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Abstract

A polyacrylonitrile (PAN) fibre, Dralon T (DT), and a copolymer manufactured as a carbon fibre precursor, Special Acrylic Fibre (SAF),
were studied as received and after heat-treatment in air at various temperatures up to 3008C. Wide angle X-ray scattering (WAXS) was
undertaken on single fibres, fibre bundles and films, utilizing both conventional and synchrotron sources. With a conventional source, the
normal WAXS pattern was observed for both polymers, i.e. two main equatorial reflections, a diffuse equatorial reflection and a diffuse off-
equatorial reflection. With a synchrotron source, seven equatorial WAXS reflections could be detected in DT. Also, a sharp, meridional
reflection was observed in SAF as received and in DT after stretching at 1008C. Unpolarized and polarized infra-red spectra were obtained
from single fibres and films by FTIR microscopy. A measure of the extent of reaction (EOR) following heat-treatment was derived from the
intensity of the nitrile absorption and the intensity of absorption at 1600 cm21: EOR� [I1600/(ICN 1 I1600)]. Two complementary measures of
orientation were used to follow changes on heat-treatment: the peak width at half-height of an azimuthal plot of the most intense WAXS
reflection and the nitrile dichroic ratio from FTIR microscopy. For fibres held under tension during heat-treatment, the degree of orientation
by either measure did not decrease until the EOR exceeded 0.5. Solid-state13C NMR, together with IR results, indicated that at least three
chemical processes occurred on heat-treatment: nitrile reaction, conjugated C�C formation and oxidation.q 1999 Elsevier Science Ltd. All
rights reserved.
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1. Introduction

Fibres of polyacrylonitrile (PAN), usually including a
comonomer, find application in textiles and as carbon
fibre precursors [1]. For carbon fibre production, PAN fibres
are stabilized by heating in air at temperatures in the range
2008C–3008C, prior to carbonization in an inert atmosphere
at temperatures above 10008C [2].

Various reaction schemes have been proposed to occur
during stabilization, as reviewed by Bashir [3]. Houtz [4]
suggested the formation of a heteroaromatic, cyclic struc-
ture (Table 1, structurea). Later workers [5–8] have
favoured a cyclic polyimine structure frequently referred
to as ‘‘ladder polymer’’ (Table 1, structureb), which may
undergo tautomerization to a polyenamine (Table 1, struc-
ture c), followed by isomerization and further reaction [9–
11]. It has also been suggested that various types of inter-
molecular crosslinking may arise [12–14] (Table 1, struc-
turesd–f) or that dehydrogenation may result in conjugated
polyenes (Table 1, structureg) [15,16]. On stabilization in

air, oxygen is incorporated into the fibre and reactions lead-
ing to nitrone [17], ketone [18], epoxide [18], lactone [19],
lactam [19] and other structures [20] have been suggested.
Ferguson and Mahapatro [21] proposed that oxidative chain
degradation competes with cyclisation. Jellinek and Das
[22] attributed the production of HCN on thermal oxidative
degradation at temperatures above 2508C to a process invol-
ving chain scission.

It is generally thought that the better the degree of mole-
cular orientation in the original PAN fibre, the better the
mechanical properties, in particular the modulus, of the
resultant carbon fibre [23,24]. However, despite more than
40 y of research, there is still much uncertainty regarding
the nature of the molecular order in PAN and the micro-
structural and chemical changes which take place during
stabilization.

Wide angle X-ray scattering (WAXS) of drawn PAN
fibres shows two strong equatorial reflections (Bragg
spacingsd < 3.0 Åandd < 5.3 Å), indicating order perpen-
dicular to the fibre axis, but off-equatorial reflections are
generally diffuse. These results have frequently been inter-
preted in terms of hexagonal packing of ‘‘molecular rods’’
comprising distorted helices [13,25,26] or kinked planar
zig-zags [27]. Some have assumed a single, laterally ordered

Polymer 40 (1999) 5531–5543

0032-3861/99/$ - see front matterq 1999 Elsevier Science Ltd. All rights reserved.
PII: S0032-3861(98)00778-2

* Corresponding author. Tel.: 0044 0161 275 4706; fax: 0044 0161 275
4598.

E-mail address:Peter.Budd@man.ac.uk (P.M. Budd)



[28–34] or paracrystalline [35] phase, whilst others propose
a two-phase structure with regions of ordered rods and
regions of amorphous material [36–40] or disordered rods
[41,42].

