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Abstract

Drawing to change the structural properties and cyclization behaviors of the
polyacrylonitrile (PAN) chains in crystalline and amorphous regions is carried out on PAN
and PAN/carbon nanotube (CNT) composite fibers. Various characterization methods
including fourier transform infrared spectroscopy, differential scanning calorimeter, X-ray
diffraction and thermal gravimetric analysis are used to monitor the structural evolution and
cyclization behaviors of the fibers. With the increase of draw ratio during the plasticized
spinning process, the structural parameters of the fibers, i.e. crystallinity and planar zigzag
conformation are decreased at first, and then increased, which are associated with the heat
exchange rate and oriented-crystallization rate. A possible mechanism for plasticized spinning
is proposed to explain the changing trends of crystallinity and planar zigzag conformation.
PAN and PAN/CNT fibers exhibit various cyclization behaviors induced by drawing, e.g., the
initiation temperature for cyclization (T;j) of PAN fibers is increased with increasing draw
ratio, while T; of PAN/CNT fibers is decreased. Drawing also facilitates cyclization and

lowers the percentage of f-amino nitrile for PAN/CNT fibers during the stabilization.

*Corresponding authors. Tel: +86-021-6779 2842. Fax: +86-021-6779 2855. E-mail:
chunjuhe@dhu.edu.cn (C.J. He).
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1. Introduction

Carbon fibers (CFs) have been widely utilized as an important reinforcement
materials for large load-bearing composites due to their excellent tensile strength, the superior
stiffness and the low density'. Currently, 90% of all commercial carbon fibers are fabricated
through thermal conversion of polyacrylonitrile (PAN) precursors® due to their simple
processing, low manufacturing cost and excellent mechanical properties’. Since the
performances of CFs are critically dependent on excellent mechanical properties of PAN
fibers®, it is vital to improve the performances of PAN fibers. Carbon nanotubes (CNTs) have
been considered as excellent reinforcement due to their exceptional mechanical properties,
which significantly enhance the performances of the composite materials’. Consequently, a
certain amount of CNTs has been employed to reinforce the PAN fibers®’ recently.

8-10

Since PAN degrades below its melting point due to its strong dipolar interaction” ", the

13-15

PAN/CNT precursor fibers are generally prepared by wet spinning'""'%, gel spinning and

16,17
electrospinning

, leading to structural defects, low efficiency, and solvent recovery
problems. Therefore, external plasticization has been considered as an alternative method to
prepare PAN/CNT fibers'® owing to its high efficiency, low consumption of solvents and
environmentally friendly. And, Ethylene carbonate (EC) has ever been utilized as a plasticizer
for PAN/CNT system'*?’. However, the mechanical properties of the resulting PAN/CNT
fibers are very poor with diameter larger than 250um due to poor plasticizing effect of EC. It
is urgent to develop a new plasticizer so as to improve the structures and mechanical

properties of the fibers. It is well known that the properties of the PAN/CNT fibers are

critically dependent on the spinning processes21. And the drawing carried out on PAN/CNT
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fibers during the wet spinning process has been considered as one of the most indispensable
spinning processes, resulting in the reduction in structural imperfections22 and the decrease in
diameter” of the as-spun fiber. Meanwhile, due to the conformational changes of PAN chains

from helical to planar zigzagz‘l’25

, which lowers degree of chain scission during the
stabilization stage and leads to the improvement of tensile strength of the resulting CFs*°. In
conclusion, we believe that drawing also plays a significant role in improving properties of
the PAN fibers fabricated by plasticized spinning, which has not yet been systematically
studied in depth. Furthermore, to the best of our knowledge, there are few reports concerning
the effect of high draw ratio on cyclization behaviors of PAN and PAN/CNT fibers fabricated
by plasticized spinning.

In this research, PAN/CNT fibers with improved mechanical properties were prepared
via plasticized spinning, where 1-butyl-3-methylimidazolium chloride ([Bmim]Cl) was
utilized as a novel plasticizer. The influence of drawing on structures, mechanical properties
and cyclization behaviors of the prepared fibers induced by drawing were systematically
studied. A possible mechanism for plasticized spinning was proposed to explain the changes
in crystallinity and planar zigzag conformation of the fibers. Furthermore, various cyclization
behaviors of PAN and PAN/CNTs fibers were analyzed as well. It is expected that this study
will provide a better understanding on the structures, mechanical properties and cyclization
behaviors of the fibers prepared by plasticized spinning and furnish an important application
for the development of high-performance PAN and PAN/CNT fibers.

