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ABSTRACT

Heterocyclic aramid fibers, a typical kind of high-performance fibers, have been widely used in aerospace and protection fields
because of their excellent mechanical properties. However, the application of heterocyclic aramid fibers as a reinforcement is
hindered by the weak interfacial combination with matrix materials, especially epoxy. Traditional strategies enhancing the
interfacial shear strength (IFSS) usually decrease the tensile strength. Therefore, simultaneous enhancement of both mechanical
properties remains a challenge. Herein, we report a novel heterocyclic aramid fiber with high interfacial shear strength
(49.3 MPa) and tensile strength (6.27 GPa), in which 4,4 -diamino-2 -chlorobenzanilide (DABA-CI) and a small amount of
graphene oxide (GO) are introduced through in-situ polymerization. Hydrogen bonds and m—m interaction between GO and
polymer chains trigger the enhancement in crystallinity, orientation, and lateral interaction of the fibers, thus improving the tensile
strength and interfacial shear strength of the fibers. Moreover, the interfacial interaction between fiber and epoxy is enhanced
due to the improvement of the surface polarity of the fibers caused by DABA-CI. Therefore, a method to improve both tensile
strength and interfacial shear strength of heterocyclic aramid fibers was found by introducing GO and DABA-CI, which may
provide guidance for the design and preparation of other high-performance fibers.
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Prior research has predominantly focused on improving the
weak interfacial interaction between fibers and resins [11, 18, 19].
Based on physical and chemical surface modification of aramid
fibers, such as high-energy radiation treatment [20-22], surface
coating [23,24], chemical grafting [25-27], and acid-base
corrosion [28], numerous strategies were proposed to increase the
polarity and roughness of the fiber surface and promote the
formation of chemical bonding and mechanical interlocking
between fibers and resins. However, such strategies caused defects
on the skin and even in the core of the fibers, resulting in the
deterioration of the tensile strength. For example,
poly(catechol/polyamine) deposited onto the surface of aramid
fibers via ultraviolet irradiation increased the adhesion force of

1 Introduction

Heterocyclic aramid fibers (HAFs), a kind of high-performance
organic fibers, show many excellent properties [1], such as low
density, extraordinary mechanical properties, good chemical
resistance, and heat resistance [2-5], and have been applied to
aerospace, military, civil, and many other fields [6-10]. However,
the application of high-performance fibers as reinforcing
phases in advanced composite materials has been impeded by the
weak interfacial combination between fibers and matrix [11]. The
fundamental reason is that the surface of HAFs is smooth and
chemically inert owing to their high crystallinity. Moreover, the
skin-core structure of HAFs resulting from the wet spinning
process can lead to the dominant failure of peeling of the

skin-core layer or fibrillation, when HAFs are pulled out from
epoxy. Therefore, in order to enhance the interfacial shear
property of HAFs, the surface structures and the interaction
between polymer chains should be taken into consideration
[12-17].

aramid fibers to rubber by 67.5% but decreased the tensile strength
by 11% [29]. Besides, another widely utilized method involves the
chemical crosslink of polymer chains, which can improve the
interfacial shear performance by enhancing the skin-core
interaction through covalent bonds formed between polymer
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chains. Notably, the chemical crosslink inevitably decreases the
crystallinity and orientation of the fibers, leading to a decrease in
tensile strength [30]. For example, by introducing a trace amount
of oxygen to crosslink polymer chains, the interfacial shear
strength (IFSS) of poly-(benzimidazole-terephthalamide) (PABI)
fiber increased by nearly 28%, but the tensile strength dropped
sharply [31].

Nowadays, it has become a focus to improve the interfacial
shear property while ensuring the tensile strength of fibers. The
introduction of nano-materials into polymers, which endows
polymers with unique and improved properties, has aroused great
interest among researchers [32-34]. Graphene is a two-
dimensional (2D) material with outstanding mechanical
properties, which has Young’s modulus of nearly 1 TPa and
tensile strength of 130 GPa in the plane and can be flexible in
bending, twisting, and other deformation modes. Therefore,
graphene is considered as an ideal composite reinforcement
[35-40]. However, the van der Waals force between graphene and
the polymer matrix is weak, resulting in a low load transfer
efficiency. Compared with graphene, graphene oxide (GO) has
many functional groups, such as epoxy, hydroxy, and carboxy
groups, which help form strong interactions between fiber and
matrixes, leading to efficient interfacial load transfer during
mechanical deformation [41]. Meanwhile, GO has better
dispersibility than graphene in most solvents due to the presence
of polar functional groups [42-45]. Therefore, GO has unique
advantages in the field of composite reinforcement.

