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A B S T R A C T

A microwave heating method was used for oxidative stabilization of polyacrylonitrile (PAN) fibers. The bulk
density, chemical structure (FTIR), crystalline structure (WAXD), and skin-core structure were studied. The
results show that the intermolecular cyclization happened above 220 °C. From X-ray diffractograms of heat
treated fibers, the pre-graphitic structure of stabilized fibers was developed to turbostratic structure. A gradual
densification of the fibers occurring was observed after stabilization at a maximum temperature of 240 °C.
Microwave heating effectively shortened the thermal stabilization process and the thermal stabilization time by
35min compared with the conventional thermal stabilization process. The skin-core structure of the stabilized
fibers was prohibited by microwave heating.

1. Introduction

Carbon fiber (CF) has attracted great interest in both research and
industrial fields because of its excellent properties including high spe-
cific strength, excellent heat resistance and corrosion resistance [1–3].
Currently, carbon fibers provide reinforcement in composites with
suitable resins [4–6], which are applied as structural materials in air-
craft, spacecraft, sports equipment, etc. [7–9]. Three steps are involved
in the conversion of PAN precursor into carbon fibers: oxidative stabi-
lization, carbonization and graphitization [10]. The stabilization step is
the most intricate, rate-determining and time-consuming step in the
production of carbon fiber [11]. The skin-core effect is a structural flaw
inherited from the stabilized fibers. It is one of the most important
factors affecting the mechanical properties of the resultant carbon fiber
as it reduces the homogeneity of the fiber and causes structural defects.
Three parameters, including filament diameters, oxygen gradient from
the skin to the core of filament, and temperature gradient, are sig-
nificant factors in the formation of a skin-core structure [12]. The skin-
core structure, considered as a type of their structural inhomogeneity,
has been extensively studied. Using conventional oxidation conditions,
no skin core structure can be introduced into fiber thinner than 8 μm
[13]. Skin-core structure is prone to appear in thick CFs, resulting from
steep gradient oxygen distribution in the transverse section of oxidized
fiber–OFs [14]. Kowbel and Don observed the oxygen distribution in

the stabilized pitch particles depending upon their stabilization condi-
tions [14]. Mochida reported that blending PVC pitch enhanced the
reactivity of the coal tar derived mesophase pitch to shorten the sta-
bilization time significantly and, at the same time, to make the oxygen
gradient steeper [15]. The influence of stabilization temperature on
oxygen distribution in the mesophase pitch fiber was also studied in
previous publications [16], showing that higher temperature resulted in
steeper oxygen distribution gradient. Thermosetting process is reaction-
controlled and diffusion-controlled for large diameter. Therefore, to
prohibit skin-core structure in fiber, thermal treatment method is an
operable factor in the thermal stabilization process.

Microwave belongs to a portion of the electromagnetic spectrum
with wavelengths from 1mm to 1m with corresponding frequencies
between 300MHz and 300 GHz [17]. As a new heating method, mi-
crowave has been used to process a wide variety of materials including
polymers, ceramics, chemicals (organic and inorganic) etc. [18–21].
Microwave provides a unique method of transferring energy from the
source to the material compared with conventional heating. The mi-
crowave heating occurs through the conversion of electromagnetic
energy into heat within the irradiated material, which is a process of
energy transfer instead of heat transfer and heating from the interior of
the material body. The microwave energy is absorbed by materials
volumetrically and often selectively with the excellent efficiency of
heating and reduced treatment time [22].
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In this study, microwave heating was performed on PAN fibers to
reduce the thermal stabilization time and remove or change the tem-
perature gradient. The changes in the chemical functional groups of
fibers during different treatment processes were monitored by FTIR
analysis. X-ray diffraction was used to study crystalline structure
change of fibers during stabilization was observed using X-ray diffrac-
tion. The effects of microwave heating on thermal stabilization of PAN
fibers were carefully and thoroughly analyzed, and a reasonable me-
chanism was deduced based on the analysis results.

2. Experimental

2.1. Oxidization stabilization

The precursor fibers (PFs) with each single tow containing 12000
filaments (10 μm) were wet-spun from a copolymer of acrylonitrile/
acrylamide/methyl acrylate. The PFs were tied on a ceramic rod to keep
fixed length and stabilized at by gradient elevation of temperature
through 160 °C, 180 °C, 200 °C, 220 °C–240 °C in sequence with a
heating rate of 2 °C/min in a microwave furnace (2.45 GHz, 960W) to
obtain microwave stabilized fibers (MSFs) and the stabilization time in
each step was 5min. These stabilized fibers were termed as MSFs1,
MSFs2, MSFs3, MSFs4, and MSFs5, respectively. For comparison, the
PFs stabilized in a muffle furnace by six temperature zones in air (the
maximum temperature was 270 °C and the total hold time was 60min)
were termed as CSFs.

