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Characterization of PAN-based carbon fibres
with laser Raman spectroscopy
Part | Effect of processing variables on Raman band profiles

N. MELANITIS, P. L. TETLOW, C. GALIOTIS*
Materials Department, Queen Mary and Westfield College, London E1 4NS, UK

Laser Raman spectroscopy (LRS) has been employed to characterize the structure and
morphology of a series of carbon fibres, to assess the combined effects of ultimate firing
temperature (UFT) and pre-graphitization drawing during manufacture and, finally, to
investigate the influence of oxidative treatment upon the integrity of the fibre surface. Ten
types of PAN-based carbon fibres of varying modulus, diameter and manufacturing method,
were examined. All their spectral features were recorded and analysed in terms of position,

bandwidth and band intensity. Low-modulus fibres, produced at low graphitization
temperatures, exhibit weak and broad Raman bands in the 1200-1700 cm ~ ' frequency
region. With the increase of the firing temperature, the spectral features sharpen and new
lines appear at higher frequencies. The observed changes in the Raman spectra are
discussed in detail and related to alterations in the conditions of manufacture.

1. Introduction

Laser Raman spectroscopy is a very powerful tool for
assessing structural differences in carbon fibres [1].
Most of the Raman spectroscopic studies conducted
on carbon fibres, have looked at fibres that have been
produced by different manufacturers and by different,
quite often proprietary, processing routes. As a result
of our past collaboration with Courtaulds Graphil plc
[2-5], we have conducted a systematic study of the
various spectral features of carbon fibres that have
been derived from the same precursor (PAN) but by
different processing routes. The latter comprised of
variable precursor prestretching during the stabili-
zation and/or carbonization stages followed by differ-
ent degrees of graphitization.

Raman spectroscopy on graphite, carbons and carbon
fibres is strongly related to the study of the graphite
structure. The lattice dynamics of graphite have been
extensively investigated in the past [6] and various
force constant models have been developed [7, 8]. The
determination of the force constants and, sub-
sequently, the phonon dispersion relations of graphite
[9, 10], has allowed the theoretical calculation of the
lattice frequencies in each case [9, 11].

Most experimental Raman studies on graphite and
carbons cover a Raman frequency range from 0-
3300 cm ™. The frequency range up to 1650 cm ™! has
been denoted as the “first-order” region and from 1650
3300 cm ™1, as the “second-order” region. These terms
refer to the fundamental and overtone/combination fre-
quencies of the scattering species, respectively [12-14].
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A synopsis of the literature [15-29] related to the
assignment of the various Raman bands (D, G, I, G),
is presented in Table I. The letter notation of the
Raman bands established in the literature [29] as-
cribes the 1360 cm ! as the D-line, the 1580 cm ™! as
the G-line and the remaining 1620, 2720 and
2950 cm ™! bands as D', G/, and G, respectively. The
effect of the polarization [21, 22], the temperature of
the laser power [30-35] and the wavelength depend-
ence of the Raman bands has also received some
attention in the literature.

2. Experimental procedure

All carbon fibres of this project were supplied by
Courtaulds Grafil plc. They can be classified into three
general categories, or groups, with respect to their
diameter and their manufacturing technology.

Group A consists of three 7 um diameter fibres .
produced by a “first generation” technology: acrylic -
filaments were wet-spun and drawn in hot water and
saturated steam to a total draw ratio of 14 times, to
yield a final diameter of approximately 12 um. The
filaments were stabilized in hot air until the density
had risen to about 1.40 gcm ™3, using a rising-ramped
temperature regime (225-245 °C). Primary carboniz-
ation was carried out using a maximum temperature
of 950 °C, whilst secondary carbonization and graph-
itization utilized an ultimate firing temperature (UFT)
up to 2600 °C, depending on the modulus. No addi-
tional drawing processes were carried out. During
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TABLE I The major Raman lines of carbon fibres

Line
D G D’ G’
Location 13501370 1575-1582 ~1620 2690-2730
{cm™")
Present in: poorly graphitized fibres single graphite crystal and  non-graphitized fibres. Strong  crystalline graphite and