Herein, we introduce 4,4-diamino-2"-chlorobenzanilide
(DABA-CI) and GO into the polymerization process of HAFs,
and the composite fiber (F3-Cl-GO) with high tensile strength and
IFSS is prepared by wet spinning (Fig. 1(a)). The addition of the
chlorine group and oxygen group increases the polarity of HAFs,
thus improving the adhesive property between fibers and epoxy.
GO is a 2D material with ultrahigh specific surface area, which can
affect polymer chains in a few hundred nanometers in the radial
direction and induces cracks deflection or elimination over a wide
range, hindering the fiber failure caused by polymer chain slip.
Interestingly, adding a small amount of GO provided additional
hydrogen bonds and m-m interaction between polymer chains,

In-situ polymerization Wet spinning
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which enhances the lateral interaction of the fibers and improve
the crystalline orientation. Consequently, IFSS and the tensile
strength of HAFs can be improved significantly. It is worth noting
that the small addition of GO not only improved the mechanical
properties of HAFs but also stained HAFs to a certain extent,
which turned color from golden to brown (Fig. 1(b)). Moreover,
the scanning electron microscopy (SEM) image and the
transmission electron microscopy (TEM) image of the axial cross-
section of F3-Cl-GO showed that GO was uniformly dispersed in
F3-Cl-GO (Fig. 1(c)). As a result, the addition of DABA-CI and
GO helps increase the tensile strength and IFSS of F3-CI-GO to
6.27 GPa and 49.3 MPa simultaneously. Compared with F3, the
tensile strength and the IFSS were improved by 33.7% and 59.5%,
respectively (Fig. 1(d)).

2 Experimental

2.1 Materials

Dimethylacetamide (DMAc, Macklin, > 99%), lithium chloride
(LiCl, MacKklin, > 99%), 5-(6)-amino-2-(4-amino-
benzene)benzimidazole (PABZ, Macklin, > 99%), DABA-CI
(Macklin, > 99%), p-phenylenediamine (PPD, Macklin, > 99%),
terephthaloyl chloride (TPC, Macklin, > 99%), dimethyl sulfoxide
(DMSO, Macklin, = 99%), GO (XFNANO, > 98 wt.%), and
potassium hydroxide (KOH, Macklin, > 99%).

2.2 In-situ synthesis of F3, F3-Cl, and F3-CI-GO spinning
dope

GO powders were dispersed in DMAc solvent containing LiCl
(3.5 wt.%). Then, the GO dispersion was ultrasonically treated for
0.5 h to obtain a uniform GO dispersion with a particle size of
about 300 nm. PPD, PABZ, and DABA-CI were added to the
DMAc solution containing LiCl and stirred for 40 min until
completely dissolved. Then the DMAc dispersion containing GO
was added into the polymerization system. When the system
temperature was cooled to below 10 °C, TPC was added in batches
and stirred for 1.5 h. After the reaction was completed, F3-Cl-GO
composite spinning dope with a viscosity of 50,000-60,000 cP was
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Figure1 Preparation and properties of composite fibers. (a) Schematic diagram of polymerization and spinning of composite fibers. (b) Stress—strain curves of
composite fibers and (inset) the digital photograph of F3, F3-Cl, and F3-Cl-GO from left to right. (c) SEM image and TEM image (inset) of the axial cross-section of F3-

Cl-GO. (d) A radar plot revealing a comparison between the composite fibers.
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obtained. The whole in-situ polymerization reaction was carried
out in N, atmosphere. In the same way, F3-Cl spinning dope and
F3 spinning dope were prepared without the addition of GO or
GO and DABA-CL.