2. Experimental section

2.1 Materials
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Pristine multi wall carbon nanotubes (CNTs, length:1-5um, diameter: 10-20nm, nominal
purity:97%) were purchased from Shenzhen Nanotech Port Corporation Limited. PAN
powder (Mn=1.5x10*g/mol) was synthesized in our laboratory.

2.2 Preparation of samples

In-situ synthesis method was utilized to prepare the [Bmim]CI/CNT system. A mixture
of 0.75 g CNT, 0.157 mol 1-chlorobutane and 0.143 mol N-methylimidazole in a 500 ml
three-neck flask was sonicated for 30 min, then the mixture was conducted at 80 °C with
magnetic stirring for 48 h under a nitrogen atmosphere. The reaction mixture was washed
using ethyl acetate for three times, then [Bmim]CI/CNT system was dried under vacuum at
80 °C to remove the volatile solvent residue. Then 94 g PAN powder was mixed with
[Bmim]Cl/CNT system according to our previous study? .

2.3 Plasticized spinning of PAN/CNT fibers

The PAN/CNT composite fibers were fabricated under standardized conditions of
constant temperature (20 °C +1 °C) and humidity (20 % +1 %) to ensure the reproducibility
of the experimental results. The plasticized spinning process was conducted at a spinning
speed in the range of 30-50 m/min, and the composite fibers were prepared through a
self-made extruder at a temperature of 220 °C. Then the prepared fibers were washed by
deionized water to remove the remaining solvent and dried in an oven at 70 °C for 48 h.

2.4 Stabilization of PAN and PAN/CNT fibers
The PAN and PAN/CNT composite fibers were stabilized in an oven under a constant
tension of 1.2 cN, a low temperature of 200 °C was employed.

2.5 Measurements
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Optical microscope (59XD, Shanghai optical instrument factory, China) was utilized to
observe the dispersion of CNTs in [Bmim]CI/CNT system prepared by different methods.

Field emission scanning electron microscopy (FESEM, S-4800, HITACHI, Japan) was
used to observe the cross-section of the fibers. The fibers were washed with alcohol for
several times and dried in an oven, then embedded with epoxy resin followed by brittle
fracture in liquid nitrogen. The surface and cross-section of the fibers were coated with gold
before observation.

The Infrared spectra (IR) spectrum was recorded using a FTIR (Spectrum BXT1, Perkin
Elmer, US) spectrometer in the range of 400-4000cm™ using KBr pellets.

Differential scanning calorimeter (Q20, TA, US) was used to determine the thermal
performances of fibers under the nitrogen atmosphere, the fibers were heated to 400 °C and
the heating rate was 10 °C/min.

The thermal resistant temperature was obtained by using a thermo-gravimetric analysis
(TGA, Q5000IR, US) at a heating rate of 10 °C/min under the nitrogen atmosphere.

The X-ray diffraction analysis (XRD) using CuKa (A=0.1542 nm) for PAN fibers was
conducted under the X-ray diffractometer (D/Max-2550 PC, RIGAKU, Japan), the operation
voltage and electricity were 30 kv and 10 mA respectively. The average crystal size (Lc) was

calculated using the Scherrer equation®:

Kk
¢ BcosH

(1)

where K is the apparatus constant, which was taken to be 0.89; A=0.1542 nm is the
wavelength of the X-rays; B is the full width at half maximum in radians at 20 =17°.

The crystallinity was determined from the XRD patterns of the fibers according to the

5
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formula calculated by Hinrichsen’s method®’:

Ac
Ac+ Aa

C% =

2
where Ac is the integral area of the crystalline region, and Aa is the integral area of the
amorphous region.

Peakfit soft (v4.12) was utilized for peak fitting of XRD spectra in the range of 20°-50°.

