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Abstract: High modulus aramid fiber, such as Kevlar 49, is conventionally prepared by the heat
annealing of high strength aramid fiber under a suitable tension at high temperature, especially
higher than 500 ◦C. This enables the mobility of a rigid molecule chain to be rearranged into a
more perfect crystalline or orientation structure under tension. However, annealing decreases the
tensile strength, since the thermal degradation of the molecular chain at high temperature cannot
be avoided. Kevlar 49 fibers treated in supercritical carbon dioxide (scCO2) under tension could
improve their mechanical properties at a low temperature. The effects of the tension on the mechanical
properties and structure of the Kevlar 49 fibers were studied by mechanical testing, wide-angle and
small-angle X-ray scattering (WAXS, SAXS), and scanning electron microscopy (SEM). The results
show that the mechanical properties, crystallinity and orientation of the fiber can be improved when
the tension is less than 0.6 cN/dtex, which may be due to the increasing of the mobility of a rigid
segment with the help of the plasticization of scCO2 and re-arrangement of macromolecular chain
into crystalline and orientation structure under tension. What’s more, the amorphous region also was
enhanced by crosslinking reaction of toluene 2,4-diisocyanate (TDI) with the chain end groups of the
macromolecules in the amorphous regions. However, a decrease of tenacity was found when the
tension was higher than 0.6 cN/dtex, which is because the tension was so high that the microfibril
was broken. The results indicated that treating the Kevlar 49 fiber in scCO2 under a suitable tension
with TDI as a crosslink agent can simultaneously improve both the tenacity and modulus of the fiber.
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1. Introduction

Poly(p-phenylene terephthalamide) (PPTA) fiber, prepared from a liquid-crystal system in solution
due to the rigidity of the molecular chains, has a highly oriented molecular structure and a high
elastic modulus, tenacity, and thermal stability [1]. Edmunds et al. discussed the effects of the
manufacturing process on the crystalline, macromolecular, and fibrillar structure for the skin and
core [1–3]. The domains are oriented along the direction of the processing flow and may link up to
form a fibrillar structure [1,3,4]. Panar also observed the radially oriented pleated structure which
superimposed onto a supramolecular fibrillar structure, where the intact fiber consisted of a large
number of fibrils [3].

Further, the chain end was modeled by Morgan et al., where the chain ends in the skin are
randomly arranged and become more bunched towards the core, resulting in periodic weak planes
where the chain ends cluster [1,4,5]. Small-angle X-ray scattering (SAXS) is a technique that is ideally
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suited for the analysis of defects, such as microvoids and microfibrils. The structural nature of PPTA
fibers is responsible for their mechanical properties. According to Panar, these defect bands could
possibly include 50% of the molecule chain ends which are bridged by extended chains across this defect
zone [3]. Mathur demonstrated that the interfibrillar adhesion of Kevlar 49 fibers could be improved by
infiltrating an opened fibrillar network of single filaments with various polymeric resins [6]. A thermal
drawing treatment followed by additional stretching at high temperatures can improve the modulus of
the fibers [7,8]. The strong intra-and intermolecular bonding by the excellent alignment of microfibrils
throughout the fiber enable Kevlar®fibers to achieve an elastic modulus and tensile strengths in the
order of 100 and 3 GPa, respectively [9,10]. The alignment of microfibrils might be beneficial for
increasing the tensile strength and elastic modulus [11–14].

Supercritical CO2 (scCO2) is an environmentally friendly solvent and blowing agent in a wide range
of applications including polymerization [15,16], polymer purification [17] and foaming [2,10,18,19],
coating applications, heating transfer [20], and powder formation [21], which attributed to its
characteristics of chemical inertness, non-toxicity, near-zero surface tension, great penetration
ability, moderate supercritical condition, and low cost [22]. ScCO2 has been demonstrated to
be an environmentally friendly alternative in some applications owing to its penetrating and
swelling effects. Molla proposed single step process with green scCO2 dyeing while simultaneously
functionalization antimicrobial fabrics without environmental pollution [10]. Picchioni studied
using scCO2 as reaction medium to synthesis high molecular weight polycaprolactone-g-glycidyl
methacrylate (PCL-g-GMA) [15]. It has been introduced to modify the microstructure of a polymer,
such as the crystal structure [21,23–26]. The microstructures of polyethylene terephthalate (PET)
fibers treated in scCO2, which aids in dyeing and improves the crystallinity, were studied, and the
rearrangement of polymer chains in the amorphous phase was induced by cold drawing and exposure
to scCO2 [27,28]. Luo studied the surface modification of aramid fiber in scCO2 with glycidyl-POSS
to improve the surface adhesion of aramid fiber/epoxy resin [29]. We reported a method the hot
stretching and cyclic reaction of polyacrylonitrile (PAN) fibers in scCO2 by controlling the temperature
and tension to improve the mechanical properties or reduced the heat of the cyclic reaction [20,30].
In our earlier study, we reported a new method improving the mechanical properties of single aramid
filament by forming a crosslinking network structure in the amorphous phase of a PPTA fiber with the
aid of scCO2, which enhanced the amorphous phase and improved the tensile strength and modulus
of the fiber [31]. However, the effects of the tension on the mechanical properties and microstructure
have not been researched in detail.

