite connected with relaxation of
the elementary motion of dislocations. The two valucs of H represent then the heights
of the Peierls hills for the two types of basal dislocations which might be for instance
the screw and edge components,

41




T T T I T T T r T T T T I T T 1 T ‘ T T T ] T T T T
50k -
POLYCRYSTALLINE ]
! — GRAPHITE ]
40} —
L . .
Ue) 30 =
= i PYROLYTIC GRAPHITE
* 3 4
Io "
20| -
s b9 i
A, poA,
o L AM%AMAMAAAA 8- -
! GLASSY GARBON Fhany]
x
\?xx"xxxx x 20X XXX 3¢ J
5 XXX x xxxx -
X0 X % XX
- XXX XX
oL+ 1 ¢ v by v g by by e ‘T‘M
0 50 100 150 200 250 300
T (°K)
Fig. 22 Temperature Dependence of Internal Friction for Polycrystalline

Graphite, Pyrolytic Graphite (As Deposited and Glassy Carbon)




|24 T Ty N (S B S | L} T T T LS B E A N ¢ T T |24

123F 215
"o 122 4214
w ——
= | POLY - L
% CRYSTALLINE BIRBITIE ®
2 ik GRAPHITE GRAPHITE —213
% R o)
- / =

191+ 120 —212

190F119 \GLASSY /

211
CARBON

b o

i8S rN8

T

s L i

P |
150 300
T (°K)

TS T

A 1
0] 50 100

Fig. 23 Temperature Dependence of the Resonance Frequeney for
Polyerystalline Graphite, Pyrolytie Graphite (As Deposited
and Glassy Carbon)

In the temperature range above 100°K no strueture eommon to both diagrams
in Fig. 22 and 23 was observed. The negative gradient of the eurve f vs. tempera-
ture shown in the lower diagram is opposite to the well-known behavior of the elastic
modulus at high temperatures but agrees well with the presence of the minimum of E
at 200-300°C found by Mason and Knibhs 29,

The pyrolytie graphite speeimen gives in Q_l a fairly sharp peak around 2335°
and a very small hump around 205°K. In view of lack of correspondence with ehanges
in the modulus the bigger peak seems to be a "ghost peak' originating from the instru-
ment but the smaller one seems to be rather intrinsie.

The glassy carbon shows three small humps at 135, 165 and about 200°K but no

corresponding ehanges in the modulus are observed within the experimental accuraey.
For such hard specimens with low internal friction as glassy carbon it will be advan-
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tageous to improve the experimental teehnique by using rather the transversal
vibration than the longitudinal, In general, it looks very worthwhile to extend the
study for all carbons down to at least liquid hydrogen temperature.

F. Coneluding Remarks

Summing up the results of this work one ean say the following: 1) the de-
pendence of the mechanical energy loss on strain amplitude as observed for various
graphite and carbon materials agrees with the predietions of the theory of Granato
and Lueke, the loss meehanism being mainly due to the dymamieal motion of the basal
dislocations pinned down by point defeets, 2) the ecompletely structureless glassy
earbon behaves similarly to graphite, although the partieular values of parameters
are considerably different, Some dislocation-like patterns seem to exist in such an
amorphous body, 3) slight neutron irradiation (~ 1014 nvt) gives rise to remarkable
changes in the loss charaeter whieh can also be explained in terms of disloeations in
line with the basie ideas of the Granato-Lueke theory, 4) the temperature depcndenee
of internal frietion for polyerystalline graphite exhibits two peaks at low temperatures,
these peaks probably being the Bordoni peaks of graphite. The heights of the eorre-
sponding Peierls hills are roughly evaluated to be about 0. 07 and 0. 12 cV.
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V. THERMAL CONDUCTIVITY MEASUREMENTS

A detailed deseription of the apparatus designed and constructed an%i Qle technique
used in making thermal eonductivity measurements was given previously” =. The results
obhtained by tests eondueted on many earbons have proved the reliability and aeeuraey
obtainable with this improved design. Of partieular interest was a series of tests made
on soft filler-soft bhinder earbon material to determine the dependenee of thermal eon-
ductivity and eleetrical resistivity on heat trecatment (in the range 1000° - 28000C) at
various temperatures from 1000°C up to heat-treatment temperature. Corresponding
preliminary results were presented in a previous report4. During the period of this
report these investigations were extended and results were obtained also for the other
three base carbon materials: soft filler-hard binder, hard filler-soft binder and hard
{iller-hard binder.

