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Abstract—The stress-amplitude independent internal friction and dynamice elastic modulus
of pitch-bonded natural graphite crystals and various grades of commercial graphites were
measured from 4 to 750°K at [requencies in the range of 0.6 to 10 keps. For these materials, the
internal friction, which was an order of magnitude larger than that previously reported for as-
depaosited pyrolytic carbon and vitreous carbons, is primarily characterised by a broad peak
(designated as the a peak) centered near room temperature, accompanied by an elastic modulus
relaxation. The peak characteristics, including a reduction in peak height by anncaling or low-
dose reactor irradiation (4 x 10 nvt), closely corresponded to that previously shserved for the
Bordoni peak in [cc metals. Similar to the suggested mechanism in metals, the e peak may be
associated with the motion of basal plane dislocations. The investigation also revealed the
presence of a small relaxation below 60°K in some graphites, and, in one case, a very sharp
peak above room temperature. It is assumed that the former may be associated with im-
puritics. The latter peak, which anncals out, is similar in some respects to a few cited cases in

metals.

1. INTRODUCTION

Tsuzuxvu and co-workers have published several
reports™1 and a review paper™ dealing pri-
marily with the strain-amplitude dependence
of the internal friction (@-1) and dynamic
modulus {F) for certain graphites and carbons,
In general, they found a linear relation when
In {Qu! e.) was plotted against 1/e, where ¢, is
the maximum strain amplitude and @, is the
amplitude-dependent part of the internal friction,
This linearity is predicted by the GranaTo-
Lteke theory,® # which is based on the stress-
induced unpinning of distocation loops at inter-
mediate points while the ends of the dislocation
remain fixed. However, in addition to the above,
linear relations were also obscrved for glassy
carbon and as-deposited pyrolytic carhons, al-
though these materials are relatively disordered.

Tsuzurv and co-workers'® have also measured
the amplitude-independent values of Q-1 and £

* This rescarch was supported, in part, by the U.S,
Atomic Energy Commission on  Contract No.
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as a [unction of temperature for several samples
of reactor grade graphite, brominated reactor
grade graphite and Dboronated as-deposited
pyrolytic carbon, CURRIE ¢t al.*® reported room-
temperature damping factors for several grades
of graphite, but they did not indicate the strain
amplitudes employed. Davipson ef al.‘® meas-
ured the damping of several graphites at elevated
temperatures, Since they used relatively large
strain amplitudes, it is assumed that they were
probably in the amplitude-dependent region.
Investigations by the present authors and co-
workers represent the first reported attempt to
systematically investigate the strain-amplitude
independent behavior of the dynamic mechani-
cal properties (DMP) of a variety of graphites
and carbons. The present paper, which is con-
cerned with the DMP results for various com-
mercial graphites and pitch-bonded natural
graphite crystals, is one of a serics reporting the
results of these studies. Previous papers reported
behavior of the internal friction and dynamic
modulus of as-deposited pyrolytic carbon® and
of vitreous carbon,® Subsequent papecrs will
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deal with the changes in the DMP ol pyrolytic
carbon caused by stress-annealing and borona-
tion and with the effect of low-dose reactor
irradiation on the DMP of various graphites and
carbons,

2. EXPERIMENTAL
2.1 Apparatus

Two types of apparatus were used in conjunc-
tion with the DMP studies, The longitudinal
apparatus was a modified version of one des-
cribed by Crissman and MoCammon. 9 The
method consists of driving the vertically sus-
pended sample in either its fundamental longi-
tudinai mode or a higher mode and measuring
the resonant frequency and internal friction. A
magretostrictive transducer is used to excite the
sample. One end of the sample is attached to the
transducer by means of a small diameter tube or
rod. Iron filings are glued to the other end of the
sample, and then this end is positioned within a
pickup coil to detect sample vibrations. The sig-
nal induced in the coil resulting from the move-
ment of the iron filings in a divergent magnetic
field is amplified, filtered and recorded, Provi-
sions are incorporated for varying the sample
temperature from 4 to 570°K and for operating
from a vacuum of about 10~* torr to atmospheric
pressurc.