The scCO2 can diffuse into the amorphous region of Kevlar 49 fiber to enable the mobility of rigid
segment of macromolecular chain at a lower temperature, which can avoid thermal degradation at
high temperature. When tension was applied, the segment chain can be rearranged into a regular
structure, which could improve the mechanical properties. In this paper, the influence of the tension
applied in scCO2 on the mechanical properties and microstructure of Kevlar 49 fibers was studied.

2. Experimental

2.1. Materials

Kevlar 49 fibers were manufactured by Dupont Co. USA (Dupont, Midland, MI, USA). The yarn
is made of 10,012 single filaments with a diameter of 12.7 µm and a specific linear density of 6320 dtex,
density of 1.44 g/cm3. The carbon dioxide, toluene 2,4-diisocyanate (TDI), and acetone used in this
study were purchased from Shanghai Chenggong Gases Co., Ltd. (Shanghai, China), J&K Chemical
Ltd. (Shanghai, China), and Shanghai Ling Feng Chemical Reagent Co., Ltd. (Shanghai, China),
respectively. These chemicals were used without further purification.
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2.2. Treatment in scCO2

Experiments were conducted using scCO2 with TDI, and the process is reported in our early
study [32]. After being cleaned with acetone, the Kevlar 49 fibers were rolled on a stainless-steel
formwork under different controlled tensions (0.2, 0.4, 0.6 and 0.8 cN/dtex). 15 wt% TDI, relative to the
weight of the fibers, was firstly placed on a glass filter at the bottom of the reactor. When the vessel
reached the set temperature of 120 ◦C, carbon dioxide gas was supplied via a high-pressure syringe
pump and maintained at a preset pressure, 13 MPa. This pressure was maintained throughout the
experiment. Subsequently, the system was kept stable for a certain period of time (120 min) to allow
the TDI to dissolve in ScCO2 and react with the Kevlar 49 fibers. Finally, decompression was slowly
conducted. The fibers treated were cleaned with acetone and dried under vacuum at 80 ◦C for 4 h.

2.3. Tensile Testing

The tensile strength and modulus of Kevlar 49 fibers as received and treated were tested by XQ-1A
tensile tester (Shanghai New Fiber Instrument Co.,Ltd, Shanghai, China) with a gauge length of 10 mm
and an extension rate of 10 mm·min−1. At least 50 specimens were tested for each sample, and the
average values of the tenacity and modulus were calculated. The linear density of fiber was measured
by XD-1 vibrating fiber fineness instrument. The unit conversion of Pa and CN/dtex was based on the
Equation (1)

σ = 9.53× 107
× ρ×

CN
dtex

(pa) (1)

where σ is the tensile strength of Pa unit, ρ is the density of the fiber as 1.44 g/cm3, dtex is the average
linear density for 10 thousands of meters fibers.

2.4. Scanning Electron Microscopy

A JSM-5600 LV scanning electron microscope was employed to analyze the surface morphology
of fiber which was etched by 85% H2SO4 for 20 s in order to remove the amorphous region. All the
samples were coated with a vapor-deposited thin conducting layer of gold to minimize charging.

2.5. Thermogravimetric Analysis

A DuPont TGA-29 thermogravimetric analyzer (Dupont, USA) was used to measure the thermal
stability of the as-received and treated fibers in scCO2. Temperature ramp measurements were
conducted in an inert atmosphere of N2 from 30 to 900 ◦C at 10 ◦C·min−1.

2.6. WAXS and SAXS Measurements

WAXS experiments of the fibers were carried out at the SSRF Beamline 16 BL with an X-ray
wavelength of 0.124 nm. Small bundles of fibers were vertically mounted onto a sample holder at a
sample-to-detector (Mar CCD 165, Shanghai Synchrotron Radiation Facility, Shanghai, China) distance
of 120.5 mm.

SAXS experiments of the fibers were carried out at the SSRF Beamline 16 BL with an X-ray
wavelength of 0.124 nm. Small bundles of fibers were vertically mounted onto a sample holder at a
sample-to-detector (Mar CCD 165, Shanghai Synchrotron Radiation Facility, Shanghai, China) distance
of 5027.5 mm and calibrated with a chicken collagen standard.

2.7. WAXS and SAXS Data Analyses

The WAXS and SAXS data analyses were carried out using the Xpolar software (Stonybrook
Technology and Applied Research, Inc., Stony Brook, NY, USA). The WAXS pattern of the as-received
Kevlar fibers is shown in Figure 1a. Some sharp diffraction spots on the equator and streak-like
layer were observed, which indicates that the (110), (200), and (211) reflections are located on the
equator, while along the (002), (004), and (006) planes, meridional reflections are observed [33].
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The one-dimensional WAXS plots along the azimuthal direction and fitted results for Kevlar49 fibers
obtained from the 2D WAXS patterns as shown in Figure 2b. The 1D integrated intensity profiles were
deconvoluted into crystalline and amorphous peaks. In the deconvolution process, three crystalline
peaks ((110), (200), (211), and one amorphous peak were used. The results for determining the
crystallinity and crystal size from the WAXS data are obtained from the fitted results.
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Figure 2. (a) Two dimensional wide-angle X-ray scattering (WAXS) patterns and (b) one-dimensional
WAXS profiles and fitting results for Kevlar49 fibers as received.