The fiber tensile strength machine (XQ-1, Shanghai New Fiber Instrument Co., Ltd.,
China) was used to measure the mechanical properties of PAN fibers, and the statistical
results came from 10 measurements for each sample.
3. Results and discussion
3.1 Dispersion of CNTs in [Bmim|Cl and PAN/CNT fibers

In order to solve the problem of CNTs aggregation, in-situ synthesis was employed to
prepare [Bmim]CI/CNT system with high homogeneity. Fig. 1 illustrates the optical
micrographs of the [Bmim]CI/CNT systems.  Obviously, Fig. 1 a shows that CNTs are
relatively uniformly dispersed in [Bmim]Cl through in-situ synthesis, while CNTs in
[Bmim]CI/CNT system (in Fig. 1 b), fabricated by mixing the [Bmim]Cl with CNTs under
sonication, are aggregated into many large particles. The “cation-n” interaction®*>? between
CNTs and [Bmim]Cl accounts for disaggregation behavior of CNTs during the in-situ

synthesis process, this interaction also results in highly stable [Bmim]CI/CNT systems.
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Fig. 1. Optical micrographs of the [Bmim]Cl/CNT system:(a) by in-situ synthesis; (b) by
mixing.

3.2 The interaction among PAN, CNTs and [Bmim]Cl at high temperature

Fig. 2 shows FTIR spectra of [Bmim]Cl, [Bmim]CI/CNT, PAN, PAN/[Bmim]Cl,
PAN/[Bmim]CI/CNT systems after heating at 160 °C for 5min. 3132.2 cm™ is attributed to
unsaturated C-H bands of imidazolium rings in [Bmim]C1** (in Fig. 2 a), which is blue-
shifted to 3133.6and 3135.4 cm™ in P, (synthesis) and P, (mixing), respectively. The shift of
these groups provides a strong evidence that there exists strong interaction between
imidazolium rings in [Bmim]Cl and CNTs®'. Obvious blue-shift of unsaturated C-H bands in
P, reveals more CNTs are involved in the interaction, leading to better dispersion of CNTs in
[Bmim]Cl.

As shown in Fig. 2 b, for PAN/[Bmim]Cl system, the red-shift of C=N bands from
2239.5 to 2241.8 cm™ and blue-shift of unsaturated C-H bands of imidazolium rings from
3132.2 to 3143.8 cm™ indicates a new hydrogen bonding (C-H++*N) has been formed between
them, which has been proved in our recent work?’. In contrast to PAN/ [Bmim]Cl system, the
position of C=N groups in PAN/[Bmim]CI/CNT is not shifted. It is well known that “n-n”
interaction can be formed between CNTs and PAN, leading to red shift of C=N groupsl6.

However, the strong “cation-n” interaction between CNTs and [Bmim]Cl in PAN/[Bmim]Cl

7
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system, as confirmed by blue shift of C-H groups of imidazolium rings from 3143.8 to 3146.1
cm’ (in Fig. 2 b), leads to the weakness in interaction between PAN and [Bmim]CI/CNT.

Therefore, the blue shift of C=N groups induced by “cation-n” interaction is offset by red

shift caused by “n-n” interaction, thus the position of C=N groups is not shifted.
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Fig. 2. IR spectra of [Bmim]|Cl, [Bmim]Cl/CNT, PAN, PAN/[Bmim]Cl,
PAN/[Bmim]CI/CNT at 160 °C temperature: P; ([Bmim]CI/CNT) was prepared by
in-situ synthesis process; P, ([Bmim]Cl/CNT) was prepared by mixing process.

3.4 The structural changes of PAN and PAN/CNT composite fibers

Fig. 3 displays the SEM images of the PAN and PAN/CNT fibers. The PAN/CNT fibers
exhibit smoother surface compared with PAN fibers. The cross section of both fibers is
circular and compact, and PAN/CNT fibers show a fairly uniform dispersion of apparently
single CNT within the PAN matrix. This indicates that the preparation process of

PAN/[Bmim]CI/CNT system provide a better solution to problem of dispersion of CNTs in

PAN matrix.
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FigT 3. SEM images of PAN and PAN/CNT fibers: (a) and (d) the surface of the fibers;
(b), (¢), (e) and (f) the cross section of the fibers.

