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Abstract

A series of polyacrylonitrile-based porous-hollow carbon fibres (PAN-PHCFs) were prepared by carbonizing PAN porous-hollow cured fibres

at 1073 K for different times in nitrogen. The effects of carbonization time on the structure, electrical volume conductivity and electromagnetic

parameters were investigated. Results indicate that the degree of graphitization increases as carbonization time increases. The electrical volume

conductivity increases as the degree of graphitization and carbonization time increase. The real and imaginary parts of the complex permittivity (e0

and e00) increase with carbonization time increasing. The values of e0 and e00 of composites of PAN-PHCFs and paraffin are 13.76 and 10.09 when the

carbonization time is 240 min, and the electrical volume conductivity of PAN-PHCFs is 190.47 V�1 m�1.
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1. Introduction

With the progress in the engineering of antennas and

electromagnetic interference (EMI) systems, radar absorbing

materials (RAMs) are widely used in commercial and military

applications. RAMs are made with compounds having a high

loss energy which enables them to absorb the incident radiation

in synchronized frequencies and dissipate it as heat. In view of

their applications, excellent RAMs should have certain

properties as follows: (1) exhibit strong radar absorbing

properties over a wide frequency range; (2) need to be low both

in thickness and total weight, especially for aircraft; (3) have

strong mechanical property, etc. [1–4].

Polyacrylonitrile (PAN) copolymers are commercially

important, and are used as carbon fibre precursors, as well

as for developing porous and activated carbon for a variety of

applications, including catalysis, electrochemistry, separation

processes, energy storage devices, etc. PAN-based carbon fibre

has also been commercially available for over thirty years, and

now dominates nearly 90% of all the carbon consumption in the
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world because of its high tensile strength and low volume

fraction of voids. PAN porous-hollow carbon fibres (PAN-

PHCFs), with dual-layer di-finger-like porous structure, have

attracted considerable attention due to their explosive growth in

the utilization of separate and purificatory devices in electronics

and pharmaceutical industries [5–9]. Now, PAN-PHCF has also

been considered to be a promising candidate in the RAMs field.

The main attraction of PAN-PHCFs is their ability to yield

significant electrical properties with a suitable electrical

conductivity and reduce the weight loading of such fibre-filled

composites by virtue of their porous-hollow structures. In

addition, it may be speculated that the hollow-porous shape will

influence the microwave absorbing properties [10–12].

Carbonization is a very important process for preparing

excellent PAN-PHCFs because carbonization largely governs

the final structure of the fibre and hence its ultimate properties

and a number of excellent papers and reviews have been

reported on this subject [13–17]. However, there are few

reported experimental results on the electrical properties and

electromagnetic parameters. In this work, a series of PAN-

PHCFs were prepared by carbonizing PAN porous-hollow

cured fibres at 1073 K from 10 min to 240 min in nitrogen. The

effects of carbonization time on their structure and electro-

magnetic parameters were also examined.
d.
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Fig. 1. The cross-section of original PAN porous-hollow fibre.
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2. Experimental procedure

PAN porous-hollow fibre spun by dry-wet spinning setup

was used as the precursor [18–19]. Fig. 1 shows the porous

structure of the PAN hollow fibre. The original PAN hollow

fibres were first dipped in distilled water for 2 days. Afterwards,

the fibres were oxidized at 523 K for 60 min in air, carbonized

at 1073 K from 10 min to 240 min in nitrogen. Fig. 2 shows the

flow chart of preparation of PAN-PHCFs.

The cross-section morphologies of PAN-PHCFs were

characterized by scanning electron microscope using JSM-

6700F microscope. The crystalline structure of PAN-PHCFs

was performed by X-ray diffraction (XRD) on a D8ADVANCE

type, using CuKa radiation with 2u from 58 to 908. Raman

spectroscopy was used to study the amorphous structure of the

PHCFs. The Raman spectra were obtained using a laser

confocal Raman spectrometer (LABRAM-010) in the range

from 400 cm�1 to 2000 cm�1. PAN-PHCF was compressed by

the two probes of the Keithley 2000 digital multimeter to

measure the electrical conductivity of the samples at room

temperature by the two-probe method. The compression

pressures throughout the measurements were maintained. In

order to reduce error, single PAN-PHCF was randomly selected

more than 20 and the electrical volume conductivity was
Fig. 2. The flow chart of preparation of PAN-PHCFs.
measured and the average electrical volume conductivity was

calculated according to the collected results [20]. The

Transmission/Reflection (T/R) coaxial line was used to

determine the electromagnetic parameters of the PAN-PHCFs.

