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The mechanics of stretch-graphitization of glassy carbon fibres made from two pitch
precursors was studied by determining the plastic deformation characteristics of mono-
filaments during their elongation to 50% strain in a continuous apparatus. By monitoring
fibre tension under various processing conditions and analysing deformation profiles
quenched into extending fibres, the temperature and strain-rate dependence of induced
fibre stresses has been obtained. Over the temperature range 2200 to 3000° C and strain-
rate range 3.0 x 107% to 2.5 x 107 !sec™?, tensile stresses in the glassy carbon fibres ranged
from 7000 to 50 000 psi. The deformation can be described by the empirical equation

€ =A o" exp (— AH/RT), where A is a constant, n = 8.6 = 1 and AH ~ 290 + 50 kcal
mole™!, independent of temperature and strain-rate, for both fibre types. The apparent
activation energy is consistent with the controlling operation of a microfibrillar
reorientation process, accompanied by atomic diffusion (ordering). The high strain-rate
stress dependence, indicating an apparent activation volume ~ 4000 A3, also suggests a
molecular-scale rate-limiting process. Results are compared with those of various high
temperature processes in carbonaceous solids and deformation in organic polymers and it
is suggested that stretch-graphitization can be considered analogous to the affine drawing

of amorphous polymer fibres.

1 Introduction

The microstructure of glassy carbon fibres corres-
ponds closely to that of other glassy carbon solids
and, except for the much higher tensile strength of
the filaments, their physical and mechanical pro-
perties are generally similar to those of the equi-
valent bulk material [1, 2]. Belonging to the class
of polymeric carbons, these fibres are produced
by the spinning and subsequent slow carboniza-
tion of precursors, such as thermoset resins [1, 2]
and pitches [3], which can be cross-linked prior
to carbonization. Oriented, high modulus carbon
fibres can be made from the isotropic glassy
carbon fibres by “stretch-graphitization” whereby
the filaments are given a permanent extension at
high temperatures [4,5]. In its continuous form
[4] thisstretch-graphitization is essentially a strain-
controlled, tensile plastic deformation process in

which stresses induced in the deforming fibres
depend on the particular processing conditions
applied.

The stretch-graphitization process has also
been used to increase the axial preferred orien-
tation texture, present to varying extents, in car-
bon fibres prepared from textile polymer fibres,
notably rayon [6] and PAN [7]. However,
although considerable information on the structure
and property changes which result from such
stretching has been reported for these [7-9] as
well as for pitch-based filaments [4, 5,10, 11],
nothing has so far been published on the mechanics
of the fibre deformation.

This paper describes a determination of the
characteristic parameters of the high temperature
plastic deformation taking place during the stretch-
graphitization of glassy carbon fibres. The tem-
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perature and strain-rate dependence of tensile
stresses have been obtained by monitoring the
tension in monofilaments during their elongation
to 50% strain in a continuous, laboratory scale,
apparatus. Further information on process dy-
namics has been gained from analysis of defor-
mation profiles quenched into deforming fibres.
Results are discussed in relation to rearrangements
of the fibre microstructure and comparison is
made with corresponding data for various high
temperature processes in bulk carbons and graph-
ites and deformation in organic polymers. The
term carbon fibre is used herein for all car-
bonaceous filaments irrespective of their micro-
structure or their process history.

2. Experimental

2.1. Materials

Glassy carbon monofilaments (Great Lakes Carbon
Corp) made from coal-tar pitch or those prepared
here (C.M.R. carbon fibres) from a highly aromatic,
petroleum pitch were used. The former were either
24 or 55 um in diameter with nominal U.T.S.
values of 1.2 x 10° or 0.95 x 10° psi* respectively
while the latter ranged between 20 and 60 um
diameter and exhibited mean tensile strengths be-
tween 0.9 and 1.3 x 10° psi. Both fibre types met
the requirements of availability as long lengths,
diameter uniformity and adequate and consistent
tensile strengths. Also by using these large diameter
fibres, sufficiently large filament tensions for their
accurate measurement were obtained even for the
lowest stresses induced during the stretching ex-
periments. .

2.2. Apparatus and procedures

A schematic illustration of the stretch-graphitiz-
ation apparatus is shown in Fig. 1. The glassy
carbon monofilaments were fed from the feed
spool via a train of three light, low-friction pulleys
through a small induction heated furnace and onto
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Figure 1 Schematic illustration of stretch graphitization
apparatus.