Attributed to:

References

with tendency to disappear
at higher graphitization
temperatures. Not present
in single graphite crystals

the breakdown of the lattice
symmetry of the graphite
cell and assigned to the
Ay, vibrational mode of the
graphite plane, introduced
by small crystal size and
structural disorder

[15-24]

all carbon fibres

the vibrational mode E,, of
the graphite cell

[14-17]

in low annealing temper-
atures. Detected as a shoul-
der of the G-line in higher
UFT

disorder and small crystal-
lite size. It becomes at-
tenuated when two-dimen-
sional ordering is estab-
lished and disappears at
well-graphitized fibres

[18-22]

graphitized fibres. Splits
into two at very highly
graphitized samples
(UFT > 3000°C). At-
tenuated in only carbon-
ized fibres

overtone of the D-line

[14, 19, 20, 26, 271

TABLE IT Manufacturing details for all carbon fibres examined in this work

Fibre Prestabilization Stabilization Carbonization UFT (°C)
drawing: 245°C drawing: 270°C drawing: 950°C

Al Draw ratio = 14 Constant length 5% shrinkage 2600

A2 1950

A3 1350

Bl Draw ratio = 14 Multi-stage Constant length 2300

B2 2200

B3 1900

B4 1750

C1 Draw ratio = 14 30% extension 10% shrinkage 2600

C2 20% extension constant length 2400

C3 10% extension 10% extension 2200

TABLE 111 Material property values of all carbon examined in this work

Fibre Diameter (um) Young's Tensile strain Surface

modulus (GPa) to failure (%) treatment®

Al 7 390 0.9 0 (No), S

A2 7 305 1.1 S

A3 7 230 1.6 0,5,2%,3 x,4 %

Bt 5 405 11 S

B2 5 370 1.3 S

B3 5 335 1.5 S

B4 5 305 1.8 0,B,C,D(=S),EF

C1 6 378 0.9 S

C2 6 378 1.1 S

C3 6 364 11 S

2§ = Standard treatment, as defined by the manufacturer.
The Young’s modulus has been obtained by testing fibre tows up to 0.4% tensile strain.

stabilization, the filaments were held at constant
length, whilst during carbonization and graphitization
a 5% shrinkage was allowed. The various manufactur-
ing stages for each fibre are displayed in Table II. The
three fibres were supplied with and without surface
treatment. The degree of surface treatment is indicated
for each fibre along with the ultimate fibre modulus in
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Table III. Fibres Al and A3 with standard surface
treatment are identical to the commercial Courtaulds
Grafil fibres HMS and XAS.

Group B consists of four “high-performance” 5.pm
diameter fibres, three of which (B1, B2, B3) are labor-
atory fibres and one (B4) is identical to the commercial
Courtaulds Grafil IM 43-750. The latter, in particular,



has been supplied in six different surface treatments,
denoted by the letters A(0% treatment), B(5%),
C(20%), D(50%), E(100%) and F(200%). 0% stands
for the untreated fibre, whilst 50% corresponds to the
standard treatment. These fibres differ from the “first
generation” fibres in that they were subjected to
a multi-stage pre-stabilization drawing [36, 37].
Moreover carbonization and graphitization were car-
ried out with the filaments held at constant length.
The manufacturing details and the final material prop-
erties are given in Tables II and III.

Group C consists of three fibres, of approximately
6 um diameter, which possess similar modulus values
(Table III) but distinctly different structural morpho-
logy. They were prepared so as to illustrate the influ-
ence of lateral crystal size development, L., and crys-
tallite orientation on the compressive strength of
fibres and composites. The lateral growth of graphitic
crystals is primarily responsive to the ultimate firing
temperature (UFT), whilst crystallite orientation is
determined by a combination of drawing (pre-stretch-
ing and hot stretching) and UFT. Accordingly, these
fibres were produced by varying draw regimes and
UFT (Table III) to achieve similar modulus values of
approximately 370 + 10 GPa. The structural para-
meters for these fibres such as crystallite orientation
and crystallite size, are given in Table IV.