Moreover, the amorphous halo along the equatorial direction indicates the poor intermolecular
packing structure of chain segments parallel to the fiber axis.

The pattern shape on the equator was sharp along the azimuthal direction. Therefore, the
alignment of molecules in the Kevlar49 fiber is parallel to the fiber direction. The bright area will be
discussed later, it indicates crystal growth and orientation improvement.

The (200) and (110) diffractions were used to study the crystallites and size of the Kevlar crystal.
Excellent alignment of the (200) lattice fringes, which represent the alignment of Kevlar molecules
with respect to the fiber axis, was observed. The degree of orientation of the (200) lattice plane was
calculated by Herman’s orientation function, as shown in Equation (2) [34]:

f =
3cos2ϕ− 1

2
(2)
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where cos2ϕ is the average angle that chains make with the direction, which is the average direction of
the orientation of the chains.

The crystallite sizes (ACS) in the directions perpendicular to of (110) and (200) crystal planes were
determined by the Sherrer Equation (3) [35]

Lhkl =
0.9× λ
β cosθ

(3)

where λ is the wave length of the X-ray source (0.124 nm) and β is the full width at the half maximum
of the fitted scattering peak at the Bragg angle θ corresponding to the crystal plane (110) and (200).

Prior to the data analysis, the background scattering was corrected for by subtracting an average 2 s
blank image from the sample scattering. Then, these data files were transformed into two-dimensional
(2D) data. All data analyses were carried out using the X polar software. A SAXS pattern provides
the average cross-sectional size of a cylindrical material that has a scattering power. It is difficult
to determine whether the streak-like SAXS pattern originates from the microfibrils, microvoids,
or reflections from the fiber surface depending on the angular range. Grubb et al. pointed out that the
scattering objects in Kevlar 49 were mainly associated with the microfibrillar structure and not from
the void morphology [36]. Dobb et al. also concluded that Kevlar exhibited no obvious voids [11].
Ran et al. were in agreement with the above, and their studies concluded that in Kevlar 49 fibers
soaked with solvents of different densities, the shape and intensity of the streak patterns were always
approximately the same [34]. For these reasons, the results of the present study are in agreement with
these findings. Here, we analyze the equatorial streak in the SAXS pattern to study the microfibrils
of Kevlar 49 fibers treated under different conditions. If the microfibrils are perfectly aligned along
the fiber direction and have a finite length of L, then the width of the streak (Bobs) in the reciprocal
space is independent of the scattering vector (s = 2sinθ/λ, where 2θ is the scattering angle, and λ is
the wavelength). The effects of both the finite length and orientation can contribute to the width of
the equatorial scattering streak. The distribution of the scattering vector can be determined using the
Ruland method [8,37].

In Figure 3, an example of such an intensity distribution is shown as a function of the angle φ with
respect to the principal axis. The azimuthal angle is approximately fitted with a Gaussian distribution
rather than Lorentz distribution to estimate the full width at half maximum Bobs. The microfibril length
(Lf) and disorientation width (B) can be obtained using Equation (4)

s2B2
obs =

1
L2

f

+ s2B2
∅ (4)

The relationship between s2B2
obs and S2 of the as-received Kevlar49 fibers is linear, as shown

in Figure 3b. To determine Lf and Bobs, the data is fitted using a linear least-squares fitting routine.
The intercept at s = 0 determines the length of the microfibril, and the slope is related to the microfibril
disorientation width.
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3. Results and Discussion

3.1. The Amorphous Phase of the Kevlar 49 Fiber

Figure 4 shows scanning electron micrographs of the fibers etched by 85% H2SO4 for 20 s; some
fibrils running parallel to the fiber axis are also observed. Chemical etching techniques have been used
to preferentially attack the amorphous regions of the fiber that have a higher chemical activity [38].
These regions are chain ends, misalignments perpendicular to the fiber axis, or residual stresses caused
by crystalline imperfections. Figure 4b showed less void for fiber treated under tension with TDI in
scCO2, compared with Figure 4a for the as-received fibers, which suggests that the amorphous phase
is enhanced by a crosslinking reaction of TDI and rearrangement of the molecule chain. The order and
packed structure of the surface is more difficult to etch with the 85% H2SO4 acid solution.
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3.2. Mechanical Properties of the Kevlar 49 Fibers