The transverse apparatus, which was des-
cribed in a previous paper*® has been used by
a number of researchers to measure the DMP of
a variety of materials. Each specimen, in the
shape of a rod, is suspended horizontally by two
sirings near its primary nodes of transverse
vibration. One string is attached to a magneto-
strictive transducer used to drive the sample,
and the other string is attached to the stylus of a
piezoelectric crystal pickup cartridge used as
a detector. The oscillator and power amplifier
used to supply driving power for the sample, as
well as the amplifiers, filters, oscilloscope and
recorder used to measure the sample response,
are identical to that used with the longitudinal
apparatus. The sample is supported within a

R. E, TAYLOR, D. E. KLINE and P. L. WALKER, Jr.

chamber whose temperature can be varied from
B0 to BOO°K,

The longitudinal apparatus can be used down
to 4°K and operates in a vacuum. The results are
relatively independent of the cross-sectional
sample geometry. However, for some investiga-
tions, the transverse apparatus has several dis-
tinct advantages. The present upper temperature
limit for the transverse apparatus is about 800°K
compared to about 570°K for the longitudinal
apparatus; and because of the higher detector
sensitivity, the strain amplitudes are several
orders of magnitude less. The fundamental
resonant frequency for the flexural mode is one
to two orders of magnitude less than for the
longitudinal mode. Usual [requencies for the
flexural mode are in a convenient range for
lincar operation of the presently employed
magnetostrictive  transducer and  associated
clectronics,

2.2 Materials

A series of polyerysialline graphites with
widely varying densitics were used in the present
study, Commercial grades included Speer Car-
bon Company’s grades 791, 7878 and UHD, the
reactor grade graphite used in the Pennsylvania
State University sul-critical reactor facility, and
an unspecified grade which is arbitrarily desig-
nated as M1, The UHD grade was obtained by
hot-pressing the 7875 grade at 3200°C and
10,000 psi by the Speer Carbon Company. This
grade is similar to the National Carbon Com-
pany’s grade ZTA which has been extensively
studicd by Buswong and Negr, 4

Highly purified natural graphite ecrystals
(grade SP-1 from Union Carbide Corporation)
were also used. Some properties of SP-1 crystals
were described previously. 9 Microscopic in-
vestigation revealed the powder to be composed
of flake-like particles having a mean diameter of
about 30u; it is thought that their average thick-
ness is about 0.5, Formed bodies were pro-
duced from 87 parts SP-1 and 13 parts of a
medium melting point coal tar pitch; these
bodies were heated to 2900°C, a8
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Fic. I. Internal friction and dynamic elastic modulus (longitudinal method) of artificial graphite
(Speer Grade 791, Sample 791-G-3).

All graphites were characterised by their den-
sity, interlayer spacing, absolute thermoeclectric
power (TEP), and static modulus in addition to
their dynamic properties (see Table 1), Densities
were obtained by the immersion technique using
both water and alcohol. The bulk density ob-
tained by using water was employed in caleu-
lating the dynamic moduli, The interlayer
spacings werce obtained using a GE XRD-5 with
an MR35 slit and a copper target. The procedure
outlined previouslyt® was used, This procedure
involved the use of the (222) peak of NaCl as

an internal standard to correct the measured
position of the (004} peak of graphite for instru-
mental errors. The interlayer spacings were cal-
culated using the wave length of Guk, and
were not corrected for thermal expansion or for
the various effects mentioned by SmortT and
WALKER, U7

3. RESULTS
3.1 Grade 781

The DMP of grade 791 samples designated
791-G-1A, 791-G-2 and 791-G-3 were deter-

TapLe 1. TYPICAL PROPERTIES OF GRAPHITES®

Dynamic Internal

Density Interlayer Absolute  Static radulus friction

(gfem?) spacing TEP moduius {10 dyn/cm?) (109
Grade H.O CH,OH (&) (pV/C?) (10 dynfem?) Long.  Trans.  Long. Trans.
781 £.56 2.01 3.360 —1.4 5.0 5.3 5.3 54 534
7875 1.71 2.12 3.360 1.3 6.0 6.2 6.1 47 50
Reactor .68 1.99 3.360 3.8 13.4 1.4 1.5 42 45
UHD 2.00 2.08 3.358 ~2.9 4.2 4.3 4.3 76 78
MI 177 1.99 3.360 +0.6 1.5 12.7 12.7 35 41
SP-1 1.75 2.1 3.354 -4, 6 5.1 6.8 3.5-7.7 78 80

* TEP values for 100°C, other values for room temperature.
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mined from about 10 to 570°K. using the longi-
tudinal apparatus and that of sample 791-G-7
was determined from 90 to 720°K in the trans-
verse apparatus. In addition, several samples
were measured over more limited temperature
ranges in both pieces of apparatus.

