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Abstract: The hot-drawing process of polyacrylonitrile (PAN) fibers is an important step during the
production of PAN-based carbon fibers. In this study, supercritical carbon dioxide (S5c-CO,) was used
as one kind of media for thermal stretching of PAN fibers to study the effect of different pressures
of Sc-CO; on crystallinity, degree of orientation and mechanical property of PAN fibers during the
hot-drawing process. The changes of microstructure and mechanical properties in the PAN fibers
were investigated by wide-angle X-ray diffraction, small angle X-ray scattering and monofilament
strength analysis. The results showed that as the pressure increased, the crystallinity and degree of
orientation of PAN fibers increased. Furthermore, when the pressure was 10 MPa, the crystallinity
increased from 69.78% to 79.99%, which was the maximum crystallinity among the different pressures.
However, when the pressure was further increased, the crystallinity and degree of orientation of the
fibers were reduced. The test results of the mechanical properties were consistent with the trends
of crystallinity and degree of orientation, showing that when the pressure was 10 MPa, the tensile
strength of the fibers increased from 4.59 cN-dtex ! to 7.06 cN-dtex ! and the modulus increased
from 101.54 cN-dtex ! to 129.55 cN-dtex !

Keywords: hot-drawing; polyacrylonitrile fibers; supercritical carbon dioxide; crystallinity; degree of
orientation; mechanical property

1. Introduction

Carbon fibers (CFs) are defined as one kind of high performance fiber containing at least 92 wt
% carbon [1] which have achieved global interest owing to the advantages of high tensile properties,
low densities, high thermal and chemical stabilities. Because of these superior properties, CFs are
well known as carbonaceous reinforcing materials utilized increasingly in fields ranging from the
aerospace industry to sport products [2—4]. CFs can be produced from many different precursors, such
as polyacrylonitrile (PAN) [5], mesophase pitch [6,7], rayon, etc. [8], among which PAN-based CFs
are the preferred reinforcements for structural composites owing to their perfect strength, stiffness
combined with their light weight as well as lower cost. Therefore, the majority of CFs (about 95%) are
made from PAN fibers [9]. PAN is one kind of polymer with the chain of carbon connected to one
another which is hard, horny, relatively insoluble, and has high-melting material [10]. According to the
continuity of polymerization and spinning, it is generally divided into one-step and two-step methods.
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According to the spinning process, it is generally divided into wet spinning [11], dry spinning [12],
dry-jet wet spinning [13] and melting spinning, among which dry-formed fiber structure is the tightest.
The change of fineness of fibers in wet forming is small, the solvent remaining in the fibers is small,
and the quality of the raw silk can be easily controlled, which results in wet forming being widely used
in the spinning process. The spinning solvents are dimethyl sulfide [14], dimethyl-formamide [15],
sodium thiocyanate [16], zinc chloride [17], nitric acid, etc.

At present, experts and scholars at home and abroad all believe that the quality of PAN precursors
is key in determining the performance of CFs, that is to say, only high-performance PAN precursors
can produce high-performance CFs. Therefore, we can study new ways to improve the performance of
PAN fibers, thereby improving the performance of CFs.

Pure CO; has a low critical temperature and pressure (T = 304.1 K and P. = 73.7 bar), which
can be used in moderate process conditions. Supercritical carbon dioxide (Sc-CO,) is usually used as
non-toxic solvents in extractions [18,19], separations [20,21], chemical reactions [22], and various other
applications [23-26]. At present, more and more experts use Sc-CO; to induce the crystallization of
polymers and fibers [27-29]. Owing to the characteristics of the Sc-CO fluid, it can be applied to the
hot-drawing process of PAN fibers at low temperatures. In this paper, we tried to find a new way to
prepare the PAN-based CFs with higher performance, and Sc-CO; was used to treat the PAN fibers
during the hot-drawing process. Due to the permeability and plasticization of Sc-CO,, CO; entered
the interior of the fibers which may have induced crystallization of PAN fibers under the combined
effect of force and heat. Furthermore, the crystallinity and degree of orientation of the fibers increased
under the action of force and heat, thereby increasing the mechanical properties of the fibers.