The mechanical properties of Kevlar fibers treated under various tensions were studied. The change
of modulus and tenacity were shown in Figure 5. Both the tenacity and modulus of fibers were
improved. Especially the tenacity increases from 2.85 to 3.05 Gpa, while tensile modulus increases
from 107.59 to 120.94 Gpa. Compared to the untreated fibers, the modulus and tenacity increase by
nearly 12.4% and 7.7%, respectively. The tenacity was firstly improved when the treating tension was
less than 0.6 cN/dtex, but when the tension was larger than 0.6 cN/dtex, the tenacity was decreased.
The modulus is significantly improved with the increasing of the tension in scCO2 with TDI, the
optimal condition for making high modulus is under tension of 0.6 cN/dtex and when we want to
obtain a high tenacity, the best condition is 0.2 cN/dtex. Here, TDI was the crosslinker and a solute in
scCO2. It infiltrated into the fiber, and adhered to the fibrillar elements, thus providing a secondary
force for improving the mechanical properties. Moreover, the tensile modulus obviously improves
because the molecular chains tend to arrange with the help of the plasticization of scCO2 and tension.
However, when the tension is too high, owing to the constant pressure and temperature, the tenacity is
not obviously improved, especially showed decrease under 0.8 cN/dtex.
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3.3. Crystal Structure of a Kevlar 49 Fiber in scCO2 from the WAXS Results

The influence of the treatment tension in scCO2 on the crystal structure and orientation is studied
by WAXS. The 2D WAXS patterns and fitting results of Kevlar 49 fibers treated under various tensions
are shown in Figures 6 and 7. These WAXS patterns are very similar to each other, indicating that no
new crystal structure is formed.
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Obviously, the reflections of the WAXS patterns of Kevlar 49 fibers treated in scCO2 under tension
of 0.6 cN/dtex exhibit narrow equatorial arcs, which imply a higher degree of crystal orientation.
The results suggest that at a high temperature and high pressure, tension would promote some
strain-induced crystallization, which is responsible for the increased crystallinity and orientation.

The crystallinity of fibers, crystalline orientation and apparent crystal size of the (110) and (200)
peaks of the Kevlar 49 fibers are shown in Figure 8a,b. It is evident that the crystallinity of the fibers
after treatment in scCO2 mostly increases with increasing tension, indicating that the crystallites
region is perfected. The crystallite sizes of the (110) and (200) planes of fibers increase with tension.
However, this does not depend on the tension. A tension less than 0.2 cN/dtex, the size of (110) is
increased, which indicated that the crystals growing along this direction were increased under tension.
However, as some crystals grow with the reorganization in scCO2, some crystals might be destroyed at
a high tension. The increase in the crystal size also indicates the perfection of the crystallites as the
crystals grow.
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With the rearrangement of the molecular structure with the plasticization of scCO2 and tension in
the amorphous region, the perfection of the crystallization was improved. However, for a treatment at
a higher tension than 0.6 cN/dtex, the crystallinity slightly increases, but the crystal size and orientation
are not greatly increased. This can be explained as follows. When TDI is added, it impregnates into the
defect regions in the interior crystal structures, which disrupts the crystal perfection, and the molecules
also infiltrate the amorphous regions for crosslinking reactions. These reactions occur between the
molecular chains or microfibrils, forming more networks and increasing the intermolecular force,
leading to a decrease in the activity of a chain, which may also inhibit its orientation.

As we know, the perfection and orientation of the crystallites are responsible for their mechanical
properties [33]. The modulus of the fibers in Figure 5 is consistent with the crystallinity and orientation
as shown in Figure 8. Clearly, the increased crystal perfection under tension in scCO2 seems to be the
cause for the chain alignment and an increase in the modulus while the number of defects is decreased.
Moreover, the increase in the intermolecular force due to crosslinking with TDI could improve the
tensile strength. However, the crystallites and orientation at the 0.8 cN/dtex tension was less than at
the 0.6 cN/dtex tension, which may be because the higher tension would make fibrils broken and less
oriented. The crystallite sizes of the (110) and (210) planes were larger, under a higher tension, which
is useful for perfection of the crystallites, so the modulus is larger.

3.4. Fibrillar Structure Evolution from SAXS Measurements

SAXS was used to determine the effects of TDI on the fibrillar structure of the Kevlar 49 fibers
under various conditions. As discussed in Section 2.7, the equatorial streak is related to the microfibrils
rather than the microvoids. Figure 9 shows the 2D SAXS patterns of the Kevlar 49 fibers under different
tensions. There is a remarkable difference between the untreated and treated fibers in the equatorial
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direction. The common features in these patterns are that the intensity has a shape of a streak along the
equator, and there is no detectable scattering along the meridian direction. On the basis of the SAXS
patterns of the Kevlar fibers, the average of length (Lf) and misorientation (Bobs) of a microfibril in the
direction of the fiber axis were obtained by the Ruland method.
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Figure 9. Small-angle X-ray scattering (SAXS) patterns for Kevlar49 fibers treated in different conditions
(a)—as received, (b–f)—treated in scCO2 with toluene 2,4-diisocyanate (TDI) under various tensions 0,
0.2, 0.4, 0.6, 0.8 cN/dtex.

The degree of orientation and length of the fibril is listed in Table 1. Compared with the as-received
fibers, the fibers are treated in scCO2 with TDI and without tension, and here are increases in the
orientation and correlation length. This result is consistent with the infiltration and crosslinking of a
fiber by TDI and the rearrangement of the molecular chains, which will decrease the volume. When
the tension is applied, the disorientation of the fibers treated in scCO2 decreased under tension by less
than 0.6 cN/dex, indicating an increase in the orientation of the microfibrils. However, the length of a
microfibril is slightly lower. This reason is that the microfibrils existing between the loosely connected
networks of microfibrillar structures are compressed and oriented with the plasticization of scCO2.
In addition, there is a decrease in the misorientation width of the microfibrils in the fibers treated in
scCO2 under tension. This may be because the externally applied tensile force will have a stronger
effect in the amorphous regions due to their higher mobility since the chains establish a more extended
and more densely packed state, decreasing the scattered intensity.