* 10® psi = 6.89 Nmm ™2
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the take-up spool. In operation both spools were
driven at the same speed through a 250:1 reduction
gear by a variable speed D.C. motor, the output
of which could be precisely controlled. A constant
extension of 50% was imposed on the continuously
moving fibre by the 1.5:1 ratio of spool dia-
meters. The graphite tube susceptor (0.25in. o.d.,
0.lin. i.d., 2in. long) was insulated from the sur-
rounding vycor tube by graphite felt. Felt inserts
also covered the furnace entrance, the fibre passing
through a small hole in the felt while the exit was
partially covered leaving a 0.1in. diameter hole
through which furnace interior temperatures were
sighted. Susceptor and insulation were maintained
in an argon atmosphere.

Furnace temperatures, measured with a newly
calibrated, disappearing-filament optical pyro-
meter, were corrected using a graphite emissivity
of 0.8 [12]. Fibre temperature was assumed to be
the same as that of the furnace interior. This fur-
nace maintained steady temperatures (within the
limits of measurement) over the length of time
required for experimental runs and was capable of
relatively fast temperature response to changes
made in the induction generator output. Tension
in the moving fibre was monitored continuously,
to an accuracy of £ 0.05 g, by means of an Instron
type A load cell coupled to a strain gauge bridge
and chart recorder. (The stability of this load
sensing system under processing conditions was
checked by driving fibre between equal diameter
spools).

In the present experiments tensions were
measured on fibres which were undergoing stretch-
graphitization at a number of different rates,
determined by the motor speed drive, and at
various temperatures. Fibre stresses were calculated
on the basis of initial cross-sectional areas, i.e.
those of the glassy carbon fibres. Strain-rates
corresponding to various motor speeds were
calculated based on the average fibre velocity
over the 2in. length of furnace assuming all
of the deformation occurred inside the furnace.
The validity of this procedure was established
in separate experiments by analysis of the vel-
ocity profiles along the furnace zone for fibres
undergoing stretching at both fast and slow
rates. By cutting deforming fibres at a fixed
position they were rapidly ejected from the
furnace by the line tension. The frozen-in dia-
meter profiles thus obtained were examined at
lin. intervals along the fibre length. A similar



quenching experiment was carried out to pro-
vide a more complete process profile by deter-
mining the sequential fibre structure and phy-
sical property variations thus giving further
information on the deformation characteristics.
Fibre diameters, densities and structure para-
meters were measured as before [10]. Young’s
modulus of the %in. long fibre pieces was
determined by glueing them to a piezo-electric
crystal and recording the fundamental mode

frequency of their flexural vibrations. Velocity
and % deformation profiles were calculated
assuming constant volume deformation con-
ditions.

3. Results

3.1. Quenched profiles

Some physical property and structural parameter
profiles determined on a petroleum-pitch-based
glassy carbon fibre being stretched to 100% elong-
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Figure 2 Property and structure parameter profiles in the deformation zone of a glassy carbon fibre undergoing stretch-

ing to 100% extension at ~ 2800° C.
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ation are presented in Fig. 2. Similar, though less
pronounced, profiles are obtained at 50% extension
but the higher elongation shows more clearly the
sequential changes especially in fibre diameter,
modulus and preferred orientation. Since the
tension on this fibre during deformation at ~2.5g
was relatively low, corresponding to an initial
stress of ~ 16000 psi, no appreciable viscoelastic
relaxation distorts the quenched profiles. Under
very high stress conditions (e.g. at low tempera-
tures) such quenched-in relaxation effects are
readily observed as a considerable increase in fibre
diameter, relative to that of the glassy carbon fibre,
in the region close to the furnace entrance.

Fig. 3 shows that there is little difference be-
tween fibre velocity profiles (calculated from dia-
meter profiles) in the furnace for fast and slow
processing rates on fibres being stretched to 50%
elongation. Since average strain-rates over the
furnace length were used to interpret results it is
important to know that these bear the same
relationship to the maximum strain-rates sustained
by each fibre aver the range of processing speeds
applied in the stretching experiments. Similarly
it can be shown that the flow stress profiles, which
are inversely related to the diameter profiles,
remain essentially constant.

