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The axial compressive strength of carbon fibres varies with the fibre tensile modulus and precursor
material. While the development of tensile modulus and strength in carbon fibres has been the
subject of numerous investigations, increasing attention is now being paid to the fibre and the
composite compressive strength. In the present investigation, pitch- and PAN-based carbon
fibres with wide-ranging moduli and compressive strengths were chosen for a study of fibre
structure and morphology. A rayon-based carbon fibre was also included in this study. Structural
parameters (L., L;(0), L;(90), orientation parameter Z, and the spacing between graphitic planes
d{00, 2)) were determined from wide angle X-ray spectroscopy (WAXS). Fibre morphology was
characterized using high-resolution scanning electron microscopy (HRSEM) of fractured fibre
cross-sections. The mechanical properties of the fibres, including compressive strength, the
structural parameters from WAXS, and the morphology determined from HRSEM are reported.
The influence of structure and morphology on the fibre compressive strength is discussed. This
study suggests that the width of the graphitic sheets, the crystallite size perpendicular to the fibre
axis (L, and L;(0)), and crystal anisotropy play significant roles in accounting for the large

differences in compressive strengths of various carbon fibres.

1. Introduction

The development of tensile modulus and strength in
carbon fibres has been extensively studied over the
past 30 years. A major application of these fibres is in
structural composites where besides stiffness and ten-
sile strength, other mechanical properties such as im-
pact and compression strengths, and resistance to
delamination are also important. The axial tensile
stiffness and strength of unidirectional composites are
primarily governed by the respective fibre properties,
while resistance to impact loading and delamination
depend on fibre, matrix, and their interface. Under
compressive loading, composites of different carbon
fibres with the same matrix and similar interlaminar
shear strengths display a wide range of compressive
strengths. These results reflect the influence of intrinsic
fibre compressive strength on the corresponding com-
posite property. In addition, matrix properties and the
strength of the interfacial bond between fibre and
matrix are also expected to influence composite com-
pressive strength. In the recent past a number of stud-
ies has been conducted to understand the compression
behaviour of fibres in the composite [1-10]. This list
of references is by no means complete, and a signific-
antly large number of publications have appeared in
the literature on this subject in the last decade. The
present study is an attempt to identify the structural
and morphological factors that govern the compres-
sive strength of carbon fibres.
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A study on the fracture behaviour of carbon fibres
by DaSilva and Johnson [11] concluded that the
fracture morphology of PAN-based carbon fibres was
different in tension and in flexure failure modes, while
little difference was observed in the two fracture failure
modes of the mesophase pitch-based carbon fibres.
Loop behaviour of carbon fibres has been studied by
several workers [12-15]. Jones and Johnson [12] ob-
served that the carbon fibres heat treated to higher
temperatures exhibited non-Hookean behaviour and
this was attributed to the high compressive force in
bending. A similar conclusion for carbon fibres was
arrived at by Williams ez al. [13], where loop stress—
strain experiments were also performed on a strand of
stainless steel wire and on quartz fibre, for comparison
with carbon fibre.

From axial compression tests on unidirectional
composites of pitch-based carbon fibres, it was ob-
served that composites deform with strong reversible
softening and that the softening increases with fibre
modulus [16]. In another study, the non-linear beha-
viour was reported on single pitch- and PAN-based
carbon fibres in tension and reversible softening of
their unidirectional composites in compression [17].
The non-linearity was more pronounced in pitch-
based fibres than in PAN-based fibres. In comparison,
S-glass fibre and its unidirectional composite exhib-
ited linear behaviour in tension and compression, re-
spectively [17].
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TABLE T Properties of various carbon fibres

Tensile modulus Tensile strength Compressive strength Density Typical fibre
(GPa) (GPa) (GPa) (gem™3) cross-section (um?)
Pitch-based
Pitch-1
P-252 159 1.38 1.15 1.9 95
P-55° 379 1.72 0.85 2.0 82
P-75% 517 2.07 0.69 2.04 90
P-100* 724 224 0.48 2.15 88
P-120° 827 224 0.45 2.18 78
Pitch-2
E-35° 241 2.83 1.26 2.10 88
E-75P 517 3.10 0.81 2.16 80
E-105° 724 3.31 0.74 2.17 80
K-135¢ 510 2.3 0.82 2.11
PAN-based
PAN-1
T-3007 231 3.24 2.88 1.79 38
T-407 290 5.60 276 1.78 24
T-50° 393 241 1.61 1.81 39
GY-70¢ 517 1.86 1.06 1.96 55
AS-4° 231 3.64 2.69 1.80 42
PAN-2
M40J* 390 4.40 2.33 1.77
M60J* 590 3.80 1.67 1.94 20
IM§® 310 517 3.22 1.80 24
Rayon-based
T-75 538 2.62 1.03 1.80

* Amoco fibres

> DuPont fibres

¢ Mitsubishi dialead fibre
4 BASF fibre

¢ Hercules fibres

f Toray fibres.

The transverse fibre compressive strength of aramid
fibres and of pitch- and PAN-based carbon fibres was
recently measured by Kawabata [18]. As observed in
axial compression, the transverse compression of
highly oriented organic fibres showed ductile behavi-
our, while carbon and ceramic fibres exhibited brittle
behaviour.

High-resolution scanning electron microscopy
(HRSEM) of carbon fibres was reported by Vezie and
Adams [19], where a particulate structure was ob-
served in the PAN-based AS-4, T-300, and T-40 car-
bon fibres. Well-developed sheet-like structure was
observed in most mesophase pitch-based carbon-
fibres and PAN-based GY-70. Some development of
sheet-like character was also observed in PAN-based
T-50 fibre. The structure of several pitch-based carbon
fibres was also studied by wide-angle X-ray scattering
(WAXS), electron microscopy, and transverse mag-
netoresistance [20]. From this study it was suggested
that the folded sheet structure contribute so to the
lower graphitizability of the fibres.