The results obtained on sample 721-G-3 are
shown in Fig. 1. The data were obtained during
the heating cycle from 12 to 565°K and during
the cooling cycle to 293°K. A second run was
made from 100 to 345°K. The data from the
first run revealed a broad, nonsymmetrical
internal friction penk at 290°K. which was ac-
companied by a rclaxation in the dynamic
modulus, The data obtained during the second
run (and during the cooling cycle rom the first
run) showed that the peak height was sub-
stantially reduced and that this reduction was
accompanied by a decrease in the magnitude of
the modulus relaxation. Further, in the first
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run §-* decreased from 25.3 x 10-*at 13°K to
18.0 x 10-* at 35°K ; this decrease was accom-
panicd by a modulus relaxation. DMP data
were not obtained below 13°K, but it is not un-
reasonable to expect that @1 again decreases as
one approaches absolute zero, Humps in the
internal friction curves at about 1535°K were also
observed during both runs (Tig. 1). There wasa
small modulus relaxation associated with these
humps.

Data for samples 791-G-1A and 791-G-2 were
obtained in a diflerent temperature sequence
from that used for samples 791-G-3, ie. the
measurements were obtained from ligquid-
nitrogen to room temperature (R7T), then liquid-
helium to liguid-nitrogen temperature, and
finally above RT. This latter sequencing was
often used during our measurements. The -
ternal friction values obtained in the tempera-
ture-overlap regions were almost always in close
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Fic. 3. Internal friction and dynamic elastic modulus of reactor grade graphite,

agreement. However, the overall level of the
dynamic moduli curves was often shifted down-
ward a small amount,

Internal friction and dynamic moduli values
obtained on samples 791-G-7 and 791-G-1, using
the transverse apparatus, are shown in Fig, 2, In
close agreement with the results obtained with
the longitudinal apparatus, a broad internal
friction peak was observed near RT; the peak
height was substantially reduced by heating in
the 500 to 700°K range. Data for sample
791-G-7 were obtained first from RT to 700°K;
and since heating over this temperature interval
substantially reduced the internal friction peak,
a second sample (791-G-1) had to be used to fill
in the data from 100 to 295°K. As can be seen in
Fig. 2, the data for the two samples agreed near
RT. The dynamic moduli for sample 791-G-7
exhibited the same large broad relaxation
behavior as that shown for sample 791-G-3
(Fig. 1) with one exception. The dynamic
moduli obtained during the first run with the
flexural apparatus increased above 500°K;
whereas, the dynamic moduli measured using
longitudinal vibrations were nearly temperature
independent between 500 to 560°K.

Following the second run, sample 79}-G-7

was heat-treated at 1800°C in a graphite tube
furnace prior to remeasuring its dynamic pro-
perties, This heat treatment produced a much
sharper internal [riction peak centered near
255°K.. Similar results were obtained with other
samples,

3.2 Reactor grade graphite

The dynamic mechanical properties of RG-1
were measured from 84 to 388°K during the first
run and from 18 to 85°K during the second run,
Both the internal friction and dynamic modulus
curves are shown in Fig. 3, The mismatch in the
dynamic modulus curves for the two runs was
0.8 per cent at 85°K, which was much greater
than the usual limit of reproducibility, suggesting
that heating to 388°K altered the sample pro-
perties. Several months after the second run, the
sample was remounted on stainless steel tubing,
and data from RT to 535°K were obtained
(third run, Fig. 3). Room-temperature values
following the third run indicated that the in-
ternal friction had decreased from 43 to
33 x 104, while the modulus had increased
from 11.52 to 11.55 x 10'® dyn/cm®. Because
the bottom of the sample appeared discolored
following the third run, about §.06 in. was
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machined off the end, and a new iron filing-
epoxy layer was applied. Since measurements on
the shortened sample agreed quite closely with
the results obtained lollowing the third run (sce
Yig. 3), it was assumed that further experimenta-
tion could be carried out on the same sample and
a fourth run from 85 to 450°K was made. The
results of the four runs showed that the height of
the broad internal friction peak at 290°K was
substantially reduced by heating to 555°K. There
was a hump located on the low-temperature side
(130-200°K) of this peak. In addition, the data
revealed an inflection in the dynamic modulus
in the 30 to 60°K range and a relatively small
decrease in @ -* around 50°K.

The internal friction curve obtained by
Tsuzuru® for reactor grade pgraphite is also
shown in Fig. 3. Since Tsuzuxu reported fre-
quencies rather than dynamic moduli and did
not include sample geometrics in his report,
dynamic modulus values for his sample are not
included in Fig. 3.

3.3 Grades 7878 and MIT

The DMP of samples of grades 7875 and Ml
were also investigated. A broad internal friction
peak centered near RT was observed during the
initial run for each of these samples. This peak
was decreased by annealing above 500°K in the
manner indicated for the 791 and reactor grade
material, The height of the internal friction peak
was 50 x 10-% for the 7875 material and about
40 » 10 for the MI material. The dynamic
modulus behavior of the 7878 and MI samples
was also similar to that described for the 791 and
reactor grade materials.

