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Abstract Aromatic copolysulfonamide (co-PSA) fiber

produced via wet spinning exhibits poor mechanical

properties. Hence, dry jet-wet spinning was introduced to

prepare the co-PSA fiber. Dry jet-wet spinning exhibits the

advantage of positive stretching to the extruded fiber before

coagulation. The fibers were spun at different jet draw

ratios and second draw ratios and were examined for

scanning electron microscopy, mechanical properties,

sound velocity, small-angle X-ray scattering (SAXS), and

wide-angle X-ray scattering (WAXS). The results revealed

that all the fibers exhibited a uniform and dense structure

and nearly round cross section at different drawing con-

ditions. The strength and orientation of the fiber increased

slightly as the jet draw ratio was increased to the second

draw ratio of 2.0. Furthermore, the fibers formed a periodic

ordered structure along the fiber axis. However, the

strength of the fibers decreased significantly when the jet

draw ratio continued to increase and the second draw ratio

decreased year-on-year to maintain the total draw ratio at

11.0. Additionally, the fibers exhibited lower orientation

because the molecular chain segments could not continue

to extend and orient even at larger jet draw ratios, and thus

they could not be further well-stretched at subsequent

lower stretching ratios. Meanwhile, the periodic ordered

structure disappeared and more content of entanglement

structure existed in the fibers. During the heat drawing

process, the results of SAXS and WAXS indicated that the

better ordered molecular chain segments within the fiber

were easier to arrange and reconstruct to significantly

improve the content of crystalline and mesophase struc-

tures in the fibers. Hence, after the heat drawing process,

the strengths of co-PSA-H2 and co-PSA-H3 fibers

increased to more than 620 MPa, which is significantly

higher than those of commercialized fibers and fibers

reported in extant studies.
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1 Introduction

Aromatic polysulfonamide (PSA) fiber is a high-per-

formance polymer fiber, with excellent high temperature

resistance and flame retardancy [1, 2]. It exhibits several

typical structures, such as poly(4, 40-diphenylsulfonyl
terephthalamide) (pt-PSA), poly(3, 30-diphenylsulfonyl
terephthalamide) (mi-PSA), and aromatic copolysulfon-

amide (co-PSA) [3, 4]. The PSA fibers can be spun via dry

spinning [5], wet spinning [6, 7], and dry jet-wet spinning

[8] methods.
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Banduryan et al. [5] and Sokira et al. [7] reported that

the tensile strength of pt-PSA fibers is 4.0 cN/dtex and 3.27

cN/dtex when prepared via dry spinning and wet spinning

methods, respectively. Wet-spun pt-PSA fibers exhibit a

porous structure, which is distinguishable from the dry-

spun fibers with the nonporous high-tenacity structures.

However, the stability to cyclic shear stresses of the wet-

spun fibers is twice that of the dry-spun fibers due to the

micro-heterogeneous structure. The tenacity of wet-spun

pt-PSA fibers can be increased up to 4.4 cN/dtex [9] by

increasing the thermal-drawn ratio. Furthermore, extant

studies also revealed that the tenacity of wet-spun mi-PSA

fibers can also be increased up to 4.4 cN/dtex [10]. How-

ever, due to a variety of industrialization considerations,

both the pt-PSA and mi-PSA fibers have not been com-

mercialized. Currently, for commercial fibers, cost and

performance factors are taken into account to form a

copolymer structure (co-PSA). Hence, they exhibit a

strength of 2.8–3.5 cN/dtex [2, 11]. Based on the thermal-

drawn conditions in a laboratory, the tenacity and elonga-

tion of the co-PSA fibers are as high as 4.6 cN/dtex and

16% [12, 13], respectively. Hence, it is evident that the cost

to improve the failure strength involves sacrificing the

failure elongation, which implies reducing the flexibility of

the fiber. However, this is not good for the textile fiber.

Therefore, in previous studies, the co-PSA fibers were

prepared via dry jet-wet spinning to optimize the

mechanical properties [8]. The length of air gap was set as

40 mm, and the first draw ratio was fixed as 2.17. The

structure and property tests of the fiber along the spinning

line revealed that both the orientation degree and strength

of nascent fiber are much higher than that produced via wet

spinning, and the heat-drawn fiber strength exceeded

520 MPa. However, many process parameters still require

optimization to improve the properties of co-PSA fibers

produced via dry jet-wet spinning.

As shown in previous studies [14–16], the properties of

fibers are influenced by many processing parameters in dry

jet-wet spinning. They mainly include the spinning tem-

perature, air gap, coagulation condition, and draw ratio.