3.2. Strain-rate and temperature depen-
dence of the fibre tension

Fig. 4 shows typical variations in fibre tension

(traced from original recordings with the ordinate

scale divided by two) for fibres deforming under
several applied average strain-rates at two different
temperatures. After large strain-rate changes
transient load values were often obtained, especially
upon reducing the processing speed. Loads lay
within the range 3 to 20 g and were monitored for
a sufficient time at each rate to record the equi-
librium values, which usually remained constant
over long time periods. As can be seen from Fig. 4,
largest load changes for a given strain-rate change
were observed at low temperatures.

Strain-rate change experiments were carried out
over the temperature range 2250 to 3000° C with
average strain-rate ranges of 3 x 107 t0 2.5 x 107"
sec™! at high temperatures and 3 x 107 to 2.8
x 1072 sec”? at the lower temperatures. In some
experiments, changes in strain-rate were made be-
tween several high rates and also between several
low rates to sensitively check for any dependence
of the strain-rate — fibre tension relationship on
strain-rate.

The variation of tension in deforming monofila-
ments with temperature at constant applied strain-
rate is illustrated by the typical recording in Fig. S.
The length of time required to establish equilib-
rium conditions was greatest for changes to low
furnace temperatures, reflecting the slower response
to cooling of the well insulated susceptor, but the
recorded loads eventually became constant. Tem-
perature change experiments were performed at
several constant strain rates and over the tempera-
ture range 2150 to 3000° C. Any possible effect
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Figure 3 Fibre velocity profiles for a fibre being stretched to 50% extension at fast and slow processing speeds showing
approximate constancy of profiles and their relationship to average velocities (dashed lines) over the furnace zone.
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Figure 4 Portions of typical fibre tension (§ recorded load) versus time recordings for fibres being stretch-graphitized
showing effect of (average) strain-rate changes at two different temperatures.
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Figure 5 Fibre tension versus time recordings for a fibre being stretch-graphitized at a fixed (average) strain-rate show-

ing effect of temperature changes.

of temperature on the temperature—tension depen-
dence was directly examined in a similar way to
that described for the strain-rate change experi-
ments.

In the stretch-graphitization experiments the
thickness of recorded traces, which varied with the
size of the load, was due to the existence of small
but real sawtooth oscillations in the actual fibre

tension. These oscillations are clearly resolved in
very low strain-rate experiments as shown in Fig. 6.
Investigation showed that these small oscillations
increased in frequency with both increasing tem-
perature or applied strain-rate and that they were
not due to any artefact of the stretching apparatus
or load measuring system.
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Figure 6 Fibre tension versus time recordings for a fibre being stretch-graphitized at low strain-rates showing resolution
of small sawtooth oscillations which are always present during stretching.

3.3. Interpretation of results

In the stretch-graphitization of all glassy carbon
fibres, at least for moderate extensions, the ratio
of the cross-sectional areas of stretched and un-
deformed fibres lies close to what would be ex-
pected on the basis of constant volume deform-
ation. This is illustrated by the diameter profile
shown for the petroleum-pitch-based fibres in
Fig. 2. It is also seen from Fig.2 that the as-
sumption that all the deformation occurs within
the 2in. furnace length is a reasonable approxi-
mation. In any case, since the mean strain rates
calculated based on this 2in. length are shown in
Fig. 3 to bear essentially the same relationship to
the maximum strain-rates sustained by the fibres
at both fast and slow processing speeds (Maximum
rates ~ 1.2 X mean rates), this assumption is not
important. Although deformation stresses will be
dependent on the maximum strain-rates in the ex-
tending fibres, because of this constant relation-
ship the same stress--strain-rate dependence will
result from use of the average rates in the following
treatment of results.

When a constant tension is monitored in the
system the flow stress existing in any increment of
the deforming fibre is inversely related to the in-
stantaneous fibre diameter at that point. Since the
diameter profile remains substantially constant
over the range of processing conditions applied, the
variation (with temperature or strain-rate) in the
stress level at any position along the fibre can be
used to ascertain the stress—temperature and
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stress—strain-rate relationships inherent in the
stretch-graphitization process. For convenience,
representative deformation stresses are obtained
based on the glassy carbon fibre diameter.