Under certain conditions, the main equatorial reflections
from PAN appear to be doublets [43,44] and additional
peaks have been observed, leading some workers to assign
three-dimensional, orthorhombic unit cells [44–47]. Diffuse
scattering atd < 3.3 Å has been referred to as an ‘‘amor-
phous halo’’ and, on this basis, degrees of crystallinity of
30% or more have been reported [48,49]. Commercial PAN
is essentially atactic. If it is regarded as a conventional

semi-crystalline polymer, such high degrees of crystallinity
require either two separate crystalline phases, one of syndio-
tactic sequences and one of isotactic sequences [44], or a
mixed tacticity phase, incorporating ‘‘shape emulating’’
conformations [50,51]. Alternatively, if PAN is regarded
as having a single-phase structure, the scattering atd <
3.3 Å may arise from rotational disorder of molecular rods
[27].

There have been a number of previous studies of the
changes in microstructure which occur on heat-treatment
of PAN fibres, utilizing such techniques as WAXS
[39,41,52–59], small angle X-ray scattering [39,58–61]
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Table 1
Possible structures which may arise in stabilised PAN

Structure Reference

a Heteroaromatic cyclic
structure

Houtz [4]

b Polyimine cyclic
structure (ladder
polymer)

Grassie et al. [5,6] Burlant and
Parsons [7] LaCombe [8]

c Polyenamine cyclic
structure

Coleman and Petcavich [9]
Fochler et al. [10] Xue et al. [11]

d Propagation crosslink Grassie and Hay [12]

e Intermolecular nitrile
crosslink

Olivé and Olivé[13]

f Azomethine crosslink Schurz [14]

g Conjugated polyene Berline et. al. [15] Fester [16]



and infra-red spectroscopy [57,58]. The arc width of the
strongest equatorial reflection in the WAXS pattern
provides an indication of the degree of orientation [56,62].
When carrying out WAXS studies of PAN fibres using a
conventional source, it has been necessary to use a bundle of
fibrils in order to obtain adequate scattering intensity. For
quantitative studies of orientation, non-parallel alignment of
fibrils in a bundle is likely to introduce a systematic error
into the results. In the present work, a synchrotron source
enabled single fibres to be studied and a comparison made
with bundle data. Fourier Transform Infrared (FTIR) micro-
scopy was also employed in studies of single fibres, to
obtain information about chemical changes and, using
polarized radiation, about molecular orientation.13C NMR
was used to obtain further information about the chemical
changes occurring on stabilization.

The aims of this study were (i) to evaluate techniques for
the study of single fibres and (ii) to investigate the chemical
and microstructural changes occurring on stabilization in
air. Two commercial fibres were used, a homopolymer
PAN, ‘‘Dralon T’’ (DT), and a copolymer manufactured
as a carbon fibre precursor, ‘‘Special Acrylic Fibre’’
(SAF). The fibres were studied as received and after heat-
treatment in air for various times at temperatures in the
range 2008C–3008C. Heat-treatments were carried out
both with the samples maintained under tension, as they
are during carbon fibre production, and with the fibres
allowed to relax. Some experiments were also undertaken
on fibres annealed and stretched at 1008C, and on films
prepared from DT and SAF.

2. Experimental

2.1. Fibres

The homopolymer PAN fibre, DT, was supplied by Bayer
on a reel as a continuous twisted tow. Fibres were manually
untwisted before experiments were carried out. The
diameter of a DT fibril was estimated from microscopy as
15–20mm.

The copolymer fibre, SAF, was supplied by Courtaulds on
a reel in a continuous, untwisted form, with each tow
consisting of 6000 fibrils. The diameter of a SAF fibril
was estimated from microscopy as 8–12mm. The composi-
tion of SAF is reported [63] as 93% acrylonitrile, 6% methyl
acrylate and 1% itaconic acid. SAF was manufactured as a
precursor for carbon fibre production.

2.2. Stabilization of fibres

Stabilization of fibres was carried out in a Carbolite
furnace with a Eurotherm temperature controller. Two
samples were treated simultaneously, each clamped at one
end to a brass holder. One sample was held under tension by
applying a 360 g weight. The second sample was allowed to
relax during heat-treatment. The mass of sample was about

0.2 g in each case. Heat-treatments were carried out at
temperatures of 2008C, 2258C, 2508C, 2758C and 3008C
for various times between 5 and 90 min, and at 1008C for
16 h. In addition, an experiment was undertaken in which
fibres were stretched at 1008C, over a 2 h period, by about
30% of their original length.

For solid-state13C NMR, at least 600 mg of sample was
required, so bundles of five tows of SAF (approximate
weight 1 g), and similar amounts of DT, were used to
carry out stabilization at 2258C. Samples were held under
tension, as otherwise such large samples fused during heat-
ing and underwent large weight loss.

