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The microstructure of a series of mesophase pitch-based carbon fibres have been examined
using X-ray diffraction, electron microscopy and Raman spectroscopy. It has been shown that
the mechanical properties of the fibres are related directly to the response of this microstruc-
ture to deformation and, in particular, that the Young’'s modulus and tensile strength of the
fibres are controlled directly by the fibre microstructure. It has also been shown that Raman
spectroscopy can be a useful technique for not only characterizing the microstructure of the
fibres but also for following molecular deformation in the fibres. It was found that the position
of the 1580 cm ™' Raman band for the fibres shifted with the application of stress and that the
rate of shift per unit strain was proportional to the Young’'s modulus of the fibres. It was also
shown that this reflected the higher degree of stressing of the graphite plane in the higher
modulus fibres, consistent with recently developed theories which attempt to explain the de-
pendence of the mechanical properties of carbon fibres upon the degree of orientation of the

graphite planes.

1. Introduction

Over the past decade there has been considerable
research effort in producing carbon fibres more eco-
nomically and with improved mechanical properties.
Mesophase pitch-based carbon fibres represent a
major success in this area [1-4]. Anisotropic meso-
phase pitch has the advantage of good graphitizing
characteristics and employing it allows the production
of a high yield of carbon fibres at relatively low cost.
Carbon fibres produced from mesophase pitch can
have Young’s moduli as high as 8§30 GPa which is
close to the value of 1000 GPa expected for crystalline
graphite [5]. High-modulus rayon-based or PAN-
based carbon fibres with moduli values in the region of
500-700 GPa may only be produced by employing an
expensive hot-stretching process [6,7] or by boron
doping [&].

Mesophase pitch-based carbon fibres have been
shown, by using high-resolution scanning electron
microscopy (HRSEM), to have a sheet-like micro-
structure [9]. Guigon and Oberlin [10] found that
mesophase pitch-based fibres consisted of a combina-
tion of three-dimensionally ordered graphite crystals,
turbostratic graphite and porous domains. Endo [11]
also found evidence for a three-dimensionally ordered
graphitic structure using a combination of X-ray
diffraction and electron microscopy. Another charac-
teristic feature of the microstructure of pitch-based
carbon fibres is their wide variety of transverse struc-
tures such as the onion-skin, radially-oriented and
oriented-core types or even mixtures of these struc-
tures [12, 13]. Matsumoto [14] found that this trans-
verse structure is controlled by the shear-spinning
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conditions in the spinneret and the dimensions of the
die.

In this paper the microstructure of a series of meso-
phase pitch-based carbon fibres, studied using a com-
bination of X-ray diffraction, optical microscopy,
electron microscopy and Raman spectroscopy in an
attempt to obtain a full understanding of the relation-
ship between the mechanical properties and micro-
structure of the fibres is described.

2. Experimental procedure

2.1. Materials

The principal materials used in the study were P-series
mesophase pitch-based carbon fibres from Amoco,
from the same batch that have been investigated
elsewhere [9]. Two other pitch-based fibres were also
examined. They were fibre S1 (Idemitsu Kosan Co.,
Japan) which has good tensile strength, and fibre C700
{Du Pont) which has superior thermal and electrical
conductivities. Some mechanical and structural prop-
erties quoted by the manufacturers for the fibres are
given in Table 1.

2.2. Structural characterization

Wide angle X-ray diffraction (WAXD) traces were
obtained from ground-up samples of the fibres using a
Philips PW 1710 diffractometer and CuK _ radiation.
About 10% of silicon powder was mixed with the
samples for reference purposes. The d-spacings and
crystalline sizes along the a- and c-crystal directions
were determined using the Scherrer equation from the
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TABLE I Mechanical and physical properties of the carbon fibres
(manufacturers’ data)

Fibre Tensile modulus Tensile strength Density
(GPa) (GPa) (gecm™?)

P25 158 1.38 1.90

P35 379 1.90 2.00

P75 517 207 2.04

P100 724 224 215

P120 827 224 218

St 235 2.94 2.00

C700 827 221 213

positions of the diffraction maxima and the width at
half-maximum intensity of the (002), (10) and (11)
peaks.

Fracture surfaces of the fibres were observed un-
coated using a JEOL JSM 6300F ficld emission SEM.
It was found to be capable of resolving the fine
structure of the carbon fibres at high magnification
using relatively low voltages, in the range 2-5kV.
Fracture surfaces of the carbon fibres were also exam-
ined after tensile testing using a conventional SEM
(Philips 505) operated at 20 kV.