Among these parameters, the increase in the draw ratio can

significantly improve the orientation and crystallization

degree of fibers, especially for high-viscosity spinning

solution system, including cellulose [17], polyacrylonitrile

(PAN) [15], poly(p-phenylene terephthalamide) PPTA

[18], and poly(p-phenylene benzobisoxazole) PBO [19]

fibers. Therefore, the draw ratio is the key to improving the

mechanical properties of fibers during the dry jet-wet

spinning process. Cellulose fibers [14] exhibit higher

strength, modulus, and crystallinity when the first draw

ratio increases from 4.2 to 8.4, and the cross section of the

fibers is dense and circular. The structure of nascent PAN

fibers showed that the cross section of fibers exhibits

kidney-like shape at the low first draw ratio and a nearly

circular shape at the higher first ratio. Hence, this demon-

strated the importance of draw ratio [15]. Additionally, the

total draw ratio increases with an increase in the first draw

ratio to a certain range. However, the total draw ratio

decreases when the first draw ratio increases further,

thereby indicating that there is an optimal range for the first

draw ratio [20].

Based on the aforementioned extant studies, the draw

ratio has a significant impact on the morphology and

properties of the fiber during dry jet-wet spinning process.

It can be predicted that the jet draw ratio and second draw

ratio are also important process parameters. However, the

mechanism for this is not clear for dry jet-wet spinning of

co-PSA solution. To understand this, the effects of the jet

draw ratio and second draw ratio on the structure and

performance of dry jet-wet spinning co-PSA fiber before

and after heat stretching were investigated via scanning

electron microscopy (SEM), sound velocity, small-angle

X-ray scattering (SAXS), and wide-angle X-ray scattering

(WAXS).

2 Experiments

2.1 Materials

The co-PSA solution was supplied by Shanghai Tanlon

Fiber Co. Ltd. It was synthesized via polycondensation of

4,40-diaminodiphenylsulfone (4,40-DDS), 3,30-diamin-

odiphenylsulfone (3,30-DDS) and terephthaloyl chloride

(TPC), with a monomer mole ratio of 3:1:4 in N’N-

dimethylacetamide (DMAc) at low temperature. The

intrinsic viscosity (g) of the synthesized co-PSA was 1.8

dL g-1, which was measured in a dimethyl sulfoxide

(DMSO) at 25 �C. The concentration of co-PSA in the

spinning dope was 23 wt%, and the viscosity of the spin-

ning dope was 349 Pa s at 40 �C.

2.2 Dry jet-wet spinning

The co-PSA fibers were spun via a dry jet-wet spinning

technique on a laboratory spinning line. The spinning dope

temperature was maintained at 40 �C. The co-PSA solution

was filtered and pumped through a 40-hole spinneret of

0.15-mm diameter at a flow rate of 3.2 m/min. Subse-

quently, it was passed through an air gap of 30 mm through

which it finally entered a coagulation bath (DMAc/H2O,

v/v) with a concentration and temperature of 40% and

50 �C, respectively. Subsequently, the nascent gel fila-

ments were further drawn into the second bath with

deionized water at 60 �C and the third bath with boiling

deionized water. The third draw ratio (k3) was maintained
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as 1.05 without change. The jet stretch (k1) was increased
from 3.5 to 5.5, the second draw ratio (k2) was maintained

as 2.0, and the sample was labeled as co-PSA-1*co-PSA-

3. Subsequently, k1 continued to increase from 5.5 to 8.5

and k2 decreased year-on-year to maintain the total draw

ratio as 11.0. The sample number was labeled as co-PSA-

3*co-PSA-6, as shown in Table 1. The samples of co-

PSA-1*co-PSA-4 were first dried at 150 �C with a draw

ratio of 1.05. Furthermore, heat stretching was conducted at

365 �C with a draw ratio of 2.0, and finally thermal setting

was conducted at 260 �C with a draw ratio of 1.04. The

corresponding sample label was co-PSA-H1*co-PSA-H4.

2.3 Characterization

The cross-sectional characteristics of the co-PSA fibers

were examined via SEM (S-3000 N, Hitachi, Japan). The

cross sections of the filament axis of approximately 2-mm

thickness were prepared using a Hardy fiber microtome.

The samples for cross-sectional features were prepared in

liquid nitrogen and sputtered with gold prior to analysis.

The mechanical properties of the co-PSA fibers were

directly recorded without any treatment using a tensile

tester (XQ-1A, Shanghai New Fiber Instrument Co., Ltd,

China) with a gage length of 10 mm and an extension rate

of 10 mm/min. A minimum of 30 filaments were tested in

each case for the tensile tests.

The sound velocity (C) was determined via the sound

velocity orientation tester of SCY-III with a tension of 0.1

gf/dtex. The co-PSA fibers were placed on the sample rack

with a length of 60 cm. Subsequently, the co-PSA fibers

were mounted between two transducers composed of a

piezoelectric ceramic crystal with a natural frequency of

5 kHz. The velocity of the longitudinal wave in the

material was measured by placing the fiber between the

two transducers. The sound velocity was measured by

measuring the length and time from the recorder. The

measurement was repeated five times.