With boron-ion implantation, the carbon fibre
compressive strength and torsional modulus increased
by up to 25% and 50%, respectively, while the crystal-
lite size, L., decreased [10]. An improvement in shear
resistance was considered responsible for the increased
compressive and torsional properties. A correlation
between torsional modulus and compressive strength
was reported for a broad range of fibres including
polyethylene, Kevlar™, pitch- and PAN-based car-
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bon, glass, boron, and alumina fibres [5]. The com-
pressive strength of composites reinforced with T-300
and T-800 carbon fibres decreased with increasing test
temperature [ 217]. This is mainly due to the decrease in
resin modulus with temperature increase and hence
reduced lateral support against fibre buckling. The
composite compressive strength of the higher modulus
and low compressive strength pitch-based P-100 fibre
did not change that significantly in this temperature
range [22]. Thermodynamic analysis of kinking in
composites has been performed by Evans and Adler
[237 with the conclusion that the matrix yield strength
plays a central role in kink suppression.

A number of pitch- and PAN-based carbon fibres,
and one rayon-based carbon fibre were selected for
this study. Fibres and their tensile properties as re-
ported by the manufacturers, are listed in Table L.
Typical fibre cross-sectional areas of these fibres as
measured by laser diffraction are also listed. The fibre
compressive strength values are also reported in
Table I, and these were determined from the com-
posite compressive strength by normalizing to 100%
fibre. Axial composite compression strengths were ob-
tained from the literature [ 1, 9, 24]. The high-modulus
carbon fibre composites (e.g. P-75 and P-100) fail in
the shear mode [4], while the high compressive
strength carbon fibre composites (e.g. T-300) fail in the
buckling mode. Therefore, the compressive strength of
the latter fibres, reported in Table I, represent the
lower limit of fibre compressive strength. Higher com-



pressive strength values for some of these fibres are
predicted from various single fibre tests. Assumptions
involved in these various tests, however, make it diffi-
cult to unequivocally measure the compressive
strength of carbon fibres (refer to discussion and refer-
ences cited in [1], and [25-30]). Therefore, the data
have been taken from composite tests, with the reser-
vation that the compressive strength values of fibres
such as T-300, AS-4, T-40, and IM-8, may be under-
estimated.

Carbon fibre compressive strength as a function of
tensile modulus is plotted in Fig. 1. From this figure it
is evident that the carbon fibre compressive strength
decreases with increase in modulus, and that for
a given modulus the compressive strengths of PAN-
based carbon fibres are higher than those of the pitch-
based fibres. However, for both pitch and PAN, the
same modulus fibres can have different compressive
strengths. The very high modulus pitch-based carbon
fibres have the lowest compressive strength. The com-
pressive strength of rayon-based carbon fibres
(Table I) is also low. In Fig. 1, the PAN-based carbon
fibres have been divided into two categories; PAN-1
and PAN-2. For the same fibre modulus, the PAN-2
fibres have higher compressive strength than the
PAN-1 fibres. Similarly, the pitch-based carbon fibres
have been divided into pitch-1 and pitch-2, where
pitch-2 fibres have slightly higher compressive
strength than the pitch-1 fibres for the same fibre
modulus. This scheme of categorization of pitch- and
PAN-based carbon fibres has been used throughout
the paper.

By comparison, the compressive strengths of all
polymeric fibres are low, and Kevlar, with an axial
compressive strength of approximately 450 MPa, is
the highest compressive strength polymeric fibre. The
compressive strength of bulk polymers is also lower
than that of Kevlar; PBI resin has a compressive
strength of about 400 MPa, while the compressive
strengths of the common thermoplastic and ther-
mosetting resins are in the range 100-250 MPa. On
the other hand, fibres of materials such as Al,O; and
boron have high compressive strengths, and this is of
the order of 5-7 GPa. The compressive strength of
carbon fibres falls in between the compressive
strengths of these two classes (polymeric and inor-
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Figure | Carbon fibre compressive strength as a function of fibre
tensile modulus. (A) Pitch-1, (A) pitch-2, (O) PAN-1, (@) PAN-2.

ganic fibres). The compressive strength of bulk ceram-
ics and oxides is generally low, presumably due to
flaws [1, 317].

In a recent study [5] of a number of different fibres
it was shown that, with some exceptions, the fibre
compressive strength increased with decreased fibre
anisotropy, where fibre anisotropy was defined as the
ratio of the fibre tensile modulus, E, to the fibre shear-
modulus, G. Considering that certain defects and mor-
phological features which influence the tensile
strength, TS, may also affect the compressive strength,
the compressive strength was plotted as a function of
TS/(E/G) for a number of PAN-based fibres. The good
correlation observed suggests that the fibre anisotropy
and the structural features or flaws governing the
tensile strength influence the compressive strength
[31]. However, this observation is only for fibres with
limited variation in properties. The emphasis of the
current work has been to look for features which can
explain the compression behaviour of all types of
carbon fibres with wide ranging properties,