To obtain the Raman spectrum of a carbon fibre the
specimen was mounted on microscope slides and posi-
tioned on the translational experimental stage. The
fibre was aligned with its axis parallel to the polariza-
tion direction of the incident beam. The laser power
on the specimen was approximately 1 mW. A typical
exposure time required for spectrum acquisition was
30 s. It should be noted that the penetrating depth of
the laser beam is estimated to be about 50 nm [15],
which accounts for less than 1% of the fibre diameter.

The effect of the laser power on the Raman spec-
trum of carbon fibres was studied by increasing the
power of the incident laser beam on the specimen from
0.5mW to 8§ mW at discrete steps. Raman spectra
from the fibre cross-section were obtained by first
embedding the single filaments in a thermoplastic
matrix (Cerafix) and, then, by mildly grinding and
polishing in the plane normal to the fibre axis [38].

The Raman spectrum was processed using a dedi-
cated software package, assuming Lorentzian distri-
bution for each frequency peak and quadratic distri-
bution for the background.

TABLE 1V Structural parameters of Group C carbon fibres

Fibre Tensile Azimuthal full- Crystallite
strength width at half- size, L.°
(GPa) maximum,® (deg) (nm)

Ci 4.0 20 6.0

C2 41 21 44

C3 4.2 22 34

*The azimuthal full-width at half-maximum, Fg,,, is measured
from the X-ray diffraction of the 002 plane.

®The crystallite size, L,, was calculated using Scherrer’s equation,
assuming that all peak broadening is attributed to crystallite size
effect.

3. Results
3.1. The first- and second-order
Raman spectrum

The first- and second-order Raman spectrum of all ten
carbon fibres examined in this work, are shown in
Fig. 1. For comparison purposes, the size of each plot
has been normalized to the band of maximum inten-
sity feature.

For both Groups A and B, the fibres produced at
the lowest UFT exhibit two broad bands in the first-
order region of the Raman spectrum, only. As UFT
(and the fibre modulus) increases, the second-order
features grow, whistle the first-order bands sharpen
and become resolved from each other (Fig. 1). Regard-
ing the fibres of Group C, the increase in the surface
crystallinity, as reported in Table IV, results in the
consistent enhancement of the G- and G’-lines and the
relative reduction of the D-line.

3.2. Closer examination of the major
Raman lines

In the spectrum of the high-modulus A1 fibre (Fig. 2),
the D’-line accounts only for ~ 10% of the intensity
of the G-line, whereas in the intermediate modulus A2
fibre, it rises to about 30% of the G-line, according to
the Lorentzian analysis of the spectroscopic data. Fur-
thermore, in the case of the low-modulus fibre A3, the
DY'-line appears to dominate the fibre spectrum. The
two bands (G and D’) have merged in one broad
feature, shifting the peak of the band from 1580 cm ™!
to ~1600 cm ™. The change in the relative intensity is
affected both by the rise of the D'-line and the dra-
matic reduction of the intensity of the graphitic G-line
with the decrease in the fibre modulus and fibre sur-
face crystallinity.

Similarly, for the fibres of Group B (Fig. 3), the
relative intensity of the D'-line, with respect to the
intensity of the G-line, increases from just above 0.2
(B1) fibre to about 0.3 (B3). In the case of the B4 fibre,
the “shoulder” D’-line has totally overwhelmed its
graphitic counterpart, shifting the peak of the merged
(G-D’) feature to ~ 1600 cm ™.

Finally, for the fibres of group C, the higher the
degree of fibre crystallinity, the more intense is the
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Figure 1 The Raman spectrum of the carbon fibres of this pro-

gramme of study.
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Figure 2 The G-line of the Group A fibres (7 um diameter, “first
generation” fibres). (—) A1, (—) A2, (——-) A3.
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Figure 3 The G-line of the Group B fibres (5 pm diameter, “high-
performance” fibres). (—) B1, (—) B2, (e« ) B3, (——-) B4.

G-line and, conversely, the weaker is the D’-line of the
carbon fibre Raman spectrum (Fig. 4).