The measurement setup consisted of an Agilent 8720ET vector

network analyzer with a synthesized sweep oscillator source

and an S-parameter test set. A gold-plated coaxial air line with a

precision 7 mm connector interface was used to hold the

samples. The relative complex permittivity e = e0 � je00(e0 and

e00 are the real and imaginary part of the complex permittivity,

respectively) of the samples was calculated from the measured

T/R coefficients over the frequency range of 2–18 GHz [21].

3. Results and discussion

3.1. Morphology of PAN-PHCFs

Fig. 3 shows the typical SEM micrographs of the cross-section

and surface of the PAN-PHCFs carbonized at 1037 K under

240 min because the differences among these SEM images are

very small. The cross-sectional shape of PAN in Fig. 1, di-finger-

like porous structure, is preserved after carbonization. It means

that the hollow shape of virgin hollow fibre is kept with different

carbonizing time, and the shape cannot be changed any more

when the time continues increasing. During the carbonization

stage, volatiles evolved and formed the carbon basal planes. The

formation of carbon basal planes was due to the crosslinking

reaction and the elimination of nitrogen.

Fig. 4 shows the variation of carbonization yield and

shrinkage ratio of PAN-PHCFs with increasing carbonization

time. The weight loss and the shrinkage ratio were determined

from a change in weight and length before and after

carbonization. The carbonization yield and the shrinkage ratio

of PAN-PHCFs were calculated as follows:

carbonization yieldð%Þ

¼ weight after carbonization

weight before carbonization
� 100% (1)

shrinkage ratioð%Þ

¼ length before carbonization-length after carbonization

length before carbonization

� 100%

(2)

As shown in Fig. 4, the weight loss and shrinkage ratio of

PAN-PHCFs are nearly unaffected with carbonization time, and

the values of carbonization yield are about 64% and the values

of shrinkage ratio are about 14%. It is suggested that the

carbonization yield and shrinkage ratio of PAN-PHCF are not

affected by carbonization time. During the carbonization stage,

the non-carbon elements are removed as volatiles (i.e., H2O,

HCN, NH3, CO, CO2, N2, and so on) to give carbon fibres with

weight loss and shrinkage. The removal of volatiles from fibres

becomes subdued with increasing carbonization time so that the

weight loss and shrinkage ratio change little.



Fig. 3. SEM micrographs of the cross-sections of PAN-PHCFs carbonized at 1073 K for 240 min.
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3.2. Structural properties

XRD was employed to investigate the change of crystalline

structure of the carbonized fibres to explain the effects of

different carbonization times. As is shown in Fig. 5, there are
Fig. 4. Carbonization yield and shrinkage ratio of PAN-PHCFs vs. carboniza-

tion time.
two obvious broad peaks at 258 and 448 in each spectrum,

corresponding to the (0 0 2) and (1 1 0) diffraction of graphite

structure. The absence of the (1 1 2) peak (at 838) even after

carbonization at 1073 K with 240 min indicates a non-

graphitized carbonaceous structure. It may be speculated that

the resultant hollow carbon fibre is an intervenient graphite with

non-graphite structure [22]. That is, the hollow carbon fibres

may partly form crystalline structure. Though the profiles of the

PAN-PHCFs carbonized at various times are very similar, some

slight differences can be observed. With the increase of

carbonization times, the peak representing (1 1 0) diffraction

slightly sharpens and upshifts, which indicates a more ordered

structure, though the structure of all of the PAN-PHCFs have

not been graphitized yet.

In addition, another factor that affects the electrical

performances and electromagnetic parameter is the degree of

graphitization during the carbonization process. The effect of

carbonization time on the chemical structure of PAN-PHCFs

was characterized using Raman technology. The Raman spectra

of PAN porous-hollow cured fibre treated at 1073 K for

different time are shown in Fig. 6. It can be observed that each

spectrum shows two broad peaks centred around 1355 cm�1

and 1600 cm�1. The normal Raman spectrum for a typical

carbonaceous material consists of two peaks, one around

1355 cm�1 called D peak (disordered or amorphous), and

another around 1600 cm�1 called G peak (graphite). The G



Fig. 5. XRD profiles of PAN-PHCFs at various carbonization time.

Table 1

The intensity ratio of D peak to G peak for the porous-hollow carbon fibre

prepared at 1073 K under different time.

Carbonization time(min) 10 60 120 240

ID/IG 1.476 1.312 1.283 1.240
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peak is the Raman active E2g2 mode of graphite involving the

in-plane bond-stretching motion of sp2-hybridized C atoms

whilst the D peak is a breathing mode of A1g symmetry

involving phonons near the K zone boundary. The PAN based

porous-hollow carbon fibres are amorphous as observed from

the Raman spectra patterns which show the presence of the D
Fig. 6. Raman spectra of PAN-PHCFs at various carbonization time.
mode. The D mode is invisible in perfect graphite and only

becomes active in the presence of disorder [23–25].