Carbon fibres can be intercalated with a number of
elements including halogens and alkali metals such as
potassium, sodium and cesium. Herinckx et al. {32,
337 studied the intercalation of rayon-based carbon
fibres. Carbon fibres have also been intercalated in
oxygen and in nitric acid [34, 35]. A good review of
the subject is given by Dresselhaus et al. [36].
Jaworske et al. [37, 38] intercalated pitch-based car-
bon fibres in the presence of bromine vapour, and
evaluated the properties of the intercalated and pris-
tine fibres in composites. Composites of bromine-in-
tercalated P-75 and of pristine P-75 fibres were evalu-
ated in compression [1]. The composite compressive
strength, and hence fibre compressive strength, re-
mained essentially unchanged with intercalation. Ten-
sile strength and modulus also did not change with
intercalation. A slight improvement was observed in
interlaminar shear strength and attributed to the in-
creased rugosity of the fibre surface due to the interca-
lation process. In the intercalated fibre bromine has
only one-dimensional order and that is along the fibre
axis. The periodicity of this order along the fibre axis
as observed from the WAXS pattern 1s 0.415 nm [1].
In compression, the brominated fibre composite fails
with axial fibre splitting [1, 39]. Because the interca-
lant goes in between the graphitic sheets it is expected
to influence the intermolecular interaction between
these sheets. However, because the compressive
strength is essentially unaffected by bromine intercala-
tion, this leads to one or both of the following
conclusions: (i) bromine intercalation does not signi-
ficantly affect the intermolecular interaction between
the graphitic sheets, (i) intermolecular interaction
does not affect the compressive strength, at least in the
high-modulus pitch-based carbon fibres. Whether
both of these arguments are true is not currently
known. Applications of the intercalated compounds
are discussed by Inagaki [40]

2. Experimental procedure
Wide-angle X-ray scattering (WAXS) was performed
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Figure 2 Flat film wide-angle X-ray scattering photographs of (a) P-100 and (b) T-300 carbon fibres.

on a four-circle X-ray diffractometer using Cuk, radi-
ation from a Rigaku RU-200 rotating anode generator
operated at 45 kV and 70 mA. For these experiments,
fibre bundles were mounted on cardboard holders
using a wicking glue. Radial scans were obtained at
¢ = 0° 70° and 90° (where 0° and 90° scans corres-
pond to equatorial and meridional scans respectively).
The scan at 70° was selected to detect the presence of
the three-dimensional reflections; (11,2) and (10, 1).
For the ideal orientation of graphite planes along the
fibre axis, the maximum intensity of (1 1,2) and (10, 1)
planes should occur at 69.8° and at 72.4°, respectively.
¢ = 70° was chosen so that the presence of either
reflection could be observed. Azimuthal scans were
obtained for the (00, 2) reflection for determination of
planar orientation. Typical wide-angle flat plate pho-
tographs of a pitch-based fibre (P-100) and PAN-
based fibre (T-300) taken with a Statton—Warhus
camera are shown in Fig. 2. The planes (11,0) and
(10,0) on the graphitic sheets are shown in Fig. 3, and
both planes are perpendicular to the plane of the
paper.

Intensity data were fitted with Pearson Type VII
profiles [41], and mis-centring of the fibre bundle in
the diffractometer was corrected by averaging selected
peak positions on the positive and negative Bragg
angle scans. Intensities were also corrected for absorp-
tion, polarization, and air scattering. Corrections for
the Lorentz and structure factors were also made. The
Lorentz correction factor for an equatorial plane is
given by [42]

L(hk,]) = (sin%0cos0)~* (1)

where 0 is the Bragg angle. The structure correction
factor for the (hk,l) reflection, in a crystal with
n atoms per unit cell is given by

F(hk) =Y [f,exp {2mi(hx, + ky, +1z,)}] ()
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Figure 3 Graphite sheet showing (1 1,0) and (1 0,0) plane.

where f, is the atomic scattering factor for the nth
atom, and x,, y,, and z, represent the coordinates of
that atom in the unit cell. For equatorial reflection
(00,1} in carbon fibres, the structure factor F (00, 1) is
a constant times the atomic scattering factor of car-
bon. The Lorentz and structure correction factors for
carbon fibres in the 20 range of (00, 2) are plotted in
Fig. 4 as a function of Bragg angle. This figure also
shows the uncorrected and corrected (00,2) plots of
P-25 and P-100 carbon fibres. P-25 fibre, with a very
broad (00, 2) reflection, shows a significant shift in the
peak position when Lorentz and structure correction



120

100

80

60

Intensity

40

20

20 (degq)

Figure 4 Structure factor (1) and Lorentz correction factor (2) as a function of 20. Radial scans of P-25 (3, uncorrected, and 4, corrected for
structure and Lorentz correction factors) and of P-100 (5, corrected and uncorrected) fibre at ¢ = 0 in the 20 region of (00, 2).

factors are applied, while the P-100 fibre with a rela-
tively narrow peak does not show a discernible shift.
The structure and Lorentz correction factors were
applied to the (002) equatorial scans only, so that
d(002) could be accurately determined.

The crystallite size, L., was calculated using the
Scherrer equation [43]

L, = KA/(PcosH) (3)

where (B)* = (Bo)* — (B:)% Po is the experimentally
observed integral breadth in 26 radians. The subscript
i indicates instrumental contribution to the broaden-
ing. The broadening contribution due to finite sample
size was neglected. The instrumental line broadening
was determined using hexamethylene tetramine crys-
tals, which were so large, that essentially all the ob-
served broadening for these crystals could be assumed
to arise due to instrumental effects. The above correc-
tion equation also assumes that both the instrumental
broadening profile and the specimen profiles have
Gaussian distributions. The instrumental profiles
were, in fact, Gaussian, whereas the sample profiles
were not always so. However, the sample profiles
approached a Gaussian distribution as the breadth
narrowed, where the corrections are most critical. The
Scherrer analysis [43] was chosen over more sophist-
icated analyses [44—46] as the latter involved signific-
antly more work without additional benefit. L, was
determined from (1 0,0) and (1 1, 0) reflections from 0°,
70°, and 90° radial scans using Ruland’s equation for
two-dimensional crystals [47, 48], which is a simplifi-
cation of a previous analysis [49, 50]

L = 184 )\‘/[B(l/l, ZS)COSOJ (4)

where B(j 5, 14 15 the full-width at half-maximum. The
intensity profiles of (10,0) and (1 1,0) are asymmetric,
and the value of B(;s, 20y was determined from these
asymmetric profiles.