The microstructures and physical properties
of stretch-graphitized glassy carbon fibres are not
very sensitive to changes in processing rates over
the ranges studied but, as has been shown pre-
viously [10], for a given fibre and extension there
is some dependence on temperature, of those para-
meters related to the extent of structural ordering
(see Section 4.2) in the fibre. However, in relation
to the overall changes from the initial (1000° C)
glassy carbon state, consequent upon the stretch-
graphitization these variations are small and it is
assumed for the present that essentially the same
processes operate in the fibres over the experi-
mental range of conditions presently applied.

These stretch-graphitization experiments, where
fibres are plastically deformed in a dynamic, but
effectively steady-state, system between about 0.6
to 0.85 Ty, , are somewhat analogous to high tem-
perature, differential constant strain-rate tensile
tests, in that tensile flow stresses are obtained as a
function of strain-rate at constant temperature or
of temperature at constant strain-rate. The formal-
ism for analysis of such tensile test results is, there-
fore, adopted here for interpretation of present
data.

In Fig. 7 fibre stresses are plotted against
applied mean strain-rates for two typical strain-
rate change experiments. From the reasonably
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Figure 8 Fibre stress versus 1/9.5 power of the strain-rate for one set of data from Fig. 7, showing that the best line
through plotted points extrapolates to the origin.

good fit of these results and all similar data, toa expressed by the equation
linear relationship on such plots it appears that the 6 = @ +c
stress is related to strain-rate by a power law over

the strain-rate ranges investigated. This may be where ¢ is the tensile stress, € is the mean strain-
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Figure 9 Variation of fibre tensile stress with temperature for two typical temperature change experiments. Numbers
at points show order in which data were taken.

TABLE I Stress exponents-and apparent activation energies for deformation of glassy carbon fibres

Petroleum-pitch-based Coal-tar-pitch-based
(C.M.R.) fibre (G.L.) fibre
8.8 8.1
7.8 8.7
. 8.1 9.1
, = Jlogé 8.0 7.7
dlog o 9.3 10.7
9.0 8.9
8.4 9.5
- 7.1
Means 8.48 £ 0.6 8.71 1

Combined meann = 8.6 + 1

298.4 283.6
286 289
dlne 2734 307.5
AH = nR 283.6 297.8
d/n 256.3 310.5
(n=8.6) 273.4 309.3
307 306
Means 282.6 =+ 16.9 300.5 £ 10.7
Mean AH using n = 8.6 = 1 282.6 +49.3 300.5 £45.6

Combined mean AH ~ 292 + 48 kcal mol™!
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rate, n is the stress exponent and ¢ a constant. For
one particular set of resultsin Fig. 7, n = 9.5. These
results are replotted as ¢ versus (€)'** in Fig. 8 in
which the best line through the plotted points ex-
trapolates to the origin, indicating ¢ = 0. Corres-
ponding treatment of the data from the other
strain-rate change experiments similarly indicates
the absence of an athermal component in the
flow stress. The stress exponents from all experi-
mental runs on both types of glassy carbon fibres
are listed in Table L.

Fig. 9 shows examples of results from tempera-
ture change experiments for one representative
determination from each of the two fibre types.
From the linearity of all such plots and those of
Figs. 7 and 8 an empirical equation describing
the fibre deformation can be written as

€ = Ao" exp (— AH/RT)

where A4 is a constant, AH is the apparent acti-
vation energy of the ratelimiting deformation
process and R and 7T have their usual meaning.
The various AH values calculated from all Fig. 9
type plots, using the combined mean » value of
8.6 for the two glassy carbon fibres, are listed
in Table I. No correlation between either AH
or n and temperature or strain rate was apparent
over the ranges studied which supports the as-
sumption of little variation in fibre processes over
the range of experimental stretch-graphitizing
conditions.

The difference between the two mean n values
for the two fibre types is not significant. That
between the two mean AH values is statistically
significant at the 95% confidence level (z-test).

However, since furnace temperatures measured
by the optical pyrometer are, at best, accurate
only to ~+10°C, uncertainty in individually
determined AH values could be at least + 30 kcal
mol ™! [13], so this apparent difference between
average resulis for the two different glassy carbon
fibres is open to some doubt. A combined mean
AH value of 292 *48kcal mol™ is, therefore,
included in Table I as the effective activation
energy for the stretch-graphitization of all the
glassy carbon fibres.