Specimens were prepared for transmission electron
microscopy (TEM) by bonding a single layer of car-
bon fibres on to a single holed copper disc. The disc
was then thinned to electron transparency in an lon
Tech 791 ion beam thinner using an argon ion beam at
5kVand 0.1 mA with an angle 17° to the fibre surface.
TEM was undertaken on the thinned sections using an
analytical electron microscope (Philips 400T) oper-
ated at an accelerating voltage of 120 kV. Bright- and
dark-field images and selected-area electron diffrac-
tion (SAD) patterns were obtained for several fibres.

2.3. Mechanical testing

The tensile modulus and tensile strength of the fibres
were determined using a single-filament tensile test.
Single fibres were mounted on paper cards using a
slow-setting epoxy resin adhesive at room temper-
ature which was left to cure for 24 h at room temper-
ature. The paper cards were mounted between the
grips of an Instron 1121 mechanical testing machine.
The edges of the cards were cut and the load-elonga-
tion curves were recorded on chart paper. Gauge
lengths of 10, 25, 50 and 100 mm were used with the
cross-head speed adjusted to give an initial strain rate
of 0.02min~* and a 0.5 N full-scale deflection was
employed. At least 15 specimens were tested for each
gauge length and the fibre strain was determined from
the cross-head displacement. The fibre diameters were
measured using an Olympus optical microscope con-
nected to an image analyser and the stress on each
fibre was determined from the load. Due to the diffi-

culties in specimen preparation and testing, single.

fibre mechanical tests on fibres P100, P120 and C700
could not be undertaken and manufacturers’ data had
to be used.

2.4. Raman spectroscopy
Raman spectra were obtained from single carbon
fibres with and without stress using a Raman micro-
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Figure 1 WAXD patterns of fibres P25, P75 and P120 in the 20
range of 21-28°,

probe system. This consisted of a modified optical
microscope coupled to a Spex 1403 double mono-
chromator. The fibres were mounted on a small strain-
ing rig using aluminium tabs and cyanoacrylate adhe-
sive. The gauge length of the fibres was ca. 15 mm and
the fibre axis was aligned parallel to the stretching
direction to within + 5°. The displacements of the
fibres were determined to an accuracy of 4+ 5pum
using the micrometer attached to the straining rig.
Raman spectra were excited using the 488 nm line of
an argon ion laser operated at 10 mW (ca. | mW at
the fibre) and the laser beam was polarized parallel to
the fibre axis for all measurements. The Raman spec-
tra were recorded using a liquid N, cooled charge
coupled device (CCD) detector and then analysed
using a Lorentzian fitting procedure to determine the
band intensity, band width and band position.

3. Results and discussion

3.1. Fibre structure

3.1.1. X-ray diffraction

Wide-angle X-ray diffraction patterns of ground-up
fibres of P25, P75 and P120 for 20 values in the range
of 21-28° are presented in Fig. 1 and show well-
defined (002) peaks at ca. 20 = 26°. However, in the
case of P25, the (002) peak is asymmetric and there is
a long tail on the low-angle side indicating a certain
amount of disorder in the structure. The (1 0) peak at
20 = 42-44° was less well defined. In the case of the
lower modulus fibres P25, P55, P75 and S1 it ap-
peared as a broad band characteristic of a turbostratic
two-dimensionally ordered structure [1 1], whereas in
the case of P100, P120 and C700 it could be resolved
into two peaks, (100) and (101), suggesting the pre-
sence of three-dimensional crystal order.

The (002) d-spacing and crystal sizes along the a-
and c-directions, L, and L, are listed in Table 11 for
all the fibres. It can be seen that the d-spacing for fibres
P120 and C700 is close to the ideal value for graphite
of 0.335 nm, corresponding to the spacing of close-
packed sheets in a perfect graphite crystal. This indi-
cates that the two fibres are both highly graphitized.
In contrast, the values of the d-spacing increases with
decreasing fibre modulus going from P120 to P25,



TABLE II Structural parameters determined by X-ray diffraction
and TEM

Fibre Diameter d-spacing L, L, 0,
{um) (nm) (nm) (nm) )
P25 115 0.344 57 32 19.2
P55 10.6 0.342 11.0 16.2 11.6
P75 10.7 0.341 114 19.6 10.1
P100 10.5 0.339 430 29.1 6.4
P120 111 0.337 457 372 48
St 113 0.351 6.0 32 143
C700 10.2 0.337 45.7 37.2 5.0

Figure 2 Polarized-light optical micrograph of a polished section of
a number of embedded P120 fibres.

indicative of a turobstratic structure and a decreasing
degree of graphitization. The increasing values of L,
and L, with increasing fibre modulus are consistent
with this interpretation.