Table 1. The micrfibril parameters of Kevlar49 fibers treated with TDI under different tensions in scCO2.

Tension (CN/dtex) Misorientation Bϕ (o) Microfibril Length L (nm)

as-received 9.7 1224.4
0 6.8 1118.6

0.2 7.9 1150.1
0.4 7.5 863.8
0.6 11.4 733.4
0.8 16.1 936.6

As the 0.6 cN/dtex tension was applied, the microfibrillar length was reduced to 733.4 nm, and the
orientation was 11.4◦, which is slightly larger than that of the as received fibers and could be attributed
to the breakage of some molecule chain under tension, resulting more molecule chain end formed.
However, the tensile strength is not decreased largely, as the crosslinking reaction of TDI with chain
end happened.

From the tensile properties of the fibers, the fibers treated in scCO2 exhibit good mechanical
properties. This is because the fibrillar structure plays a significant role in mechanical properties of the
Kevlar fibers [39,40]. When the fibers are treated in scCO2, they are compressed. Moreover, when TDI
impregnates into the amorphous regions of a fiber by scCO2, intermolecular crosslinking occurs, and



Polymers 2019, 11, 1110 11 of 14

the adhesion between the fibrils increases. The applied tension causes the chains to be arranged more
regularly, which would result in crystallization or the perfection of crystallites.

3.5. Thermogravimetric Analysis Results

We studied the thermal stability of the fibers by thermogravimetric analysis (TGA). From Figure 10,
the thermal stability of the Kevlar 49 fiber treated with TDI under a tension of 0.6 cN/dtex (c) is
clearly better than the fiber that was only treated in scCO2 and without tension (b) and that of the
as received fiber (a). From the curves of Figure 9, these fibers show a high stability, as they did not
undergo intensive decomposition until 470–580 ◦C in a nitrogen atmosphere. At this temperature range
most likely corresponding to the thermal decomposition of the polymer. Both the thermal stability
of the fibers treated in scCO2 with or without tension are improved at the 550–580 ◦C. Moreover, at
temperatures above 800 ◦C, the sample mass loss reaches a nearly constant value which corresponds to
the carbon ash content of the sample. The residual mass of the fiber treated in scCO2 under a tension of
0.6 cN/dtex is obviously higher than that of untreated fiber and only treated in scCO2 without tension.
Thermal degradation of fiber starts from skin to core [13], when the fiber treated in scCO2 with TDI,
the skin surface and amorphous region were enhanced due to the more regular arrangement of the
molecules and the higher crystallinity, which corresponding to the results of Figure 4. For the fibers
treated in scCO2 under tension, the internal crosslinking reaction between TDI and more hydrogen of
the amide bond of the fiber, the intermolecular force improves, resulting in an improved heat resistance
and residual mass. Moreover, the residual content of the fiber only treated in scCO2 is lower, which
may be because the impurities or the moisture was reduced by the purification of scCO2.
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3.6. Model of Progress

Based on the results and discussions above, a model of the progress and structure change is
shown in Figure 11. The Kevlar 49 fiber is comprised of fibrils that are 100 nm−2 µm in diameter,
which, in turn, are comprised of microfibrils, with a diameter of ~100 nm and length of 500–1200 nm.
The microfibril was comprised of a large perfectly oriented crystallite phase and irregular amorphous
phase. The amorphous phase has a less regular macromolecule with some chain end or defects, which
exist between the crystallites or at fibril interfaces. With the help of swelling the scCO2, TDI was
dissolved and impregnated the fiber. Crosslinking reaction of TDI with the chain end in the amorphous
phase between the interfaces of the fibril will adhere to the fibrillar elements and provide a secondary
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inter-fibrillar force. With the plasticization of scCO2 and tension, the mobility of rigid segment of
macromolecular chain is improved, allowing it to be packed more regularly, and the rearrangement of
amorphous region, resulting in the perfection of the crystallization with a higher crystallite, orientation,
which is useful for improving the mechanical properties.
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4. Conclusions

Kevlar 49 fibers were treated in scCO2 under different tensions to improve the mechanical
properties. The effects of the tension of scCO2 on the mechanical properties and structure of the Kevlar
49 fibers were studied by mechanical testing, WAXS, SAXS, and SEM. Mechanical testing showed that
a suitable tension can simultaneously improve both the strength and modulus of Kevlar49 fiber with
the crosslinking reaction of TDI, however, when the tension is higher than 0.6 cN/dtex, the tensile
strength is decreased, which may be because the tension that is too high to break some microstructure
of the fiber, corresponding to the length of microfibril of SAXS results. As indicated by the results
of the measurement of structure from SAXS, the crystallinity of the Kevlar 49 fibers is increased in
scCO2, owing to the perfection of crystallites and rearrangement in the amorphous regions. With the
plasticization of scCO2 and tension, the mobility of the rigid segment of macromolecular chain in the
amorphous region was improved, and the tension can induce alignment of these rigid segments into a
more regular structure. What’s more, the amorphous regions can also be enhanced by the crosslinking
reaction of TDI in scCO2. The thermal stability of fibers was also be improved as the perfection of
structure and improvement of intermolecular force. Owning to the treatment in scCO2 can improve
both of the tensile strength and modulus of the aramid fiber, it might be applied to the rigid fiber such
as polybenzobisoxazole and polyimide fiber. In addition, there appears to be further scope for the
research to improve of compressive strength of the rigid fiber.