A. Test Rod Data

All of the test rods made from the various earbon materials used were prepared
in our laboratory. The ealeined filler material was ground to proper size, mixed with
binder and then extruded in the form of 1/2'" dia. rods. The grecn rods were then
baked to 1000°C in a baking {furnaee before heat treatment to various higher tempera-
tures was initiated. Table IO on the following page summarizes the materials and
the mixtures used in the produetion of the test rods and also gives the apparent
density after baking at 1000°C.

B. Test Procedure to Determine Effeet of Heat Treatment

The procedurc followed for the series of runs to determine the effeet of heat
treatment was similar to that reported previously4 for eaeh of the four different types
of earbons. For the earbon made from soft filler and hard binder, the baked rod was
installed in the conduetivity test ehamber and the 2" helieal heating coil was used as the
heating element to provide the desired heat treatment. After installation of the test
rod, the ehamber was evaeuated and charged with Argon gas at a pressure slightly greater
than one atmosphere. This pressure was maintained throughout the series of test runs.
As previously reported the insulation eylinder of Thermax powder was removed from
the test ehamber and was not used during these experiments. The rod was first heat
treated to 1200°C by the heating coil and held for 10 min. at this temperature before
being eooled to room temperature. The rod was then heated internally by applying
voltage to ilic rod eleetrodes to produee the desired temperature for making measure-
ments. At no time was the rod heated to temperatures above 1200°C (the heat-treatment
temperature for the first series of runs). By varying the applied voltage the rod was
heated to a desired temperature and data were obtained from whieh the thermal
eonduetivity and eleetrieal resistivity were calculated. The rod was then heated exter-
nally to a treatment temperature of 1500°C and the above proecdure repeated with
data obtained for temperatures up to 1500°C.

The heat treatment was inereased in stcps to temperatures of 1500, 1800,
2100, 2400 and 2800°C. After eaeh heat treatment the thermal eonduetivity and
eleetriecal resistivity were determined for various temperatures from 1000°C up to
the heat-treatment temperature. In order to achieve heat-trcatment temperature above
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1800°C it was found neeessary to apply power to the test rod in addition to the
heating eoil. This produeed a radial temperature gradient in the test rod during the
heat trcatment. This gradient was mueh smaller than that maintained during the test
runs and therefore probably had little or no effect on the test results.

In order to eliminate all temperature gradients during heat treatment the heat
treatment part of the above proeedure was ehanged for the investigation of soft filler-
soft binder, hard filler-soft binder and hard filler-hard binder earbons. 7The heat
treatment of these earbons was performed in a separate graphitizing furnaee. The
partieular rod under test was removed from the test chamber after each series of runs
for a given heat treatment and heat treated in the furnaee to the desired next higher
temperature level. The rod was then reinstalled in the test ehamber and heated in-
ternally to produee the desired temperature for making measurements. Utilizing this
teehnique the rods made from the different earbons given above were heat treated to
temperatures of 1200, 1500, 1800, 2100, 2400 and 2800°C and data were obtained at
temperature up to the heat-treatment temperature.

C. Effect of Heat Treatment on Thermal Conduetivity

The results showing the effect of heat treatment on the thermal eonduetivity
obtained on the four different types of earbons are shwn in Fiz., 24, 25, 26 and 27,
The results presented are the values obtained by actual measurement of a partieular
rod and no attempt was made to eorreet the various rods for density variation from one
earbon to another. The broken eurves show the changes that occur in the baked earbon
as it is heat treated up to 2800°C.

Conduetivity vs. temperature eurves for carbons made using the soft filler (Fig.
24, 25) are very similar. In eomparison the earbons made from hard earbon fillers
(Fig. 26, 27) show a visibly different behavior, thus indieating the predominant part
played by the filler material in the thermal eonductivity.
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Fig. 25 Thermal Conductivity vs. Temperature for Various Heat
Treatments of Carbons Made from Soft Filler and Hard
Binder Carbon
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THERMAL CONDUCTIVITY (GM.CAL/CM SEC.°C)
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Fig. 26 Thermal Conductivity vs. Temperature for Various Heat
Treatments of Carbons Made from Hard Filler and Soft
Binder Carbon
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ELECTRICAL RESISTIVITY (OHMS-CM X103)

In particular, the soft filler carbons show a positive temperature dependence of
conductivity up to a heat treatment of about 2100°C but above 2400°C the conductivity
shows negative dependence. On the other hand, the hard filler carbons show a positive
dependence at all temperatures up to 2800°C although the hard filler-soft binder carbon
appears to be temperature independent atter heat treatment to 2800°C.