3.1.2. Optical microscopy

The polished cross-sections of fibres embedded in an
epoxy resin were viewed under polarized light in an
optical microscope and they were seen to be generally
circular in shape. Fig. 2 shows the cross-sections of
high-modulus P120 fibres and it can be seen that there
is a significant variation of fibre diameter in the batch
of fibres sectioned. Moreover, it can be seen that the
smaller diameter fibres have a random structure
whereas the larger diameter ones show well-defined
extinction patterns indicative of a radially-oriented
structure. In addition, it appears that these fibres tend
to split easily along their length into half or quarter
fibres, consistent with the appearance of their micro-
structure. The average diameters of the fibres are listed
in Table 11, although significant variations in diameter
were found, especially for fibres P75, P100, P120 and
C700. For example, fibres of P75 were found to have

diameters in the range 8.0—13.8 um with an average of -

10.7 pm.

3.1.3. Scanning electron microscopy

Fracture surfaces of the P-series of pitch-based carbon
fibres are shown in Fig. 3, they all appear to have a
sheet-like structure to some extent. In P25 the graph-

ite sheets appear to be poorly defined, highly curved
and rather random in orientation. In P55 and P75 the
sheets are radially-oriented in the skin regions but
random in the core of the fibres. In the case of P100
and P120 the sheets are mainly radially-oriented, but
for P120 at least two types of transverse structure can
be observed, as shown in Fig. 3. One type of structure
has the sheets radiating out of the fibre centre, whereas
the other is an oriented-core type of structure. These
differences in microstructures for P120 are consistent
with the optical microscope observations in Fig. 2.

3.1.4. Transmission electron microscopy
Fig. 4 shows SAD patterns of ion-beam thinned sec-
tions of the fibres P25, P75 and P120. The differences
in the arcing and definition of the equatorial (002)
reflections shows that both the degree of graphitiz-
ation and level of orientation of the graphite planes
increases from P25 to P120 in line with the observed
increase in fibre modulus (Table 1). The quantitative
analysis of patterns has been employed successfuily by
Young et al. [15] to determine the relative degree of
orientation in different aramid fibres and differences in
the degree of orientation between the skin and core
regions of the same fibres. The same approach has
been adopted in this study by measuring the distribu-
tion of intensity across the (002) arcs using a micro-
densitometer [15]. This involved scanning along the
equator to determine the position of the (002) reflec-
tion and the baseline, and then scanning in the perpen-
dicular direction to determine the intensity distribu-
tion across the (002) arc. For the lower-modulus
fibres the broader intensity distribution across the
(002) arcs was determined using a Magiscan Image
Analyser. The half-width at half-maximum intensity 9,
was taken as a measure of the degree of molecular
orientation relative to the fibre axis. The values of 0,
for the different fibres are listed in Table 11, it can be
seen that they range from ca. 19° for the lowest-
modulus fibre to < 5° for the highest-modulus fibres.
The values of 8, in Table I have not been corrected
for instrumental broadening or instrumental distor-
tion. It was also found that, unlike aramid fibres [15],
there were no measurable differences in 0, between the
fibre skin and core regions for the pitch-based fibres
within the experimental error in measuring 0, of
+ 0.5°

Fig. 5a is a bright-field TEM micrograph of fibre
P100 showing a typical interlinked fibrillar structure
and Fig. 5b is a (002) dark-field image of a similar
region. It can be seen that the microfibrils are mainly
parallel to the fibre axis indicating that P100 has a
high degree of orientation. There are also long, needle-
like voids between the microfibrils with their long axes
parallel to the fibre axis. Fine bands which appear
dark in the bright-field micrographs and light in the
dark-field micrographs can also be seen in the micro-
fibrils oriented perpendicular to the fibre axis. These
extinction bands are thought to be due to either a
Moir¢ effect from crossing fibrils [16] or lattice distor-
tion [17]. Since the fibres have a radially-oriented
structure the electron beam is parallel to the edge of
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Figure 3 HRSEM micrographs of fracture surfaces of the mesophase pitch based carbon fibres. (a) P25, (b) P55, (c) P75, (d) P100, (¢) P120

and (f) P120.

the graphite planes, unlike the case of the TEM obser-
vation of Guigon et al. [18]. In this case the width of
the bright domains in the dark-field micrograph re-
flects the crystal size, L, and it is found to be in the
range 10-80 nm with an average of ca. 35 nm, in good
agreement with the X-ray diffraction measurements of
L for this fibre (Table I1). The voids separating the
fibrils could either be true structural defects or thin
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cracks between the graphite planes formed during
sectioning.