High-resolution spectra of the main second-order
band (G'-line at ~2700 cm ™) provide evidence for
the growth of this feature in tandem to the graphitic
G-line for UFT of up to 2600 °C. The higher the fibre
modulus and its surface crystallinity, the stronger is
the presence of this line in the second-order Raman
spectrum- of the carbon fibre and the sharper is its
linewidth. This is demonstrated in Fig. 5 for the fibres
of Group B. Similar plots can be produced for the
G'-line of the fibres of Groups A and C.
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Figure 4 The G-line of the Group C fibres (6 um diameter, “varying
morphology” fibres). (—) C1, (—) C2, (-—-) C3.

Intensity (G “line)

I
2620 2660

T L T

4 I
2700 2740 2780

Raman frequency (cm ™)

Figure 5 The G’ line of the Group B (5 pm diameter, “high-perfor-
mance” fibres). (—) B1, (~) B2, (®) B3, (——-) B4.

3.3. The effect of laser power on the
Raman spectrum of carbon fibres
The D-line, the G-line, its “shoulder” D’ and the
second-order G'-line of three selected carbon fibres,
the Al (high-modulus 7 pm diameter), the B4 (inter-
mediate modulus 5 pm) and the A3 (low-modulus
7 um) fibres, have been monitored under varying laser
power ranging from 0.5-8 mW on the specimen.
The “disorder”induced D-line shifts linearly to
lower frequencies with increasing laser power, at a rate
of —0.35cm™!mW™! for the Al fibre, — 0.90 cm™*
mW ™!, for the B4, and, — 1.10cm ™ 'mW ™1, for the
A3 carbon fibre. No significant change in the fibres
bandwidth is observed within the 0.5-8 mW range.



This is in accordance with recently reported studies
[33], in which a measurable increase in the bandwidth
of this line was detected only at laser power over
30 mW on the specimen. The effect of laser power on
the G-line of the carbon fibre Raman spectrum is
negligible with respect to the bandwidth.

A similar trend is followed by all Raman bands, as
demonstrated in the summary of Table V. Finally, no
change in the relative intensities of the main lines of
the Raman spectrum was detected for the three fibres
examined, after exposure to a laser power of up to
8 mW.

3.4. The effect of fibre surface treatment
on the Raman spectrum of carbon fibres
To study the effect of the surface treatment on the
Raman spectrum of carbon fibres, three types of fibres
were examined. These were the high-modulus Al
(7 um) fibre in both its untreated (HMU) and surface-
treated (HMS) forms, the intermediate modulus B4

TABLE V The effect of laser power on the Raman spectrum of
carbon fibres

Frequency Laser power dependence (cm™'mW 1)
band
A1 (390 GPa) B4(305GPa) A3 (320GPa)
D —035 —0.90 —1.10
G (or G-D) —0.45 -2.30 —2.40
D’ —0.40 — -
G —0.60 - -
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Figure 6 Comparison of the Raman spectrum of (a) the untreated
and (b) surface-treated A1 (390 GPa) fibre.

(5um) fibre in the untreated (0%) and variously
treated forms (5%, 20%, 50%, etc.) and the low-
modulus A3 (7 um) fibre in all of its available surface
treatments (Table III).

The first- and second-order Raman spectrum of the
treated A1 fibre (Fig. 1) is compared with the spectrum
of the untreated fibre, in Fig. 6. The intensity scale is
normalized to the intensity of the prominent G-line.
The following direct observations can be made for the
treated Al fibre, compared with the untreated one; (a)
the “disorder”-induced D-line rises with respect to the
G-line, (b) the D'-line becomes more pronounced, and
(c) the intensity of the second-order G'-line decreases
with respect to the graphitic G-line.

In order to investigate further the effect of oxidative
surface treatment upon the Raman spectra of the
fibres examined here, the high-resolution real intensity
Raman spectra of the treated A1 (HMS) and untreated
Al (HMU) fibres, are superimposed within the range
of 1500-1660 cm ™! (Fig. 7). The results show. that the
change in the relative intensities of Fig. 6 is attributed
to (a) the increase of the D'-line, and (b) the drop of the
G-line.