Furthermore, SAXS experiments were conducted on a

beam line (BL16B) at Shanghai Synchrotron Radiation

Facility (SSRF) with an X-ray wavelength of 0.124 nm.

The sample-to-detector (Mar CCD 165) distance was set as

1980 mm. All the data analyses were performed using the

xPolar software (Precision works NY, Inc., USA). The

average scattering object length (l), misorientation angle

(BU), and long axis-to-short axis ratio (LA/SA) were cal-

culated as reported in extant studies [8, 21].

Additionally, WAXS was performed at SSRF with the

same equipment as SAXS. A bundle of co-PSA fibers was

placed on a sample holder with the fiber direction per-

pendicular to the X-ray beam. Two-dimensional (2D)

WAXS patterns were acquired using a Mar CCD (165)

detector. The specimen-to-detector distance was set to

171.7 mm. All the data analyses were conducted using the

xPolar software (Precision works NY, Inc., USA). Quan-

titative evaluation of the phase fraction was determined

from the corrected WAXS pattern, as described by Che

et al. [22] and Ran et al. [23]. The amorphous and crystal

orientation along the fiber axis was calculated based on the

methods described in an extant study [21].

3 Results and discussion

3.1 Effect of jet stretch on the property

and morphology of co-PSA fibers

The concentrated solution was directly used as the

spinning dope. During dry jet-wet spinning experiments, it

was observed that the maximum jet stretch can reach up to

8.5, while the maximum second draw ratio was 1.3, and the

total draw ratio was approximately 11.0, which is much

higher than that of wet spinning [21]. Theoretically,

increasing the draw ratio is an effective way to improve the

mechanical properties of the fiber. However, this is limited

by the molecular weight, concentration of the polymer, and

the rheological properties of the co-PSA solution. Fur-

thermore, the draw ratio of dry jet-wet spinning can only be

controlled within a certain range. Therefore, different jet

draw ratios and second draw ratios were designed, and the

effect of different draw ratios on the structure and perfor-

mance of co-PSA fibers was studied before and after heat

stretching.

Table 1 co-PSA fibers

prepared under different draw

ratio conditions

Sample Jet stretch ratio/k1 Second draw ratio/k2 Total draw ratio/kt

co-PSA-1 3.5 2.0 6.0

co-PSA-2 4.5 2.0 8.0

co-PSA-3 5.5 2.0 11.0

co-PSA-4 6.5 1.7 11.0

co-PSA-5 7.5 1.5 11.0

co-PSA-6 8.5 1.3 11.0
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3.1.1 Effect of jet stretch on the property and morphology

of co-PSA fibers before heat stretching

The jet draw ratio (k1) was increased from 3.5 to 5.5,

and the second draw ratio (k2) and third draw ratio (k3)
remained constant at 2.0 and 1.05, respectively. It was

observed that the spinning was conducted smoothly when

the jet stretch ratio increased to 5.5. However, breaking of

filaments and unstable spinning occurred when the spin-

ning velocity continued to increase year-on-year.

The tenacity, initial modulus, and elongation at break

for co-PSA fibers under different jet stretch ratios are listed

in Table 2. The results show that with the increase in the jet

draw ratio from 3.5 to 5.5, the strength and modulus of co-

PSA fibers increase from 116 MPa and 1.65 GPa to

126 MPa and 2.33 GPa and then decrease to 119 MPa and

2.2 GPa, respectively, and the elongation decreases. Due to

the steric hindrance effect and non-planar structure of the

sulfone groups within the PSA molecular chains, a

‘‘straight line’’ structure cannot be formed in both the

solution and solid states. Furthermore, it is difficult for

PSA filament to obtain a high orientation structure via

stretching once it is coagulated due to the presence of

amide bond in PSA molecules. Therefore, the strength of

co-PSA fibers does not significantly change, and the

modulus of the fibers increases slightly when the jet draw

ratio is higher than 3.5.

The cross section and surface of co-PSA fibers in dif-

ferent jet draw ratios are shown in Fig. 1. The cross sec-

tions of the co-PSA fibers are nearly circular. The structure

of fibers is dense and uniform, and the surface is almost

smooth. However, there are very shallow grooves in the

local area along the fiber. This may be due to the friction

between the high-speed moving fiber and godet roller in the

high velocity spinning process. Figure 1 also shows that

the diameter of co-PSA-1*co-PSA-3 fibers decreases

significantly with increases in the jet draw ratio. Given that

there are no obvious defects inside or on surface of the

fibers, the difference in the mechanical properties of the

fibers should be attributed to the microstructure and ori-

entation of the PSA molecular chain aggregates. Based on

previous studies [8], such cross section and structure are

more conducive to subsequent stretching and improvement

in fiber performance via heat stretching.