For microstructural examination, the fibres were
fractured in bending by tying a knot in a strand of
fibres and closing the loop. Cross-sections of fibres
fractured in this manner were observed uncoated in
a Hitachi S-900 high-resolution scanning electron
microscope (HRSEM), at an operating voltage of
1-2kV. The Hitachi S-900 is a field-emission gun
scanning electron microscope with a high-intensity
electron source at low voltages, capable of providing
excellent resolution down to a few nanometres.

3. Results and discussion
3.1. Wide-angle X-ray scattering
The various structural parameters determined from
WAXS are L., L,(0), L,(90), d(00,2), and Z, and the
extent of three-dimensional order, where L. is the
crystallite size perpendicular to graphitic sheet, L,(0)
and L,90) are the crystallite sizes along the graphitic
sheet perpendicular and parallel to the fibre axis and,
obtained from equatorial (¢ = 0°) and meridional
(b = 90°) scans, respectively. Because radial scans
were also taken at ¢ = 70°, L,(70) is also measured,
d(00,2)1s the d-spacing between graphitic planes, and
Z is the full-width at half-maximum of the (00,2)
azimuthal scan in degrees.

The 26 angular dependence of the Lorentz and
structure correction factors and the uncorrected and
corrected intensity profiles of the (00, 2) reflections for
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Figure 5 Radial scans of P-100 fibre at ¢ = (——) 70° and (---) 90° in the 20 range of (10,0), (10,1), (1 1,0), and (11,2) reflections.

P-25 and P-100 fibres are shown in Fig. 4. When the
correction factors are applied, a significant shift is
observed in the position of the P-25 peak, while the
peak position of P-100 fibre remains essentially un-
changed. The peak positions of specimens with small
crystallite sizes are significantly more sensitive to the
Lorentz and structure factor corrections. These cor-
rections result in smaller d-spacings, and the corrected
d-spacings are reported in Table II. Relatively larger
d-spacings reported earlier [1] were calculated with-
out the application of these corrections. Northolt and
Stuut [51] described this method as a means of cor-
recting the intensity profiles for crystal size effects and
angular dependence of the structure and Lorentz
factor corrections.

The (00, 2) d-spacings of the pitch-2 fibres are higher
than the corresponding d-spacings of the pitch-1 fibres
of the same modulus. Similarly the d-spacings of
PAN-2 fibres are slightly higher than those of PAN-1
fibres of the same modulus. The two fibres in common
between this study and that of Endo [20] are P-100
and P-120, and the d-spacings and the L, values in the
two studies are comparable. Endo reported d-spacings
of 0.3392 and 0.3378 nm and L, of 24 and 28 nm for
P-100 and P-120 fibres, respectively, and no mention
was made of the Lorentz and structure correction
factors. The corresponding values in our study are:
0.3382,0.3376, 22.7 and 25.1 nm. The small differences
in d-spacings in two studies may be due to the applica-
tion of correction factors in the present study. Another
point worth noting here is that Endo’s work was done
on powdered fibre samples, while the present work
was performed on the fibre bundles. The comparison
of the crystallite sizes from the two studies suggests
that the crystailites remain essentially unaffected in
the powdering process.

The radial scans of P-100 fibre at ¢ of 70° and 90°
(meridional) are given in Fig. 5. In the meridional scan
(b = 90°) the reflections (10, 1) and (1 1, 2), indicative
of three-dimensional order, are absent. The intensity
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of these reflections is very strong, however, in scans at
o = 70°, demostrating the necessity of such scans. An
alternative to this approach is the powdering process
as used by Endo [20], where all orientations are
averaged out, and only one radial scan is used to
observe all reflections. The use of a fibre bundle was
favoured, however, so that the orientation parameter
could also be determined from the same sample, and
L, could be measured along and perpendicular to the
fibre axis. Radial scans at ¢ = 70° of several pitch-
based and PAN-based fibres in the 20 range of the
(10,0), (10,1), (11,0), and (1 1,2) reflections are given
in Figs. 6-8. Fibres which demonstrate a peak for the
(10, 1) reflection and/or the (1 1, 2) reflection in the 70°
scan are considered to have three-dimensional order;
those with only a mild shoulder in the intensity profile
have partial development of three-dimensional order.
A fibre with only an asymmetric intensity distribution
in the 20 range of (11,0) and (10,0) reflections is
considered to have only two-dimensional order. On
this basis, from Figs 5-8, one can say that P-100, P-75,
GY-70, and M60J appear to have well-developed
three-dimensional order, while in P-55 and T-50,
which have a shoulder in the intensity profile, the
three-dimensional order is beginning to develop. The
categorization of all the fibres in this manner is in-
dicated in Table II.

The L. values obtained from the (00,2) reflection
are reported in Table II. The L, values perpendicular,
parallel, and at 70° to the fibre axis were determined
by taking the average of the corresponding L, values
from the (10,0) and (1 1,0) reflections. The L, values
from individual reflections and their averages are
listed in Table III. Only the average values are con-
sidered in further discussion.

The development of various crystalline and orienta-
tion parameters is not independent of each other, and
this is clearly demonstrated in Figs 9-11. In Figs 9 and
10, L. is plotted as a function of the orientation para-
meter, Z, and crystallite size, L,(0), respectively. Fig. 9
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Figure 6 Radial scans of (a) P-25, (b) P-55, and (c) P-75 fibres at ¢ = 70°.
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Figure 7 Radial scans of PAN based (a) T-300, (b) T-50, and (c) GY-70 fibres at ¢ = 70°.

