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Para-aramid (p-aramid) fibers have gained significant attention in lightweight vehicle and optical cable in-
dustries. However, the use of harsh sulfuric acid-based processing limits their widespread adoption. As a
promising alternative, p-aramid copolymer (p-AC) offers improved processability while maintaining comparable
properties. In this study, p-AC superfibers incorporating 3,4-oxydianiline (3,4-ODA) monomers were success-
fully fabricated through optimized manufacturing processes spanning from solution preparation to fiber property
enhancement. The homogeneity of spinning solutions, determined by polymerization conditions, serves as a key
factor governing fiber structure and properties. Three p-AC solutions with varying rheological homogeneities,
classified as low (L), moderate (M), and high (H), exhibited Cole-Cole plot slopes of 1.12, 1.34, and 1.65,
respectively. A higher solution homogeneity enabled greater draw ratios, leading to more compact and well-
aligned fiber microstructures. Consequently, as the homogeneity increased, the fiber crystallinity and orienta-
tion factor increased from 56.1 % and 0.923 to 62.2 % and 0.968, respectively. Notably, the p-AC-H fibers
exhibited tensile modulus and strength of 82.4 and 3.1 GPa, respectively, representing 11.2 % and 41.0 % in-
creases compared to those of p-AC-L fibers (74.1 and 2.2 GPa, respectively). These findings establish a direct
correlation between solution homogeneity and fiber performance, providing a theoretical background for the
precise design of high-performance superfibers.

1. Introduction

The surging demand for high-performance fibers in advanced in-
dustries, such as aerospace, automotive, and defense, has drawn sig-
nificant attention to superfibers, including para-aramid (p-aramid) and
carbon fibers [1-3]. These fibers are favored not only for their excep-
tional mechanical strength, thermal resistance, and chemical stability
but also for their lightweight nature, which is critical for
performance-driven applications [4-6]. The superior physical properties
of these fibers originate from their strong intermolecular interactions
(such as hydrogen bonding, dipole-dipole bonding, and n—= stacking),
extremely high molecular weight, and/or from the rigidity of their
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molecular backbones [1-6]. While these structural characteristics confer
excellent high mechanical properties, they also render polymers ther-
mally infusible, making conventional melt processing nearly impossible.
Accordingly, most of these superfibers or their precursors must be pro-
cessed via wet spinning.

High-performance polymers, including p-aramid and poly-
acrylonitrile (a precursor to carbon fibers), require dissolution in strong
acids or highly polar organic solvents [7,8]. However, owing to the
persistence of strong intermolecular interactions in solutions, control-
ling the solution properties is extremely challenging. This complexity
highlights the crucial need to understand and precisely control the
polymer-solvent interactions in the wet spinning process of
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high-performance fibers. In particular, p-aramid exhibits liquid crystal-
line behavior owing to its rigid chain backbone and strong intermolec-
ular interactions, which further complicates the control of solution
spinnability during the wet spinning process [9,10]. The lyotropic liquid
crystalline polymer undergoes a series of phase transitions with
increasing concentration, typically progressing from isotropic to
biphasic, to anisotropic sol, and finally to anisotropic gel [11]. Among
these phases, the liquid crystalline fiber spinning is recommended only
for the anisotropic sol phase [12]. However, this phase exists within a
narrow concentration window, making it difficult to determine the
optimal spinning concentration [12].

Significant efforts have been devoted to converting the liquid crys-
talline phases of p-aramid solutions into isotropic phases without sub-
stantially compromising the superior performance of the resulting
fibers. This has been accomplished through molecular tuning strategies
such as reducing chain regularity (e.g., para to meta substitution) [13],
introducing side group substitution [14,15], and employing copoly-
merization approaches [16]. Among these, p-aramid copolymer (p-AC),
synthesized using 3,4-oxydianiline (3,4-ODA) as a third co-monomer,
has emerged as one of the most promising alternatives to conventional
p-aramid. This offers significantly improved processability while main-
taining comparable fiber properties [17]. The introduction of a kink
moiety on the backbone disrupts the chain regularity, enabling p-AC to
dissolve in an organic solvent such as N-methyl-2-pyrrolidone (NMP),
resulting in isotropic solutions. The spinnability of these isotropic so-
lutions is primarily affected by their viscoelasticity and homogeneity
[18,19]. Despite the absence of liquid crystalline domains, attention
must still be paid to controlling the solution properties of p-AC, as the
polymer forms strong intermolecular hydrogen bonds that can lead to
heterogeneous deterioration of the isotropic solution.