3.4 Speer Grade UHD

The DMP of a sample designated UHD-A-G,
obtained from 6 to 338°K during the first run
using the longitudinal apparatus, are shown in
Tig. 4. The data between 338 and 340°K indi-
cated an extremely sharp @~ peak. The internal
friction increased from 70 3 10~ at 338°K to
154 x 10-%at340°K and decreased to 830 x 104
at 343°K. The sample was then allowed to cool
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from 342°K, and this sharp peak was also ob-
served during the cooling cycle. About 0.03 in.
was machined off the lower end of the sample,
and the DMP were measured from 295 1o
350°K. These data {(designated in Iig. 4 as
second run—sample shortened) indicated that
the sharp peak was no longer present. Sample
UHD-A-GA, whose R'T DMP values were very
close to those of UHD-A-6, was used 1o obtain
data from 293 to 562°K presented in Tig. 4.
No sharp peak was observed with sample
UHD-A-BA.

The - pcak near RT for the UHD material
was about twice as high as that observed with
the 791, 7878 and reactor grade graphites, and
the modulus relaxation was correspondingly
greater. However, the hump observed on the
low-temperature side of the §-* peak for
UHD-A-6 was less pronounced than for the
other graphites. There was also some evidence
of minor-sized - peaks below 80°K for sample
UHD-A-G. For instance, a small peak and an
inficction in the dynamic modulus were discern-
ible near 10°K.

As a result of heating UHD-A-6A 1o 562°K,
its R7T @' value decreased from 85.4 to
55.8 x 10-* while its dynamic modulus in-
creased from 4.197 1o 4.204 x 10'¢ dynfcm?®,
The large change in @-! caused by heating and
the relatively high mechanical strength of the
UHD material indicated that this would be a
good material for investigating the effects of
cold working and anncaling, Consequently,
sample UHD-A-GA was subjected to a sequence
of non-uniform compressive forees followed by
anncaling, The compressive forces were applied
by compressing the round sample between flat
plates in a vise. The results {all measured at
room temperature) are presented in Table 2,

The DMP of sample UHD-A-9A were
measurced with the transverse apparatus. DMP
data were obtained from 120 to 650°K during
the first run, and the sample was then cooled
and remeasured from 109 to 392°K. The @1
data werce in very close agreement with that
obtained using the longitudinal apparatus, How-
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Fra. 4. Internal friction and dynamic elastic modulus of hot-pressed artificial graphite (Speer

Grade UHD, Samples UHD-A-6 and UHD-A-6A).

ever, the indicated dynamic modulus obtained
in flexure increased with temperature between
500 to 600°K, while the longitudinal measure-
menis showed the modulus to be essentially
temperature independent between 500 and
562°1X. A comparison of the first and second
runs further showed that the DMP values were
markedly altered as a result of heating to 650°K.

3.5 Pich-bonded natural graphite erysials

The DMP data for a typical sample of pitch-
bonded SP-1 crystals (sample SP-1V)} are
shown in TFig. 3. The first run revealed the
presence of a large @~ peak at 255°K. The
second run (183-380°K} showed that although
heating to 350°K had reduced the @ peak
height from 10 to 100 % 104, the peak was

TapLe 2. EFFECT OF COMPRESSION AND ANNEALING on sampLi UHD-A-GA

Resonant frequency*

Dynamic modulust Internal friction

Treatment {cps) (1000 dyn/em?) (104
As-machined 13,230 4,197 85
Heated to 562°K 13,241 4.204 56
Stared for 4 months 13,208 4.183 67
Compressed in vise 13,100 4,115 83
Heated to 580°IC 13,148 4. 145 60
Compressed in vise 13,086 4.106 67
Compressed in vise 12,905 3.993 75
Stored for 2 months 13,137 4,138 57

* 41 cps.
1 The relative values have tolerances of 4 0.001.
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¥16. 5. Internal friction and dynamic elastic modulus of pitch-bonded natural graphite flakes
{Sample SP-1V).

still clearly defined. The third run (100-400°K}
demonstrated that heating to temperatures
above 500°K greatly altered the @ peak. When
similar samples were annealed at 1800°C, a
relatively sharp peak developed much as the
sharp peak developed under similar conditions
for the 791 grade graphite (Iig. 2},

4. DISCUSSION
4.1 The a peak
A study of the @1 data for the various com-
mercial graphites and pitch-bonded natural

crystals revealed that a reasonably consistent
pattern was obtained for all polycrystalline
graphites studied. A broad internal friction peak
{which will be referred to as the o peak) was
present near X7 in machined sampies of the as-
received material. The a peak, with an associ-
ated hump on its low-temperature side, was
invariably accompanied by a relaxation in the
dynamic modulus. In contrast, the §~* data for
as-deposited pyrolytic carbon and vitreous car-
bon are an order of magnitude less ( < 10-%) and
contain no large peaks, Since the crystal struc-