indicates that an increase in crystallite orientation is
accompanied by an increase in crystallite size perpen-
dicular to the graphitic planes. The crystailite sizes of
the pitch-2 fibres are lower than those of the pitch-1
fibres of the same orientation. Fig. 10 indicates that for
fibres of crystallite size below 20 nm, the values of
L, 0) and L, are about the same. P-100 and P-120
fibres with larger crystallite sizes have an L,(0) value
almost twice that of L . The difference between L,(0)
and L, in a pitch-2 fibre of similar modulus, E-103, is
not as large. The larger values of L,(0) in P-100 and
P-120 may suggest a greater degree of sheet
straightening along the fibre axis in these fibres. From
Fig. 11 it appears that for L 0) less than 20 nm, the
value of L,(90) is almost double that of L,(0). On going
from P-100 to P-120, there is a larger increase in L, (0)

than in L,(90), even though the absolute value of
L, 90} is still larger than that of L0) for these two
fibres. Because L,(90) is a measurement along the fibre
axis (along the length of the fibrils), the larger values of
L,(90) as compared to L,(0) are not surprising. For the
same modulus pitch-1 and PAN-1 fibres, all the crys-
tallite dimensions are, in general, larger than those of
the pitch-2 and PAN-2 fibres, respectively.

3.2. Morphology

Scanning electron micrographs of the transverse
cross-sections of varous pitch- and PAN-based car-
bon fibres are shown in Figs 12-18. For comparison,
the scanning electron micrographs of E-glass fibre
cross-section are shown in Fig. 19. Fig. 12 shows views
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TABLE II Structural parameters of various carbon fibres

Fibre L, V4 d(00,2) Three-dimensional SEM Nitrogen
(nm) (deg) (nm) order morphology content (%)
Pitch-1
P-25 2.6 319 0.344 No Sheet-like
P-55 124 14.1 0.342 May be
P-75 14.6 11.0 0.3410 Yes Sheet-like
P-100 22.7 5.6 0.3382 Yes Sheet-like
P-120 25.1 5.6 0.3376 Yes Sheet-like
Pitch-2
E-35 32 21.6 0.344 No
E-75 10.3 10.9 0.3424 Yes
E-105 13.8 72 0.3420 Yes
K-135 119 104 0.3422 Yes
PAN-1 :
T-300 1.5 351 0.342 No Particles 8.5%
T-40 1.8 30.2 0.343 No Particles 3.8%
T-50 53 164 0.3423 May be Some sheet-like 0.05%
Character obs.
GY-70 14.1 9.6 0.3396 Yes Sheet-like 0
AS-4 1.8 36.8 0.342 No Particles
PAN-2
M40J 3.6 214 0.3427 No 0
M60J 7.8 9.9 0.3411 Yes Particles 0
M8 1.9 0.3431 No
Rayon-based
T-75 8.4 8.7 0.3403 Yes
100
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Figure 8 Radial scans of (a) GY-70, (b) M40J, and (c) M60J at ¢ = 70°.

of P-25 fibre at low and high magnification. Even
though P-25 has a low modulus, relatively low density,
and the absence of three-dimensional order, the
micrographs indicate sheet-like order. The thickness
of the sheets appears to be of the order of 15 nm and
the width is much larger. From WAXS measurements,
L, for this fibre is 2.6 nm, and L,(0) and L,(90) are
4 and 6 nm, respectively. The sheet thickness deter-
mined from HRSEM micrographs is significantly lar-
ger than L., and this is probably due to the lack of
graphitic order within the sheets. With increasing fibre
heat treatment this waviness is ironed out, as seen in
the higher modulus P-100 fibre (Fig. 13). The low-
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magnification micrograph of P-100 fibre indicates the
well-developed sheet-like morphology, and this micro-
structure is similar to that reported by Endo [20] for
P-120 fibre. High-resolution images of transverse and
longitudinal sections of P-100 fibre at higher magnifi-
cation are shown in Figs 13b and ¢. From Fig. 13b, the
sheet thickness is seen to be approximately 25 nm. The
measured value of L, for this fibre from WAXS is
22.7 nm. The excellent agreement between the sheet
thickness from HRSEM andL. from WAXS indicates
that direct dimensional measurement of the well-
formed graphitic sheets is possible using HRSEM.
Measurement of the width of the graphitic sheets is



TABLE III L, (nm) values obtained from different reflections

L,(0) L.(70) L,(90)
(10,0) (11,0) Average (10,0) (11,0 Average (10,0 (11,0) Average
Pitch-1
P-25 5 3 4 5 4 4.5 7 5 6
P-55 11 12 1 12 16 14 31 28 29.5
P-75 10 17 13 4 17 10.5 26 28 27
P-100 - 49 49 - 56 56 85 75 80
P-120 - 64 64 - 70 70 78 97 88
Pitch-2
E-35 5 - 5 6 4 5 8 6 7
E-75 13 14 13 9 10 9.5 24 20 22
E-105 13 21 17 - 14 14 34 30 32
K-135 13 13 13 - 12 12 28 24 26
PAN-1
T-300 - 22 22 43 37 4 4.6 36 4.1
T-40 3.7 2.3 3.0 44 34 39 5.4 38 4.6
T-50 7.9 49 6.5 9.1 8.9 9 18 17 17.5
GY-70 9 15 12 - 25 25 37 43 40
AS-4 37 23 3 48 35 4.1 4.4 3.6 4.0
PAN-2
M40J 6.6 4.5 5.5 9.3 7 8.1 14 11 12.5
M60J 8 6.4 7 - 14 14 29 28 28
M8 35 2.7 3.1 5.7 4.1 4.9 5.6 4.6 5.1
Rayon
T-75 10 9 9.5 - 17 17 37 35 36
2 L, average is calculated from (100) and (1 10).
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Figure 9 Plot of L, as a function of full-width at half-maximum, Z,
of the azimuthal scan of the (00,2) reflection. (A) pitch-1, (A)
pitch-2, (O) PAN-1, (®) PAN-2.
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Figure 10 Plot of L, as function of L0). For key, see Fig. 9.