2.3. Films

Films were prepared from DT and SAF as follows: A
solution of the polymer (3% by weight in dimethylforma-
mide) was poured into a crystallising dish then placed in an
oven at 808C for 48 h. The resulting film was washed twice
with distilled water for 24 h and dried under vacuum for
48 h. To induce orientation, samples of DT film were slowly
stretched by 100% at a temperature of 1508C and samples of
SAF film were stretched by 100% and 200% at 1108C. Films
of DT were more brittle than those of SAF, and could not be
stretched to the same extent.

2.4. Elemental analysis

Elemental analysis was carried out by the Department of
Chemistry Microanalysis Service, University of Manche-
ster. Both fibres were analysed for C, H, N and, in the
light of a report in the literature [64], for traces of Ca, K,
Na and Mg.

2.5. 13C nuclear magnetic resonance spectroscopy

High resolution 13C NMR spectra were obtained for
solutions of DT and SAF [20% by weight in deuterated
dimethylsulphoxide(DMSO-d6)] at ambient temperature in
10 mm o.d. NMR tubes using a Varian Associates Unity 500
Spectrometer operating at 125 MHz, with a flip angle of 608
and a recycle time of 10 s. Solution spectra were also
obtained for material extracted with DMSO-d6 from stabi-
lized fibre samples.

Cross-Polarization/Magic Angle Spinning (CP/MAS)13C
NMR was carried out using a Varian Unity 300 spectro-
meter operating at 75.5 MHz, equipped with a Doty Scien-
tific Industries Inc. 7 mm CP/MAS probe. Approximately
600 mg of chopped fibre were packed into a ZrO2 rotor with
Kel-F caps. Spectra were obtained with a contact time of
2 ms and a recycle time of 5 s. The1H decoupling field was
45 kHz.

2.6. Fourier transform infra-red microscopy

FTIR microscopy was carried out on single fibres,
mounted under slight tension with double-sided sticky
tape, using a Spectra-Tech IR Plan microscope attached to
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a Digilab FTS-40 spectrometer. Spectra were recorded over
a spectral range of 4000–800 cm21, with 256 scans typically
being collected, using a liquid nitrogen cooled mercury–
cadmium–telluride detector. A gold-wire grid polarizer
was used for orientation studies. When using the polarizer,
spectra were acquired with the polarizer set both parallel
and perpendicular for the same region of fibre.

As an indication of orientation, dichroic ratiosD were
calculated for the nitrile absorption and, in the case of

SAF, the CO absorption, usingD � [(A yy 2 AÁ)/(Ayy 1
AÁ),], whereAyy is the absorption with the electric vector
of polarized IR radiation parallel to the fibre axis andAÁ is
the absorption with the electric vector of polarized IR radia-
tion perpendicular to the fibre axis. Values ofD range in
principle from 2 1 for perfect orientation of the transition
moment perpendicular to the fibre axis to1 1 for parallel
orientation of the transition moment. From repeat experi-
ments, confidence limits in values ofD were ^ 0.02. It
should be noted that other workers have expressed dichroic
ratio in a variety of different ways [Ayy/AÁ, AÁAyy or (Ayy 1
AÁ)/(Ayy-AÁ)] [65,66]. Various models of orientation may be
applied to polymers in order to obtain orientation para-
meters and for PAN it has been shown that, if the Kratky
orientation model is applicable, the transition moment for
the nitrile group is at an average angle of about 708 to the
chain axis [67]. Bashir et al. [66] have argued on empirical
evidence that an angle of 738 is more realistic and they used
this value in calculations of orientation factors for uniaxially
drawn PAN films from IR dichroism. In the present work,
values ofD were used simply to follow changes in orienta-
tion and no attempt was made to calculate orientation
factors.

2.7. Wide angle X-ray scattering

WAXS was carried out using both a conventional source
and a synchrotron source. Conventional studies of fibre
bundles utilized a Philips generator (CuKa radiation, wave-
lengthl � 1.5418 Å) with a 1 mm diameter collimator and
a flat plate camera. Synchrotron studies, both of fibre
bundles and of single fibres, utilized Station 7.2 of the
Synchrotron Radiation Source (SRS) at the Daresbury
Laboratory, where a bent triangular Ge (1 1 1) monochro-
mator provides a monochromatic X-ray beam (l � 1.488 Å,
Dl /l � 0.0004). Samples were mounted on lead discs with
a 2 mm diameter hole, and held in an evacuated (30–
60 mmHg) chamber. For experiments in which orientation
measurements were to be made, the samples were brushed
with calcite to provide well-defined diffraction rings to aid
analysis. A flat plate camera was used with a nominal
sample to film distance of 60 mm. Collimators used were
typically 0.2 mm diameter when studying a fibre bundle and
0.8 mm for single fibre samples.