D. Effect of Heat Treatment on Electrical Resistivity

The cffect of heat treatment on the electrical resistivity on the four different types
of carbons is shown in Fig. 28, 29, 30, and 31. The resistivity was calculated from data
obtained during the thermal conductivity measurcment, There is a continuous decrease
in resistivity with increase in heat-treatment temperature for all types of carbons.
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Fig. 28 Electrical Resistivity vs. Temperature for Various Heat
Trecatments of Carbons Made from Soit Filler and Soft
Binder Carbon
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Fig. 29 Electrical Resistivity vs. Temperature for Various Heat
Treatments of Carbons Madc from Soft Filler and Hard
Rinder Carbon

Of particular interest is the temperature dependence of resistance for the carbons
made from the soft filler carbons. For these carbons the resistivity shows negative
dependence with temperature for heat treatment up to 2100°C. After heat treatment

to 2400°C positive temperature dependence is indicated. The hard {iller carbons show
a negative temperature dependence for heat-treatment temperatures all through 2800°C.
If temperature dependence is used as an indication of graphitization, it can be said that
the soft filler carbons show graphitization for heat treatments above 2400°C whereas the

hard filler carbons do not appear to have undergone any apparent degree of graphiti-
zation.
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E. Conclusions

3000

The results of these measurements is the establishment of eomplete series of
curves showing the effect of heat treatment on the thermal eonduetivity and eleetrical

resistivity of earbons at various temperatures in the range of 1000° - 2800°C,

This

information is presented for carbons made from soft fillers and hinders and hard fillers

and binders.

The strong influence of the filler ean be readily seen from a comparison of these
results with the binder playing a seeondary role. The effect of the hard carbon as cither
a filler or binder reduees the thermal eonduetivity and increases the electrical resistivity
for a given heat treatment. The presenee of hard carbons retards on the average the

degree of graphitization during heat treatment.

There is no apparent correlation between the electrieal resistivity and thermal
conductivity. It ean be seen that there is a wide range of thermal eonductivity and electri-
cal resistivity values and their temperature deperdenee. The factors that play an im-
portant role in determining these values are the earbon base material, the heat-treatment

temperature and the operating temperature range.

]
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VI. THERMAIL DIFFUSIVITY

A. Introduetion

A general description of the "steady' sinusoidal method has been previously
givenz’ 4, Theory, experimental technique and the rapid method of evaluation of the
thermal diffusivity by using the data for the amplitude ratio A and the phase shift
A’:Pon as obtained from the temperature curves recorded at the two longitudinally
loeated points using a prepared chart were deseribed in detail.

Using this technique some preliminary measurements were performed on copper
and on stainless steel. The scattering of the results obtained was large and it was found
that the deviation of the boundary conditions from the preseribed ones was mainly re-
sponsible for this scatter. The furnace and the apparatus were therefore further im-
proved to produce more closely the prescribed boundary conditions and to extend the
working temperature range up to 1200°C.

With this improved arrangement the thermal diffusivity of various graphites
(heat-treatment temperature 2800°C) in the direction parallel to the extrusion axis
was investigated throughout the temperature range 40-1200°C and a decrease in the
scattering of the data was observed. The anisotropy of an extruded rod was studied by
comparing the values of the thermal diffusivity in direction parallel and perpendicular to
the extrusion axis as obtained respectively by the "'steady" sinusoidal and 'transient"
methods throughout the temperature range where the two methods overlap.

B. Preliminary Measurements

The preliminary measurements were performed by using the furnace and
arrangement described in Part II°. Copper and stainless steel were selccted, first
because values of the thermal diffusivity for these materials are known and thus
available for comparison and second, because it was important to determine the
ability of the system to give correct results for a case of very large diffusivity
{copper about 1,1 em=/sec) as well as for a very small onc (stainless steel about
0.04 cmz/scc). The ability of the experimental apparatus to be used for a wide
range of thermal diffusivity is important because the variation of the thermal diffus-
ivity with temperature in the range 0-1200°C is in general very strong for graphites,
varying between the limits of diffusivity of copper and that of stainless steel. Fig. 32
shows the experimental values as well as the reference curves of the measured therma
diffusivity and of caleulated K/de vs. temperature taken from the literature for copper
and for stainless steel””, 1In general, the results shewed that our system is able to
operate for very large and very small values of the thermal diffusivity within a certain
range of the reference values. However, the scattering was found to be large and caused
by an erratic phase shift; the phasec shift being in most cases either unreasonably large
or low. An extensive analysis of the experimental conditions and of the recorded temper-

ature waves was made in order to find the probable causes for such an unstable phase
shift.
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Fig. 32 Experimental Values of Thermal Diffusivity for Copper
and Stainless Steel Compared With Published Values