In this study, we highlight the critical relationship between the
rheological properties of the solution, the resulting fiber structure, and
the tensile properties of p-AC fibers. The fiber fabrication process in-
volves spinning dope preparation via polymerization, neutralization,
dry-jet wet spinning, and post-heat drawing. p-AC spinning dopes with
varying degrees of homogeneity were prepared by modifying the
neutralization conditions. As the extent of neutralization increases, the
solution transitions from opaque to transparent, indicating improved
homogeneity. Consequently, the solution homogeneity significantly
influenced the processability of the fibers, including their spinnability
and drawability. Establishing a clear correlation between the solution
properties and fiber performance provides a theoretical foundation for
producing high-performance fibers that meet the growing demands of
advanced industries.

2. Experiment
2.1. Materials

p-Phenylenediamine (PPD, Amino-Chem), 3,4-ODA (Wakayama
Seika Kogyo), terephthaloyl chloride (TPC, >99 %, Sigma-Aldrich),
anhydrous NMP (>99.5 %, Sigma-Aldrich), and calcium hydroxide
(Ca(OH)3, >95 %, Sigma-Aldrich) were used as received.

2.2. Synthesis of p-AC

A series of p-AC were synthesized through a direct polycondensation
reaction using a mixture of PPD and 3,4-ODA as diamines and TPC as a
diacid. For the synthesis of the three types of p-AC solutions, a 2 L, dual-
jacketed, four-neck flask reactor was utilized within a nitrogen-filled
glove box. The reactor was charged with 10.1 g of PPD (93.44 mmol),
18.71 g of 3,4-0ODA (93.44 mmol), and 450 mL of NMP. The mixture was
then stirred at 25 °C under a continuous flow of dry nitrogen to ensure
complete dissolution of all reactants. Subsequently, 37.94 g of powdered
TPC (186.88 mmol) was rapidly added to the reactor. For the neutrali-
zation process, the temperature of the polymer solution was raised to
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80 °C and a dispersion of 13.85 g of Ca(OH)5 (186.88 mmol) in 45 mL of
NMP was quickly added to the p-AC solutions. Fig. 1(a) illustrates a
detailed profile of the reaction temperature and timing of neutralization
using Ca(OH)s. This process ultimately resulted in polymer solutions
with a concentration of 9.0 wt%, which exhibited different trans-
parencies depending on the neutralization time (Fig. 1(b)). The solution
grade was divided into low (L), moderate (M), and high (H) grades based
on the transmittance intensity, which affected the rheological properties
of the solution and fiber properties in an identical trend. The solutions
were named by p-AC-X (X = solution grade).

2.3. Fiber spinning

The entire fabrication process was based on the p-AC spinning pro-
cess [20,21], which is a dry-jet wet spinning process that involves two
steps (Fig. 1(c)); spinning the p-AC solutions into a coagulation bath and
heat drawing the as-spun fibers (Fig. 1(d)). The composition of the
coagulation bath and washing bath was 100 % deionized water, and a
three-layered bath was used to remove residual solvent from the coag-
ulated fibers through a thorough washing process. The ratio between the
solution extrusion speed and the take-up speed generally determines the
draw ratio. The as-spun draw ratio (SDR) was set to take up the fibers in
a stable state. The optimized SDR was 2.0 for all solutions. Suitable
spinning temperatures for the solutions were estimated from the rheo-
logical data. Based on these data, the dope tank was packed with a
heating jacket at the optimized temperature. The heat drawing process
involved passing as-spun fibers through a heating furnace at 460 °C, and
the post-drawing process was carried out with a maximum draw ratio to
ensure stable drawing (Table S1). The TDR was determined using SDR
and post-draw ratio (PDR) (TDR = SDR x PDR).