3.2. Mechanical testing

The tensile stress—strain curves for fibres P25, P55 and
P75 are presented in Fig. 6, they show non-linear
elastic behaviour with the slope of the curves tending



to increase with increasing strain. Fig. 7 shows the
dependence of the initial modulus of the fibres upon
the gauge length and it can be seen that the measured
modulus increases as the reciprocal of the gauge
length decreases. This is thought to be due to a
combination of machine softness and end effects, the
effect is more pronounced for higher modulus fibres.
Hence, the “true” value of the modulus can be deter-
mined by extrapolating the lines to infinite gauge
length, as shown in Fig. 7. The values of the modulus
obtained from such an extrapolation are close to those
quoted by the manufacturers (Table I) determined
using an aligned strand test on a tow of fibres impreg-
nated with epoxy resin.

The variation of tensile strength with gauge length
is plotted for the fibres in Fig. 8 in the form of a semi-
log plot which shows approximately linear behaviour.
The strong dependence of the tensile strength upon
gauge length is due to the presence of defects and flaws
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Figure 4 Selected-area diffraction patterns of (a) P25, (b) P75 and
(c) P120 fibres.

Figure 5 Transmission electron micrographs of microstructure of
fibre P100, (a) bright-field image and (b) dark-field image.

[19, 20]. An estimate of the “intrinsic strength” of the
fibres can be obtained by extrapolating to a small
gauge length (ca. 0.3 mm) [5, 21] but the values of
strength obtained are much higher than the
manufacturer’s quoted values (Table I). These were
generally obtained using an aligned strand test on tow
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Figure 6 Stress—strain curves for single filaments of fibres P25, P55
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Figure 7 Dependence of the tensile modulus upon the reciprocal of
the fibre gauge length for different fibres.
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Figure 8 Dependence of the tensile strength upon gauge length for
different fibres.

of fibres impregnated with resin. The effect of gauge
length is not taken into account and Barr et al. [3]
have shown that the values of tensile strength ob-
tained by such a technique are significantly lower than
those obtained using single-filament tests.
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Figure 9 Raman spectra for all the mesophase pitch based fibres
studied.

4. Raman spectroscopy

4.1. Raman spectra

It is well established that there are two first-order
bands in the Raman spectra of carbon fibres [22]. One
is ca. 1580 cm ™! and due to the in-plane stretching
mode of the graphite planes and the other is at
1360 cm ™! which is thought to be due to the crystal -
boundary regions. The Raman spectra in the region
12001800 cm™* for all of the pitch-based carbon
fibres studied are given in Fig. 9. Significant differ-
ences can be seen for the spectra from the different
fibres and it can be seen that the relative intensity of
the 1360 cm ™! band decreases with respect to that of
the 1580 cm ™! band as the crystal modulus increases.
Tuinstra and Koenig [23] showed that the relative
intensity of these two bands, I340/I; 550, 15 inversely
proportional to the crystal size, L,, determined using
WAXD. An important point to note is that X-ray
diffraction determines the average crystal size for the
whole of the fibres whereas Raman spectra are ob-
tained only from the surface regions of the fibres up to
a few thousand nm deep [23,24]. Hence, Raman



spectroscopy can be used to quantify differences in
microstructure between skin and core regions of fibres
by sectioning embedded fibres [25]. Significant differ-
ences between spectra obtained from the skin and core
regions of the PAN-based carbon fibres are found but
not for the pitch-based fibres. This is consistent with
similar SAD patterns from the skin and core regions of
the pitch-based fibres (Section 3.1.4).

As well as differences in Raman band intensity,
Fig. 9 also shows that the band peak positions move
to lower frequencies and the band widths decrease as
the fibre modulus increases [26]. In addition, it can be
seen that there is an extra shoulder at 1620 cm ™" for
P25. This is thought to arise from structural disorder
in the material [24,27,28] and coincides with the
presence of a long tail for the (002) Bragg peak in the
X-ray diffraction pattern (Fig. 1).