2.3 Preparation of F3-CI-GO fibers through wet spinning

F3-Cl-GO was obtained by wet spinning and heat treatment. After
the spinning solution was treated by vacuum defoaming for 8 h in
N, atmosphere, the spinning solution was extruded into a
coagulation bath by a spinneret (300 holes with a diameter of
80 um), and then successively passed through the two coagulation
baths (50 wt.% DMAc and 50 wt.% H,0O, and 20 wt.% DMAc and
80 wt.% H,0) under specific stretching ratios. Subsequently, the
fibers were washed with water to remove residue DMAc and HCL
The obtained primary fibers were dried, then subjected to a
thermal stretching treatment in N, atmosphere at 400 °C. Finally,
the F3-Cl-GO was collected by winding.

2.4 Characterization

The morphology of the axial cross-section of the fibers was
observed by TEM. The surface morphology of the fibers was
observed by SEM. The 2D-wide-angle X-ray diffraction (WAXD)
patterns were obtained by X-ray diffractometer on a beam line
(BL17B) at Shanghai Synchrotron Radiation Facility. Small-angle
X-ray scattering (SAXS) experiments were performed on a beam
line (BL19U2) at Shanghai Synchrotron Radiation Facility. X-ray
photoelectron spectroscopy (XPS) spectra of all samples were
obtained on an X-ray photoelectron spectrometer (X-Pert3
Powder). Fourier transform infrared (FTIR) spectrometer (Nicolet
iS50) and attenuated total reflection attachment were used to
analyze the functional groups of GO and the fibers with the range
of 4000-400 cm™. The dispersibility of GO was measured by

Nano Res. 2023, 16(10): 1228612293

ultraviolet-visible-near infrared (UV-vis-NIR) spectrometer
(UV, Perkin Elmer Lambda 950). The Raman spectra were
analyzed by LabRAM HR Evolution with a 532 nm laser. The
roughness of the fibers surface was measured by atomic force
microscopy (AFM), and the scanning area was 4 pm x 4 um. The
particle size of GO dispersed in water was measured by particle
size analyzer (BLUEWAVE $3500). The tensile strength of the
fibers was measured on electromechanical universal testing
machine (CMT6103) instrument. The strain rate was controlled at
25 mm-min and the gauge length was 170 mm. The performance
of IFSS was obtained by a nano-mechanical testing system (LLQ-
T150, Agilent T150).

3 Results and discussion

3.1 Characterization of GO and GO dispersion

As an important additive, the structure and morphology of GO
were investigated. The XPS C 1s spectrum of GO can be
deconvolved into four components (Fig.2(a)), which are C=C
(284.8 eV), C-O (286.5 eV), C=0O (288.8 €eV), and O-C=0
(290.7 eV) [46], respectively. This means that the surface of GO
contains functional groups such as ~-OH, -COOH, and C-O-C.
The survey scan spectrum of XPS showed that the atom ratio of O
to C (O/C) reached 35%. The abundant oxygen-containing
functional groups bring many advantages. Firstly, they are
conducive to the dispersion of GO in the polymerization system.
Secondly, they can form hydrogen bonds between polymer chains
and GO, preventing slipping between the polymer chains in the
interfacial region and enhancing the polarity of the fiber surface.
Raman spectrum (Fig. 2(b)) show two specific peaks located at
1332 cm™ (D band) and 1580 cm™ (G band), which reflect the
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Figure2 Preparation and characterization of GO dispersion. (a) XPS spectra of raw GO. (b) Raman spectrum of raw GO. (c) AFM image of raw GO. (d) Lateral size
distributions of raw GO. (e) Lateral size distributions of GO after processing. (f) UV-vis absorption spectra of GO after processing. (g) SEM image of raw GO. (h) SEM

image of GO after processing. (i) Digital images of GO dispersed in DMAc.
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defects and sp-bonded graphitic carbon, respectively. The
intensity ratio of the D band to G band (Ip/I;) of the GO fell from
0.933 to 0.827 after ultrasonic treatment, which indicates that
ultrasound caused GO to break at the defect, thus improving the
structural integrity of GO (Fig. S1 in the Electronic Supplementary
Material (ESM)). The AFM image shows that the thickness of GO
is about 2 nm (Fig. 2(c)), corresponding to 2 or 3 layers. The
particle size analyzer and the SEM image indicate that the average
size of GO sheets was about 2 um when they were dispersed in
DMAc (Figs. 2(d) and 2(g)). After ultrasonic treatment, the size of
GO sheets was decreased to ~ 300 nm, and they were uniformly
dispersed (Figs. 2(e) and 2(h)). The digital photos of GO
dispersion show that there is no aggregation after standing for 30
days (Fig.2(i)). Besides, the relative concentrations of the GO
dispersion were further quantitatively characterized by the UV-vis
spectra, which did not decline after 30 days, indicating good
dispersibility of GO in DMAc for a long time (Fig. 2(f)).