In contrast to the Al fibre, the Raman spectrum of
the B4 and A3 fibres is not affected by the degree of
surface treatment, as demonstrated for the various
degrees of surface treatment of the B4 fibre, in Fig. 8.

3.5. The Raman spectrum of the carbon fibre
cross-section

Two 7 um fibres, the A1 and the A3, which correspond

to the highest and the lowest modulus fibres of fibre

- A1 untreated

a=z A treated

Intensity

T
1580 1620 1660

1500 1540

Raman frequency {cm ')

Figure 7 Real intensity high-resolution spectra of the G-line of the
untreated and surface treated Al (390 GPa) fibre.
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Figure 8 The first-order Raman spectrum of the B4 (305 GPa) fibre
for various degrees of surface treatment.
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Figure 9 (a) The first-order Raman spectrum taken from (—) the
surface and (—) the cross-section of the Al (390 GPa) fibre (real
intensities). (b) High-resolution spectrum (G-line) taken from (—)
the surface and (—) the cross-section of the Al (390 GPa) fibre
(normalized intensities).
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Figure 10 The first-order Raman spectrum taken from the surface
and the cross-section of the A3 (230 GPa) fibre (real intensities).

Group A, were selected for preliminary examination.
The first- and second-order Raman spectra of the Al
carbon fibre obtained from its cross-section and from
the fibre surface, are overlaid in Fig. 9a. The real
intensity scaling has been retained. The dramatic rise
of the “disorder”-induced features D and D’ is accom-
panied by a sharp reduction of the intensity of the
graphitic G-line and the G'-line. The characteristic
“crystallinity” ratio, Ip/Ig [15, 16] is increased from
a value of 0.35 in the carbon fibre surface Raman
spectrum, to a value 1.65 in the cross-sectional Raman
spectrum. The enhancement of the 2950 cm ™! feature
in the cross-section spectrum is consistent with the
assignment of this feature as a combination mode of
the D and the D'-lines [14]. The high-resolution
Raman spectrum near the G-line, presented in Fig. 9b,
shows the significant growth of the D' shoulder of the
graphitic G-line at the cross-section of the Al carbon
fibre. It should be noted here, that at the fibre cross-
section, the incident laser beam “sees” more graphite
plane edges than basal planes [22] and, therefore,
a reduction in the Raman activity originated from the
in-plane vibrational mode, E,,, corresponding to the
G-line, is expected.

The first-order Raman spectrum of the low-
modulus A3 carbon fibre exhibits almost identical
features regardless of whether it originates from the
fibre skin or the core (Fig. 10). The intensity ratio,
Ip/I, increases slightly from 0.80 in the surface spec-
trum to about 0.9 in the cross-sectional Raman spec-
trum.

4. Discussion

4.1. The Raman spectrum of carbon fibres
The Raman spectrum of a carbon fibre can provide
information about the degree of crystallinity at the



near-surface region of the fibre ( ~ 50 nm). The sharper
the G-line (at 1580cm™!) and the G’-line (at
2700 cm ™ 1), the higher the surface crystallinity of the
fibre and, in general, the fibre Young’s modulus. The
G-line has been indisputably assigned to the E,, vi-
brational mode of the graphite cell [14, 15] and is the
dominant feature in the spectrum of all fibres tested,
with the exception of the low-modulus A3 and the
intermediate modulus B4 fibres. In these two cases, the
G-line has merged with the “disorder”-induced D’-line
at 1620 cm ™! (Figs 3 and 4).

As mentioned earlier, the D’-line is related to the
“disorder”-induced D-line at 21360 cm™'. In fact,
the intensity ratio between the I)'- and D-lines (Ip/Ip)
appears to be approximately constant and 0.2-0.3 in
value for all the fibres examined. This implies that
during carbonization and graphitization both these
features grow and subsequently decay at approxim-
ately the same rate. Finally, the decrease of the inten-
sity of the second-order G'-line with surface treatment,
is again indicative of the close association of this line
with the G-line rather than with the D-line [14, 19].