4.2. Effect of deformation upon the Raman
spectra .

The effect of deformation of graphite and carbon
fibres produced from different precursors has been
studied by Raman spectroscopy [29-31]. It is found
that the band at 1580 cm ~?* shifts to a lower frequency
on the application of tensile stress or strain and that
the position of the band at 1360 cm ™! is also sensitive
to changes in stress or strain. The band at 1360 cm ™1,
however, becomes less well-defined for fibres with
higher values of Young’s modulus and so the sys-
tematic study described here is concerned only with
the strain sensitivity of the band at 1580 cm ™ L. Fig. 10
shows the 1580 c¢cm ™! band for a P75 fibre in the
undeformed state and at a tensile strain of 0.44%. A
clear shift to a lower frequency can be seen and Fig. 11
shows the dependence of the peak position upon
strain for the pitch-based fibre of different moduli. It
can be seen that the slopes of the lines in Fig. 11
increase with increasing fibre modulus showing that
the Raman bands for the higher modulus fibres have a
higher strain sensitivity. Fig. 12 shows the slope of the
lines in Fig. 11 plotted as a function of fibre modulus
and it can be seen that there is an approximately linear
dependence implying that for a given level of strain

Intensity
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1580
Wavenumber (cm™)

1600 1620

Figure 10 Difference in position of the Raman band 1580 cm ™! at 0
and 0.44% strain for P75.

there is more deformation of the graphite planes in the
higher modulus fibres. This behaviour is similar to
that of aramid fibres where a similar dependence of the
rate of Raman band shift upon fibre modulus is
obtained [15,32]. Larger levels of shift per unit strain
for higher modulus fibres have also been reported for
rigid-rod polymer fibres [33] and for gel-spun poly-
ethylene [34, 35]. The behaviour shown in Fig. 12 is
crucial in understanding the relationship between
structure and mechanical properties for carbon fibres,
described in Section 5.

5. Dependence of mechanical properties
upon fibre structure

5.1. Tensile modulus

It is generally accepted that the modulus of high-
performance fibres is related to the degree of molecu-
lar orientation in the fibres, with the highest modulus
fibres having the highest levels of molecular orienta-
tion [15]. Attempts have been made to explain the
relationship between the tensile modulus and orienta-
tion by relating the elastic behaviour to the elastic
constants of single crystals of graphite [36,37] using
both uniform stress and uniform strain models,
whereby the fibres are considered to be composed of
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Figure 11 The variation of band position with strain for fibres P25,
P35, P75 and P100.
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Figure 12 The dependence of the rate of Raman band shift per unit
strain upon Young’s modulus for the different fibres studied.
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relatively-perfect graphite crystals with a range of
orientations with respect to the fibre axis.

Northolt et al. [38] developed this approach and
showed that the uniform stress model could be used to
describe quantitatively the dependence of tensile
modulus upon orientation. They showed that the
relationship between the Young’s modulus, E, of the
fibres and the orientation is given by a relationship of
the form

1 1 <{cos?dp)

E - E' G M
where E_ is the axial crystal modulus, G, is the axial
shear modulus and {cos?’$) is the orientation para-
meter determined using X-ray diffraction or, in this
case, electron microscopy.

It is known [38] that the intensity distribution of
the (002) diffraction peak can be fitted to a Gaussian
distribution and that the orientation parameter
{cosdp> can be expressed with respect to the half-
width at half-maximum, 8,, for the peak as

(cos?py = 0.722sin%6, (2)

The porosity of the fibres also affects the mechanical
properties since the voids do not make any contribu-
tion to load bearing and so reduce the effective cross-
sectional area such that the corrected value of Young’s
modulus is given by

d
Ecorr - d x E (3)
where E is the observed value of modulus, d is the
measured fibre density and d,, pi. is the density of an
ideal graphite crystal (ca. 2.23 gem ™2 [38]).

The reciprocal of the density-corrected value of
Young’s modulus, 1/E,,, is plotted against our values
of {cos?d> (determined by electron diffraction) in
Fig. 13 in accordance with Equation 1. It can be seen
that 1/E,,, increases linearly with (cos?’¢> and an
extrapolation of the linear plot to a zero value of
(cos?*¢) (i.e. perfect orientation) gives a value of crys-
tal modulus, E,, of ca. 1290 GPa, which is close to the
values of 1020 + 30 GPa determined by Blakslee et al.
[39] using an ultrasonic method and of 1160 GPa
calculated by Spence [40].