4. Discussion
4.1. Comparison with various high tem-
perature processes in carbons and
graphites

A comparison of some representative results
from the stretch-graphitization of the glassy car-
bon fibres with those obtained from creep test-
ing of bulk glassy carbons [14] is shown in Fig. 10.
These plots of the data from two quite different
experiments match well in their stress—strain-rate
relationship. While the stress exponents obtained
from the creep experiments varied with stress [14],
the data trend, as seen in Fig. 10, suggests an ap-
proach to a constant value (n > 6.5) at the higher
strain-rates. This is consistent with the average value
of 8.6 obtained for the fibre deformation. The
lower stress levels of present data, compared with
the creep data (extrapolated to corresponding
strain-rates) may indicate the relative ease of de-
forming the two differently heat-treated carbons
(see Section 4.2) but they also reflect the fact that
fibre stresses were calculated based on their initial
cross-section areas. Any adjustment for strain
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Figure 10 Comparison of stress—strain-rate data from creep experiments on bulk glassy carbon with some typical glassy

carbon fibre stretch-graphitization data.
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TABLE IT Comparison of apparent activation energies for high temperature deformation and graphitization and stress

exponents for deformation in various carbons and graphites

Material Experiment AH n Reference
(kcal mol™") (stress range,

103 psi)
Glassy carbon Stretch-graphitizatic;n ~ 290+ 50 8.6 £ 1 (7-50) This work
Bulk glassy carbon Tensile creep ~ 350+ 45 1.5 - 6.5(6-16) [14]
Pyrolytic carbon Basal shear ~ 270 3 [34]
Pyrolytic carbon Creep ~ 250+ 40 {4 (< 1% strain) [15]

1.5 (> 4% strain)
Binder/filler graphite Creep ~ 250+ 20 6-8 (4--3) [35]
Poco graphite Creep ~ 230+ 30 5(6-9) [35]
Poco graphite (annealed 2900° C) Creep ~ 250+ 20 8 (6-9) [35]
Pyrolytic carbon Graphitization ~ 260 — [15]
Binder/filler graphite Graphitization ~ 260 - {15]
Cokes Graphitization ~ 23015 — [36]
Carbon fibre/C.V.D. matrix Graphitization (a) 240335 — [37}
composites (b) 276 28 —

differences between the two experiments would
shift the (extrapolated) creep data to even larger
stresses because of creep hardening effects [14].

In Table II the average apparent activation
energy and stress exponent found for the stretch-
graphitization of glassy carbon fibres are listed
along with corresponding reported data for high
temperature deformation and activation energies
for graphitization (a structure change process) in
serveral carbons and graphites. The present stress
exponent is about the same as the highest values
reported in several solids, which were mostly
studied at lower stresses. At ~ 290 kcal mol™?, the
present mean AH value lies between that re-
ported for creep in bulk, high temperature heat-
treated, glassy carbon and the average value for
graphitization (and high temperature deformation)
in most other carbonaceous solids. As discussed
further in Section 4.2, this is consistent with struc-
tural ordering and plastic deformation processes
operating simultaneously and interactively during
the stretch-graphitization treatments. ‘

If real, the slight difference between AH values
for the two types of glassy carbon fibre might be
due to initial microstructural variations (e.g. in
crosslink density) such that the interaction be-
tween the deformation and graphitization pro-
cesses differed in each case. Although considerable
disparity in the ecase of stretch-graphitizing these
two fibre types, particularly at extensions >100%,
has been noted previously [16], no detailed com-
parative analysis of microstructure and/or compo-
sition of these fibres has been made. The above
must, therefore, remain speculative at present,
and the effective activation energy for stretch-
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graphitization of all glassy carbon fibres is taken
as the combined mean value as in Table I1.

4.2. Mechanism of stretch-graphitization
There is considerable controversy over some aspects
of bonding and microstructure in glassy carbons
{1,2,17--21]. Dispute is mainly concerned with
the existence of carbon atoms in bonding states
other than sp® hybridization and a variety of
models have been proposed for the detailed glassy
carbon structure [1,2, 17, 20]. Itis mostly agreed,
however, that the majority of the carbon atoms
exist in the trigonal configuration in narrow, often
distorted, graphite-like layers or ribbons, imper-
fectly stacked (turbostratic graphite) in groups
which form a randomly interlinked, three dimen-
sional network [2, 17-20]. This branched ribbon,
or microfibrillar substructure model was initially
proposed to represent the structure of oriented
carbon fibres [22] which, it was later reported
[4,5,10], could be made from isotropic glassy
carbon fibres by hot-stretching. This model was,
therefore, adopted for the glassy carbon structure
when it was shown [2] that the wrinkled and
twisted ribbon units, which were more or less
axially aligned in the fibres, were randomly
oriented and more disordered (to a degree depen-
dent on their heat-treatment) in the isotropic
material.