THE DYNAMIC MECHANICAL BEHAVIOR OF GRAPHITES 341
I i T I i I ]
100} n
. 5P-1 PLUS BINDER
{PITGH-BONDED HATURAL GRAPHITE FLAKES)
80| -
_UHD GRADE
¢ (HOT-PRESSED ARTIFIGIAL GRAPHITE)
§0p- -
<
=]
b3
©
a0k -
791 GRADE
/ |ARTIFIGAL GRAPHITE }
20 .
- ASDEPOSITED PYROLYTIC CARBON
/ ~VITREOUS GARBON
i/ /f
AL 1 1 3 1 E 1
% 100 200 300 400 500 600 700 800

TEMPERATURE ("I}

Fic. 6. Typical internal friction results for various types of graphites and carbons.

ture is almost non-existent in vitreous carbon
and very poor in as-deposited pyrolytic carbon,
this strongly suggests that the e peak is associ-
ated with a process which occurs in the crystal-
lites and for it to occur these crystallites must
have a significant amount of three-dimensional
order. Typical summary data for various
graphites and carbons™ 3 are shown in Fig, 6.

The height of the a peak was apparently re-
lated to crystallite size and quality. Its maximum
was about 50 x 10-4 {or samples of the com-
mercial graphites, about 90 x 10~ for samples
of UHD and about 100 x 10~ for pitch-bonded
natural crystals. From the relationship between
average crystallite diameter (L,) as obtained
from the interlayer spacing®® (givenin Table 1),
it s seen that the average crystallite diameter
for the UHD and SP-1 material is appreciably
greater than that for the 781, 7878, MI and
reactor grades,

A decrease in the height of the « peak and in
the magnitude of the dynamic modulus relaxa-

cannoxN G/

tion resulted from heating in the 550 to 700°K
range. Subsequent heating of selected samples to
1800°C changed this weakened and broadened
peak to a relatively sharp peak centered near
260°K. (Fig. 2). This peak was similar to the
a peak since it also had an auxiliary hump
associated with its low-temperature side. How-
ever, the peak formed during the 1800°C anncal
was not destroyed by subsequent heating to
500°K.

Although data were not obtained as a func-
sion of temperature, the results given in Table 2
for a sample of UHD graphite indicated that the
a peak can be at least partially restored, follow-
ing a low-temperature anneal, by an appro-
priate cold working process.

The height of the a peak and the magnitude
of its associated modilus relaxation were greatly
reduced by relatively low-dose neutron irradia-
tion (threshold near 10 nvt for the S5P-1
material). This effect will be discussed in detail
in a subscquent paper,©®
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The foregoing characteristics of the a peak
strongly suggest that it is similar in aimost every
respect to the peak first discovered by Borboni b
in copper. These internal friction peaks have
been subsequently observed®™ to occur in some
cold-worked metals at a temperature near one-
third of the Debye temperature. Experimental
observations®®® of the Bordeni peaks in metals
show that:

1. They are relatively broad, (However, it
seems likely that this broadness in a given case
should be judged relative to the temperature in
°K at which the peak occurs.)

2. A smaller subsidiary peak or hump is
gencerally observed on the low-temperature side
of the main peak.

3. They have an associated modulus relaxa-
tion, and the relative magnitude of the relaxa-
tion increases with increasing peak height.

4. The peak height is reduced by anncaling.

5. Irradiation reduces the peak height.

6. The height of the peak increases with in-
creasing cold work (for deformations up to two
per cent).

7. The height of the peak and the temperature
at which it occurs arc approximately strain-
amplitude independent,

8. They exist in both single crystal and poly-
crystalline specimens.

9. They occur at about one-third the Debye
temperature,

10. The temperature at which the maximum
occurs is lower if the friction is measured at
lower frequencies.

11. Impurities reduce the peak height.

12. The peak has been observed in fce metals
(and possibly hep) but thus far not in bee metals.

A comparison of the characteristics of the
o peak in graphite to the above known observa-
tions concerning the Bordoni peak will be pre-
sented. The experimental results obtained on the
a peak during the present work have already
been demonstrated to be in accord with the first
five of the listed observations concerning the
Bordoni peak, 1.¢. that the peak is relatively
broad, that it tends to have a hump on the low-
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temperature side, that it has an associated
modulus relaxation which depends on the peak
height, and that the peak height is reduced by
either low-temperature anncaling or by rela-
tively low-dose irradiation. Although @-* data
for a cold-worked sample of grade UHD were
obtained only at room temperature, the results
presented in Table 2 imply agreement with the
sixth observation, i.e. cold working tends to in-
crease the peak height. (Samples of other grades
of graphite were too fragile to withstand the
amount of cold working required to significantly
alter their DMP.)