Author Contributions: H.K. and Q.X. performed the experiments, analyzed the data and wrote the paper;
M.Y. supervised the paper.

Funding: The work was supported by National Natural Science Foundation of China (Grant No.51603120,
11604204), State Key Laboratory for Modification of Chemical Fibers and Polymer Materials, Donghua University
(LK1602) and the Open Project Program of High-Tech Organic Fibers Key Laboratory of Sichuan Province.

Acknowledgments: The authors acknowledge BL16B1 beamline in SSRF for SAXS and WAXS measurements.

Conflicts of Interest: The authors declare no conflicts of interest.



Polymers 2019, 11, 1110 13 of 14

References

1. Edmunds, R.; Wadee, M.A. On kink banding in individual PPTA fibres. Compos. Sci. Technol. 2005, 65,
1284–1298. [CrossRef]

2. Yang, C.; Zhao, Q.; Xing, Z.; Zhang, W.; Zhang, M.; Tan, H.; Wang, J.; Wu, G. Improving the Supercritical
CO2 Foaming of Polypropylene by the Addition of Fluoroelastomer as a Nucleation Agent. Polymers 2019,
11, 226. [CrossRef] [PubMed]

3. Panar, M.; Avakian, P.; Blume, R.C.; Gardner, K.H.; Gierke, T.D.; Yang, H.H. Morphology of poly(p-phenylene
terephthalamide) fibers. J. Polym. Sci. Polym. Phys. Ed. 1983, 21, 1955–1969. [CrossRef]

4. Yang, H.H. Kevlar Aramid Fiber; Wiley and Songs: New York, NY, USA, 1993.
5. Morgan, R.J.; Pruneda, C.O.; Steele, W.J. The relationship between the physical structure and the microscopic

deformation and failure processes of poly(p-phenylene terephthalamide) fibers. Polym. Sci. Polym. Phys.
1983, 21, 1757–1783. [CrossRef]

6. Mathur, A.; Netravali, A.N. Mechanical Property Modification of Aramid Fibers by Polymer Infiltration.
Text. Res. J. 1996, 66, 201–208. [CrossRef]

7. Litchfield, D.W.; Baird, D.G. The role of nanoclay in the generation of poly(ethylene terephthalate) fibers
with improved modulus and tenacity. Polymer 2008, 49, 5027–5036. [CrossRef]

8. Liu, Y.; Yin, L.; Zhao, H.; Song, G.; Tang, F.; Wang, L.; Shao, H.; Zhang, Y. Lamellar and fibrillar structure
evolution of poly(ethylene terephthalate) fiber in thermal annealing. Polymer 2016, 105, 157–166. [CrossRef]

9. Allen, S.R. Tensile recoil measurement of compressive strength for polymeric high performance fibres.
J. Mater. Sci. 1987, 22, 853–859. [CrossRef]

10. Zhao, J.; Wang, Z.; Wang, H.; Zhou, G.; Nie, H. High-expanded foams based on novel long-chain branched
poly(aryl ether ketone) via ScCO2 foaming method. Polymer 2019, 165, 124–132. [CrossRef]

11. Dobb, M.G.; Johnson, D.J.; Saville, B.P. Supramolecular structure of a high-modulus polyaromatic fiber
(Kevlar 49). J. Polym. Sci. Polym. Phys. Ed. 1977, 15, 2201–2211. [CrossRef]

12. Kotera, M.; Nakai, A.; Saito, M.; Izu, T.; Nishino, T. Elastic Modulus of the Crystalline Regions of
Poly(p-phenylene terephthalamide) Single Fiber Using SPring-8 Synchrotron Radiation. Polym. J. 2007, 39,
1295–1299. [CrossRef]

13. Li, C.-S.; Zhan, M.-S.; Huang, X.-C.; Zhou, H. The evolution of structure and properties of poly(p-phenylene
terephthalamide) during the hydrothermal aging. J. Appl. Polym. Sci. 2012, 126, 552–558. [CrossRef]

14. Liu, J.; Cheng, S.Z.D.; Geil, P.H. Morphology and crystal structure in single crystals of poly(p-phenylene
terephthalamide) prepared by melt polymerization. Polymer 1996, 37, 1413–1430. [CrossRef]

15. Iqbal, M.; Mensen, C.; Qian, X.; Picchioni, F. Green Processes for Green Products: The Use of Supercritical
CO2 as Green Solvent for Compatibilized Polymer Blends. Polymers 2018, 10, 1285. [CrossRef] [PubMed]