The orientation of PSA fibers cannot be tested via

birefringence because it exhibits strong absorption of vis-

ible light. Thus, the oriented structure of the co-PSA fibers

was quantified via SAXS and WAXS, as shown in Figs. 2

and 3, respectively. The SAXS patterns exhibited a sharp

and elongated equatorial streak that was superimposed with

a relatively weak and short meridional intensity distribu-

tion. The results indicated that the internal microstructure

of the fiber is aligned parallel to the direction of the fila-

ments, and a periodic ordered structure is formed in the

fiber along the fiber axis [24–26]. Figure 3 shows that the

halo tended to centralize along the equator, which illus-

trates that only an amorphous structure exists and acquires

a degree of orientation within the co-PSA fibers.

The structural parameters of co-PSA fibers calculated

via a 2-D image analysis method, as described by Yu et al.

[21], as well as the sound velocity, are listed in Table 3,

where the misorientation angle B/ and long axis-to-short

axis ratio (LA/SA) were calculated via SAXS patterns

(Fig. S1). Furthermore, the amorphous orientation fa was

calculated via WAXS patterns (Fig. S2), and the sound

velocity C was tested as described above. Higher values of

LA/SA, fa, and C indicate a larger orientation of co-PSA,

and the tendency of B/ is contrary. Furthermore, B/, LA/

SA, and C demonstrate the orientation of scattering objects

of microfibril and voids, while fa shows the orientation of

molecular chain segments in the amorphous phase. Hence,

B/ decreased from 30.4 to 28.5, and LA/SA, C, and fa
increased when jet draw ratio increased from 3.5 to 4.5.

This implies an increase in the orientation of co-PSA fiber.

However, if the jet draw ratio is improved to 5.5, then LA/

SA, C, and fa slightly decrease but are still higher than

those due to a jet draw ratio of 3.5. The tendency of ori-

entation is consistent with the mechanical properties. Thus,

the results also indicated that some chains exhibit only 1D

or 2D ordering and pack along the fiber axis to form the

mesophase structure [21]. However, given the unique

molecular structure of PSA, as mentioned above, the

amorphous orientation fa is changed slightly, thereby

illustrating that the PSA chain segments are still difficult to

orient as the jet draw ratio is increased to 5.5. Additionally,

for co-PSA-1*co-PSA-3 fibers, the fitting curve provides

a negative intercept, and this illustrates that the scattering

objects are large enough over a certain length. This is due

to the uniaxial tension during the spinning process.

3.1.2 Effect of jet stretch on property and morphology

of co-PSA fibers after heat stretching

Based on the results obtained by Yu et al. [12, 13, 21],

the molecular chains cannot be reconstructed and

Table 2 Mechanical properties of co-PSA fibers at different jet

stretch ratios

Sample Tenacity (MPa) Modulus (GPa) Elongation (%)

co-PSA-1 116 ± 9 1.65 ± 0.13 28.2 ± 1.9

co-PSA-2 126 ± 10 2.33 ± 0.28 27.6 ± 1.3

co-PSA-3 119 ± 9 2.20 ± 0.25 23.9 ± 1.8
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crystallized in time when the thermal stretching ratio is

higher than 2.0 times because of insufficient residence time

for the fiber to stay in the heat tube. Furthermore, the fiber

exhibits the highest strength when the temperature of the

heat stretching process is approximately 370 �C. Therefore,

the heat-drawn temperature and stretching ratio were set to

365 �C and 2.0 times, respectively. After heat drawing, the

structure and properties of the fiber samples co-PSA-H1 to

co-PSA-H3 were tested.

The mechanical properties of co-PSA fibers with respect

to different jet draw ratios are listed in Table 4. The results

indicated that the strength and modulus of co-PSA fibers

improved significantly after the same heat stretching pro-

cess. Furthermore, previous studies demonstrated that the

crystalline structure can only be formed in PSA fibers after

heat drawing above the glass transition temperature. Thus,

the strength of the heat-drawn fiber is significantly

improved. Although the strengths of co-PSA-1*co-PSA-3

fibers changed slightly, the heat-drawn fibers of co-PSA-

H2*co-PSA-H3 exhibit a tenacity of 627 MPa and

623 MPa, respectively, which are higher than that of the

co-PSA-H1 fiber. The strengths of co-PSA-H3 fiber and co-

PSA-H2 fiber are approximately the same and are much

higher than that of commercial fibers [21] and those of

fibers reported in extant studies [12, 13]. Hence, the results

fully demonstrated that the performance co-PSA fibers can

be further improved by increasing the jet draw ratio of dry

jet-wet spinning. Thus, a higher jet draw ratio leads to a

higher orientation of fiber before and after the heat drawn is

higher. Moreover, the mechanical properties of co-PSA

fiber are also related to the crystal structure. Therefore, the

structural parameters of the fibers were characterized via

SAXS and WAXS.