Figure 11 Plot of L, (90) (crystal size parallel to the fibre axis) as
a function of L, (0) (crystal size perpendicular to the fibre axis). For
key, see Fig. 9.

not as straight forward, as a large variation is ob-
served in this dimension. This variation arises mainly
because the distinction between two different sheets is
not always clear. However, from the micrographs it is
seen that the width of the sheets in P-100 is greater
than 500 nm. The L,(0) value for this fibre from
WAXS is 49 nm, indicating at least an order of magni-
tude difference between the WAXS measurement and
direct measurement from HRSEM. However, this ap-
parent discrepancy between the two measurements is
not surprising, as bends in the graphitic sheets and
waviness along the width limits the L,(0) measure-
ment from WAXS. Similarly, the sheet dimension
along the fibre axis could be an order of magnitude or
more greater than L,(90) measured from WAXS. The
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Figure 13 Scanning electron micrographs of P-100 fibre at (a) low and (b) high magnification. (c) Side view.

L,(90) value measured from WAXS for P-100 fibre is
80 nm. As seen from the view of the longitudinal
section in Fig. 13c, the length of the graphitic sheets
along the fibre axis is much larger. Also, Fig. 13c is
taken from that part of the fibre which shows almost
90° bends in the graphitic sheets as indicated by the
arrows. A stereo view of a section P-100 fibre is shown
in Fig. 14.

Low- and high-resolution electron micrographs of
pitch-based E-105 carbon fibre are shown in Fig. 15
for comparison with P-100 fibre. Like P-100, E-105
also shows well-developed sheet-like character. The
sheets in E-105 appear much wider and thinner than
in P-100. The thickness of most of the sheets is in the
10-15 nm range, and as is the case with P-100, this
value matches the L, value of this fibre. The stacking
of sheets in E-105 appears to be quite good as is seen
in Fig. 15b. The main difference between the two fibres
is in the sheet width, which appears to be at least an
order of magnitude greater in E-105. The sheet struc-
ture in the lower modulus E-35 pitch-based fibre is
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also remarkably well developed. In the pitch-based
carbon fibres, other types of morphologies have also
been reported. One example of a morphology different
from those reported here, is for the pitch-based
fibre from Idemitsu Co. In this fibre, sheet like mor-
phology is interspersed with continuous structure. In
terms of properties the knot strength and loop
strength of this fibre were reported to be significantly
higher than those of the other pitch-based carbon
fibres [52].

HRSEM micrographs of three PAN-based carbon
fibres are shown in Figs 16 and 17. High-resolution
views of the transverse sections of T-40 and M-60J
fibres (Fig. 16) do not show the development of sheet-
like morphology; instead, these fibres exhibit a partic-
ulate morphology. Similar particulate morphology
was reported for AS-4 and T-300 fibres [19]. The
morphology of T-40 fibre appears to be quite in-
homogeneous. Careful examination of Fig. 16a reveals
the existence of some very small particles of about
20 nm size. In some places these particles appear to be



part of a bigger structure. To our knowledge, such
inhomogeneous morphological character for these
fibres has not been previously reported. The smallest
particle size (20 nm) is an order of magnitude larger

than the crystallite sizes (L, and L,(0) are 1.8 and
3.0 nm, respectively) for this fibre.

The particle size in M60J is approximately
40-50 nm, and this fibre also exhibits the absence of
sheet-like character. Although the modulus of GY-70
is lower than that of M60J, sheet-like character is fully
developed in GY-70 (Fig. 17) and not in M60J. Both
fibres, however, show three-dimensional order. An-
other point to be mentioned here is that P-25 fibre has
a sheet-like structure even though three-dimensional
crystallinity is not observed, while M60J does not
have sheet-like structure, and yet exhibits three-di-
mensional order in WAXS. This indicates that the
development of a sheet-like structure and of three-
dimensional crystalline order in carbon fibres are in-
dependent of each other, as either one could exist
without the other. Good agreement is observed be-
tween the sheet thickness and crystallite size L, in
GY-70 fibre, both having values of about 15 nm. The
three fibres where the sheet thickness matches the
value of L, are P-100, E-105, and GY-70. These three
fibres are the ones where both three-dimensional cry-
stalline order and sheet-like character are observed,
indicating crystalline order in the L, direction
throughout the thickness of the fibril, the thickness of
the fibril being observed using HRSEM.

It has been noted that the modulus of most carbon
fibres decreases after outer layers of the fibres are
removed [53], indicating that the orientation of
graphitic sheets is higher on the surface than in the
interior of a carbon fibre. Fig. 17 shows an area of
fibre surrounding an internal defect (or macrovoid) in
GY-70. The waviness in the graphite sheets around the
void is significantly lower than in the rest of the
specimen. This provides visual proof of the straighten-
ing of the graphitic sheets at a free surface. This im-
plies that the fibres with a high surface area/volume
ratio will have a larger percentage of straight sheets,
influencing properties such as electrical and thermal

Figure 15 Scanning electron micrographs of pitch-based E-105 fibre: (a) low and (b) high magnification.
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Figure 17 Scanning electron micrograph of PAN-based GY-70 fibre at (a) low and (b) high magnification.

conductivities. A hollow fibre has a larger surface area,
and therefore a greater fraction of straight graphitic
sheets than a solid fibre of identical cross-section.
Low- and high-resolution electron micrographs of
the rayon-based T-75 carbon fibre are shown in Fig.
18. Pitch- and PAN-based fibres reported in this paper
were either circular or kidney-shaped. The rayon-
based fibre in Fig. 18a has an irregular shape. The
morphology of this fibre as observed from high-res-
olution micrographs (Fig. 18b) is neither sheet-like, as
in the case of pitch-based fibres, nor particulate, as
observed in most PAN-based fibres, even though the
low-tesolution photograph in Fig. 18b at first seems to
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indicate a particulate structure. The morphology ap-
pears to be like snow flakes. The transverse dimen-
sions of these snow flake like entities are in the
50-100 nm range. In many places these snow flakes
appear to merge with one another. Longitudinally
these snowflakes are likely to be in the form of fibrils.