The presence of all “disorder”-induced lines can be
derived from the phonon dispersion curves and is due
to the distortion of the symmetry of the crystallite and
henceforth to the breakdown of the selection rules for
Raman activity [11, 19]. In morphological/structural
terms, this is a consequence of the presence of crystal-
lites of finite size in non-graphitized carbon fibres [15,
16] and /or the presence of plane edges in the samp-
ling scattering volume which determines Raman activ-
ity [22]. Contrary to previous claims [24], both the
“disorder” induced D-line and the “graphitic” G-line
should be related to the same structural configuration
because the full-width at half-maximum (FWHM) of
these two bands follow a 1:1 relationship (Fig. 11).

In the case of B4 and A3 fibres, one would expect
that the merger of the G and D’-lines would cause
a deviation of the ratio of the bandwidths of the D-
and G-lines towards lower values. It seems, however,
that the broadening of the D-line, possibly due to the
presence of residual non-carbon elements, such as
nitrogen, exceeds the broadening of the combined G-
and D'-lines, hence, the shift to larger values in Fig. 11.

Whichever is the source of these “disorder” features,
their presence is- an indication of the amount of
“graphitic” morphology at the carbon fibre surface.
Therefore, in the present investigation, the term “dis-
order” implies the perturbation of the smoothly strat-
ified long graphite layers by finite-size crystals and/or
discontinuities introduced by the graphite planc edges
exposed at the surface and near-surface of the fibre.
The quality of the graphitic nature of the fibre surface
can also be evaluated by the ratio of the intensities of
the D- and G-lines, I/l g, known as intensity ratio, or,
“crystallinity” ratio.

4.1.1. Effect of oxidative treatment upon the
In/Is intensity ratio

The intensity ratio of highly crystalline fibres, such as

A1, is not only a function of carbonization and graph-

itization temperatures, but it also changes with surface
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Figure 11 The FWHM of the D-line as a function of the FWHM of
the G-line of the carbon fibre Raman spectrum. (—) 1:1 line, (%)
experimental (O) A3 and B4.

oxidative treatment. In fact, electron diffraction stud-
ies on PAN-based carbon fibres [39] revealed that the
crystallite thickness, L., and the angle orientation, ¢,
at the skin of heat-treated carbon fibres to 2500 °C, are
about 10 nm and 14°, respectively. At the fibre core,

“values of 33 nm and 24°, respectively, have been ob-

tained. On the other hand, heat-treated carbon fibres
at 1500°C, exhibited L, = 16 nm and ¢ = 43° in both
regions. No change was observed between surface and
core of carbon fibres heat treated at 1000°C [40].
Indeed, as postulated elsewhere [41], the surface treat-
ment on high-modulus carbon fibres removes weak
boundary graphite layers from the fibre surface and,
consequently, exposes the less crystalline core and
a greater number of graphitic edge planes [42—44] to
the incident radiation. These findings agree well with
the increase of the intensity ratio Ip/lg with degree
of surface treatment, obtained in this work. Similar
effects have been observed on the Raman spectrum of
Ar"-etched highly oriented pyrolytic graphite
(HOPG) {45]. A schematic representation of the effect
of oxidative treatment upon the carbon fibre surface,
is shown in Fig. 12.

4.1.2. Effect of skin—core morphology upon
the Ip/l5 intensity ratio
The Raman spectroscopic data from carbon fibre
cross-sections should be treated with caution before
any conclusions are drawn with respect to the internal
structure of carbon fibres. As has been shown earlier
[46], severe grinding can affect both the graphite in-
terlayer distance and crystallite size, while mild grind-
ing does not induce any damage. The differences in the
value of intensity ratio obtained from the surface and
the cross-section of the high-modulus A1 fibre, should
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Figure 12 A simple structural model to account for the enhance-
ment of the “disorder”-induced features in the Raman spectrum of
surface-treated high-modulus fibres.

not be necessarily interpreted as a skin—core effect
because the scattering units are at a different orienta-
tion to the incident beam in the two configurations. On
the other hand, the surface and cross-section spectra
of the B4 and A3 fibres show no significant differences
and this indicates the existence of a high degree of
structural homogeneity throughout these fibres.