Fig. 1 SEM images of co-PSA

fibers at different jet draw ratios

(k1 increase from 5.5 to 8.5,

k2 = 2)

Fig. 2 (Color online) SAXS patterns of co-PSA fibers at different jet

draw ratios (k1 increases from 5.5 to 8.5, k2 = 2)

Fig. 3 (Color online) WAXS patterns of co-PSA fibers at different jet

draw ratios (k1 increases from 5.5 to 8.5, k2 = 2)

Table 3 Parameters from SAXS and WAXS patterns and sound

velocities

Sample B/
a (�) LA/SAb fa

c C (km/s)

co-PSA-1 30.4 2.58 0.31 2.15

co-PSA-2 28.5 2.79 0.33 2.20

co-PSA-3 29.8 2.63 0.32 2.16

aMisorientation angle of the scattering object was calculated via

SAXS patterns
bLong axis (equator) to short axis (meridian) ratio (LA/SA) of scat-

tering ring in SAXS patterns
cAmorphous orientation along the fiber axis was calculated via

WAXS patterns
Table 4 Mechanical properties of heat-drawn co-PSA fibers at dif-

ferent jet draw ratios

Sample Tenacity (MPa) Modulus (GPa) Elongation (%)

co-PSA-H1 558 ± 44 6.58 ± 0.48 17.0 ± 1.8

co-PSA-H2 627 ± 24 7.12 ± 0.23 15.2 ± 1.0

co-PSA-H3 623 ± 33 7.03 ± 0.50 14.6 ± 1.0
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Figure 4 shows that the equatorial streak of the heat-

drawn co-PSA fibers becomes sharper and the intensity is

increased, thereby indicating a higher orientation of the

fibers. Moreover, the SAXS patterns show a weak merid-

ional arc-shape scattering, which demonstrates the exis-

tence of a periodic structure in the draw direction [27].

Based on the SAXS patterns of heat-drawn co-PSA fibers,

the average fibril length (l), fibril misorientation (B/), and

the long axis-to-short axis ratio (LA/SA) are determined

(Fig. S3) and listed in Table 5. When compared to fibers

before heat drawing, the value of B/ of heat-drawn fibers

decreases from approximately 30–10, and the value of LA/

SA increases from approximately 2.6–3.3. This indicates a

significant improvement in orientation because the internal

structure of the low orientation begins to reconstruct to

form the high orientation fibril structure. However, the

fibril length of co-PSA-H1 is 353, which is shorter than that

of co-PSA-H2 and co-PSA-H3. This is mainly because of

the high orientation and extended PSA chain segments that

can be easily inclined to pack into a crystal lattice to form a

longer fibril structure in the heat-drawn process [23].

The amorphous and crystalline structure in the

nanometer scale was analyzed via WAXS, as shown in

Fig. 5. The WAXS patterns of heat-drawn co-PSA fibers

exhibited an obvious development of the equatorial,

meridional, and off-axis (hkl) reflections following the heat

stretching. The reflections became sharper with an increase

in the jet draw ratio even in the same heat-drawn condi-

tions, thereby indicating the development of a crystalline

structure within the fibers [13, 28]. To illustrate the

development of the crystalline structure, a two-dimensional

image analysis method, as described by Yu et al. [13, 21],

is used to extract quantitative information of crystal,

amorphous, and mesomorphic fractions from 2D WAXS

patterns (Fig. S4), as listed in Table 6. The content of the

amorphous phase is less than 20%, and the content of

mesophase and content of crystal phase are more than 45%

and 30%, respectively, in heat-drawn fibers. The crystal

orientation is more than 0.95. Given that the fibers of co-

PSA-2 and co-PSA-3 exhibit a higher oriented structure at

higher jet draw ratios, a better oriented molecular chain

segment is more likely to move into the lattice and form a

higher crystal structure during the heat drawing process.

This leads to the formation of a more perfect structure with

higher fractions of mesophase and crystal phase with a

higher degree of crystal orientation. Thus, the fibers of co-

PSA-H2 and co-PSA-H3 exhibit better mechanical prop-

erties than co-PSA-H1.

3.2 Effect of jet stretch and second stretch

on property and morphology of co-PSA fibers

3.2.1 Effect of jet stretch and second stretch ratio

on property and morphology of co-PSA fibers

before heat stretching

The filaments are prone to fracture when the jet draw

ratio is more than 5.5 at the second draw ratio of 2.0. On

the premise of smooth spinning and to further increase the

jet draw ratio, the second draw ratio decreased year-on-

year to maintain the total draw ratio of 11.0. The

mechanical properties of co-PSA fibers at different jet draw

ratios and second draw ratios are shown in the Table 7.