The ID/IG ratio of Raman spectra is a typical parameter to

quantify the degree of disorder in carbon materials, and the

decrease of the ID/IG ratio indicates that the degree of

graphitization increases. Shown in Table 1, the values of ID/IG

decrease from 1.476 to 1.240 with increasing carbonization

time, indicating the structure of the carbon fibres slowly

evolved toward ideal graphite. Combined with the analysis of

XRD and Raman, it is clearly confirmed that these PAN-PHCFs

have a more ordered crystalline structure but far from

graphitized structure.

3.3. Electrical volume conductivity

Fig. 7 shows the electrical volume conductivity of PAN-

PHCFs with the increase of carbonization time. The electrical

volume conductivity of PAN-PHCFs was determined from the

degree of carbonization. As shown in Fig. 7, the electrical

conductivity of PAN-PHCFs gradually increases with increas-

ing carbonization time before 120 min, then changes indis-

tinctively. The electrical volume conductivity is

190.47 V�1 m�1 when the resultant PAN-PHCFs carbonized

at 1073 K for 240 min. It is suggested that the degree of

carbonization increases with increasing carbonization time,

which influences the crystalline structure of PAN-PHCFs, and a

more ordered crystalline structure leads to the change of

electrical volume conductivity. However, the extent of the

increase of electrical volume conductivity becomes marginal

with the increase of carbonization time.

Table 2 shows the relationship between the intensity ratio of

D peak to G peak and the electrical volume conductivity for the
Fig. 7. Electrical volume conductivity of PAN-PHCFs vs. carbonization time.



Table 2

The relationship between the intensity ratio of D peak to G peak and the

electrical volume conductivity for the porous-hollow carbon fibre.

ID/IG 1.476 1.312 1.283 1.240

s (V�1 m�1) 21.347 103.241 161.009 190.477
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PHCF prepared at 1073 K under different time. The values of

ID/IG decrease gradually with increasing carbonization time,

whilst the electrical volume conductivity increases accordingly.

3.4. Electromagnetic parameters

Fig. 8 shows the e0 and e00 for the PAN-PHCFs in the frequency

range of 2–18 GHz. At 2 GHz, the e0 and e00 of the composites

with 10 min are 5.29, 2.04, respectively. The e0 and e00 of PAN-

PHCFs gradually increases with increasing carbonization time

and reaches 13.76 and 10.08 when carbonization time is 240 min.

In addition, it can be seen that both e0 and e00 of PAN-HCFs

decrease as the microwave frequency increases, that is, the

complex permittivity of composite at 2 GHz frequency point is

larger than that at 18 GHz. This phenomenon is favorable to the

impedance match of microwave absorption properties and

increasing the bandwidth. The results show that the complex

permittivity of the materials increases with increasing carboni-
Fig. 8. Electromagnetic parameters of samples vs. microwave frequency.
zation time. These characteristic electromagnetic properties,

resulting from the electrical volume conductivity, can influence

the radar absorbing properties.

The above results indicate that electrical volume conduc-

tivity of PAN-PHCFs resulting from the degree of graphitiza-

tion plays an important role in the electromagnetic parameters

of composites of PAN-PHCFs and paraffin. It is necessary that

the excellent PAN-PHCFs should be obtained through adjusting

carbonization process.

For conductive absorbers, m � 1 and m00 � 0, and the e0 and

e00 can be defined by [26]

e0 � e00 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
vm0ms

2

r
(3)

where m0 = 4p � 10�7 H/m, v is the angular frequency of the

incident plane wave and s is the electrical conductivity. The

values of e0 and e00 increase as s increases. The degree of

carbonization can increase the electrical volume conductivity

of PAN-PHCFs through extending carbonization time.

4. Conclusions

A series of PAN-PHCFs with di-finger-like porous structure

were prepared by carbonizing PAN hollow cured fibre at 1073 K

for different times. The crystalline structure of the prepared PAN-

PHCFs is far from graphitized structure. The aliphatic bridges

were destroyed and the polyaromatic structure formed after

carbonization. The degree of graphitization and the electrical

volume conductivity of PAN-PHCFs increase with carbonization

time. The electrical volume conductivity increases as the

intensity ratio of D peak to G peak in the Raman spectrum

decreases. The complex permittivity increased at 1073 K when

carbonization time increased from 10 min to 240 min.
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