2.4. Characterization

The molecular characterization of the synthesized p-AC was con-
ducted using gel permeation chromatography (GPC, Young Lin Chrozen
HPLC system). This analysis determined the number-average molecular
weight (M) and polydispersity index (PDI) of the p-AC. A 0.01 M LiBr/
NMP solution was used as the mobile phase, maintained at 80 °C with a
flow rate of 1.0 mL/min. Poly(methyl methacrylate) standards were
used for column calibration. The hydrodynamic diameter of 0.1 mg
mL~! p-AC solutions was measured by dynamic light scattering (DLS,
Zetasizer Nano ZS, Malvern, UK) at 25 °C. UV-vis transmittance spectra
were measured for p-AC solutions diluted to 0.1 wt% in additional NMP
using a Cary 5000 (Agilent) at 25 °C. The rheological properties of p-AC
solutions were characterized using a stress-controlled rotational
rheometer (MCR 302e, Anton Paar, Austria) with a concentric cylinder
geometry. For a precise measurement, 4.0 mL of the solution was poured
into the cylinder, which could fill the entire cup when the rotor was
dipped into the cup. Dynamic frequency sweeps were conducted in an
angular frequency range of 0.05-500 rades! at 20-80 °C in 10 °C in-
tervals and a strain level of 5 %. The surface and cross-section
morphology of the p-AC fibers were examined using field-emission
scanning electron microscopy (FE-SEM, SU-8220, Hitachi) at an accel-
erating voltage of 10 kV. The samples were prepared using an ion sputter
(E—1045, Hitachi) with a platinum coating. The cross-sections of the
fibers were prepared after tensile testing. To calculate the diameter and
circularity of the fibers, cross-section images of the fibers were captured
using an optical microscope (DM2500 M, Leica). The ImageJ software
program was used to analyze the circularity and diameter. The tensile
properties of p-AC fibers were evaluated using a single filament tensile
tester (FAVIMAT+, Textechno) at a gauge length of 25.4 mm and a
strain rate of 1 %/s with a pretension of 0.5 cN/tex. The linear density
was measured using a vibroscope before tensile testing, in accordance
with ASTM D 1577. The resonance frequency of the sample was
measured at a constant gauge length with a known pre-tension. The
obtained data were used to calculate the linear density using formula T
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Fig. 1. Schematic representation of p-AC fiber production process. (a) Synthesis of p-AC solution with different neutralization times, (b) photograph of overhead
stirrer and p-AC solutions (left: low, center: moderate, and right: high grade), (c) whole process of p-AC fiber from spinning to heat drawing and (d) photograph of p-

AC fiber.

= F/(4-f21?), where T = linear density, F = pretension force, f = reso-
nance frequency, and L = test section length. Tensile testing was con-
ducted using at least 10 filaments for each specimen.

Wide angle X-ray diffraction (WAXD) and Small angle X-ray scat-
tering (SAXS) were performed at the PLS-II 6D UNIST-PAL beamline of
the Pohang Accelerator Laboratory in Pohang, Republic of Korea. The
energy of the X-rays was 18.986 and 11.564 keV for WAXD and SAXS
measurements, respectively. The distances between the detector and the
sample were 240 mm and 3074 mm for WAXD and SAXS, respectively.
Data were analyzed using the Peakfit software program. From the WAXD
analysis, the crystallinity and Herman’s orientation factor were
measured [22-24]. By deconvoluting crystalline and amorphous peaks
in 1D WAXD profiles, the crystallinity of the p-AC fibers was obtained,
and the orientation factor (f) was calculated using azimuthal scan at 20
~ 42.5° (006) plane peak by Wilchinsky equation,

2 _
f:3<cos2¢> 1 a

fog I(¢) cos? ¢ sin ¢ dep
JEI(g) sin ¢ dg

< cos? p >= 2

where ¢ is the azimuthal angle, and I is the intensity. In addition, the
misorientation angle between the crystalline fibril and the fiber axis
direction was defined by SAXS analysis using the Ruland streak method
[25]. The azimuthal scan was represented as a function of s in reciprocal
space and characterized based on the observed integral breadth (Byys).
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I(s, ) in azimuthal scan is obtained at scattering vector, where s is the
scattering vector defined as s = 2 sin 6/4, with 2 0 representing the

scattering angle and 4 denoting the wavelength. ¢,,,, refers to the angle
at which the maximum peak of the azimuthal scan is indicated. B
represents the actual width of the orientation distribution, which is a
measure of the preferred alignment of the microfibrils with respect to
the fiber axis.