The height of the a peak and the temperature
at which the maximum occurs were investigated
at several strain amplitudes using the longi-
tudinal apparatus. Although increasing the
serain amplitude increased the overall level of the
@ values at all the temperatures investigated,
the peak height obtained by subtracting the
background from this level was found to be
nearly strain-amplitude independent. Noshift in
the temperature at which the maximum occurred
could be detected when the strain amplitude was
increased. Excellent agreement in the ¢ peak
heights observed for the same graphite sample
with both the longitudinal and transverse
apparatus also implies the lack of an appreciable
strain-amplitude dependency for the o peak,
because the strain levels and strain distribution
are different in the two picces of apparatus,
Thus, the behavior of the a peak agrees with the
seventh observation concerning Bordoni peaks,

The low @~ valucs obtained on vitreous car-
bon compared to peak values obtained on com-
mercial graphites probably indicate that the
large @ peak observed in the pitch-bonded
natural graphite crystals is associated with the
crystals and not with the binder. While the
natural crystals are not single crystals, selected
area clectron diffraction studies usually produce
single crystal patterns.®® These observations are
compatiblc with the ecighth observation con-
cerning Bordoni peaks in metals, i.e. they exist
in relatively well-ordered regions in both single
crystal and polycrystalline specimens provided
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that the crystals exceed a minimum size and
quality.

The Bordoni peak in metals has commonly
been centered at about one-third of the Debye
temperature (ninth observation), No theoretical
explanation for this behavior has been advanced
beyond the remark of Borpont® that a statisti-
cal treatment suggests that changes in sliding
time become large when T = 0,/3. KrumraNsL
and Brooxs®® showed that the Debye tempera-
ture (fp} associated with atomic vibrations nor-
mal to the layer plancs in graphite is about
900°K, while the Debye temperature associated
with atomic vibrations in the plane is about
2500°K. Thus, the o peak cccurs at about one-
third the out-of-plane Debye temperature.

The temperature of the maximum of the
a peak was about the same whether the samples
were measured with the longitudinal apparatus
(9000 to 13,000 cps) or the transverse apparatus
(500 to 1000 cps). This frequency difference may
not have been sufficient to discern a possible
shift in temperature position if the average
activation energy is not small. However,
measurements by another investigator,* using a
torsional apparatus at about 3 cps on a sample
of our reactor grade graphite, indicated that the
maximurm of his e peak occurred at a somewhat
lower temperature than we observed. This
result®®® is in agreement with the tenth observa-
tion concerning the Bordoni peak.

The effect of impurities on the height of the
a peak was not systematically investigated, In
observations of the Bordoni peaks in metals, the
impurity effect on the @-! behavior is qualita-
tively similar to the irradiation effect. However,
in the absence of a systematic study, the effect of
impurities on the height of the a peak must be
considered as unknown.

In order to relate the twelfth observation con-
cerning general characteristics of Bordoni peaks
to the characteristics of the a peak in graphite,
the proposed mechanism which gives rise to the

* Courtesy of Dr. 8. Turley, Dow Chemical
Company, Midland, Michigan.
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Bordoni peak must first be considered. Accord-
ing to SEEGER’s mechanism,®* the Bordoni peak
in metals is due to a relaxation process involving
dislocations which run parallel to one of the
close-packed directions in the crystal, SEEGER Y
derived the following cxpression for the maxi-
mum values of the internal friction associated
with this relaxation process:

t P
fag) T pmmme—— 1
B0 = i (1)
where: .
p o 2Noab? sG [@} a(j 167 0.3) @
kT 2b7, 3 wT

N, is the number of dislocation loops per unit
volume contributing to the process, s is the mean
arca swept out by one dislocation look, & is the
Burgers vector, a is the lattice spacing, £, is the
dislocation line tension, 7, is the Peierls stress,
and r is the applied stress. A lower limit for the
Bordoni peak is obtained by substitutings = L-a
where L is the average length of the dislocation
loop. It has been shown that SzGeRr’s theory as
outlined by the above relationships has given a
good account of the Bordoni pealk in metals, ¢®

In the case of reactor grade graphite, N, can
be roughly cstimated to be 5 % 10 cm~® and
L is estimated to be 10-* cm.**® By using these
values and setting £, = 1{2 Gb%, a = b, 7, =
4 % 10-4G,% and 7 == (.01 r,,%% a value of
Q~Ymaxy Of 300 x 104 is obtained, compared to
the observed value of 50 x 10-% Considering
the available estimates of the parameters in-
volved and the limitations on the approximations
required, SEEGER’S theory concerning the Bordoni
peak accounts for the magnitude of the a peak
reasonably well. Since the peak center position is
near 300°I¢, rather than at lower temperatures as
in many metals, this may suggest that basal plane
dislocations in graphite are relatively less mobile,