As shown in Table 1, the crystallinity and planar zigzag conformation of both PAN and
PAN/CNT composite fibers are first decreased with increasing draw ratio and then increased.
The crystal size (1.2-1.7 nm) of PAN and PAN/CNT fibers prepared by plasticized spinning is
obviously smaller than that (3.7-5 nm) of PAN and PAN/CNT fibers fabricated by
wet-spinning'”, which is closely related to the difference between plasticized spinning and
wet-spinning. For wet-spinning, it is suggested that™ the slow inter-diffusion process between
solvents and coagulants contributes to the growth of crystal size, the structural evolution of
PAN fibers can be reasonable explained by spinodal decomposition mechanism.

Obviously, the spinodal decomposition mechanism is not suitable to explain the
changing trends of structural parameters of both fibers through plasticized process, and a new
possible mechanism for plasticized spinning is proposed. As shown in Fig.4, the plasticized
spinning process is followed by heat exchange between PAN/[Bmim]Cl system and
surrounding environment. Heat exchange rate between the thin melt and surrounding

environment is so high after it’s extruded from the spinneret hole, which will shorten
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oriented-crystallization stage. This hinders the movement of the PAN chains and further
decreases the crystallinity of the prepared fibers. On the other hand, plasticized spinning
process is accompanied by oriented-crystallization of PAN molecular chains. High draw ratio
contributes to orientation-crystallization of PAN chains with respect to drawing direction,
leading to the increase in crystallinity of the fibers. It is concluded that drawing has two
opposite effects on crystallization and changing trends in crystallinity of the resulting fibers is
strongly dependent on drawing.

The changing trends in crystallinity of the composite fibers can be reasonably explained.
For PAN fibers, the crystallinity of A, is decreased from 57.1% to 54.8% as compared with
Aj. Accordingly, it is reasonable to conclude that the high heat exchange rate is the prime
reason for reducing in crystallinity. As the draw ratio is further increased, it is speculated that
the inter-molecular interaction becomes stronger as a result of the reduction in distance
between the PAN molecular chains®’, which accelerates the extrusion rate of [Bmim]Cl from
oriented-crystallization region (in Fig. 4), resulting in high oriented-crystallization rate.
Although the oriented-crystallization stage is further shortened, it is believed that the high
oriented-crystallization rate is a decisive factor in determining the increase in crystallinity
from 54.8% to 58.6%.

For PAN/CNT composite fibers, B; show low crystallinity compared with A; (similar
diameter), the similar phenomena can be observed as comparing the crystallinity between B,
and A,. This suggests that the addition of CNTs lowers the crystallinity of the fibers. As we
know, the thermal conductivity of CNTs (2000-6000 Wm™K™")***7 is much higher than that

of PAN (~0.2 Wm'lK'l)38 and ionic liquids (0.1~0.2 Wm'lK'l)”, which significantly

10
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accelerates the heat exchange rate and thus reduces the oriented-crystallization stage. It is
interesting to note that PAN/CNT fibers also show a similar changing trend in crystallinity
compared with PAN fibers, indicating that the high oriented-crystallization rate still plays a
decisive role as further increasing draw ratio. In addition, the crystallinity of Ajis higher than
that of Aj, the similar phenomena can be seen when comparing B; and B;. This indicates that
the oriented-crystallization rate of Aj is significantly higher than that of A;, through the
oriented-crystallization stage of Ajz is shorter than that of A;. The crystallinity of Bj is
increased by 1.7% compared with As, suggesting that the introduction of CNTs also
contributes to oriented-crystallization of the PAN molecular chains during the plasticized
spinning process, which accelerates the oriented-crystallization rate.

Table 1. Structural parameters of PAN and CNT/PAN composite fibers.

Fibers  Fibers name  Draw ratio Effective Crystallin Crystal ~ Meridional

type diameter ity/% size/nm peak
/mm position

(20)/°

Ay 20 0.0423 57.1 1.46 40.568

PAN As 30 0.0346 54.8 1.54 40.449
Az 40 0.029 58.6 1.38 40.545

B, 20 0.0434 53.6 1.44 40.398

PAN/C B, 30 0.0352 51.8 1.32 40.252

NT B3 40 0.0305 60.3 1.63 40.373

11
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Fig. 4. The possible mechanism for plasticized spinning of PAN/[Bmim]Cl system during
the plasticized spinning process.