The dimensional stability of p-AC fibers was measured by dynamic
mechanical analysis (DMA) with Q800 (TA Instruments) at 25 °C. A
creep test under constant stress was performed at 40 % tensile strength,
maintaining the stress for 100 min. A cyclic test was conducted at 50 %
tensile strength with a 20 %/min ramp stress. Each cycle lasted
approximately 150 s. Both tests were conducted at 25 °C and with a pre-
tension of 2 % tensile strength to prevent the over-release of the fibers.

The thermal stability was measured using thermogravimetric anal-
ysis (TGA) from 25 °C to 800 °C with a ramp rate of 5 °C/min in air on a
Q500 (TA Instruments).

3. Results and discussion

3.1. Effect of neutralization time on p-AC solution properties and fiber
fabrication

In contrast to p-aramid homopolymers, which exhibit liquid crys-
talline behavior, organo-soluble p-AC forms isotropic solutions [26].
Despite their isotropic nature, their solution properties and homogeneity
are highly dependent on the polymerization conditions (Fig. 1(a) and
(b)). When TPC is added to a solution of PPD and 3,4-ODA in NMP,
polymerization proceeds rapidly, causing a sharp increase in the vis-
cosity of the reactant. During this process, amide bonds form through
the reaction of the acyl chloride group in TPC with the amino group in
PPD or 3,4-ODA, producing hydrogen chloride (HCI) as a byproduct
[27,28]. Because the byproduct can reduce the molecular weight of
p-AC, it should be neutralized using Ca(OH),. This neutralization pre-
vents acid-induced degradation of the aramid chains, maintains solution
clarity by minimizing ionic aggregation, ensures rheological stability for
fiber spinning, protects processing equipment from corrosion, and mit-
igates environmental and safety concerns associated with residual acid.
Ca?* and CI™ ions play complementary roles in this process: Ca2* ions
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interact favorably with NMP, likely enhancing its solvating power, while
Cl™ ions act as strong hydrogen bond acceptors that disrupt the inter-
molecular hydrogen bonding between p-AC chains [29]. Similarly, the
neutralization time had a significant impact on the molecular parame-
ters and solution properties (Table S2). The p-AC-L solution with a
neutralization time of 90 min exhibited a relatively low M, of 133,700 g
mol L. By contrast, the longer neutralization times of 150 and 180 min
yielded higher Mys of 208,100 and 195,800 g mol ! for the p-AC-M and
Pp-AC-H solutions, respectively. In addition, increasing the neutralization
time reduced the PDI from 2.38 to 2.00. The comparable M, and PDI
values of p-AC-M and p-AC-H solutions indicate that the neutralization
beyond 150 min was sufficient to suppress the acid-induced chain
degradation. Conversely, insufficient neutralization rendered the p-AC-L
solution opaque, as evidenced by its significantly lower transmittance
compared with the other solutions (Fig. S1). To further clarify the
relationship between solution properties and fiber performance, three
p-AC fibers were fabricated via dry-jet wet spinning, followed by
post-heat drawing at 460 °C.

3.2. Viscoelasticity and solution homogeneity of p-AC solutions

Beyond molecular parameters such as molecular weight and distri-
bution, solution homogeneity is a critical factor governing both pro-
cessability and resulting fiber properties. The presence of aggregates not
only destabilizes the discharge behavior of the spinning solutions but
also remains as structural defects in fibers [19]. The solution properties
of p-AC were evaluated via rheological characterization (Fig. 2). In the
dynamic viscosity (17') curves, p-AC solutions exhibited a lower Newto-
nian flow region, followed by shear thinning at high frequencies, a
characteristic behavior of homogeneous polymer solutions (Fig. 2(a))
[15,30,31]. The extent of viscoelasticity (i and storage modulus (G))
was closely related to M, (Table S2). At 1.08 rad s’l, the ' values for
p-AC-L, p-AC-M, and p-AC-H were 110.0, 287.5, and 246.2 Pa s,
respectively, while the corresponding G’ values of 11.8, 54.7, and 31.7
Pa (Fig. 2(b) and (c)). Solution homogeneity can be quantified using
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Cole—Cole plot slope, which represents the logarithmic plot of G’ versus
the loss modulus (G") [15,30,31]. In general, a slope close to 2.00 in-
dicates greater homogeneity. The slopes for p-AC-L, p-AC-M, and p-AC-H
were 1.12, 1.34, and 1.65, respectively (Fig. 2(d) and (e)), reflecting the
effect of extended neutralization during polymerization. While the vis-
cosity and storage modulus are correlated with M;, the Cole—Cole slope
reflects the trend of the neutralization time during polymerization.
Notably, p-AC-H solutions exhibited significantly higher homogeneity
compared to p-AC-M solutions, despite having similar M,, and rheolog-
ical properties.