Interplanar spacingsd were calculated using the Bragg
equation,nl � 2d sinu , wheren is the order of reflection
and for the flat plate camera the Bragg angleu is calculated
using the relationship tan 2u � r/D, wherer is the measured
radius of a diffraction peak andD is the sample-to-film
distance. It should be noted that use of the Bragg equation
is not necessarily the most appropriate way to treat a poorly
ordered polymer [68], neverthelessd spacings calculated in
this way provide a useful basis for comparison with the
literature.

For orientation studies, WAXS photographs were digi-
tised with a Joyce-Loebl Scandig 3 microdensitometer and
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Table 2
Results of elemental analysis for DT and SAF fibres (calculated figures in
parentheses)

Element DT SAF

C 67.95% (67.9) 67.4% (66.9)
H 5.85% (5.7) 5.4% (5.8)
N 25.3% (26.4) 23.5% (24.6)
Ca 158.0 ppm 136.4 ppm
K 0 0
Na 281.3 ppm 1802.6 ppm
Mg 13.9 ppm 24.7 ppm

Fig. 1. Polarized infra-red spectra from single fibres of (a) DT and (b) SAF,
with electric vector parallel (2 0) and perpendicular (2 90) to the fibre
axis.



azimuthal plots were obtained using a routine adapted from
the Daresbury GENS suite of programs. The peak width at
half height for an azimuthal plot of the reflection atd �
5.3 Å was taken as a measure of the degree of orientation
within the fibre of the scattering planes. Increased orienta-
tion is reflected in a smaller value of azimuthal peak width.
From repeat experiments, confidence limits in values of
azimuthal peak width werê 1.28.

3. Results

3.1. Composition of Dralon T and special acrylic fibre

The results of elemental analysis are given in Table 2.
Polarized FTIR spectra obtained from single fibres of DT
and SAF are shown in Fig. 1. The baseline could have been
improved by flattening the fibres, but this was not done in
the present work as it would have affected the microstruc-
ture. Spectra for both fibres showed prominent peaks at
2940 cm21 (CH stretch), 2240 cm21 (CN stretch) and
1452 cm21 (CH2 bend). For SAF the carbonyl stretch of
comonomer units appeared at 1730 cm21.

13C NMR spectra for both types of fibre showed the three
main resonances of the acrylonitrile unit (CH: 27 ppm; CH2:
33 ppm; CN: 120 ppm). For SAF, peaks attributable to
methyl acrylate comonomer were visible (CH: 41 ppm;
OCH3: 52 ppm; CO: 174 ppm).

3.2. Stereochemistry of Dralon T and special acrylic fibre

The CH carbon of the acrylonitrile repeat unit gave rise to
three well resolved peaks in13C NMR spectra, which were
used to determine triad tacticity. Assignments of these peaks
were originally made by Shaefer [69] and confirmed by
Turska [70]. Triad abundances are given in Table 3,
where m stands for meso (same configuration) and r for
racemic (opposite configuration) addition of the monomer
to the growing chain end. The results were analysed using
Bovey’s [71] procedure and a Bernoullian model was found
to apply within experimental error, the probability of meso
addition Pm being 0.46 for DT and 0.49 for SAF. Triad
probabilities calculated using these values ofPm are
included in Table 3. The results show that both polymers
were essentially atactic.

3.3. Bragg spacings

X-ray photographs of fibre bundles taken using a conven-
tional source showed, for both fibres, two main equatorial
peaks (d < 3.0 Å andd < 5.3 Å), a third diffuse equatorial
peak (d < 3.3 Å), a diffuse meridional peak (d < 2.3 Å) and
a diffuse off-equatorial peak (d < 3.5 Å), as has been
reported previously for PAN fibres [13,25–42].

X-ray photographs taken using a synchrotron source
provided additional detail. For the homopolymer fibre DT,
photographs of fibre bundles (Fig. 2(a)) showed two
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Table 3
Triad abundances

Tacticity Triad DT SAF

Exp. Calc.Pm � 0.46 Exp. Calc.Pm � 0.49

Isotactic mm 0.235 0.21 0.21 0.24
Heterotactic mr 0.48 0.50 0.52 0.50
Syndiotactic rr 0.285 0.29 0.27 0.26

Fig. 2. Synchrotron WAXS from bundles of (a) pristine DT and (b) SAF
heat-treated for 45 min at 2008C.



additional equatorial peaks (d � 3.85 Å and d � 10.0 Å),
and photographs of single fibres indicated that the main
equatorial peaks were doublets. The equatorial Bragg
spacings may be indexed in terms of the unit cell of Klement
and Geil [31] ashk0 reflections for an orthorhombic struc-
ture witha � 21.18 Åandb � 11.60 Å(Table 4).