16. Kamali, H.; Mollaee, R.; Khodaverdi, E.; Hadizadeh, F.; Zohuri, G.H. Ring-opening polymerization
of poly(d,l-lactide-co-glycolide)-poly(ethylene glycol) diblock copolymer using supercritical CO2.
J. Supercrit. Fluids 2019, 145, 133–139. [CrossRef]

17. de Moura, J.M.L.N.; Gonçalves, L.A.G.; Sarmento, L.A.V.; Petrus, J.C.C. Purification of structured lipids
using SCCO2 and membrane process. J. Membrane Sci. 2007, 299, 138–145. [CrossRef]

18. Zhou, D.; Xiong, Y.; Yuan, H.; Luo, G.; Zhang, J.; Shen, Q.; Zhang, L. Synthesis and compressive behaviors of
PMMA microporous foam with multi-layer cell structure. Compos. Part B Eng. 2019, 165, 272–278. [CrossRef]

19. Zhang, H.-C.; Yu, C.-N.; Liang, Y.; Lin, G.-X.; Meng, C. Foaming Behavior and Microcellular Morphologies of
Incompatible SAN/CPE Blends with Supercritical Carbon Dioxide as a Physical Blowing Agent. Polymers
2019, 11, 89. [CrossRef]

20. Qiao, M.; Kong, H.; Ding, X.; Hu, Z.; Zhang, L.; Cao, Y.; Yu, M. Study on the Changes of Structures and
Properties of PAN Fibers during the Cyclic Reaction in Supercritical Carbon Dioxide. Polymers 2019, 11, 402.
[CrossRef]

21. Wolff, S.; Beuermann, S.; Türk, M. Impact of rapid expansion of supercritical solution process conditions on
the crystallinity of poly(vinylidene fluoride) nanoparticles. J. Supercrit. Fluids 2016, 117, 18–25. [CrossRef]

22. Frerich, S.C. Biopolymer foaming with supercritical CO2—Thermodynamics, foaming behaviour and
mechanical characteristics. J. Supercrit. Fluids 2015, 96, 349–358. [CrossRef]

23. Nofar, M. Effects of nano-/micro-sized additives and the corresponding induced crystallinity on the extrusion
foaming behavior of PLA using supercritical CO2. Mater Des. 2016, 101, 24–34. [CrossRef]

http://dx.doi.org/10.1016/j.compscitech.2004.12.034
http://dx.doi.org/10.3390/polym11020226
http://www.ncbi.nlm.nih.gov/pubmed/30960210
http://dx.doi.org/10.1002/pol.1983.180211006
http://dx.doi.org/10.1002/pol.1983.180210913
http://dx.doi.org/10.1177/004051759606600403
http://dx.doi.org/10.1016/j.polymer.2008.08.064
http://dx.doi.org/10.1016/j.polymer.2016.10.031
http://dx.doi.org/10.1007/BF01103520
http://dx.doi.org/10.1016/j.polymer.2019.01.039
http://dx.doi.org/10.1002/pol.1977.180151212
http://dx.doi.org/10.1295/polymj.PJ2007074
http://dx.doi.org/10.1002/app.36822
http://dx.doi.org/10.1016/0032-3861(96)81140-2
http://dx.doi.org/10.3390/polym10111285
http://www.ncbi.nlm.nih.gov/pubmed/30961210
http://dx.doi.org/10.1016/j.supflu.2018.12.005
http://dx.doi.org/10.1016/j.memsci.2007.04.035
http://dx.doi.org/10.1016/j.compositesb.2018.11.118
http://dx.doi.org/10.3390/polym11010089
http://dx.doi.org/10.3390/polym11030402
http://dx.doi.org/10.1016/j.supflu.2016.07.013
http://dx.doi.org/10.1016/j.supflu.2014.09.043
http://dx.doi.org/10.1016/j.matdes.2016.03.147


Polymers 2019, 11, 1110 14 of 14

24. Vopilov, Y.E.; Nikitin, L.N.; Yurkov, G.Y.; Kharitonova, E.P.; Khokhlov, A.R.; Bouznik, V.M. Effect of
supercritical carbon dioxide on ultradispersed polytetrafluoroethylene. J. Supercrit. Fluids 2012, 62, 204–210.
[CrossRef]

25. da Silva, C.V.; Pereira, V.J.; Rosa, P.T.V.; Cabral-Albuquerque, E.C.M.; de Melo, S.A.B.V.; Costa, G.M.N.;
Dias, A.M.A.; de Sousa, H.C.; Braga, M.E.M. Effect of scCO2 sorption capacity on the total amount of borage
oil loaded by scCO2 impregnation/deposition into a polyurethane-based wound dressing. J. Supercrit. Fluids
2016, 115, 1–9. [CrossRef]

26. Wang, K.; Pang, Y.; Liu, W.; Wu, F.; Zheng, W. A new approach designed for improving in situ compatibilization
of polypropylene/polystyrene blends via reactive extrusion with supercritical CO2 as the processing medium.
J. Supercrit. Fluids 2016, 118, 203–209. [CrossRef]