DLS analysis provides direct evidence for assessing the solution ho-
mogeneity by measuring the hydrodynamic diameter of polymer coils.
The observed hydrodynamic diameters were 51.8, 37.1, and 33.0 nm for
p-AC-L, -M, and -H, respectively (Fig. S2). The larger hydrodynamic
diameter can be attributed to the presence of aggregates in solution [32,
33]. In other words, the reduced diameter indicates improved solution
homogeneity, which quantitatively supports the rheological analysis
based on the Cole-Cole slope. A similar trend was observed in the flow
relaxation time (ty), calculated as the reciprocal of the crossover fre-
quency between G and G" [31,34] (Fig. 2(f)). The 75 of p-AC-L was 0.027,
indicating rapid recovery to equilibrium and polymer chain dynamics
unfavorable for uniaxial stretching [35]. Therefore, p-AC-H solutions
exhibit excellent spinnability, whereas p-AC-L solutions are less suitable
for fiber spinning.

3.3. Morphology and uniformity of p-AC fibers

The structural uniformity of the p-AC fibers was evaluated by
observing their cross-sectional and surface morphologies (Fig. 3). The
draw ratio of each fiber sample is denoted by an “x” appended to the
sample code, such as in p-AC-Lx. p-AC-L2 exhibited a kidney-shaped
cross-section, p-AC-H2 showed an elliptical shape, and p-AC-M2 dis-
played an intermediate morphology between the two (Fig. 3(a) and S3).
Regarding the surface morphology, p-AC-L6 fibers exhibited consider-
able diameter variation, in contrast to the uniform diameters observed in
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Fig. 2. Rheological properties of p-AC solutions at the spinning temperature. (a) Dynamic viscosity (1) and (b) storage modulus (G') depending on frequency sweep.
(c) Quantitative values of 7/ and G’ at 1.08 rad s~*. (d) G’ and loss modulus (G") curves of the solutions shifted horizontally by multiplying arbitrary shift factors for
more precise comparison, and (e) Cole-Cole plot slope of the p-AC solutions. (f) Relaxation time (zf) of the solutions.
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p-AC-M9 and p-AC-H15 fibers (Fig. 3(b)). In general, when fibers are
subjected to strain, their stress dissipation behavior along the fiber axis
is primarily governed by their structural uniformity. Fibers with lower
structural uniformity, characterized by a kidney-shaped cross-section
and/or significant diameter deviations (as observed in p-AC-L fibers),
experienced localized stress concentrations at the edges of the kidney
shape (in cross-sectional terms) or thinner regions along the fiber axis,
thereby accelerating fracture initiation and propagation (Fig. 3(c) and
(d)). As a result, the relatively non-uniform p-AC-L fibers exhibited
limited stretchability, restricting their total draw ratio (TDR) to 6.
Conversely, the superior structural uniformity of the p-AC-H fibers
facilitated a higher degree of post-drawing owing to the evenly
distributed stress, which resulted in a TDR of 15. The poor processability
of p-AC-L fibers can be attributed mainly to their relatively low M
compared to the other fibers.

Beyond the molecular weight influence, two quantitative parameters
representing the structural uniformity such as diameter variation, and
circularity of the fibers were calculated to draw a correlation with the
Cole—Cole plot slopes (rheological parameter for solution homogeneity).
The diameters and circularities of the p-AC fibers are shown in Fig. 3(e)
and (f), and the correlations between the structural parameters of the
post-drawn fibers and their solution homogeneity are displayed in Fig. 3
(g). It should be noted that the structural uniformities are enhanced (i.e.,
circularity increases and diameter deviation decreases) as the Cole-Cole
slope increases. Based on these correlations, it can be concluded that
solution heterogeneity leads to structural defects in the as-spun fibers,
thereby dictating the TDR (i.e., stretchability).