2. Experiments

2.1. Materials and Sample Preparation

PAN fibers (having 24,000 filaments per bundle) were supplied by Weihai Fiber Development Co.,
Ltd. (Weihai, China). CO, with the purity of 99.99% was supplied by Sinopharm Chemical Reagent
Co., Ltd. (Suzhou, China).

First, we prepared a tension application instrument which is shown in Figure 1. Secondly, we
compressed the spring to a certain length, fixed it with a nut, and then wrapped the PAN fibers with
4 turns. After the fibers were fixed, the nut of the fixing spring was unscrewed and then the tension
application instrument was placed in the reaction vessel when the high-pressure and high-temperature
reactor was heated to a certain temperature. We opened the intake valve and the outlet valve of the
reactor and removed the air in the reactor with a small amount of CO, gas three times, and then
pressured it to a certain pressure with the CO, we required. After a period of reaction, the CO, gas
was discharged, and the hot-drawing PAN fibers were obtained.
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Figure 1. Tension application instrument: (1) Spring; (2) nut; (3) screw; (4) semicircular stainless-steel
tube; (5) polyacrylonitrile (PAN) fibers; Ly: Spring length after loosening the nut; L;: Spring length
after reaction.
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2.2. Characterization

The stress-strain curve of a single fiber was recorded using a XQ-2 tensile tester with a gauge
length of 20 mm and an extension rate of 20 mm-min~!. At least 50 fibers were tested for each sample
and the average tensile strength, elongation at break and initial modulus were calculated.

Small angle X-ray scattering (SAXS) analysis of the fibers was carried out at the Shanghai
Synchrotron Radiation Facility (SSRF) on beam line (BL14B) with an X-ray wavelength of 0.124 nm.
The sample-to-detector (Mar CCD 165) distance was 1980 mm. All data analysis was carried out using
the X-polar software (Precision Works NY, Inc., Schenectady, NY, USA).

Wide angle X-ray diffraction (WAXD) was carried out at the Shanghai Synchrotron Radiation
Facility (SSRF) on beam line (BL14B) with an X-ray wavelength of 0.124 nm. A bundle of PAN
fibers was placed on a sample holder with the fiber direction perpendicular to the X-ray beam. The
specimen-to-detector (Mar 345) distance was calibrated using the standard sample LaB6. All data
analysis (background correction, radial and azimuthal integration) was carried out using X-polar
software (Precision Works NY, Inc., Schenectady, New York, USA). The degree of crystallinity of the
fiber was calculated using Equation (1):

e

WC:ZC+I,1

x 100% (1)

where W, is the crystallinity of the fiber, and /. and /, are the total peak area of the crystal phase and
amorphous phase, respectively.

3. Results and Discussion

3.1. Mechanical Properties of PAN Fibers Treated at Different Pressures

The mechanical properties of the PAN fibers treated in Sc-CO; at different pressures were tested
in this article and the changes in the mechanical properties of PAN fibers were obtained, as shown in
Figure 2. Compared with the untreated PAN fibers, the tensile strength of the PAN fibers increased
from 4.59 cN-dtex ! to 7.06 cN-dtex ! when treated pressure was 10 MPa. In addition, it was of high
interest to note that the change in pressures were very small. That is to say, the tensile strength of the
PAN fibers was very sensitive to pressure which might be attributed to changes in CO; concentration.
The tensile modulus of PAN fibers treated at different pressures are shown in Figure 2, from which it is
not hard to observe that the variation trend of Young’s modulus was similar to tensile strength. Under
the action of tension and heat, the molecular chains of PAN fibers moved in the direction of tension,
which increased the degree of orientation of the fibers. Owing to the movement of PAN chains and the
effect of tension, the defects in the fibers were reduced. The crystallinity and degree of orientation of
the fibers were used to determine the mechanical properties of the fibers in a certain aspect. Therefore,
the change trend of mechanical properties was the same as the trend of crystallinity and degree of
orientation. The experiment showed that the PAN fibers with the best mechanical properties could be
obtained after hot-drawing at 10 MPa.
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Figure 2. Mechanical performance of PAN fibers treated at different pressures in supercritical carbon
dioxide (Sc-CO»).