3.2 Tensile properties and characterization of F3-Cl-GO

Figure 3(a) shows the SEM images of F3, F3-Cl, and F3-CI-GO.
Compared with F3, there are obviously more grooves on the
surface of F3-Cl, which may be due to the cross-linking reaction
between polymer chains during the fiber hot drawing and the
elimination of chlorine leaving grooves in the surface of the fibers
[47,48]. Almost no noticeable groove on the surface of F3-Cl-GO
means no exposure of highly oriented fibril in the surface of the
fiber, indicating the more compact structure of F3-Cl-GO. The
TEM image of the axial cross-section of F3-Cl-GO (Fig. 3(b))
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shows that GO is evenly dispersed in F3-CI-GO, and the selected
area electron diffraction (SAED) pattern shows obvious lattice
spacing of GO (6.77 A). Besides, the spinning dopes of F3-Cl-GO
with different content of GO were characterized by an optical
microscope. No agglomeration of GO was found at a lower
content of GO, but obvious agglomeration was found when the
content was increased to 0.5 wt% (Fig.S2 in the ESM).
Considering that poor dispersion of GO will lead to stress
concentration and affect the tensile strength of F3 fibers, 0.3 wt.%
of GO was selected as the best addition amount in this work (Fig.
S3(a) in the ESM). Figure 3(c) displays that the random fold
structure in GO was greatly eliminated through multiple stretches
during the spinning process, which laid the foundation for GO to
induce the enhancement of polymer chains crystallization and
orientation degree.

As we all know, the tensile strength of the fibers is related to
their crystallinity and orientation structures. 2D-wide-angle X-ray
scattering (WAXS) characterization of F3, F3-Cl, and F3-Cl-GO
was performed and the results are shown in Figs. 3(d)-3(f). For F3-
Cl, the equatorial diffraction widening can be observed obviously,
because the introduction of DABA-CI with a branched chain
structure disrupts the order of the polymer chains. Compared
with F3 and F3-Cl, the bright spots of F3-Cl-GO near the equator
are more concentrated, indicating that the introduction of GO
made the arrangement of polymer chains more orderly. The
crystallinity of the fibers was analyzed by one-dimensional (1D)-
WAXS (Fig. S3(b) in the ESM), which showed a main peak at
20 = 9°. With the introduction of DABA-C], the half-peak width
of F3-Cl (1.358) becomes wider than F3 (0.911), indicating that
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Figure3 Tensile properties and characterization of composite fibers. (a) SEM images of F3, F3-Cl, and F3-Cl-GO. (b) TEM image of the axial cross-section and
SAED analysis of F3-Cl-GO. (c) High-resolution TEM (HRTEM) image of F3-CI-GO. 2D-WAXS patterns and 2D-SAXS patterns of (d) F3, (e) F3-Cl, and (f) F3-Cl-
GO. (g) Degree of orientation of the composite fibers from 2D-WAXS analysis. (h) Microfibril misorientation angle of F3, F3-Cl, and F3-Cl-GO. (i) The strength and

modulus of F3, F3-Cl, and F3-Cl-GO.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



12290

the crystallinity of the fibers decreased. On this basis, the half-peak
width of F3-Cl-GO (0.808) is apparently narrowed, which shows
that adding a small amount of GO can promote crystallization
(Fig. S3(c) in the ESM). Based on the Hermans equation, the
azimuth of the WAXS curve was integrated (Fig.S3(d) in the
ESM), and the degree of crystal orientation (f,) of F3 was
calculated. As shown in Fig. 3(g), the f, of F3-CI-GO (0.945) is
higher than that of F3 (0.936) and F3-Cl (0.928), which means that
the addition of GO is beneficial to improve the orientation degree
of macromolecules.