3.4. Microstructural analysis of p-AC fibers

Along with the morphological aspects of the fibers, the effects of

solution homogeneity on the microstructures were investigated using X-
ray analyses. Fig. 4(a) illustrates the microfibril structures of the p-AC
fibers at different zoomed-in scales. Highly oriented crystalline struc-
tures must be obtained through the heat-drawing process near the
degradation temperature of p-AC fibers. Therefore, the as-spun fibers
consist of incomplete internal structures, lower orientation factor, and
lower crystallinity. While the heat-drawing process enhances the
structural properties of the fibers, the optimal draw ratio depends on the
morphology of the as-spun fibers. In general, the orientation factor and
crystallinity, key indicators of structural quality, tend to increase with
higher draw ratio [36].

A representative 2D WAXD pattern for p-AC-L6 is shown in Fig. 4(b),
and the patterns of the other fibers are presented in Fig. S4. The corre-
sponding 1D WAXD profiles of p-AC-L, p-AC-M, and p-AC-H fibers are
shown in Fig. 4(c). In the 1D and 2D WAXD results, strong diffraction
peaks appeared at 20.3° and 42.5°, corresponding to the (110) and (006)
planes in the equatorial and meridional scans, respectively [37,38].
Although the overall pattern shapes were similar, the intensity and
sharpness of the peaks varied with draw ratio. In the p-AC-L6 fibers, the
characteristic peak corresponding to the (200) plane observed in
p-aramid fibers produced by low draw ratios disappeared above a draw
ratio of 9, indicating that the highly aligned molecular chains caused a
structural transition from the (200) plane to the (110) plane. Based on
the WAXD results (Fig. 4(d)), the calculated crystallinity and orientation
factor of p-AC fibers indicate that they intrinsically exhibited high
crystallinity (>56.1 %) and orientation factor (>0.923), attributed to
their rigid chain molecules. Among them, the p-AC-H12 and p-AC-H15
fibers exhibited outstanding crystallinity (62.0 % and 62.2 %) and
orientation factor (0.965 and 0.968). Specifically, the orientation factor
is pretty close to unity, indicating a near-perfect orientation of the
polymeric chains along the fiber axis. In contrast, the lowest
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1D WAXD profiles for the p-AC fibers. (d) Crystallinity and orientation factor of the p-AC fibers, (e) crystal size and d-spacing of (006) plane, and (f) misorientation

angle of fibril structures from SAXS analysis.

microstructural factors observed in p-AC-L6 fibers confirmed that the
poor morphological uniformity of the fibers was associated with reduced
the microstructural perfection. At an identical TDR of 6, meanwhile, the
p-AC-M6 fiber exhibited greater crystallinity and orientation factor than
p-AC-L6, suggesting that the homogeneity of the spinning solution is
another significant determinant of the microstructural evolution.

To investigate detailed changes in the crystalline structure, the
crystal size and d-spacing of the (006) plane (L(oe) and d-spacing(ooe))
were examined, revealing sharp and intense peaks that became pro-
nounced with increasing draw ratio. The (006) plane was selected for
analysis because the diffraction peaks near 20 ~ 20.3° showed no sig-
nificant differences between p-AC-M9 and p-AC-H15, making the (006)
near 20 ~ 42.5° peak ideal for observing distinct structural differences.
As the draw ratio increased, enhanced stretching along the fiber axis led
to an increase in the Lgg) value from 4.00 to 5.41 nm, consistent with
the trends in crystallinity and the orientation factor (Fig. 4(e)).

Table 1
Structural properties of p-AC fibers analyzed by WAXD and SAXS.

Interestingly, the d-spacing(gos) was barely influenced by the draw ratio.
This is because the d-spacing is determined by the intrinsic chemical
structure of repeating units of the polymer and the fixed geometry of the
crystal lattice, which is unaffected by the draw ratio [39]. Similar to the
WAXD data, SAXS data showed that the misorientation angle of fibril
structures reduced from 7.36 % (p-AC-L6) to 5.95 % (p-AC-H15), con-
firming that the increased crystallinity and orientation of crystal struc-
tures are extended to the enhanced alignment of microfibrils in the fibers
(Fig. 4(f)-S4, S5, and Table 1).