For the copolymer fibre SAF, photographs of fibre
bundles showed the normal pattern together with an
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Table 4
Equatorial Bragg spacings for PAN: experimental results and values calculated for cell of Klement and Geil [31]

Sample Reference d(Å)

DT fibre This work 2.93, 3.01 3.34 3.85 5.11, 5.25 10.00
SAF fibre This work 3.05 3.3 5.29
Fibre Stéfani et al [44,45] 1.95, 2.54, 2.64 3.0 5.1, 5.26
Fibre/DMF Walner and Riggert [30] 2.44, 2.60, 2.71 3.05 3.35 3.56, 3.84, 4.16, 4.52 5.18 5.73
Fibre Colvin and Storr [46] 2.4, 2.6 3.1 5.4
Film/H2O Bashir et al [33] 2.90, 3.04 3.33 5.11, 5.31 10.10
Crystal Holland et al. [43] 2.6 2.9, 3.0 5.1, 5.3
Crystal Klement and Geil [31] 2.53, 2.65 2.90, 3.02 3.64, 3.91 5.05, 5.36 7.81 10.07
Calculatedd 2.90, 3.02 3.37 3.91 5.09, 5.30 10.18
hkl 0 4 0, 6 2 0 6 1 0 4 2 0 2 2 0, 4 0 0 1 1 0

Table 5
Off-equatorial Bragg spacings for PAN

Sample Reference d(Å)

DT fibre This work , 2.3 3.5
SAF fibre This work , 2.3 3.5 4.15
Fibre Stéfani et al. [44,45] 2.28 3.6
Fibre Colvin and Storr [46] 1.8 2.8 3.5 4.0

Fig. 3. Polarized infra-red spectra from single fibres of DT after heat-treatment for 15 min. at (a) 2258C, (b) 2508C, (c) 2758C and (d) 3008C, with electric
vector parallel (2 0) and perpendicular (2 90) to the fibre axis.



additional, sharp meridional peak (d � 4.15 Å). On heat-
treating SAF for 45 min at 2008C under tension, a second
sharp, meridional peak (d � 4.59 Å) appeared (Fig. 2(b)).
The second meridional peak disappeared after 60 min and
the original peak was extremely faint after 90 min at 2008C.
No such peak was seen for DT fibre as received, but after
stretching at 1008C a sharp meridional peak (d � 4.18 Å)
appeared.

The observedd spacings from synchrotron WAXS for the
pristine fibres are summarised in Tables 4 and 5, together
with comparative data from the literature. X-ray scattering
from cast films of DT and SAF exhibited two very broad,
diffuse halos (d < 3.0 Å and d < 5.3 Å), which became
equatorial arcs on stretching.

On stabilization, the intensities of the WAXS peaks attri-
butable to PAN decreased, and an equatorial peak appeared
at d < 3.6 Å, which has been attributed to the formation of
‘‘ladder polymer’’ [56].

3.4. Chemical changes on stabilization

Examples of single-fibre polarised FTIR spectra, with

electric vector parallel (2 0) and perpendicular (2 90)
to the fibre axis, are shown in Figs. 3 and 4. Fig. 3 shows
spectra of DT after heat treatment for 15 min. at various
temperatures and Fig. 4 shows spectra of SAF after heat-
treatment at 2258C for two different times. Important
changes observed on stabilization were as follows:

1. The nitrile absorption (2240 cm21) decreased in inten-
sity.

2. A broad peak at 1600 cm21 appeared and grew. This
peak was generally more intense in the2 0 spectrum
than in the 2 90 spectrum, and it split into two peaks
(1620 and 1580 cm21) at longer times and higher
temperatures. Peaks in this region have variously been
assigned to conjugated CyC [17,19] or to (CyN)n struc-
tures [6], or to a combination of the two [10,72]. The
observation of two peaks in2 0 spectra suggests a
combination.

3. A peak appeared at 2200 cm21. This may be attributed to
a conjugated nitrile group, which could arise from dehy-
drogenation [10,73], or from tautomerization and
isomerisation of ‘‘ladder’’ polymer [9–11].
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Fig. 4. Polarized infra-red spectra from single fibres of SAF after heat-
treatment at 2258C for (a) 15 min. and (b) 45 min, with electric vector
parallel (2 0) and perpendicular (2 90) to the fibre axis.