4.1.3. Effect of firing temperature upon the

Ip/1s intensity ratio
Within each fibre group (A and B) all fibres have been
produced following a specific temperature and draw-
ing regime. In general, the increase of the UFT, under
a constant drawing regime, results in a higher fibre
modulus, sharper Raman features and reduction in the
intensity ratio Ip/Ig (Fig. 13a, b and c, d). However, in
the case of group C fibres which have been manufac-
tured under a variable drawing regime, a reduction of
the intensity ratio, Ip/Ig, does not necessarily corres-
pond to a higher modulus fibre (Fig. 13e, f). However,
it is worth mentioning again here that the penetration
depth is of the order of 50 nm and therefore the inten-
sity ratio Ip/Ig should accurately correlate to the
modulus of the near-surface region of the fibre. Fibre
drawing (especially hot stretching) during manufac-
ture, tends to orient the crystallites in the direction of
the fibre and thus a higher average modulus can be
obtained at lower firing temperatures. Therefore, in
spite of differences in the “surface” crystallinity and
hence “surface” modulus, the average fibre modulus
can be kept constant. This has tremendous reper-
cussions for both the compressional behaviour of
these fibres but also for the adhesion to polymeric
resins. As shown elsewhere [4], a dramatic increase in
the compression strength to failure is obtained by
producing a high-modulus fibre such as the C3, in
which the crystallite size is small but the crystallites
are well oriented along the fibre axis by hot drawing
during processing. Equally, a fibre which does not
exhibit a highly crystalline skin can be surface treated
more easily and, at any rate, is expected to adhere
better to polymeric resins through mechanical inter-
locking.
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Figure 13 The fibre Young’s modulus and the intensity ratio, In/I,
as a function of the UFT for the three groups of fibres examined
in this programme of work. (a,b) Group A, (c, d) Group B, (e, )
Group C.

4.2. Special reference to the ““poorly”
crystalline fibres

The case of the low-modulus A3 and the B4 fibres
should be dealt with separately. As mentioned earlier,
the Raman features of these two fibres deviate dra-
matically from the trend followed by the rest of the
fibres due to the merger of the G- and the D’-lines
(Figs 2 and 3). In addition, the “disorder”-induced
D-line, for both the A3 and the B4 fibres, is exception-
ally broad. As a result, the plot of the FWHM of these
two bands, as a function of the I/l intensity ratio,
deviates considerably from the relationship observed
in all other cases (Fig. {4). Furthermore, these two
fibres differ from the rest in that they have no second-
order Raman features.

Because the Raman spectrum of carbon fibres is
related to crystallite symmetry, crystallite size and
average orientation [15, 16], the observed differences
in A3 and the B4 fibre Raman spectra are indicative of
significant structural/morphological differences as
compared to the other fibres. It is important to note
here that both fibres have been produced at the lowest
carbonization temperatures of all fibres in their series.
At such low temperatures non-carbon elements are still
present in-the structure. For example, a nitrogen con-
tent of ~3.0% has been measured in fibres carbonized
at 1300 °C [40]. Therefore, there may be a critical heat-
treatment temperature level, below which, residual
nitrogen groups [47], make a significant contribution
to the fibre Raman spectrum, particularly if they form
heterocyclic compounds [48]. Indeed the Raman
spectrum of PAN fibres shown in Fig. 15, exhibits
a number of frequency lines in the frequency regions of
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Figure 14 The FWHM as a function of the intensity ratio, Ip/Ig,
for the (a) G-line, (b) D-line, and (c) G'-line.
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Figure 15 The Raman spectrum of the precursor PAN fibre, com-
pared with the spectra of the A1 (390 GPa) and the A3 (230 GPa)
carbon fibres.

12001500 and 2950 cm ™!, which may still interfere in
the spectrum of low-modulus/low heat-treatment car-
bon fibres. Conclusive evidence for these effects can be
produced by monitoring the evolution of the carbon
fibre spectrum through all stages of fibre production,
such as PAN oxidization, stabilization and graphitiz-
ation. This work is currently in progress.