As per previous studies [14, 29], the high jet draw ratio

is conducive to the improvement in the orientation and

mechanical properties of fibers. On the premise of smooth

spinning, the jet draw ratio continued to increase from 5.5

to 8.5, the second draw ratio decreased year-on-year from
Fig. 4 (Color online) SAXS patterns of heat-drawn co-PSA fibers at

different jet draw ratios (k1 increases from 5.5 to 8.5, k2 = 2)

Table 5 Results from SAXS patterns

Sample la (nm) B/ (�) LA/SA

co-PSA-H1 353 11.46 3.2

co-PSA-H2 362 9.9 3.4

co-PSA-H3 372 10.0 3.3

aAverage fibril length l of co-PSA fibers

Fig. 5 (Color online) WAXS patterns of heat-drawn co-PSA fibers at

different jet draw ratios (k1 increases from 5.5 to 8.5, k2 = 2)

Table 6 Structural parameters from WAXS patterns

Sample co-PSA-H1 co-PSA-H2 co-PSA-H3

Amorphous fraction (%) 20 14 16

Mesophase fraction (%) 47 50 49

Crystal fraction (%) 33 36 35

Crystal orientation fc 0.96 0.98 0.97
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2.0 to 1.3, and the total draw ratio was maintained at 11.0.

However, it was observed that the strengths of co-PSA-3 to

co-PSA-6 continued to decrease from 119 MPa to 72 MPa.

The strengths of co-PSA-5 and co-PSA-6 fibers were less

than 80 MPa and decreased by approximately 30% when

compared to co-PSA-3. Hence, when k1 was higher than

8.5, the filament was broken and spinnability was poor.

This indicated that in the PSA/DMAc spinning system, the

improvement in the strength of co-PSA fibers is limited and

can only be enhanced via increasing the jet draw ratio

while a high second draw ratio is also required. To further

explain the reasons, the structural changes in the co-PSA

fibers were investigated.

The cross section and surface of co-PSA fibers under

different stretching ratios are shown in Fig. 6. The fibers

are dense and uniform, and the part of surface has shallow

grooves along the fiber axis. There was no significant

change in the diameter of the fibers when k1 was increased
and k2 was decreased year-on-year to maintain a constant

value of kt. There were no obvious defects in the fiber,

thereby indicating that the difference in the mechanical

properties between the fibers was mainly related to the

different orientation degrees of the fibers.

The orientation of co-PSA fibers was measured via

SAXS, WAXS, and sound velocity. Specifically, the SAXS

and WAXS patterns of co-PSA fibers under different

stretching ratios are shown in Figs. 7 and 8, respectively,

and B/, LA/SA, fa, and C are calculated as Fig. S5 and

Fig. S5 and then listed in Table 8. The SAXS and WAXS

patterns of the co-PSA fibers exhibit oriented structure

when k1 increases and k2 decreases year-on-year. However,
when compared to co-PSA-3 fiber, the SAXS patterns

exhibit a shorter equatorial streak and the vanishing

meridional scatters for co-PSA-4 to co-PSA-6 fibers,

thereby indicating that the degree of orientation decreases

and no periodic structure exists in these fibers.

Table 8 shows the quantitative analysis of orientation of

co-PSA fibers. The results show that B/ increases from

29.8 to 34.9, and the LA/SA and sound velocity decrease

from 2.63 to 2.35 and from 2.16 to 1.84, respectively. This

clearly indicates the decrease in orientation of the scatter-

ing objects. Meanwhile, fa decreases from 0.32 to 0.29,

thereby suggesting a low orientation of the amorphous

region within the fiber. Hence, the results demonstrate that

it is difficult for PSA molecular segments to further

increase the orientation and withstand higher stretching

even when k1 is increased from 5.5 to 8.5. Furthermore,

given that k2 decreases year-on-year, the orientation of the

fiber in the second stretching process was low. Thus, the

overall orientation of the fiber was low and the strength of

co-PSA fiber decreased. Hence, the results indicated that a

higher second draw ratio is an important condition for the

formation of a PSA fiber structure with better orientation

and the formation of a periodic structure within the fibers.

3.2.2 Effect of jet stretch and second stretch on property

and morphology of co-PSA fibers after heat

stretching

The thermal stretching ratio was below 2.0 times. In the

case of the co-PSA-5 and co-PSA-6 fibers, the strength is

low and the elongation is large. However, the improvement

in the strength was limited even if the subsequent heat

stretching ratio was higher than 2.0 times. Therefore, only

co-PSA-3 and co-PSA-4 fibers were chosen for the heat

drawing process, and their structure and properties were

characterized. The tenacity, initial modulus, and elongation

at break of the heat-drawn co-PSA-H3 and co-PSA-H4

fibers under different jet and second stretching ratios are

shown in Table 9. The strength of the co-PSA-H4 fiber

corresponded to 484 MPa, which was nearly 30% lower

Table 7 Mechanical properties of co-PSA fibers at different

stretching ratios

Sample Tenacity (MPa) Modulus (GPa) Elongation (%)