The two main effects of the high temperature
plastic deformation applied to the present
(1000° C) glassy carbon fibres during their stretch-
graphitization are thus a marked structural order-
ing of the distortions and defects, both in layer
stacking and within the layers and of any inter-



Figure 11 Phase contrast electron micrograph (axial illumination) of (a) 1000° C glassy carbon fibre, (b) stretch-graph-
itized fibre, 60% extended at 2700° C. Fibre axes parallel to plane of micrographs.

stitial atoms which may be present in these “hard”,
polymer carbons (i.e. partial graphitization), as
well as a disentangling and dewrinkling of the
microfibrils leading to their preferential orien-
tation about the tensile (axial) direction. These
microstructural changes are illustrated for the
petroleum-pitch-based carbon fibres by the high
resolution electron micrographs® in Fig. 11, which
show this “recrystallization™ (ordering) and align-
ment of the carbon layer plane units. Further evi-
dence for these microstructural effects of stretch-
graphitization on glassy carbon fibres, and fibres
from rayon precursor, has been obtained from
electron and X-ray diffraction studies [9, 10].
Also the ease of plastically deforming any carbon
fibre depends on its potential for structural
ordering since, for example, it is difficult to
extend those fibres which have already been partly
annealed by prior heat-treatment unless even
higher temperatures are used during stretching
[16, 23] . Non steady-state creep is possible in high
temperature treated glassy carbons [14], but it
appears that only when the ordering (partial
graphitization) and ribbon straightening processes

operate together are the fast deformation rates,
characteristic of stretch-graphitization, possible.

The apparent activation energy of ~ 350 kcal
mol ™" reported [14] for tensile creep, between
2500 to 2900°C, in bulk glassy carbon (preheated
to ~3000°C) is ~ 100kcal mol™" greater than
those of other high temperature processes in car-
bonaceous materials, which correspond approxi-
mately to theoretical and experimental values for
point defect diffusion activation energies in these
solids [15]. It has been suggested that this discre-
pancy may be partly due to the temperature depen-
dence of the glassy carbon shear modulus [23] but
in view of the creep data for other carbonaceous
solids listed in Table II this argument [23] would
also apply to the creep activation energies obtained
in these materials. An alternative explanation of
the relatively high AH value for glassy carbon is
that is may be characteristic of a ribbon defor-
mation process unique to the randomly arranged
microfibrillar substructure of glassy carbons which
is rate-controlling under high stress conditions
(> 6000 psi in the creep study on partly ordered,
“pre-annealed” glassy carbon [14]). On this basis

* Electron micrographs kindly provided by Drs D. Crawford and D. J. Johnson, University of Leeds.
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the presently obtained AH value for stretch-graphi-
tization can be rationalised by postulating that a
mutual interaction exists between the simul-
taneously operating ribbon straightening and point
defect annealing processes such that the activation
energy associated with the ribbon deformation
process is reduced in the stretch-graphitization of
the much more disordered glassy carbon fibres.
Since no systematic variation of the present AH
value was observed with temperature this proposed
interaction would be essentially constant over the
temperature range studied.

The observed strong stress dependence of the
strain-rate rules out a rate-limiting Nabarro—
Herring mechanism even if this could be con-
sidered feasible for the high experimental defor-
mation rates. Again because of both the large stress
exponent obtained and the doubtful existence of
dislocations in the microstructure of polymer car-
bons, especially glassy carbon, the controlling
operation of the usual high temperature dislocation
mechanisms in the fibre stretch-graphitization are
considered unlikely.