3.2. Wide Angle X-Ray Diffraction (WAXD) Analysis of PAN Fibers Treated at Different Pressures

Crystal structure and molecular orientation played important roles in the properties of PAN fibers.
The 2D-WAXD patterns of PAN fibers treated at different pressures are given in Figure 3A, from which
we can observe that the PAN fibers had two distinct diffraction fringes in the equatorial direction, the
crystal planes of (100) and (110), respectively. At the same time, there were four diffraction arcs in the
meridional direction, which were symmetrically distributed along the central axis. As the pressure
increased, the diffraction fringes in the equatorial direction became shorter and sharper, indicating an
increase in crystallinity and the degree of orientation. However, as the pressure increased further, the
diffraction fringes in the equatorial direction gradually became longer and weaker.

The equatorial and meridional radial integrations of 2D-WAXD patterns of PAN fibers treated at
various pressures are shown in Figure 3B,C respectively. The radial intensities in equatorial direction
were obtained by integrating over —15° < ¢ < 15°, where ¢ denoted the azimuth angle. From
Figure 3B, it can clearly be seen that two peaks appeared at 20 = 13.6° and 20 = 23.6° in integral
spectrum of equatorial direction, reflecting the ordered crystal structure in PAN fibers. The stronger
diffraction peak at 26 = 13.6° corresponding to the crystal plane of (100), reflected the molecular chain
spacing. In addition, the weaker diffraction peak at 20 = 23.6° corresponding to the crystal plane of
(110), reflected the distance between nearly parallel molecular pieces. As the pressure increased, the
concentration of CO, and the force in the reactor increased gradually, allowing us to also analyze
the effects of the concentration of CO, and force on the crystallization behavior of PAN fibers. The
intensities of (100) and (110) of the treated fibers were increased with the increase of pressures at
first, indicating that crystallization was increased with the increase of CO, concentration. With the
further increase of pressure, the intensities of (100) and (110) planes were decreased, indicating that
crystallinity would decrease if the concentration of CO, was too high. The PAN fibers were plasticized
and swelled due to the presence of Sc-CO; so that the movement of molecular chains was enhanced,
and the molecular chains were rearranged under the tension just like Figure 7, causing an increase in
crystallinity and degree of orientation. As data on crystallinity of the PAN fibers show in Figure 4, when
the pressure was 10 MPa, the crystallinity increased from 69.78% to 79.99%, however, the crystallinity
was only 69.91% when the pressure was 14 MPa. We explained these changes using the following
aspects: When the Sc-CO, was dissolved in the PAN fibers, the free volume of the fibers increased,
and the force between the segments was weakened which was good for the movement of molecular
chains. At the same time, the flexibility of the segments was increased, which allowed the fibers to
crystallize below the crystallization temperature. However, when the system pressure was too high,
hydrostatic pressure was generated [30,31]. Therefore, the free volume of the PAN fibers shrank, the
movement of the segment was restricted, and the difficulty of the segment movement was increased,
which all resulted because the crystallinity of the PAN fibers was lower when the pressure was too
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high. We can conclude that the crystallinity of PAN fibers increased with the increase in pressure, and
then showed a downward trend when the pressure was further increased.

The radial intensities in meridional direction were obtained by integrating over 15° < ¢ < 165°
shown in Figure 3C, which showed that there were four broad scattering peaks of amorphous matrix
of PAN fibers appeared at 20 = 6.3°, 20 = 13.6°, 20 = 21.6° and 20 = 32°, respectively. These four broad
scattering peaks of amorphous matrix were sharper when the pressure was 10 MPa which indicated
that after treated in the medium of Sc-CO; under the presence of heat and tension, the PAN fibers had
a higher degree of orientation.

The orientation factor f. was a good parameter to describe the orientation of crystal. The plane of
(100) was often used for the calculation of crystal orientation in PAN fibers, and (002) for the analysis
of graphite in CFs. The crystal orientation along the fiber axis was calculated based on the Herman’s
orientation function as shown in Equation (2):

3<cos2go>100 -1

fc = 2 (2)

was defined as:

<C052(P>100 -

where @199 was the azimuthal angle, I(¢100) was the diffraction intensity distribution of the reciprocal
lattice vector of the (100) plane. Figure 5A shows the azimuthal scan curves of the (100) plane and
Figure 5B shows the orientation of the (100) plane of PAN fibers. We found that the orientation factor
f. showed a trend of increasing first and then decreasing with the increase of pressure.