The glass fibre micrographs in Fig. 19 at low and
high magnification are given for comparison of high-
resolution carbon fibre morphology with that of a ho-
mogeneous, non-fibrillar, isotropic material. The low-
magnification photograph is typical of glass fibre frac-
ture with river markings radiating from a mirror zone
at the fibre surface. The fracture surface is somewhat
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Figure 19 Scanning electron micrographs of E-glass fibres at (a) low and (b) high magnification.

uneven, with particles sitting on the surface, which
may be impurities or dust. A high-magnification view
indicates a fairly homogeneous surface; however, some
particulate structure is observed. This structure is
quite different from the particulate or sheet-like struc-
ture observed in carbon fibres.

A schematic representation of nitrogen release in
the processing of carbon fibres is shown in Fig. 20
[54], where nitrogen exists at the edges of the graph-
itic planes. According to this model when the nitrogen
content of the fibre is 3.8%, as is the case in T-40, then
assuming a homogeneous distribution, each graphitic
plane would be about 4 nm wide. The L,(0) value for
the fibre is 3.0 nm. The graphitic width predicted on
the basis of this nitrogen release model is of the same
order of magnitude as L,(0). T-300, T-40, and T-50

600-1300°C | Demitrogenation

Figure 20 Schematic representation of carbon fibre preparation
from PAN [20].
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fibres are listed in order of decreasing nitrogen con-
tent. The decrease in nitrogen content is associated
with an appropriate increase in L,(0). However, con-
sidering the inhomogeneous structure of T-40, it may
be that evolution of nitrogen and hence the formation
of a graphitic structure is through a nucleation and
growth mechanism. If this is the case, then areas where
graphitization has started will have lower concentra-
tion of nitrogen than the surroundings. Whether or
not the inhomogeneity in Fig. 16b is of this nature, is
yet to be determined.

3.3. Mechanical properties

The compressive strength of carbon fibres can be
understood in terms of the following parameters: (i)
bond energies (the carbon—carbon bond in the graph-
itic plane), (i) compression of individual graphitic
planes, (i11) compression of a group of graphitic planes
or a single crystal, (iv) compression of a group of
graphitic planes with defects (bends, twists, and mis-
orientation) and vacancies (missing carbon atoms in
the graphitic plane), and (v) compression of the fibre,
comprising of a large number of groups of graphitic
planes (fibrils) with varying degrees of defects,
vacancies, and sizes.

If failure occurs at the C—C bond level, then the
compressive strength should be governed by the bond
energy. Based on the C—C bond breaking energy, the
strength for this bond is about 20 GPa. The reported
compressive strength of diamond is 14 GPa [55]
which is very close to the value calculated from the
carbon—carbon bond energy, suggesting that the com-
pression failure in diamond is mainly due to the break-
age of the C—C bond. If failure occurs at the level of the
individual graphitic planes then the compressive
strength may depend on the dimensions of the plane.
Next under consideration is the compression of
a group of perfect graphitic planes or a graphite single
crystal. Single-crystal graphite has a compressive
strength of 105 MPa [56] and is believed to fail in the
twinning mode. In a carbon fibre, the compressive
strength is expected to be governed by one or more
of the above factors. In addition, lattice vacancies,
defects, orientation, and voids also influence this
property.

A plot of fibre tensile modulus as a function of
orientation parameter Z is given in Fig. 21. This plot
shows the generally accepted relationship of an in-
crease in modulus with increasing orientation, with
some scatter in the low-modulus range. Fourdeux
et al. [57] demonstrated that the tensile modulus,
corrected for porosity, correlates well with the orienta-
tion parameter, g. The relationship between E and
q followed a model based on unwrinkling of fibrils.
This work was done on a large number of rayon-based
fibres and included one pitch-based and two PAN-
based fibres. We have also calculated the orientation
parameter ¢, and the modulus correlation with ¢ is no
better than it is with Z. Our modulus values have not
been corrected for porosity. However, for the same
fibre modulus, PAN-based fibres generally have
a lower density than pitch-based fibres. The correction
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see Fig. 21.

for porosity would therefore increase the observed
difference in modulus between the two fibre types
(Fig. 21) for the same orientation parameter. Other
workers have also reported that the relationship be-
tween fibre modulus and orientation distribution is
not unique |58, 59].

The relationships between fibre compressive
strength and various structural parameters such as L,
L./L,, d(00,2), void content, orientation, and density
have been reported earlier [1, 8, 9, 39]. The general
trends observed were a decrease in compressive
strength with increasing L., orientation, density, and
with decreasing 4(00,2), and void content. For those
pitch-based fibres which exhibited three-dimensional
crystallinity, a linear decrease in compressive strength
was noted with increasing crystallite aspect ratio,
L,/L. 9, 39]. A correlation between these two para-
meters, however, was not observed, for all carbon
fibres. Other structural parameters which exhibited
correlations with fibre compressive strength did so
usually only within fibres of a particular precursor
(pitch or PAN).

A plot of fibre compressive strength versus L, is
shown in Fig. 22. These results show a good correla-
tion for all the pitch-based fibres, while for the same L,
compressive strength - of PAN-2 is higher than that of
the PAN-1 fibres. The results for low-modulus pitch-
based fibres (P-25 and E-35), and high-modulus PAN-
based fibres (M60J and GY-70) deviate from a
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common curve which may be drawn through the data.
The deviations for P-25 and E-35 are significant, and
undoubtedly beyond the measurement errors in either
compressive strength or L,. Although of all the struc-
tural parameters previously mentioned L, shows the
best correlation with compressive strength, and it is
conceivable that larger crystals are more susceptible
to buckling or twinning, the data in Fig. 22 suggests
that the differences in compressive strength between
PAN-based fibres (such as T-300 and AS4) and pitch-
based fibres (such as E-35 and P-25) cannot be ex-
plained on the basis of the difference in L. alone.