The present data from strain-rate change experi-
ments apparently indicate an exponential depen-
dence of creep rate on stress over the ranges
studied, as is found for some metals and poly-

meric solids. As shown in Fig. 12 the data set
from Fig. 7 which extends over the largest strain-
rate range, but which is otherwise typical, con-
forms well to a linear relationship between log
strain-rate and stress. From such plots the ap-
parent activation volume, AV, for the stretch-
graphitization process may be calculated from
the equation

AV = 2kT (dIlné/do),

where k is Boltzmann’s constant. The mean value
of AV obtained from all experimental data is
approximately 4000 A3, consistent with the ob-
served high stress exponent. Such a large apparent
activation volume suggests that the activated step
in stretch-graphitization may indeed be associated
with molecular-, rather than atomic-, scale pro-
cesses.

The present high AV value is of the same order
(< twice as large) as those found for yielding and
high stress creep in some glassy organic polymers,
e.g. polystyrene [24], epoxy resins [25], poly-
carbonate [26], etc. where AV is regarded as a
measure of the volume of the activated molecular
unit involved in the diffusion process [25]. Dis-
tortional yielding of linear (and lightly cross-
linked [27]) amorphous polymers in their glassy

TEMP = 2500 °C

Figure 12 Natural logarithm of strain-rate

] versus fibre stress for the data set which
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state is a viscoplastic process related to that in-
herent in the extension of amorphous polymer
fibres by cold-drawing [25-28] which can proceed
either by necking or by affine deformation above
their glass transition temperatures. Axial alignment
of the randomly oriented macromolecules takes
place by the activated, stress-biased, reorien-
tation of short chain segments [25—29], some-
times involving the co-operative movement of
several molecules [28]. The progressive structural
ordering and alignment of randomly oriented,
interwoven microfibrils (with consequent work-
hardening) which results from stretch-graphiti-
zation of glassy carbon fibres phenomenologically
resembles the microstructural changes which occur
on extending amorphous polymer fibres. In view
of this and the approximate correspondence ob-
served between experimental activation volumes
it is suggested that stretch-graphitization may be
considered analogous to the affine drawing of
amorphous polymer fibres and that the basic
mechanism involves the incremental movement
of microfibril segments in the glassy carbon
structure.

While recognizing the differences between
amorphous organic polymers and glassy carbons
several further apparent parallels in their micro-
structure and plastic deformation behaviour are
noted briefly. Firstly, at the molecular level, the
granular ordered regions, ~ 50 A in diameter, ob-
served in such polymers [30] plausibly resemble
the “crystallites” similarly detected in glassy car-
bons [1,2.10] which, by using phase contrast
electron microscopy [2], have been identified as
the less distorted layer-plane packets of the ran-
dom microfibrillar substructure (see Fig. 11a).
The microporosity of glassy carbons also bears
analogy with the excess free volume concentrated
in intergrain regions in amorphots polymers which,
it has been posed [30], facilitates plasticity in
these materials. That the microfibril rearrangement
involved in the plastic deformation of polymer car-
bons is likely accommodated by their porosity has
been recognized for some time [31].

Lastly, oscillating flow stresses exhibiting saw-
tooth waveforms not unlike those observed in the
stretch-graphitization experiments are sometimes
obtained during the drawing of amorphous [32]
(and semi-crystalline [33]) organic polymer fibres.
However, when large, such oscillations are associ-
ated with intermittent void formation in the
polymer fibres caused by hydrostatic stresses in

the cold-drawing neck region [33]. It is not known
if such features are present in stretch-graphitized
glassy carbon fibres (at frequencies > 100in.™) but
since present oscillations were monitored on fibres
deforming in an affine manner their origin may be
quite different from the polymer case. In stretch-
graphitization the small oscillations possibly arise
from the operation of sequential exhaustion pro-
cesses where local resources of fibre plasticity
are used up but, because of their observed fre-
quency, they do not seem to be related to mole-
cular scale processes and further study is needed
before they can be properly explained.

5. Summary and conclusions

The main conclusions which arise from this study
are summarized as follows: The continuous stretch-
graphitization of isotropic glassy carbon fibres is a
dynamic, steady-state plastic extension process in
which the fibres, deforming in an affine manner
essentially at constant volume, sequentially along
their length become more ordered and anisotropic
as their microfibrillar substructure becomes pre-
ferentially oriented in the stretching direction. The
characteristic parameters of stretch-graphitization,
i.e. the apparent activation energy and activation
volume, are consistent with the simultaneous oper-
ation of atomic diffusion and a molecular-scale
process, which latter is rate-limiting and is pro-
bably associated with the sequential reorientation
of microfibril segments.
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