The shear modulus, G, can also be estimated using
Equation 1 from the slope of the line in Fig. 13. It is
found to be ca. 15.8 GPa which is much higher than
the value of 5.05 + 0.35 GPa for graphite crystals
[41]. However, the torsional modulus of mesophase
pitch-based fibres was measured to be ca. 9-15 GPa
by Hawthorne [42], which is in agreement with our
derived value.

The data of Northolt et al. [38] for pitch-based
fibres are also plotted in Fig. 13 using values of
{cos?d) determined using X-ray diffraction. These
data yield a value of crystal modulus of 776 GPa and a
shear modulus of ca. 15 GPa. The difference in the
results obtained by the two methods could be due to
the different methods of determining {cos’¢), i.e. X-
ray diffraction and electron diffraction. A similar dif-
ference has been found for similar measurements on
aramid fibres [15]. The values of 0, determined in the
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Figure 13 The dependence of the reciprocal of the corrected
Young’s modulus. 1/E,,,, upon orientation parameter, {cos’¢} for
the different fibres studied (®, data from Ref. 38).

present study were not corrected for instrumental
broadening. The values of the half-width at half-
maximum intensity for the (002) peak have been
measured for our set of P-series fibres by Arsenovic et
al. [43] using X-ray diffraction, their values were ca.
3-4° lower than our electron diffraction values. This
systematic error would tend to make our values closer
to those of Northolt et al. [38] in Fig. 13.

The results in Fig. 13 are also in qualitative agree-
ment with the deformation studies using Raman spec-
troscopy described in Section 3.2. The strain-induced
Raman band shifts are essentially a measure of the
crystal stretching and not crystal rotation. Hence it is
expected that in the higher modulus fibres there is
more crystal stretching per unit strain and so the
dependence of the rate of Raman band shift upon fibre
modulus found in Fig. 12 is predicted.

5.2. Fracture behaviour

Although it is known that the presence of flaws in the
structure limits the strength of materials the relation-
ship between the microstructure and tensile strength
of carbon fibres is not yet fully understood. Bennett
et al. [44] found that flaws such as large misoriented
crystals, rather than holes, limit the strength of PAN-
based carbon fibres. Mesophase pitch-based carbon
fibres generally have poorer levels of tensile strength
than PAN-based fibres with the same values of modu-~ -
lus, probably due to their sheet-like structure (Fig. 3)
which allows easy formation and propagation of
transverse cracks.

Fig. 14 shows the dependence of the strain-to-
failure of the fibres upon the d,q, crystal spacing for
the fibres investigated in this present study. Recent
studies by Kumar et al. [45] have shown a strong
relationship between carbon fibre compressive
strength and the crystalline structure. The (002) d-
spacings for the same set of pitch-based fibres deter-
mined from WAXD by them are in excellent agree-
ment with this data, although their work was carried
out on fibre bundles whilst ours was performed upon
ground-up samples. The data of Endo [10] for pitch-
based fibres are also included in Fig. 14, along with
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our data from PAN-based fibres [25], it can be seen
that all of the data fall approximately on a straight
line. This shows the direct effect of the fibre micro-
structure upon fracture behaviour. The decrease in the
value of dg 4 , 1s a reflection of an increase in the crystal
perfection and it can be seen that this leads to a
reduction in failure strain. In the more highly-graphi-
tized fibres, such as P120, the HRSEM micrograph
(Fig. 3) shows that the graphite planes are almost flat,
whereas in less graphitized fibres they are more folded
leading to a lower value of d,,,. Hence, it seems that
crack propagation will be more difficult in the less
perfect structure leading to a higher strain to failure.
The effect of this microstructure upon the strength of
the fibres is more complex since it depends upon both
the fibre modulus and strain to failure such that the
fibres with the best levels of strength will have both a
high modulus and a high strain to failure.

6. Conclusions

It has been shown that Raman spectroscopy is a
powerful technique to both characterize the structure
of carbon fibres and to follow the micromechanics
of fibre deformation. The 1580 cm~! Raman band
moves to a lower frequency under the action of tensile
deformation and the rate of shift of the band per unit
strain increases linearly with the Young’s modulus of
the fibres.

It has been also shown that the tensile modulus of
the mesophase pitch-based carbon fibres can be in-
creased by increasing the degree of molecular orienta-
tion. This improved orientation, however, leads to the
formation of larger, less-folded graphite sheets which
can reduce the strain to failure of the fibres.
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