Fig. 5 shows the XRD curves of the PAN and PAN/CNT fibers, where the peak position
at around 36 and 40° are attributed to planar zigzag and helical sequences respectively40. The
peak position at around 40° is shifted to the low angle with the increase of draw ratio,
indicating the increase in planar zigzag conformation’. In this paper, it is interesting to note
that the peak position (around 40°) of both fibers is first shifted to low angle, and then shifted
to high angle with increasing draw ratio, which is consistent with the crystallinity. This
reveals that the conformational changes from helical to planar zigzag are apt to take place at
amorphous region rather than crystalline region, which may be due to the weak
inter-molecular interaction at amorphous region*'. Meanwhile, the PAN/CNT fibers possess
more planar zigzag conformation compared with PAN fibers (similar diameter), suggesting

that the introduction of the CNTs contributes to conformational changes.

12
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Fig. 5. XRD meridional scans: (a), (a’) and (a’’) PAN fibers; (b), (b") and (b'") PAN/CNT
fibers;

3.4 Mechanical properties of PAN and PAN/CNT composite fibers

As can be seen in Table 2, the tensile strength and modulus of PAN/CNT fibers are as
high as 0.384 GPa and 8.82 GPa even the post drawing process has not been employed,
which are increased by 34.7 % and 16.7 % compared with those of PAN fibers. Meanwhile, it
is noted that the tensile strength and modulus of PAN/CNT fibers are also 4.8-fold and
8.82-fold higher than those of PAN/CNT fibers prepared by EC?. This indicates that the
plasticized effect of the [Bmim]Cl is obviously superior to EC.

The tensile strength and modulus of the both fibers are shown to gradual increase with
increasing spinning speed, which are not in agreement with the changing trend of crystallinity.
This suggests that the PAN molecular chains at both regions contribute to mechanical

properties of the fibers prepared by plasticized spinning.

13
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Table 2. Mechanical properties of PAN and CNT/PAN composite fibers.

Fibers type Fibers name Draw ratio Tensile strength Tensile Strain to
: /GPa modulus /GPa failure /%
Ay 20 0.19 4.49 16.02
PAN Ay 30 0.233 5.14 15.44
Az 40 0.285 7.56 13.88
B, 20 0.227 4.5 13.12
PAN/CNT B> 30 0.275 6.84 12
Bs 40 0.384 8.82 12.36

3.5 Cyclization behaviors of the fibers characterized by DSC

Table 3 and Fig. 6 illustrate DSC data and curves of PAN and PAN/CNT composite
fibers. The initiation temperature for cyclization (T;) of PAN fibers is increased with
increasing draw ratio, while T; of PAN/CNT composite fibers is decreased. This indicates that
drawing hinders the initiation of cyclization for PAN fibers, but facilitates initiation of
cyclization for PAN/CNT fibers. Table 1 and Table 3 also indicate that heat released for
cyclization (AH) of composite fibers is increased with increasing crystallinity.

Cyclization first occurs at amorphous region, then progresses to crystalline region***
due to relatively loose structure of amorphous region, thus the T;reflects the cyclization at
amorphous region. The molecular chains at amorphous region are consisted of loops, folds,
entanglements, chain ends, defects, co-monomer sequences, tie chains and so on*, indicating
there exists entanglement-rich region at amorphous region. The molecular chains at
entanglement-rich region are apt to extend (or orient) with respect to drawing direction with
increasing draw ratio™, but the inter-molecular interaction between C=N groups become
stronger as well as a consequence of conformational changes from helical to planar zigzag®’,
as shown in Fig. 7 a, which has been proved by XRD results. Consequently, it is reasonable

46,47

to conclude that it becomes more difficult for intra-molecular cyclization to occur,

resulting in the increase in T; for PAN fibers.

14
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For PAN/CNT fibers, the introduction of CNTs results in formation of “z-n” interaction
between PAN and CNTs (as confirmed in Fig. 2), which is beneficial to weaken
inter-molecular interaction between C=N groups at entanglement-rich region. Meanwhile,
with increasing draw ratio, it is speculated that more and more C=N groups are more likely to
form the “n-n” interaction with the CNTs due to the formation of planar zigzag conformation.
This further weakens the inter-molecular interaction, as shown in Fig. 7 b. The decrease in T;
of PAN/CNT composite fibers with increasing draw ratio supports the assumption.