2.2. Characterization

The density of fibers was measured by a density gradiometer
(DC02). The stabilized fibers were dried in an oven prior to density
measurement in order to reduce the effect of moisture. Density of the
fiber samples was obtained by performing several iterations on each
samples until the standard deviation between the values < 0.005.
Chemical structures of the precursor, and stabilized were examined by
Fourier transform infrared (FTIR). FTIR spectrum was obtained in a
Thermo Scientific Nicolet iN10 spectrophotometer using a KBr pellet
with the scanning range from 500 cm−1 to 3500 cm−1. Wide angle X-
ray diffractograms (WAXD) were recorded using a Bruker AXS D8
Discover General Area Detector Diffraction System, and its companion
software was used for the WAXD measurement and analysis. The in-
cident X-rays were monochromatized to CuKa
(wavelength=1.5418 Å) radiation from an anode operating at 40 kV
and 40mA. The material is scanned between angles of 10° and 40°. The
scanning is conducted at step size of 0.0130 and time per step of 100 s.
Fibers were positioned with axis perpendicular to the direction of X-ray
radiation. To view the skin-core morphology of fibers, stabilized fibers
from each randomly chosen sample were vertically embedded in epoxy
resin and the resin was cured in atmospheric environment (temperature
25 °C and pressure 1 bar). Surface of cured samples was grinded with
automatic polish-grind equipment (Gemini 300). and polished with
argon ion (GATAN 697). The skin-core structure was then observed on
an Olympus DP-71 optical microscope. Microstructures of the fibers
were observed with a scanning electron microscope (ZEISS) including
energy dispersive spectroscopy (Bruker 5060F) for the elemental ana-
lysis. The acceleration voltage of energy spectrum analysis is 3 KV.

3. Results and discussion

3.1. Microwave heating of PAN fibers

The photographs of PAN fibers before and after stabilization in a
microwave oven at various temperature for 5min by microwave
heating are shown in Fig. 1. The apparent color of the fibers gradually
changed from shiny white of the non-heated fibers to yellow of the
heated fibers as temperature was increased, and finally to black at

240 °C. The color change of polymeric materials by temperature is
caused by the changes of molecular structure [23].

The bulk density of the samples stabilized at different conditions by
microwave heating is shown in Table 1. The bulk density of the stabi-
lized fibers is greater than that of the non-heated fibers. The bulk
density of the stabilized fibers gradually increased from 1.187 g/cm3 to
1.356 g/cm3 as temperature was increased. This is indicated that the
microstructure of the MSFs5 is more compact.

3.2. FTIR analysis

The FTIR spectra of PAN fibers before and after stabilization in a
microwave oven at various temperature for 5min are shown in Fig. 2.
Before stabilization (Fig. 1(PFs)), distinct absorption bands appeared at
2938, 2242, 1453, and 1361 cm−1 assigned to νC-H in CH2, νC≡N in CN,
δC-H in CH2, and δC-H in CH, respectively. There was significant change
with MSFs1 stabilized fibers. Two shoulders appeared at 1710 and
1660 cm−1 (Fig. 1(MSFs1)). Stabilized fibers at 200 °C showed an ap-
pearance at 1594 cm−1 assigned to conjugated C=N (Fig. 1(MSFs3)).
With stabilized fibers at 220 °C, a band at 1594 cm−1 became bigger,
but intensities of bands at 2938, 2242, and 1453 cm−1 decreased, re-
sulting from the cyclization and dehydrogenation of fibers
(Fig. 1(MSFs4)). This is attributed to two reactions: one is the conver-
sion from C≡N to C=N in cyclization reaction and the other is the
formation of C=C caused by dehydrogenation reaction [24]. As sug-
gested by Shimada and Takahagi, the band at 1710 cm−1 is assigned to
the free ketones in hydronaphthyridine rings and 1660 cm−1 is as-
signed to the conjugated ketones in acridone rings, resulting from the
oxygen uptake reaction [25,26]. Furthermore, a new small band at
2200 cm−1 was observed with stabilized fibers. It is reported that the
band is assigned to the α,β-unsaturated nitrile groups due to hydro-
genation, or tautomerization and isomerisation of the ladder polymer
[27,28]. In Fig. 1(MSFs5), it is interesting that the band and shoulder at
2242 and 1453 cm−1, respectively, are distinct. This reveals that all
PAN are not cyclized even after stabilization at 240 °C for 5min.

3.3. WAXD analysis

In order to determine the structural evolution of fiber during
thermal stabilization, WAXD analysis was performed. The diffraction
patterns of PAN fibers before and after stabilization in a microwave
oven at various temperature for 5min are shown in Fig. 5. Two peaks
occur around 2θ=17° and 29.5° in the XRD pattern of PAN precursor
fiber, representing PAN crystallite structure [29,30]. It can be seen from
Fig. 3, the peak around 2θ=17° becomes sharp firstly with rising
temperature. While above 220 °C, an intensity of two peaks became
low, indicating the disruption of orientation and crystalline structure by
thermal stabilization. After pre-stabilization at 240 °C, some remarkable
changes take place in the crystal structure, as shown in Fig. 7(MSFs5).
The diffraction peak at 2θ=17° become weaken and broaden, the
diffraction peak at 2θ=29.5° disappears, and a new maximum relevant
to the (002) plane diffraction of pre-graphite structure appears around
2θ=25.5° [31–34]. It indicates a change of the original PAN structure
and the formation of a new structure after stabilization.

3.4. Skin-core structure

Radial distribution of elements in cross sections of stabilized fibers
is shown in Fig. 4. It can be seen from the Fig. 4(MSFs1), (MSFs2), and
(MSFs3) that the radial distribution of C and O elements in cross sec-
tions of MSFs1, MSFs2, and MSFs3 stabilized fibers is uniformly. During
the initial stage, i.e. 160 °C-200 °C, PAN precursor fibers mainly un-
dergo morphological structure rearrangements. It can be seen Table 1
that the density increases slightly (below 200 °C). The contents of C and
O elements in the skin of MSFs4 stabilized fibers is higher than that of C
and O elements in the core of MSFs4 stabilized fibers. However, the
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