3.5. Mechanical performance of p-AC fibers

Fig. 5 and Table 2 present the tensile properties of p-AC fibers in
relation to their microstructural characteristics. The stress—strain curves
indicate that the mechanical properties of p-AC fibers improved in the
order of p-AC-L, p-AC-M, and p-AC-H fibers, which corresponds to the

Sample Crystallinity (%) Orientation factor Misorientation angle (°) Looe) d-spacingoe)
(nm) (nm)
p-AC-L6 56.1 0.923 7.36 4.00 0.212
p-AC-M6 58.2 0.940 7.36 4.83 0.212
p-AC-M9 59.8 0.965 5.95 5.35 0.213
p-AC-H12 62.0 0.965 5.50 5.04 0.212
p-AC-H15 62.2 0.968 5.95 5.41 0.213




J. Lyu et al.

Polymer Testing 152 (2025) 108987

a b C
4.0 4.0 100 5 100
35 M6
— MO X 80
< —
-89 H12 < o
© — o )
%2.5 H15 5 60 %
g S 4
3 15 ® E
[=)]
10 5 =
o 20 —
0.5
0.0 T T T + . 0 0
0 1 2 3 4 5 M6 M9 H12 H15 L6 M6 M9 H12 H15
Strain (%)
d e f
2
S TE 64 0.98 64 0.98
M6 H15
e Mo H12=3§ 8 His H12Q ,
= H12 = 0960 = Mo 0960
i £ 6o oM g &60 ° z
= g ER g
=1 = g E ° z
S 3 T 0045 8 " 0945
B 56| ® & 56| @ 8
3] ¢ o L6 g © L6 S
® 0.92 ® 0.92
-4
52
'8| ( )1.0 12 22 24 26 28 30 32 74 76 78 80 82 84
n(c

UTS (GPa)

E (GPa)

Fig. 5. Tensile properties of p-AC fibers. (a) Stress-strain curves of the p-AC fibers, (b) and (c) tensile properties. (d) Weibull plots of the p-AC fibers, (e) and (f)

structural properties and tensile properties.

Table 2
Tensile properties of p-AC fibers.
Sample  Elongation Tensile Tensile Toughness Weibull
(%) strength modulus (MJ/m3) modulus
(GPa) (GPa)
p-AC- 3.5+03 22+0.3 74.1 +£ 3.5 41.0 10.7
L6
p-AC- 4.0 £0.3 2.7 £0.2 76.8 = 6.0 51.3 15.8
M6
p-AC- 39+05 29+0.3 823+ 1.5 60.5 11.4
M9
p-AC- 4.2 +0.4 29+0.3 80.4 + 5.6 66.2 12.7
H12
p-AC- 4.1 +0.2 3.1+0.2 82.4 + 3.7 67.4 19.7
H15

trend of spinning solution homogeneity (Fig. 5(a)). While the TDR is a
significant factor in determining the final fiber properties, the degree of
fiber drawing is fundamentally influenced by both the fiber morphology
and solution homogeneity, as discussed earlier. Tensile modulus (E),
ultimate tensile strength (UTS), elongation at break (¢p), and toughness
(U) were compared for the three p-AC fibers (Fig. 5(b) and (c)).
Considering the property criteria of superfibers, defined as having E and
UTS values of at least 50.0 and 2.0 GPa, respectively, all p-AC-L, p-AC-M,
and p-AC-H fibers surpass these thresholds and can be classified as
superfibers [40]. Notably, the p-AC-H15 fibers exhibited an E and UTS of
82.4 and 3.1 GPa, surpassing the criteria by 64.8 % and 55.0 %,
respectively. Moreover, in terms of e, and U (Fig. 5(c)), the p-AC-H fibers
exhibited the highest values among the fibers, with the p-AC-H15 fibers
achieving ¢y, of 4.1 % and U of 67.4 MJ m™>. Typically, polymeric ma-
terials, including fibers, exhibited a trade-off between stiffness (i.e., E)
and stretchability (i.e., ep) [41]. In contrast to the theoretical trade-off,
interestingly, p-AC-H12 and -H15 fibers outperformed the p-AC-L6 fibers
in both mechanical aspects (Fig. 5(b) and (c)). In particular, the

p-AC-H15 fibers demonstrated a U value of 67.4 MJ m~>, which was
nearly 1.5 times higher than that of the p-AC-L6 fibers (41.0 MJ m’g).
These results confirm that enhancing the structural uniformity by opti-
mizing the spinning solution properties is one of the most effective
strategies for maximizing the overall performance of superfibers.