co-PSA-3 119 ± 9 2.20 ± 0.25 23.9 ± 1.8

co-PSA-4 92 ± 10 1.90 ± 0.12 32.3 ± 2.5

co-PSA-5 77 ± 5 1.17 ± 0.07 35.8 ± 1.5

co-PSA-6 72 ± 6 1.10 ± 0.14 38.7 ± 2.7

Fig. 6 SEM pictures of co-PSA

fibers at different stretching

ratios (k1 increases from 5.5 to

8.5, k2 decreases from 2.0 to

1.3 year-on-year; kt = 11.0)
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than that of co-PSA-H3 fiber. Thus, the results show that

the fiber with lower strength before the heat drawing pro-

cess still exhibits lower strength after the heat drawing

process.

The SAXS and WAXS were used to characterize the

microstructure parameters of the fibers after the heat

drawing process to further explain the structural transfor-

mation of the fibers. As shown in Figs. 9 and 10, the SAXS

patterns show that the scattering in the equatorial direction

of co-PSA-H4 is less sharp than that of co-PSA-H3 fiber,

and the ‘‘arc’’ scattering disappears in the meridian direc-

tion. This illustrates a lower orientation for co-PSA-H4,

and thus the periodic ordered structure that forms inside all

the fibers along the fiber axial direction after heat drawing.

The WAXS patterns exhibited remarkable reflections of

different axis, thereby indicating the formation of crys-

talline structure within the fibers following the heat

stretching.

The quantitative analysis of orientation from SAXS

patterns and fractions of crystal, amorphous, and meso-

morphic phases from WAXS patterns (Figs. S3 and S4) are

listed in Tables 10 and 11, respectively. In co-PSA-4 fiber,

B/ increases from 10 to 14.6 and LA/SA decreases from

3.3 to 2.1. This implies an obvious decrease in fibril ori-

entation. Furthermore, the fibril length is also shorter

because the mass fraction of the oriented structure is less in

co-PSA-4 fiber when compared to that in co-PSA-H3 fiber.

The content of the amorphous phase in co-PSA-H4 fiber

significantly increases to approximately 30%, and the

content of mesophase and crystal decreases to

Fig. 7 (Color online) SAXS patterns of co-PSA fibers at different stretching ratios (k1 increases from 5.5 to 8.5, k2 decreases from 2.0 to

1.3 year-on-year; kt = 11.0)

Fig. 8 (Color online) WAXS patterns of co-PSA fibers at different

stretching ratios (k1 increases from 5.5 to 8.5, k2 decreases from 2.0 to

1.3 year-on-year; kt = 11.0)

Table 8 Parameters from SAXS and WAXS patterns and sound

velocities

Sample B/ (�) LA/SA fa C (km/s)

co-PSA-3 29.8 2.63 0.32 2.16

co-PSA-4 33.9 2.44 0.30 2.04

co-PSA-5 34.5 2.42 0.29 1.87

co-PSA-6 34.9 2.35 0.29 1.84

Table 9 Mechanical properties of co-PSA fibers at different

stretching ratios

Sample Tenacity (MPa) Modulus (GPa) Elongation (%)

co-PSA-H3 623 ± 33 7.03 ± 0.50 14.6 ± 1.0

co-PSA-H4 484 ± 24 6.31 ± 0.45 22.4 ± 1.6

Fig. 9 (Color online) SAXS patterns of heat-drawn co-PSA fibers at

different stretching ratios (co-PSA-H3: k1 = 5.5, k2 = 2.0; co-PSA-

H4: k1 = 6.5, k2 = 1.7; kt = 11.0)

Fig. 10 (Color online) WAXS patterns of heat-drawn co-PSA fibers

at different stretching ratios (co-PSA-H3: k1 = 5.5, k2 = 2.0; co-PSA-

H4: k1 = 6.5, k2 = 1.7; kt = 11.0)

Table 10 Results from the SAXS patterns

Sample l (nm) B/ (�) LA/SA

co-PSA-H3 372 10.0 3.3

co-PSA-H4 258 14.6 2.1
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approximately 41% and 29%, respectively. This implies

that it is more difficult to reconstruct, orient, and crystallize

the molecular chain segments to form higher fractions of

mesophase and crystal structure during the heat drawing

process from the entangled structure within the co-PSA

fiber before heat drawing.