27. Baseri, S.; Karimi, M.; Morshed, M. Study of structural changes and mesomorphic transitions of oriented
poly(ethylene therephthalate) fibers in supercritical CO2. Eur. Polym. J. 2012, 48, 811–820. [CrossRef]

28. Kazarian, S.G.; Brantley, N.H.; Eckert, C.A. Applications of vibrational spectroscopy to characterize
poly(ethylene terephthalate) processed with supercritical CO2. Vib. Spectrosc. 1999, 19, 277–283. [CrossRef]

29. Li, Y.; Luo, Z.; Yang, L.; Li, X.; Xiang, K. Study on Surface Properties of Aramid Fiber Modified in Supercritical
Carbon Dioxide by Glycidyl-POSS. Polymers 2019, 11, 700. [CrossRef]

30. Qiao, M.; Kong, H.; Ding, X.; Hu, Z.; Zhang, L.; Cao, Y.; Yu, M. Effect of Different Pressures of Supercritical
Carbon Dioxide on the Microstructure of PAN Fibers during the Hot-Drawing Process. Polymers 2019, 11,
403. [CrossRef]

31. Kong, H.; Teng, C.; Liu, X.; Zhou, J.; Zhong, H.; Zhang, Y.; Han, K.; Yu, M. Simultaneously improving the
tensile strength and modulus of aramid fiber by enhancing amorphous phase in supercritical carbon dioxide.
RSC Adv. 2014, 4, 20599–20604. [CrossRef]

32. Haijuan, K.; Peng, Y.; Cuiqing, T.; Muhuo, Y. Surface modification of poly(p-phenylene terephthalamide)
fibers with HDI assisted by supercritical carbon dioxide. RSC Adv. 2015, 5, 58916–58920. [CrossRef]

33. Lee, K.G.; Barton, R.; Schultz, J.M. Structure and property development in poly(p-phenylene terephthalamide)
during heat treatment under tension. J. Polym. Sci. Part B Polym. Phys. 1995, 33, 1–14. [CrossRef]

34. Ran, S.; Fang, D.; Zong, X.; Hsiao, B.S.; Chu, B.; Cunniff, P.M. Structural changes during deformation of
Kevlar fibers via on-line synchrotron SAXS/WAXD techniques. Polymer 2001, 42, 1601–1612. [CrossRef]

35. Guinier, A. X-Ray Diffraction in Crystals, Imperfect Crystals, and Amorphous Bodies. Phys. Today 1964, 17,
70–72. [CrossRef]

36. Grubb, D.T.; Prasad, K.; Adams, W. Small-Angle X-Ray-Diffraction of Kevlar Using Synchrotron Radiation.
Polymer 1991, 32, 1167–1172. [CrossRef]

37. Wang, W.; Ruland, W.; Cohen, Y. Fibrillar and Microfibrillar Structures in Poly(p-Phenylene Terephthalamide)
Fibers. Acta Polym. 1993, 44, 273–278. [CrossRef]

38. John, M.J.; Anandjiwala, R.D. Surface modification and preparation techniques for textile materials.
Surf. Modif. Text. 2009, 1–25. [CrossRef]

39. van der Zwaag, S. Structure and properties of aramid fibres. Dev. Sci. Technol. Compos. Mater. 2009, 1,
394–412.

40. Itoh, T.; Hashimoto, M. Observation on skin-core, microfibril and pleated band morphology in
poly(p-phenylene terephthalamide) fibers using transmission and scanning electron microscopes.
Sen’i Gakkaishi 1997, 53, 565–569. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.supflu.2011.11.022
http://dx.doi.org/10.1016/j.supflu.2016.04.007
http://dx.doi.org/10.1016/j.supflu.2016.08.012
http://dx.doi.org/10.1016/j.eurpolymj.2012.01.017
http://dx.doi.org/10.1016/S0924-2031(98)00073-3
http://dx.doi.org/10.3390/polym11040700
http://dx.doi.org/10.3390/polym11030403
http://dx.doi.org/10.1039/C4RA00801D
http://dx.doi.org/10.1039/C5RA07919E
http://dx.doi.org/10.1002/polb.1995.090330101
http://dx.doi.org/10.1016/S0032-3861(00)00460-2
http://dx.doi.org/10.1063/1.3051547
http://dx.doi.org/10.1016/0032-3861(91)90217-7
http://dx.doi.org/10.1002/actp.1993.010440603
http://dx.doi.org/10.1533/9781845696689.1
http://dx.doi.org/10.2115/fiber.53.12_565
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental 
	Materials 
	Treatment in scCO2 
	Tensile Testing 
	Scanning Electron Microscopy 
	Thermogravimetric Analysis 
	WAXS and SAXS Measurements 
	WAXS and SAXS Data Analyses 

	Results and Discussion 
	The Amorphous Phase of the Kevlar 49 Fiber 
	Mechanical Properties of the Kevlar 49 Fibers 
	Crystal Structure of a Kevlar 49 Fiber in scCO2 from the WAXS Results 
	Fibrillar Structure Evolution from SAXS Measurements 
	Thermogravimetric Analysis Results 
	Model of Progress 

	Conclusions 
	References