We could explain the changes in the degree of orientation using the following aspects: When
Sc-CO, was dissolved in the PAN fibers, the segments of fibers moved in the direction of tension which
increased the degree of orientation. However, when the system pressure was too high, hydrostatic
pressure would be generated, the movement of the segment was restricted, and the difficulty of the
segment movement was increased, which all led to the reduction in the degree of crystallization.

where (cos?¢) 4,
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Figure 3. Wide angle X-ray diffraction (WAXD) patterns of PAN fibers treated with different pressures:
(A) 2D-WAXD diffraction patterns; (B) integral diffraction intensity of equatorial line; (C) meridian
integral diffraction intensity.
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Figure 4. Crystallinity of PAN fibers treated at different pressures in Sc-CO,.

A Untreated B
——8MPa 0.934
— 10MPa 1
— 12MPa 0.924

Gy —— 14MPa

3 S 1
s B 4
= 8 0.91
— c 4

] S
g & 0.90
£ o ]
© 0.894
T T T T T 088"

11 12 13 14 15 16 17
Azimuthal angle (°) Untreated 8MPa 10MPa 12MPa 14MPa

Figure 5. (A) Azimuthal scan curves of the (100) plane and (B) Orientation factor of (100) plane of PAN
fibers treated at different pressures.

3.3. Small Angle X-Ray Scattering (SAXS) Analysis of PAN Fibers Treated at Different Pressures

Small angle X-ray scattering (SAXS) technology is an effective method for studying the
microstructure and microvoids in fibers due to the penetration of X-ray and its statistical results
which can obtain structural features in the range of 1-100 nm length. For the PAN-based CFs, it is well
known that the contribution of SAXS was attributed to the needle-shaped microvoids which had an
orientation distribution parallel to the axis direction of the fibers [32-34]. Figure 6 shows the SAXS
patterns of PAN fibers treated at different pressures during the hot-drawing process. Diamond shaped
patterns appeared in the SAXS patterns, which was due to the rod-like structure oriented along the
stretching direction. From the SAXS patterns, it can be clearly seen that the pattern of the untreated
fibers exhibited long oval shapes. With the increase of pressure, the pattern gradually became sharper
in the direction of the equator. However, the pattern gradually became more rounded in the direction
of the equator with further increases in pressure.

The invariant Q gave information about the content of microvoids for isotropic scattering. The
one-dimensional pseudo-invariant Qy, had a relationship with the orientation of microvoids for
anisotropic scattering, which is defined in Equation (4) [35]:

—+00
Q= Pl @

where 1 was the angle between the direction of fiber axis and the direction of integral-strip; 4 was the
scattering vector (g = 4msin® /A, A was the wavelength and 20 was the scattering angle).



Polymers 2019, 11, 403 7 of 11

The parameter L, characterized the microvoids and was calculated based on the method of Shioya
and Takaku [33,36] as shown in Equation (5):

2 f0+°o I (7)(1(]3(1(]12
Q

where L, was the average chord length of a line drawn through the cross-section of the voids at
random; g1, and g3 were the components of the reciprocal space vectors in the horizontal and vertical
direction, respectively.

The orientation distribution By, and the micropore length L of the voids along with the fiber axis
direction were obtained by the method of Ruland [34]. For the PAN fibers, the azimuthal scans of
the equatorial streak were conducted in accordance with the Lorentzian function, which was used to
estimate the observed integral breadth B,s. The integral breadth B¢ had a relationship with g, at the
same time, for different values of q, the microvoid length (L) and the misorientation width (By,) were
calculated from the Cauchy—Cauchy formula as Equation (6):

L, = ®)