To visualize the changes in the structure of co-PSA

fibers before and after the heat drawing process under

different jet and second stretching conditions, the

microstructure of the fiber is characterized via SAXS and

WAXS. Furthermore, the tangled and oriented structures of

the molecular chain aggregation structure inside the fiber

are shown in Figs. 11 and 12. The molecular chain orien-

tation and entanglement structure are denoted by the red

and blue colors in Fig. 11, respectively. When the jet draw

ratio increases from 3.5 to 5.5, the co-PSA fibers exhibit

high orientation. However, given the existence of the sul-

fone group and intermolecular amide bonds in PSA

molecules, the molecular chain segments are hard to extend

and orient to form higher mass fractions of the orientation

structure. When the jet draw ratio continues to increase and

the second draw ratio decreases year-on-year to maintain a

total draw ratio, the molecular chain segments within the

PSA-4*co-PSA-6 fibers are still difficult to extend and

orient to form a higher mass fraction of the orientation

structure even at higher jet draw ratios. However, given

that the second drawing is low, the entanglement structure

cannot be stretched more, and thus has higher mass frac-

tion. At the same time, as mentioned above, a periodic

ordered structure is formed in PSA-1*co-PSA-3 fibers.

However, it disappears in PSA-4*co-PSA-6 fibers

because of the lower second stretching.

As shown in Fig. 12, crystal, mesophase, and amor-

phous structure are denoted by red, blue, and green colors,

respectively. The molecular chain segments, which are in a

better orientation structure in fibers before heat drawing,

are easier to orient to form higher mass fractions of crys-

talline and mesophase structures during the heat drawing

process. Therefore, the mass fractions of crystalline and

mesophase phases in PSA-H2 and co-PSA-H3 fibers are

slightly than those in PSA-H1 fiber. Furthermore, the co-

PSA-H4 fiber exhibits a higher content of amorphous

structure because of the large content of entanglement

structure within the co-PSA-4 fiber.

4 Conclusion

The effects of different jet draw ratios and second draw

ratios on the morphology and properties of co-PSA fibers

were investigated. The fibers had nearly round cross sec-

tions and were uniform and dense without obvious defect

Table 11 Structural parameters from WAXS patterns

Samples co-PSA-H3 co-PSA-H4

Amorphous fraction (%) 16 30

Mesophase fraction (%) 49 41

Crystal fraction (%) 35 29

Crystal orientation fc 0.96 0.94

Fig. 11 (Color online) Molecular structure diagrams of co-PSA-1 to

co-PSA-6 fibers under different stretching ratios (orientation and

entanglement structure are denoted by red and blue marks,

respectively. co-PSA-1 to co-PSA-3: k1: 3.5 to 5.5, k2 = 2.0; co-

PSA-4 co-PSA-6: k1: 6.5 to 8.5, k2: 1.7 to 1.3, kt = 11.0)

Fig. 12 (Color online) Molecular structure diagrams of heat-drawn

co-PSA-H1 to co-PSA-H4 fibers under different stretching ratios

(crystal, mesophase, and amorphous structure are denoted by red,

blue, and green marks, respectively. co-PSA-H1 to co-PSA-H3: k1:
3.5 to 5.5, k2 = 2.0; co-PSA-H4: k1 = 6.5, k2 = 1.7, kt = 11.0)
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structures. This was conductive to the subsequent stretch-

ing and heat stretching. As jet draw ratio increased, the

strengths of the fiber changed slightly, and the orientations,

as characterized via sound velocity, SAXS, and WAXS,

also exhibited a slight change. However, the strengths and

orientations of co-PSA-2 and co-PSA-3 fibers were slightly

higher than those of co-PSA-1. A periodic ordered struc-

ture is formed in the fibers along the fiber axis. After heat

drawing at 365 �C with a draw ratio of 2.0, it was observed

that the high orientation of molecular chain segments in the

fiber before heat drawing was easier to arrange and

reconstruct under the heat drawing process. The content of

amorphous phase was less than 20%, and the content of

mesophase and content of crystalline phase were more than

45% and 30%, respectively, in the heat-drawn fibers. The

degree of orientation of the crystal and non-crystal regions

was also significantly improved. Hence, the strengths of co-

PSA-H2 and co-PSA-H3 fibers increased to more than

620 MPa after the heat drawing process. The strengths of

co-PSA-H2 and co-PSA-H3 fibers were significantly higher

than those of commercialized fibers and fibers reported in

previous studies.

The jet draw ratio continued to increase, and the second

draw ratio decreased year-on-year, and thus the total draw

ratio was maintained as constant. The strengths and ori-

entations of co-PSA-4*co-PSA-6 fibers decreased gradu-

ally because the molecular chain segments were difficult to

extend and orient at higher jet draw ratios. Furthermore, the

entanglement structure cannot be further stretched at sub-

sequent lower stretching ratios. Additionally, the periodic

ordered structure disappears, thereby indicating that more

content of entanglement structure existed in the fibers.

Therefore, even after high-temperature heat-drawing, it

was difficult to arrange and reconstruct the molecular chain

segments. Thus, the degree of crystallization and orienta-

tion was lower for co-PSA-H4 fiber. Furthermore, their

mechanical properties were inferior.
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