The fibre compressive strength as a function of
L, (0) is shown in Fig. 23. The data for both PAN-1
and PAN-2 fall on the same line and overall the
correlation with L,(0) is better than with L. This may
suggest that L,(0) influences the compressive strength
more than L,. The graphitic plane width in the direc-
tion of L,(0) is likely related to the nitrogen content in
the case of PAN-based carbon fibres (see Fig. 20 for
the mechanism). The presence of nitrogen may prevent
the development of sheet-like morphology in the
lower-modulus carbon fibres. The width of the graph-
itic sheets and the crystallite size may also be governed
by variations in precursor composition and in pro-
cessing conditions. For example, the addition of a sec-
ond phase may prevent the growth of the crystallites
or graphitic sheets in the L, and L,(0) direction. In the
case of pitch-based fibres, the sheet-like character is
visible even in the low-modulus P-25 and E-35 fibres.
Because of the waviness of these sheets the L,(0) meas-
ured in low-modulus pitch-based fibres will be lower
than the L,(0) in the low-modulus PAN fibres, where
the sheet-like character is not yet developed. The
waviness of the sheets is not likely to affect the L,
measurement.

The compressive strength as a function of crystallite
cross-sectional area per unit length (crystal aniso-
tropy) is plotted in Fig. 24 for all the carbon fibres
studied. Crystal anisotropy, as measured by
L} L,(0)/L,(90), provides the best correlation thus far
with carbon fibre compressive strength. The data for
compressive strength versus crystal anisotropy of
pitch-1, pitch-2, PAN-1, and PAN-2 fall on the same
plot, with small deviation. The deviations between two
series of pitch and PAN fibres have been eliminated,

35
30

251
2.0}

T
(o}

1.0

Compression strength (GPa)

0.5

T
>
>

o s 10 15 20
Le £g(0)/ Ly (90) {nm)

Figure 24 Fibre compressive strength as a function of crystalline
cross-section per unit length. For key, see Fig. 21.

and the deviations for P-25 and E-35 have been signi-
ficantly reduced.

Compressive strength decreases rapidly with crystal
anisotropy, when L,(0) is less than about 10 nm (or
crystalline anisotropy parameter is less than about
3 nm). Above these values the compressive strength
decreases more slowly. This may indicate two different
failure mechanisms in compression. In the fibres with
small crystallite size, fibrillar buckling may pre-
dominate. In fibres with larger crystallite size, with
well-developed three-dimensional crystalline order,
shearing or twinning may be the mechanism which
initiates compression failure. P-25 and E-35 may also
fail in the shear or twinning mode because of well-
developed sheet-like character, even though these
fibres do not exhibit three-dimensional crystalline or-
der. One factor which may be important in controlling
compression behaviour is the relative amounts of well-
developed crystalline regions and paracrystalline and
disordered region. The relative amounts of the two
regions have not yet been determined.

From these results it is apparent that the compres-
sive strength decreases with increased modulus not so
much because of the increased orientation, but be-
cause of the increased crystallite size. If the fibre ori-
entation could be increased while limiting the increase
in L, and L,(0), it should then be possible to produce
high-modulus carbon fibres without sacrificing com-
pressive strength. The differences between pitch-1 and
pitch-2 fibres and PAN-1 and PAN-2 fibres indicate
that some control on crystallite size growth is possible.

4. Conclusions

1. For carbon fibres from a given precursor, com-
pressive strength decreases with increase in tensile
modulus. However, by influencing the structure and
morphology the compressive strength can be in-
creased for a given modulus. This is true for fibres
both from PAN and pitch precursors.

2. For a given modulus, the compressive strength of
PAN-based carbon fibres is higher than the compres-
sive strength of either pitch-based or rayon-based car-
bon fibres.

3. The crystallite size, L., ranges from 1.5 nm in
low-modulus PAN-based fibres to 25 nm in high-
modulus pitch-based fibres. The corresponding values
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for L,(0) and L,(90) range from 2-64nm and
4-88 nm, respectively. The (00, 2) d-spacings for these
fibres range from 0.3376-0.344 nm. This range is
somewhat narrower than previously reported, where
corrections for the Lorentz and structure factors were
not applied. The azimuthal full-width at half-intensity
maxima (FWHM) for the (00, 2) reflection reported as
Z, is in the range of 5°-37°.

4. High-resolution scanning electron microscopy
(HRSEM) indicates sheet-like morphology in all
pitch-based fibres, even in low-modulus P-25 where
no three-dimensional order is observed from WAXS.
With an increase in fibre modulus the sheet bound-
aries become more defined. In most PAN-based fibres
a particulate rather than sheet-like morphology was
observed. The particulate morphology was present
even in high-modulus PAN-based M60J carbon fibre,
in which three-dimensional order is observed from
WAXS. These results indicate that sheet-like morpho-
logy does not necessarily imply a three-dimensional
order (e.g. P-25). On the other hand, a fibre with
particulate morphology can display three-dimen-
sional order (e.g. M60J). The PAN-based GY-70
shows weli-developed graphitic sheets and three-di-
mensional order.

5. Considering the various structural parameters
and morphology of the fibre, the variations in crystal-
lite size L, and L,(0), the crystallite anisotropy
L.L,(0)/L,(90), and the development of a sheet-like
structure in the fibre seem to be the factors responsible
for the significant compressive strength differences in
various fibres. Other crystallite dimensions also have
some influence.

6. The fibre compressive strength can be improved
for a given modulus if the desired (00, 2) orientation in
the fibre can be achieved with smaller crystallite size.
Controlling the development of sheet-like character is
also likely to help. The compression failure mechan-
ism in different fibres may be different, and is yet to be
studied.
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