Fig. 5. Dependence on time of extent of reaction for DT heat-treated (a)
under tension and (b) without tension, at (W) 2008C, (× ) 2258C, (D) 2508C,
(A) 2758C and (1 ) 3008C.



4. A peak appeared at 1680 cm21 as a shoulder on the broad
peak at 1600 cm21. This may be attributed to carbonyl
formed on oxidation [10,74].

5. For SAF, the comonomer carbonyl peak at 1730 cm21

decreased.

The intensity of the peak at 1600 cm21, I1600, and the inten-
sity of the nitrile peak at 2240 cm21, ICN, were used to
provide for comparative purposes an internal indication of
extent of reaction, EOR� [I1600/(ICN 1 I1600)] [75]. The
value of EOR varies from 0 for no reaction to 1 for complete

reaction of nitrile groups. Values of EOR are shown as a
function of time in Figs. 5 and 6 for DT and SAF, respec-
tively, at various temperatures.

Fig. 7 compares the solid state13C CP/MAS NMR spectra
for SAF heat-treated at 2258C for 15 min (Fig. 7(b)) and for
60 min (Fig. 7(c)) with that of the untreated fibre (Fig. 7(a)).
The spectrum for the untreated fibre was obtained using the
TOSS (Total Suppression of Sidebands) technique [76], but
the spectra of the heat-treated samples were obtained with-
out TOSS. Residual chemical shielding anisotropy spinning
sidebands (TOSS) and actual sidebands (no TOSS) are indi-
cated. All spectra show peaks at 30 ppm (backbone CH1
CH2), 120 ppm (CxN) and 175 ppm (comonomer CyO). On
stabilization for 60 min, two new peaks at 135 and 155 ppm
were clearly observed, and in addition the CxN became
clearly unsymmetrical with a trailing low frequency wing
suggesting a third new peak at ca. 115 ppm. The CyO peak
at 175 ppm was apparently unchanged in chemical shift but
it became somewhat more intense on stabilization, suggest-
ing the formation of new carbonyl species related to the IR
peak which appeared at 1680 cm21 as discussed earlier. A
high resolution 13C NMR spectrum of soluble polymer
extracted from SAF fibre stabilized at 2258C for 15 min
did not show any peaks corresponding to those at 135 and
155 ppm in the solid state spectrum, but did have a carbonyl
peak at 170 ppm.

3.5. Degree of orientation

Table 6 gives measures of orientation from WAXS and
FTIR microscopy for fibres and films of DT and SAF. A
significant degree of molecular orientation in fibres and
stretched films is indicated by the WAXS azimuthal peak
width, as well as byDCN, which reflects the overall orienta-
tion of the nitrile groups in a sample, and for SAF byDCO,
which relates to the comonomer carbonyl. A point to note is
that additional stretching of an SAF film, from 100% to
200%, did not affectDCN or DCO, whereas the WAXS
azimuthal peak width decreased.

Fig. 8 provides a comparison of values of azimuthal peak
width obtained from fibre bundles with a conventional
source and from single fibres with a synchrotron source,
for SAF heat-treated at 2008C. WAXS data could be
obtained from bundles, but not from single fibres, for
heat-treatments of more than 30 min at 2258C and at higher
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Fig. 6. Dependence on time of extent of reaction for SAF heat-treated (a)
under tension and (b) without tension, at (W) 2008C, ( × ) 2258C, (D) 2508C
and (A) 2758C.

Table 6
Orientation measurements for DT and SAF fibres and films

DT SAF
WAXS peak width (deg.) IRDCN WAXS peak width (deg.) IR

DCN DCO

Fibre bundle 30 2 30 2 2

Single fibre 21.5 2 0.45 21.5 2 0.37 2 0.23
Cast film 2 2 0.01 2 0.02 0.00
Film, 100% stretch 20.2 2 0.47 27.9 2 0.42 2 0.23
Film. 200% stretch 2 2 23.2 2 0.43 2 0.22



temperatures. Figs. 9–12 show the dependence on EOR of
WAXS azimuthal peak width from fibre bundles and ofDCN

from polarized FTIR microscopy of single fibres.