In addition, the orientation misorientation angle of microfibers
can be characterized by SAXS (Figs. 3(d)-3(f)). Compared with F3
(3.52) and F3-ClI (6.21), F3-CI-GO (2.92) shows a lower derived
orientation misorientation angle (Fig. 3(h)), which indicates that
the arrangement of microfibers in F3-Cl-GO is more ordered. The
tensile strength of the fibers is shown in Fig. 3(i) and Table S1 in
the ESM. The addition of DABA-CI caused defects in the fibers
and decreased the crystallinity and orientation of the fibers. These
reasons resulted in a slight decrease in the tensile strength of F3-Cl
(31.5 cN/dtex). The small addition of GO promoted the
crystallization and orientation degree of F3-Cl-GO, and higher
tensile strength of F3-CI-GO (35.3 cN/dtex) was obtained.

Nano Res. 2023, 16(10): 1228612293

3.3 Interfacial shear performance and characterization of
F3-CI-GO

The microstructure of the fibers was investigated to determine the
effects of DABA-CI and GO on the IFSS of HAFs. Attenuated
total reflection (ATR)-FTIR in the range of 4000-400 cm™ was
carefully studied to explore the changes in the aggregation
structure of F3 (Fig.4(a)). It can be found that band II mainly
corresponds to -NH- involved in hydrogen bonding interaction
in amide groups at ~ 3280 cm™. It is worth noting that the -NH-
wave number of Kevlar 29 is 3320 cm™, higher than F3-Cl-GO,
which indicates that the hydrogen bond interaction in F3-Cl-GO
was significantly enhanced. The peak intensity of band II for F3-Cl-
GO is higher than that for F3 and F3-Cl, which indicates that the
number of hydrogen bonds between the polymer chains of F3-Cl-
GO increased, thus increasing the lateral interaction of polymer
chains. The vibration absorption peak of C-Cl can also be
obviously observed at 1050 cm™, which confirms the successful
synthesis of F3-Cl and F3-Cl-GO, and the existence of Cl can also
be confirmed through the XPS spectrum (Fig. S4(a) in the ESM).
Figure 4(b) shows the water contact angle and surface energy of
the aramid fibers. With the introduction of DABA-Cl and GO, the
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contact angle decreased from 104.88° to 86.38°% and the surface
energy increased from 20.07 to 31.45 mN/m. The results indicate
that the introduction of GO and DABA-CI improved the polarity
of fiber surface. It should be noted that the fiber was hot drawn at
400 °C in N, atmosphere. In order to explore the stability of
oxygen functional group, GO treated at 400 °C in N, atmosphere
for one minute was characterized by FTIR spectrum and XPS
spectrum (Figs. S4(b) and S4(c)). It was found that the O/C
decreased from 35% to 30% after heat treatment, but most
functional groups remained. This means that GO can still form a
large number of hydrogen bonds with polymer chains, thus
improving the IFSS of fibers. The surface morphology of F3, F3-
Cl, and F3-CI-GO was characterized by AFM. As shown in Fig.
4(c), root mean square (RMS) roughness (R,) of F3, F3-Cl, and F3-
Cl-GO was 91.6, 109, and 123 nm, respectively. The three-
dimensional (3D) image of the fiber surface shows the increase of
roughness more clearly (Fig. S5 in the ESM). The increase of the
polarity and roughness of the fiber surface further strengthened
the adhesive force between fiber and epoxy, thus improving the
interfacial shear property of the fibers. In order to ensure the
results, five areas of each fiber are selected for testing, and the
detailed data are shown in Table S2 in the ESM.