It is also of interest to examine the shape of the
a peak. ZENeEr®® has shown that for a single
relaxation process:

o L AE_wé

0 =2 e @
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where £ is the relaxation time, w is the circular
frequency and AE' is the change in Young’s
modulus due to the relaxation process. §-* be-
comes a maximum at wf = 1, so that:
’
Q{_mtul) = ;1' 'A_"E“ .
2 F
The values of @ “Yuux; for polycrystalline graphite
calculated from equation 4 are about an order of
magnitude larger than the observed values.

The fact that the @1 peak height caleulated
from the modulus relaxation is significantly
greater than the observed peak height and the
fact that the a peak is relatively broad both
suggest that more than one relaxation time is
involved,®® It may be possible to decompose
the observed peak into a number of constituent
peaks, cach associated with a particular relaxa-
tion time and a given activation energy, by
assigning a part of the modulus relaxation to
each process. In a similar case for a copper single
crystal, THompson and HoLMmes®? were able to
obtain a reasonable fit to their experimental data
for the Bordoni peak in copper by adding to-
gether seven separate contributions,

The relation of the ¢ peak to the twelfth
observation concerning Bordoni peaks, i.e. that
they have only been observed in fece metals, will
now be examined. First, it should be noted that
there appears to be nothing in SgecER’s theory
which tends to limit Bordoni peaks to the fec
lattice. In fact, Bruner®® has criticised
SeEGER’S® theory on the grounds that it should
be equally applicable to bec metals whereas his
measurements suggest that no Bordoni peak
occurs in iron. However, the dislocation behavior
for bee crystals is known to diflfer from that
observed in foc crystals.®® In bee metals, slip
has been observed in the (110), (112) and (123).
planes. @ Of these, the (110) plane is most
nearly closest-packed, and there is some evidence
that the slip usually attributed to the ($12) and
{123) planes is actually the resultant of slip on
several different {110) type planes.®% A perfect
dislocation on a {I110) bec plane can be split
into three partial dislocations in a manner which

)
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is analogous to the creation of two partial dis-
locations from a perfect dislocation on the (111)
planes in fce crystals.®® Actual observations by
electron microscopy of split dislocations in bec
crystals are a great rarity.©@®

The situation for graphite is analogous to that
for fec crystals since slip in graphite occurs on
the layered planes and the disloeations also occur
as partials separated by relatively wide faulted
regions.®? Thus, it is conceivable that the same
mechanism that gives rise to Bordoni peaks in
fee crystals could be operative in graphite. If we
assume that the o peak 1s a Bordoni peak, it
would appear that the requirements for such a
peak include a reasonable dislocation density,
an easy glide plane and a small stacking fault
encrgy (i.e. partial dislocations separated by a
relatively wide faulted region).

Alternate possible explanations for the o peak
should be considered. These possibilities include
the thermoclastic effect, grain boundary vis-
cosity and stress-induced ordering of Impurities.
The theory for the thermoelastic internal fric-
tion® indicates that the thermoelastic damping
is usually small for bars vibrating longitudinally,
but that it may become appreciable for flexural
vibrations unless care is taken in selecting speci-
men size. Calculations wsing the sample geo-
metries, thermal diffusivities, specific heats and
frequencies encountered in the present work
indicated that the thermoelastic damping should
not make a significant contribution in poly-
crystalline graphite. The close agreement be-
tween the results obtained with the longitudinal
and transverse apparatus and the lack of depen-
dence of @~ on sample geometry also appear
to rule out a significant thermoelastic contri-
bution,

A low-temperature (330°K) anncal would
probably have little effect on grain boundary
regions, and low-dose (3 x 10 nvt} irradiation
is not expected to produce an appreciable effect
in the grain structure of polycrystalline graphite
because of the low density of defects produced.
Consequently, grain boundary viscosity is not a
likely mechanism to explain the decrease in
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a peak height by annealing or by neutron
irradiation. The increase in o peak height with
cold working of sample UHD-A-6A (Table 2)
also supports the conclusion that the o peak is
associated with dislocations rather than grain
boundaries.