The analysis showed that the phase shift is strongly dependent on variation in
the time period, partieularly if the phase shift is small as in the case of eopper and, as
found for stainless steel, on the non-uniform mean temperature distcibution along the
specimen. The furnace was therefore rebuilt and the apparatus modified in order to
improve the above-mentioned eonditions. Fig. 33 and 34 show respeetively the new
furnaece and the experimental apparatus.
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Apparatus for Thermal Diffusivity Measurements

The wave form of the temperature variation was eheeked very elosely and small
deviations from a sinusoidal variation were found especially at the maxima as indieated
on Fig. 35. Therefore a study of the power output of the sinusoidal voltage generator was
undertaken, A plot of the power input to the heating element vs. time is shown in Fig. 36
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Fig. 35 Comparison Between Reeorded Temperature

Waves on
Copper and Corresponding Sine Curves
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The wave forrmn deviates from the sinusoidal at the maxima; the shift of the eurves to
the right is due to the elearance in the seotch yoke. The hypothetieal power curves for
no load input to the heating element show a rather close agreement with the corresponding
sine curve. However when load is applied the curves show some distortion in the region
centered around the maximum power input. The distortien.increases with inercasing
load and is primarily caused by contact resistanees and losses in the variae and to a
smaller degree by the inercase in the resistance of the heating wire with temperature.
Sinee the size of the deviation attributable to such distortion in the wave form is not
known, to minimize the possible effeet of this source of errors the effieiency of the
heating clement was increased, thus reducing the maximum power required; as a result
the produced temperature waves were more closely sinusoidal.

C. Results

Using the new arrangement measurements were performed on a number of typical
carbons initially heat treated to 2800°C. ¥ig. 37 presents the curves of the dependence
of thermal diffusivity parallel to the extrusion axis on temperature in the temperature
range 40 - 1200°C. The two upper eurves represent the diffusivity of two laboratory
prepared soft filler-soft binder carbons "R and " A" - the two lower ones are re-

speetively for Thermax "W'" and for laboratory made hard filler-hard binder earbon
HZ.H

A very strong temperature dependence of the thermal diffusivity is seen for the
soft filler-soft binder carbons. At low temperature the thermal diffusivity of "R" is
four times larger than for '"Z" whereas at high temperature it is only twice as large.
The hard carbon is less graphitizable and results are thus in agreement with expectations.

The seatter of the experimental data is small. A eorrect phase shift was ob-

tained below 500° - 700°C; above this temperature the phase shift measured was found
to be toc small.

The mean temperature distribution along the speeimen plotted for various temper-
atures is shown in Fig. 38. The mean temperature distribution deviates more and
more from a uniform one as the temperature is increased. It appears that a temperature
difference of more than 6°C belween two stations eauses a change in observed phase
shift. This is perhaps not surprising because temperature amplitudes at the station O
are of the same order, that is 5 - 12°C. Nevertheless, good results were obtained
above 500° - 700°C because the effect of a faulty phase shift was minimized by
selecting time periods whieh gave amplitude ratios within the range where the thermal
diffusivity is independent of the phase shift.
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Fig. 37 Thermal Diffusivity Parallel to Extrusion Axis vs. Temperature
for Various Carbons (Heat-Treatment Temperature 2800°C)
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Fig. 39 and 40 show the temperature dependence of the thermal diffusivity in the
temperature range 40 - 2400°C by combining the results obtained by the sinusoidal
and by the transient heat method. 71he two curves for each carbon do not overlap but
show a shift in the temperature range where both techniques yield data. The shift
indicates an anisotropy of the rods that is a difference between the direction parallel
and perpendicular to the extrusion axis. This anisotropy would probably be even
more pronounced if the specimens used in both methods had been made on 1/2" dia.
extruded rods. However for practical reasons the specimens used in the steady
"sinusoidal" technique were made from 1' dia. extruded rods with a smaller density.

D. Conclusions

The results show that the thermal diffusivity at relatively low temperature is
mainly dependent on the crystallite size. Thus for carbons heat treated to 2860°C the
thermal diffusivity is much larger for highly graphitized carbons (soft filler-soft binder)
than for poorly graphitized carbons (hard filler-hard binder) at the same ambient
temperature. The thermal diffusivity of a carbon is only slightly dependent on density,

deereasing as the density is decreased. The extruded rods are in general more or less
anisotropic.

Measurements of the thermal diffusivity employing the '"steady' sinusoidal heat
flow method are not easy and very time-consuming; for instance 6-12 hours are re-
quired to determine a single value of the thermal diffusivity. The experiments have
shown that the method is extremely sensitive., This suggests that a high precision can
be achieved if the prescribed initial and boundary conditions are sufficiently well satisfied.
Despite all the difficulties encountered, the method has been developed to such a degree
that when good care is exercised and proper time periods are selected good results
are obtainable in the temperature range 40 - 1200°C.
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