The fibers morphology was characterized by SEM after IFSS
testing (Fig.4(d) and Fig.S6 in the ESM). Fibrillation was
observed in both F3 and F3-Cl, and the interface failure was owing
to the weak cohesive force between skin and core. However, F3-Cl-
GO showed the debonding between fiber and epoxy, with the
fiber structure remaining, which indicated that the interaction
between polymer chains was significantly enhanced. Furthermore,
the interfacial strength of polymer chains was characterized by
stress relaxation experiment. The results show that the initial stress
retention rate of F3-Cl-GO was higher than those of F3 and F3-Cl
(Fig. 4(f)), meaning the higher resistance to interchain slipping of
F3-Cl-GO. Due to the introduction of GO, more hydrogen bond
is formed between polymer chains. In addition, three kinds of
aramid fibers were put into the DMSO-KOH system for swelling
(Fig. S7(a) in the ESM). After 20 min, it was found that F3 was
totally swollen, but parts of F3-Cl and F3-CI-GO kept unswollen.
Thereinto, the integrity of F3-Cl-GO was obviously higher than
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that of F3-Cl, which is consistent with previous results. The IFSS
of F3, F3-Cl, and F3-ClI-GO is 30.9, 355, and 49.3 MPa,
respectively. Compared with F3, the strength of IFSS of F3-CI-GO
is increased by 59% (Fig. 4(g) and Fig. S7(b) in the ESM). Detailed
data of IFSS can be found in Table S3 in the ESM. Moreover,
another comparison of IFSS test between F3 and F3-GO was
conducted (Fig. S7(c) in the ESM), and the result shows that the
interfacial shear property improvement of F3-GO (37.8 MPa) was
not as significant as F3-Cl-GO (49.3 MPa), which confirms the
necessity of introducing both GO and DABA-Cl in the system.

In order to further evaluate the tensile property of composites,
the impregnated fibers were prepared. According to the fracture
morphology analysis of the impregnated fibers (Fig. 4(e)), it is
found that the fracture modes of the fibers changed. The fracture
of F3 had little resin remaining on the fiber with severe fibrillation
phenomenon. In sharp contrast, the interface between F3-Cl-GO
and epoxy was intact and the fibrillation phenomenon was
reduced after fiber failure, indicating strong lateral force and
strong binding force of F3-Cl-GO with epoxy. The tensile strength
of the impregnated fibers of F3, F3-Cl, and F3-CI-GO is 4.69, 5.26,
and 627 GPa, respectively (Fig.4(h)), which represents a
significant property improvement of 33.7%. In addition,
compared with other commercial high-properties fibers (Fig.
S7(d) in the ESM), the fibers in this work exhibit better
mechanical properties, showing broader industrial prospects.

3.4 Atomistic simulations

To understand the influence of GO on the mechanical behaviors
of the fibers, atomistic simulations and relevant analyses were
conducted. Our calculations demonstrate the strong binding
energy between F3-Cl chains and GO (Fig. 5(a)), indicating that
the addition of GO can effectively increase the interfacial
interaction for inter-chain stress transfer. Furthermore, tensile
tests on F3-Cl and F3-Cl-GO assemblies were performed (Figs.
5(b) and 5(c)). Stress-strain curves (Fig.5(b)) demonstrate the
mechanical enhancement induced by the addition of GO sheets.
During the stretching process of F3-Cl assemblies, elastic
deformation initially occurs, followed by the crack nucleation and
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Figure5 Atomistic simulations of composite fibers. (a) Binding energies of F3 chains (F3/F3), F3-Cl chains (F3-Cl/F3-Cl), and F3-Cl chain onto a GO sheet (F3-
Cl/GO). (b) Stress—strain curves of F3, F3-Cl, and F3-Cl-GO assemblies. (c) Simulation snapshots of F3-Cl and F3-Cl-GO assemblies under tension.
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propagation from the weakest link (Fig. 5(c)), resulting in strain
localizations and failure. This is because the poor interfacial
interaction between polymer chains cannot suppress the crack
propagation. In contrast to F3-Cl assemblies, F3-Cl-GO
assemblies exhibit the strain delocalization. This is because GO
sheets bridge adjacent polymer chains and suppress crack
propagation since GO sheets have a high specific surface area and
strong interfacial interaction with polymer chains (Fig. 5(a)).
These analyses account for the enhanced mechanical performance
of F3-Cl-GO fibers.

4 Conclusions

In summary, a novel F3-CI-GO with excellent tensile strength
(6.27 GPa) and interfacial shear strength (49.3 MPa) was prepared
by in-situ polymerization and wet spinning. The introduction of
DABZ-CI increased the surface polarity and roughness of F3,
which contributes to the improvement of the interfacial shear
property of F3. On this basis, the introduction of GO further
promoted the IFSS by increasing the interaction between polymer
chains. Moreover, the introduction of GO also enhanced the
crystallization and orientation degree of the fibers, which not only
made up for the tensile strength deficiency of F3-Cl but also far
exceeded the tensile strength of F3. The successful synthesis of F3-
Cl-GO will expand a broad application prospect in the field of
aramid fiber composites.
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