The various cyclization behaviors can be further confirmed by heat released (AH) and
cyclization temperature (T). The AH for PAN fibers is decreased from 318.9 J/g to 306.2 J/g
and then increased to 324.4 J/g with increasing draw ratio, this is in agreement with changing
trend of crystallinity (in Table 1), suggesting occurrence of cyclization at crystalline region
mainly contributes to AH. The AH of PAN/CNT fibers is increased from 320.2 J/g to 337.3
J/g, while the crystallinity is decreased from 53.6 % to 51.8 % (in Table 1). It demonstrates
that AH is ascribed to occurrence of cyclization both at amorphous and crystalline regions,

b

and the “m-n” interaction and drawing facilitate the intra-molecular cyclization reaction at
amorphous region.

It is believed that the cyclization temperature (T) corresponds to the occurrence of the
most violent cyclization reaction at crystalline region (or both at amorphous region and
crystalline region). For PAN fibers, the strong inter-molecular interaction as a result of
increasing draw ratio not only hinders cyclization at amorphous region, but also obstructs the

propagation of cyclization from amorphous region to crystalline region. Meanwhile, larger

amorphous region is also not conducive to the occurrence of cyclization at crystalline region.

15
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These two reasons are considered to be responsible for the increase in T from 286.4 °C to
294.1 °C (in Table 3). However, for PAN/CNT fibers, the T of B, is 285.4 °C, which is
decreased by 3.1 °C compared with B, (in Table 3). This indicates that cyclization becomes
easier to take place at crystalline region as a consequence of increasing drawing ratio,

although the amorphous region of B, is larger

Table 3. DSC data of PAN and PAN/[Bmim]Cl composite fibers in the range of
200 °C-380 °C.

Fibers type Fibers name Draw ratio T;/°C T/°C T¢°C AH/J g'1
Al 20 259.9 286.4 349.3 318.9
PAN As 30 260.6 294.1 351.8 306.2
A; 40 261.4 286.9 346.9 324.4
B, 20 259.2 288.5 342 320.2
B, 30 257.5 285.4 351.8 337.3
PAN/CNT B; 40 254.1 304.6 348.7 339.7
o Q
i —aA i
N —A,

00 . 250 300 . 350 00 250 300 350
(a) Temperature(‘C) (b) Temperature(°C)

Fig. 6. DSC curves of PAN and PAN/CNT fibers: (a) PAN fibers; (b) PAN/CNT fibers.
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16



Page 17 of 23 Physical Chemistry Chemical Physics

Simglifii Increasinﬁ draw ratii

Entanglement-rich region
Amorphous region

@V Planar zigzag conformation
agnificatio 7 N NN

i o () () Q) ) oo ———

e T .
(a) Cyclization behavior of PAN fibers. Akiﬁ

\
Crystalline region -

Simﬁliﬁ ~

Entanglement-rich }

region

Amorphous region

N Si
A e N \N

.o i m !
0 OH" Y N N N

¢ I N N T~
W@&n\lﬁ@vior of PAN/CNT fibers
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3.6 Cyclization behaviors of the fibers characterized by TG

Fig. 8 displays the TG curves of PAN and PAN/CNT composite fibers, where the
decomposition temperature for weight loss (T,) of PAN and PAN/CNT fibers is 256.6 °C and
274.8 °C, respectively. It is believed that the weakness in inter-molecular interaction, induced

by CNTs, contributes to cyclization. As a result, it lowers degree of chain scission.
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Fig. 8 b shows that T, of PAN/CNT fibers is increased with increasing draw ratio. The
changing trend of T, is not in accordance with that of crystallinity (in Table 1), this confirms
that decomposition first occurs at amorphous region and the increase in draw ratio lowers
chain scission possibility. It is suggested that** the fibers contain more planar zigzag
conformation result in less degree of chain scission, this further confirms that the planar
zigzag conformation is increased at amorphous region with increasing draw ratio, which has
been proved previously.

The changing trend of residual weight (%), which is decreased at first and then increased,
is consistent with that of crystallinity (in Table 1). This indicates that molecular chains at

crystalline region are not vulnerable to scission due to its regularity.
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Fig. 8. TG curves of PAN and PAN/CNT composite fibers.