4. Discussion

4.1. Single fibre studies

A synchrotron source enabled WAXS patterns to be
observed for pristine and lightly heat-treated single fibres,
although there was insufficient scattering intensity from

more heavily heat-treated single fibres. The results in Table
6 and Fig. 8 show that single fibres gave consistently lower
values of azimuthal peak width than bundles, reflecting the
difficulty in achieving exactly parallel alignment of all fibrils
in a bundle. Single fibre data would thus be preferred for a
quantitative analysis of orientation. However, carefully
prepared bundle samples showed the same trends as single
fibres, and were suitable for comparative studies.

Unpolarized and polarized infra-red spectra were succes-
fully obtained from single fibres with an FTIR microscope.
This enabled chemical changes to be followed, provided an
internal measure of extent of reaction and gave an indication
of orientation complementary to that from WAXS. It can be
seen from Figs. 9–12 that values ofDCN for heat-treated
fibres followed broadly similar trends to azimuthal peak
width from WAXS.

4.2. Molecular order in PAN

Reasonable agreement with the somewhat sparse WAXS
data from PAN may be claimed for a number of quite
different models, ranging from Hobson and Windle’s
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Fig. 7. Solid-state CP/MAS13C NMR spectra for (a) SAF, (b) SAF heat-
treated for 15 min. at 2258C and (c) SAF heat-treated for 60 min. at 2258C.
Spectrum (a) was obtained using the TOSS technique, spectra (b) and (c)
are standard spectra. The label s indicates residual or actual spinning side-
bands. The spin rate was ca. 5 kHz.

Fig. 8. Dependence on time of azimuthal peak width at half-height for SAF
heat-treated at 2008C (W,X) under tension and (A,B) without tension, from
(open symbols) fibre bundles with a conventional X-ray source and from
(filled symbols) single fibres with a synchrotron source.

Fig. 9. Dependence on extent of reaction of (a) WAXS azimuthal peak
width at half-height and (b) nitrile dichroic ratio for DT heat-treated under
tension at (W) 2008C, ( × ) 2258C, (D) 2508C, (A) 2758C and (1 ) 3008C.



model of mixed tacticity crystals [50,51], to Liu and
Ruland’s single-phase model of kinked zig-zag chains
with rotational disorder [27]. One question which has not
been addressed in recent modelling studies concerns the role
of intermolecular nitrile interactions. Saum [77], on the
basis of an analysis of the physical properties of various
organic nitriles, proposed that nitriles form dimers through
dipolar interactions. He estimated the strength of a CN
dipole-pair bond to be about 33 kJ mol21, greater than that
for a hydrogen bond in an alcohol. There is no conclusive
evidence that this type of bond occurs in PAN, but intui-
tively it seems likely that it does arise and that it influences
the microstructure. It was a consideration of nitrile interac-
tions which led to the concept of a ‘‘distorted helix’’ confor-
mation for PAN [13,25,26].

Bashir [32] has argued that solvent-free PAN exhibits just
two equatorial WAXS peaks, and that the additional WAXS
peaks which have been observed are related to the presence
of residual solvent. It is shown in the present study that for
pristine DT, whilst conventional WAXS gave an apparently
simple picture, synchrotron WAXS revealed the more

complex pattern. We are inclined to the view that the addi-
tional WAXS peaks were a genuine, if minor, feature of the
microstructure of the PAN, but one cannot entirely discount
the possibility that the additional peaks arose as a result of
traces of solvent complexed with the polymer.

The scattering atd < 3.3 Å, which has been ascribed to
amorphous material by some workers [48,49], was observed
here as an equatorial arc, indicating that the bulk of the
polymer was oriented in drawn fibres. It is possible,
however, that there were small regions of three-dimensional
crystallinity within a less highly ordered matrix.

Synchrotron WAXS revealed a sharp meridional peak for
SAF, and for DT annealed at 1008C, in addition to the
diffuse meridional scattering which has been reported
previously. Further, a second sharp, meridional peak arose
in SAF on heat treatment at 2008C. Transitions have been
observed in PAN by dynamic mechanical measurements at
around 1008C and 1508C, and have been attributed to mole-
cular motion in a paracrystalline phase and an amorphous
region, respectively [78,79]. From the present observations,
it seems likely that both transitions are actually related to
crystalline changes.
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Fig. 10. Dependence on extent of reaction of (a) WAXS aximuthal peak
width at half-height and (b) nitrile dichroic ratio for DT heat-treated with-
out tension at (W) 2008C, ( × ) 2258C, (D) 2508C, (A) 2758C and (1 )
3008C.

Fig. 11. Dependence on extent of reaction of (a) WAXS azimuthal peak
width at half-height and (b) nitrile dichroic ratio for SAF heat-treated under
tension at (W) 2008C, ( × ) 2258C, (D) 2508C and (A) 2758C.