Bops = Bl/J + i?; (6)
where B,p,s was the full width at the half maximum of the azimuthal profile from the equatorial streak.
The micropore length L and orientation deviation angle By, in the fibers were calculated and
are shown in Table 1. From Table 1, we observe that with the increase of pressure, the micropore
length reduced, which indicated that as the concentration of CO; increased, the movement of the
segments led to a reduction of hollow space in the fibers. At the same time, information about the
changes of micropore’ orientation was obtained from data on By,, which showed that with the increase
in pressure, By, reduced, while with the further increase of pressure, By, increased. The possibilities
surrounding this phenomenon might be explained by two aspects: First, as pressure increased, the
force received by the fiber gradually increased, which might have caused the micropores to change
along the direction of fiber axis, resulting in the decrease of By,. On the other hand, under the action of
Sc-CO;, the molecular chains in the fibers moved easily along the axis of the fibers, which might have
caused the orientation of micropores to increase in the same direction. While with the further increase
of pressure, the movement of molecular chains in the fibers were hindered because of the hydrostatic
pressure generated by CO; and thus, By, began to reduce. However, By, increased slightly faster than
the untreated fibers which indicated that the movement of molecular chains played a more important
role than the pressure force generated by pressure.

Untreated 8MPa 10MPa 12MPa 14MPa

Figure 6. Small angle X-ray scattering (SAXS) patterns of PAN fibers treated at different pressures.

Table 1. The characterization of microvoid structures in PAN fibers at different pressures during the
hot-drawing process.

Sample By, (©) L (nm)
Untreated 28.27777 1626.741
8 MPa 24.35159 340.1361
10 MPa 17.95414 163.6661
12 MPa 18.03325 187.2659

14 MPa 27.73146 373.1343
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3.4. Stretching Behavior Analysis of the PAN Fibers Heated at Different Pressures

The glass transition temperature (Tg) of PAN fibers was 100 °C. When the temperature was
above Tg, thermal motion occurred among the molecular chains. Owing to the presence of heat and
tension, the molecular segments in the amorphous region moved along the direction of the tension
which resulted in molecular chains oriented in the direction of fiber axis. As shown in Figure 7, the
molecular segments in the amorphous region underwent thermal motion under the action of heat
and tension in Sc-CO; fluid and the molecular chains were oriented along the axial direction, so that
the molecular segments of the amorphous regions in the fibers were more regularly arranged which
increased the degree of orientation of the fibers. At the same time, there were some PAN chains
where crystal boundary crystallized after the hot-drawing process, as shown as Figure 7. It was well
known that the length and diameter of the fibers would change after hot-drawing process, as shown in
Figure 8. Owing to the molecular chains of the fibers oriented along the axial direction of the fiber,
the angle between the fiber segments and the fiber axis reduced, which resulted in the length of the
fiber increasing. As shown in Figure 8, the chain length of PAN fibers in the quasi-crystal was Iy, and
the dislocation angle relative to the fiber axis was 8y. When the fiber was stretched under a certain
tension, the length of the PAN chain increased to 1; along the fiber axis due to tension in the direction
of the fiber axis. The change in the length of PAN fibers could be calculated from the length of the
spring before and after the reaction. Therefore, we calculated the elongation of the PAN fibers after
hot-drawing, according to Equation (7):

— Ly

L
E—
Lo

x 100% ()

where Ly was the length of the spring after loosening the nut; L was the spring length after reaction.
It can be seen in Figure 9 that the maximum elongation of the PAN fibers in the Sc-CO, fluid was

3.38%, which indicates that the Sc-CO5 fluid plasticized the fibers during the thermal stretching process,

indicating that Sc-CO, played an important role in the PAN fibers during the hot-drawing process.

PAN chains in adjacent PAN chains in crystal,—"

crystallites boundary el

Hot-drawing fibers

PAN chains in amorphous region

Figure 7. Schematic diagram of the change of crystallinity and the variation of chain segment in
amorphous zone of fibers.
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Figure 8. Schematic diagram of the deformation behavior of the PAN chain during hot stretching.
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Figure 9. Elongation of PAN fibers at different pressures in Sc-CO;.
4. Conclusions

In this study, the experiment showed that when the PAN fibers were treated at 10 MPa in Sc-CO,,
the tensile strength of the PAN fibers increased from 4.59 cN-dtex ! to 7.06 cN-dtex !, the modulus of
PAN fibers increased from 101.54 cN-dtex ™! to 129.55 cN-dtex~!. The crystallization data calculated
by wide angle X-ray diffraction showed that when the PAN fibers were treated at 10 MPa in Sc-CO5,
the crystallization increased from 69.78% to 79.99%. These findings all indicated that it was a useful
method for preparing PAN fibers with high strength.
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