The Weibull modulus was derived from the distribution of defects in
the fibers, which influenced the tensile strength (Fig. 5(d)) [42,43]. A
significant increase in the Weibull modulus from 10.7 (p-AC-L6 fibers) to
19.7 (p-AC-H15 fibers) was in line with the reduction in structural de-
fects. In particular, while the Weibull modulus of commercial super-
fibers such as Kevlar® and Technora® range from 10.0 to 13.2, the
p-AC-H15 fibers considerably surpass this modulus by 6.5, demon-
strating superior structural homogeneity [43]. In this regard, improving
the solution quality can enhance not only the tensile properties but also
the reliability of the fracture behavior. The effects of the morphological
structures on fiber properties, as well as a correlation between the
microstructural factors and mechanical performances are depicted in
Fig. 5(e) and (f). Both microstructural parameters, crystallinity and
orientation factor, exhibited a substantial proportion with E and UTS in
the case of p-AC-L and p-AC-M fiber groups; however their influence
diminished in the p-AC-H fibers. This suggests that microstructural
evolution reaches saturation at a TDR of 12 for p-AC-H fibers and that
further improvements in mechanical properties are primarily attributed
to reduced structural defects through additional drawing, as supported
by the increased Weibull modulus.

In addition to mechanical performance, the p-AC fibers also
demonstrated superior thermal stability and durability, confirming the
classification as superfibers. Regardless of the solution homogeneity, all
three types of fibers showed excellent heat resistance, with no significant
degradation observed at temperatures above 400 °C in air (Fig. S6). The
durability of the p-AC fibers was evaluated from the perspectives of their
creep and fatigue behaviors (Fig. 6(a)). The dimensional stability of the
fiber was measured at a constant stress in the creep test, while it was
recorded during cyclic stress loading and unloading in the fatigue test.
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Fig. 6. Durability tests of p-AC fibers. (a) Schematic representation of creep and fatigue tests. (b) Creep test at 40 % tensile strength, and (c) cycle test with 50 cycles

at 50 % tensile strength.

Lower strain under constant stress reflected the dimensional stability of
fibers; however, p-AC-L6 exhibited a strain of 1.13 %, which was higher
than that of p-AC-M9 (0.40 %) and p-AC-H15 (0.38 %) (Fig. 6(b)). The
higher the grade, the smaller the displacement was measured. In the
cyclic tests, the displacements were compared after 50 tensile tests were
completed. The displacement of p-AC-L6 was 83.2 pm, about 2.5 times
larger than that of p-AC-H15 (32.1 pm), while p-AC-M9 exhibited a
displacement of 39.1 pm, slightly larger than p-AC-H15 (Fig. 6(c)). The
internal structure of the fibers was affected by structural changes not
only in the one-time tensile test, but also under repeated or constant
external force conditions. These two tests suggest that permanent
deformation is larger in fibers with lower crystallinity, indicating that
the amorphous regions in the fiber are affected by repeated or constant
stress.

4. Conclusions

In this study, the mechanical performance of p-AC fibers, regarded as
superfibers, was optimized by elucidating the correlations among solu-
tion properties, fiber structure, and final fiber properties. In particular,
higher molecular weight combined with improved solution homogene-
ity synergistically enhanced structural uniformity, resulting in superior
mechanical properties of p-AC fibers. Throughout the manufacturing
process, the processing and structural parameters of the p-AC fibers were
found to be strongly interconnected in the following sequence: 1)
neutralization time of the polymerization stage — 2) spinning solution
homogeneity — 3) uniformity of the as-spun fibers and the extent of
drawing — 4) final fiber properties. The p-AC fibers prepared from more
homogeneous spinning solutions exhibited higher draw ratios, improved
crystallinity, and greater molecular orientation. As a result, the p-AC-
H15 fibers (E and UTS of 82.4 and 3.1 GPa, respectively) achieved up to
41.0 % higher tensile strength and 11.2 % higher modulus compared to
p-AC-L6 fibers. Moreover, they outperformed the criteria of superfibers

(E and UTS of 50.0 and 2.0 GPa, respectively) by 64.8 % and 55.0 %,
respectively. These results confirm that controlling the solution homo-
geneity and molecular weight is key to enhancing fiber performance.
This approach provides a practical and scalable pathway for producing
next-generation p-AC superfibers with superior mechanical properties
and offer an effective alternative to conventional p-aramid processing.
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