4.3. Effect of stabilization on molecular orientation

It can be seen in Figs. 9 and 11 that, for fibres heat-treated
under tension, the WAXS azimuthal peak width was
constant up to EOR� 0.5, and increased thereafter (orienta-
tion decreased). If PAN could be treated as a conventional
semi-crystalline polymer, this might be taken to indicate
that stabilization reactions were initially limited to an amor-
phous phase, as suggested by Chatterjee et al. [54] However,
if this were the case, one would expect a substantial change
in DCN over the same period, reflecting an increasing propor-
tion of unreacted nitrile groups in the crystalline phase, and
this was not observed. It is more likely that reaction of
nitrile groups occurred throughout the bulk of the material.
The fact that orientation was maintained to fairly high
extents of reaction helps to explain the relationship between
precursor properties and carbon fibre properties. For fibres
allowed to relax during heat-treatment (Figs. 10 and 12)
there was, not surprisingly, a generally more rapid loss of
orientation.

4.4. Chemical changes during stabilization

The spectroscopic results suggest that at least three
processes occurred in the early stages of stabilization:

1. Reaction of nitriles to give conjugated C� N containing
structures. This could be intramolecular, resulting in
cyclization [4–11], or intermolecular, resulting in cross-
linking [12–14]. It is not possible to distinguish conclu-
sively between these possibilities, though the observation
that the dichroism of the IR peak at 1600 cm21 was
opposite to that of the initial nitrile at 2240 cm21 may
be considered to favour the former.

2. Generation of conjugated C� C structures. These could
result from dehydrogenation [10,73], or arise from
imine–enamine tautomerization and subsequent isomer-
ization [9–11].

3. Oxidation, giving rise to a carbonyl group.

The fact that in13C NMR. only peaks from unsaturated
carbons developed on heat-treatment suggests that struc-
turesb andc in Table 1 can be discounted, as these would
generate new types of sp3 carbons. Some support for struc-
ture a is provided by estimations of chemical shifts in the
model structure shown in Fig. 13, calculated using experi-
mental chemical shifts for the base heterocycle 1,8-
naphthyridine from Ref. [80] together with ethyl substituent
parameters for benzene from Ref. [81]. Solid state13C NMR
(Fig. 7) showed that conjugated C� N and C� C structures
were formed in SAF after just 15 min at 2258C. Soluble
polymer extracted from SAF heat-treated under these condi-
tions did not exhibit13C NMR peaks attributable to C� N
or C � C, demonstrating that it is the formation of these
structures which makes the polymer insoluble. Signifi-
cantly, the soluble polymer exhibited a carbonyl peak at
170 ppm, which does not appear to be caused by the como-
nomer. This may be explained in terms of oxidation result-
ing in chain scission [21,22]. Chain degradation thus
appears to be a competing process to the formation of conju-
gated structures on stabilization of PAN in air.

5. Conclusions

(1) Use of a synchrotron source allowed WAXS data to be
obtained from single untreated and lightly heat-treated PAN
fibres. For orientation measurements, single fibres gave
consistently smaller arc widths than fibre bundles. However,
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Fig. 12. Dependence on extent of reaction of (a) WAXS azimuthal peak
width at half-height and (b) nitrile dichroic ratio for SAF heat-treated with-
out tension at (W) 2008C, ( × ) 2258C, (D) 2508C and (A) 2758C.

Fig. 13. 13C NMR chemical shift assignments for 3,6 diethyl-1, 8-naphthyr-
idine.



the use of fibre bundles with a conventional source was
adequate for comparative studies.

(2) FTIR microscopy enabled spectra to be obtained from
single fibres. The parameter EOR� [I1600/(ICN 1 I1600)] was
a useful comparative measure of extent of reaction during
the early stages of the stabilization of PAN. Dichroic ratio
provided a complementary measure of orientation to that
from WAXS.

(3) With a synchrotron source, seven equatorial WAXS
reflections could be detected in homopolymer PAN fibre
bundles. Sharp meridional peaks could be observed in
PAN fibres under certain conditions. In drawn PAN fibres,
the bulk of the polymer was oriented. PAN may best be
perceived in terms of lateral ordering of distorted rodlike
molecules, with small regions of three-dimensional crystal-
linity.

(4) For fibres heat-treated under tension, orientation was
maintained up to EOR� 0.5 and only then diminished; this
is of significance for carbon fibre production.

(5) Three processes (nitrile reaction, conjugated CyC
formation and oxidation) all occurred during the early stages
of stabilization in air. The first two gave rise to insoluble
polymer, but oxidation may have led to chain scission.
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