4.3. The ambiguous nature of the
second-order G'-line

The most pronounced high-frequency line in the

Raman spectra of all carbon fibres of this work, with

the exception of A3 and B4, is the G'-line appearing at

~2700 cm 1. The FWHM of this line increases as the
intensity ratio, Ip/Ig, increases, following the same
trend as all major Raman lines (Fig. 14). Moreover, as
shown in Fig. 1, the intensity of the G’-line increases
proportionally to the intensity of the G-line during
graphitization. Although the intensity of this line
scales with the intensity of the main “graphitic” G-line,
it has been assigned as an overtone of the “disorder”-
induced D-line [14] for the following reasons: (a) its
frequency value is twice the frequency of the D-line
(2700 = 2 x 1350), (b) its FWHM is twice that ob-
tained from the low-frequency bands, and (c) its sensi-
tivity to the excitation wavelength is analogous to that
observed for the D-line [34]. Further evidence for the
assignment of this band as an overtone is provided by
its strain sensitivity, which is over twice as high as that
of the low-frequency Raman bands [49].

As mentioned earlier, the G’-line consists of a two-
phonon combination and hence requires the existence
of a certain degree of structural order in order to be
present. Indeed, the development of two-dimensional
ordering at higher firing temperatures [27], enhances
the intensity of the main G-line at the expense of
the D-line, but at the same time allows the evolution of
the G'-line. When three-dimensional ordering devel-
ops at graphitization temperatures higher than
3000°C, the D-line disappears completely and the
second-order G'-line splits into two bands [27].
Finally, in the single crystal of graphite, only the
G-line is present [27].

It appears, therefore, that for non-fully graphitized
materials such as carbon fibres, the G'-line is related to
the D-line with regards to position and laser
wavelength dependence and to the G-line with regards
to its intensity. Although, similar effects have been
reported by most workers in the field, they have not as
yet been fully interpreted or understood.

5. Conclusion

The Raman spectrum of carbon fibres comprises
a number of frequency bands, each one assigned to
a certain structural configuration. The G-line located
at ~1580cm™", is assigned to the E,, vibrational
mode of the graphite crystal. Fibres produced at low
firing temperatures exhibit broad lines (D and D), .
which, in some cases, can overshadow the main graph-
itic G-line. These bands have been attributed to the
increase in the amount of the crystallite boundaries
due to smaller crystallite size and/or to the presence of
graphite plane edge in the fibre structure. The increase
in the heat-treatment temperature (firing temper-
ature), yields a fibre product with highly oriented,
larger crystallite units, resulting in a higher fibre
Young’s modulus. The Raman spectrum of such
a fibre exhibits a pronounced, narrow and intense
G-line, diminishing “disorder” features and an intense
high-frequency band at ~2700cm~! (G'-line). In
terms of its Raman frequency value and its wavelength
dependence, the G'-line appears as an overtone of the
“disorder”-induced D-line; however, in terms of its
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other Raman characteristics (intensity, FWHM) is
closely associated with the G-line.

The oxidative surface treatment of carbon fibres
with highly crystalline surface results in an enhance-
ment of the “disorder” bands of the Raman spectrum.
On the contrary, the same treatment has no detectable
effect in the Raman spectrum of low modulus and less
crystalline fibres. A measure of the fibre surface cry-
stallinity is given by the intensity ratio, Ip/Ig, of the
D- and G-lines of the carbon fibre Raman spectrum.
However, this ratio cannot be directly related to the
bulk fibre modulus, because control of the fibre mor-
phology during manufacture can yield fibres with dif-
ferent intensity ratio, but similar Young’s modulus
(e.g. fibres C1, C2). The “tailoring” of the fibre mor-
phology can produce a fibre with less “graphitic”
surface features, as revealed by its Raman spectrum,
but of equal or even higher fibre modulus, e.g. fibres of
Group C, or fibres B1 (405 GPa) and A1 (390 GPa). It
is believed that as a result of such a morphology
alteration (produced by controlled pre-stretching and
hot stretching of the precursor and the primer stages
fibre), radial anisotropy phenomena can be signifi-
cantly reduced. Further evidence for this will be pre-
sented in Part I1 [49].
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