Internal friction peaks (Snock peaks) due to
interstitial atoms are often observed in bee
crystals, and the mechanism involved has been
rather well explained.*® In an unstressed crys-
tal, the interstitial atoms arc randomly dis-
tributed; but, upon applying a tensile stress, the
energy of an interstitial atom becomes less in
certain sites because of the distortion produced
by the applied stress. Hence, the stress produces
a preferential redistribution of the interstitial
atoms. When an alternating stress is applied this
gives rise to an internal friction peak.*® The
height of the Snock peak depends upon the im-
purity level at certain locations in the strue-
ture.'®® However, the peak heights were about
the same for samples of grades 791 and 78785 as
compared to the reactor grade sample although
the impurity levels were believed to be signifi-
cantly different. It is therefore suggested that
the a peak is not a Snock peak. This is further
supported by the observations that the Snock
peaks are relatively sharp and tend to have a
single relaxation time compared to the broadness
of the a peak, that they should not be markedly
affected by low-dose irradiation, and that they
should not tend to increase with cold working as
observed herein.

Tsvzuxu postulated®™ # that the peak which
he had observed around 30°K in a sample of
reactor grade graphite (Fig, 3) was a Bordoni
peak, but he later®? decided that it was not. In
their review article Tsuzuku and Sarrot? stated
that ne evidence for a Bordoni type relaxation
had yet been found. However, in view of the
marked similarity between the behavior of the
o peak observed in the present graphite studies
and the Bordoni peak as reported in the litera-
ture,®® and the lack of a suitable alternate
explanation, it is believed that the a peak should
be considered to be a Bordoni peak.
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4.2, Low lemperature peak

An internal friction peak (or at least a change
in level) as well as a definite modulus relaxation
was observed at low (<60°K) temperatures in
the 791 (Fig. 1) and 7875 grades and in the
pitch-bonded natural graphite material. In the
pyrolytic carbon (Fig. 6), the reactor grade
(Fig. 3) and the UHD material (Fig. 4), this
@-* peak and the modulus relaxation were
either much less in magnitude or were not de-
tected. There appeared to be no simple correla-
tion between the low-temperature behavior and
the height of the e peak. For example, a definite
relaxation was noted for SP-1C and a much
smaller relaxation was observed for UHD-A-6
although these samples had relatively high
a peaks. Also, a marked relaxation was ob-
served for sample 791-G-3, while a relatively
small relaxation occurred in the reactor graphite
sample, although the e peaks for both materials
had approximately the same height,

It appears possible that the low-temperature
behavior may be related to impurities, The rela-
tively low impurity content of the reactor grade
material compared to that of grades 791 and
7878 would then be consistent with the smaller
relaxation for the reactor grade material (as
observed), Presumably the UHD material was
somewhat purified during the high temperature
densification process, and this again is in accord
with the relatively small relaxation observed at
low temperature. Pyrolytic carbon, which is also
relatively pure, exhibits no detectable relaxation
in tests thus far conducted.®® Although the
SP-1 crystals were relatively pure, the impurity
content of the formed body was undoubtedly in-
creased due to the pitch binder. Therefore, if
impurities were responsible, the pitch-bonded
material could have had a moderate relaxation
helow 60°K (as observed).

The data from all materials tested may also
suggest that the low-temperature DMP behavior
is associated with the relatively disordered
regions. For instance, it is observed in vitreous
carbon. If this is true, it would explain the lack
of correlation between the low-temperature
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hehavior and the height of the e peak, and would
also explain the presence of a relaxation in the
pitch-bonded natural graphites. Since no defini-
tive study of the low-temperature (<B0°K)
DMP behavior was made during the couise of
the present work, it should be emphasised that
the foregoing association of the low-temperature
DMP behavior with impurities and for disordered
regions is merely an hypothesis, and that other
mechanisms may be responsible for the observed
behavior.

4.3 Sharpr internal jriction peaks near 340°K

An extremely sharp @ peak of substantial
height was observed for UHD graphite during
the initial run above 295°K for one sample, Sub-
sequent heating or machining destroyed this
peak. A similar sharp peak at 340°K has
recently been observed by another investigator
with one sample of our reactor grade material, @9
Using an aluminum sample, BirNpauM and
Levy® have previously observed a series of
very sharp peaks superimposed on a mono-
tonically increasing background. However, upon
repeating the measurement, only the smooth
background was observed. Thus, the heat treat-
ment during the first series of measurements was
apparently sufficient to anneal out the structure
responsible for the peaks. Similar behavior has
also been reported in aluminum by FrLmeEr et
al. ¥ and in copper by several workers.©*® The
fact that these sharp peaks are often removed by
annealing suggests that they may be due to an
unstable dislocation configuration.#®

Although only the sharp peak at 340°K was
observed in the present work, the fact that
several sharp peaks have been observed with
aluminum and copper also suggests the possibil-
ity that the sharp peak at 530°K observed by
Tsvzuxu™ » with a sample of reactor grade
graphite may have been related to a similar
process.
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