3.7 Cyclization behaviors of the fibers characterized by FTIR and XRD

It has been proved that the peaks in the range of 2180-2260 cm™ can be ascribed to three
types of C=N groups, un-reacted nitrile at 2242 cm™, conjugated nitrile at 2210 cm™ and
B-amino nitrile at 2190 cm™*, which can be characterized by FTIR. Meanwhile, XRD also
can be used to observe the changes in crystallinity induced by stabilization®. Thus XRD and

FTIR were utilized to characterize the stabilization of PAN and PAN/CNT composite fibers.
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As can be seen in Table 4 and Fig. 9, for A; and B3, the addition of CNTs lowers the
percentage of B-amino nitrile in the stabilized fibers. For PAN/CNT fibers, drawing lowers
the percentages of unreacted and B-amino nitrile, indicating that drawing contributes to
stabilization. It is noted that a low temperature of 200 °C was conducted to stabilize the fibers,
thus the crystallinity of the composite fibers is decreased marginally (in Table 5) in the early
stage (<2h), indicating cyclization mainly occurs at amorphous region. At this stage, the
percentage of unreacted nitrile in Bs is significantly lower than that in As, suggesting the
“n-n” interaction between PAN and CNTs facilitates the intra-molecular cyclization at
amorphous region.

In contrast to As, the quantity of unreacted nitrile in B; is decreased slowly as
stabilization time is longer than 1h (in Table 4), and the crystallinity of Bj is reduced slowly
as well (in Table 5), confirming that the introduction of CNTs obstructs the stabilization at

crystalline region.

Table 4. Peak fitting for FTIR spectra of PAN and PAN/CNT fibers after stabilization.
Time/h B, B; As

o/ Dy DS Dy DS Dy DS Dy DS DY DS Dy
% % D, % % % Dy, % % % D, %

0.5 11.2 119 094 769 11 134 122 75 281 7.38 0.38 922

1 129 123 1.05 741 16.1 129 125 71 7.74 17.8 0.43 745

2 169 149 1.13 672 236 148 159 61.6 244 19 1.28 56.6

4 244 165 148 59.1 27 165 1.64 565 287 203 141 51

Note: @.: Percentage of conjugated nitrile, ®y,: Percentage of B-amino nitrile, @4: Percentage
of unreacted nitrile.
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Fig. 9. Nitrile peak fitting of FTIR spectra of stabilized PAN and PAN /CNT composite

fibers.
Table 5. Structural parameters of stabilized PAN and PAN/CNT composite fibers.
Time/
h crystal  crystallinity crystal crystallinity/ crystal crystallinit
size/nm 1% size/nm % size/nm y/%
0 1.44 51.8 1.63 60.3 1.38 58.6
0.5 1.19 50 1.2 56.7 1.2 58.1
1 1.13 49.7 1.14 54.6 1.15 57.3
2 1.12 49.5 1.12 49.7 1.11 47.4
4 1.08 48.3 1.1 48.2 0.99 43.1
Conclusion

In this paper, [Bmim]Cl was utilized as a plasticizer to achieve the plasticized spinning
of PAN and PAN/CNT composite fibers. The interaction among the PAN, [Bmim]Cl and
CNTs was investigated. For PAN/[Bmim]CI/CNT system, it was revealed that the blue shift

of C=N groups induced by “cation-n” interaction is offset by red shift caused by “m-m”
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interaction, thus the position of C=N groups in the system is not shifted.

The tensile strength and modulus of PAN/CNT fibers were shown to increase with
increasing draw ratio. The crystallinity was decreased at first, and then increased, which was
associated with the oriented-crystallization rate and heat exchange rate. The planar zigzag
conformation of the fibers exhibited an identical trend compared with crystallinity, revealing
that the planar zigzag conformation was more likely to take place at amorphous region.

The initiation temperature for cyclization (T;) of PAN fibers was increased with increasing
draw ratio. This was because that the inter-molecular interaction became stronger with
increasing draw ratio, which hindered the initiation of cyclization at amorphous region.
However, the T; of PAN/CNT fibers was decreased with increasing draw ratio. This was due to
that the “m-n” interaction between PAN and CNTs and high draw ratio facilitated the
intra-molecular cyclization at amorphous region. The introduction of CNTs contributed to the
cyclization at amorphous region, but hindered the cyclization at crystalline region. For
PAN/CNT fibers, drawing lowered the percentage of B-amino nitrile and accelerated the
cyclization, which would improve the mechanical properties of resulting carbon fibers.
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