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High Interfacial Shear Strength and High Tensile Strength in
Heterocyclic Aramid Fibers with Improved Interchain

Interaction

Jiajun Luo, Yeye Wen, Tao Li, Xiangzheng Jia, Xudong Lei, Ziyi Zhang, Zhihua Xiao,
Xiangian Wu, Zhenfei Gao, Enlai Gao, Kun Jiao,* and Jin Zhang*

As a typical kind of high-performance fibers, heterocyclic aramid fibers are
widely used to reinforce resins to prepare advanced lightweight composites
with high mechanical performances. However, their poor interfacial shear
strength limits the combination with resins and leads to undesirable
interfacial strength of composites. Thus, heterocyclic aramid fibers with high
interfacial shear strength and high tensile strength are highly desired. Herein,
heterocyclic aramid fibers with a high interfacial shear strength of

40.04 + 2.41 MPa and a high tensile strength of 5.08 + 0.24 GPa are reported,
in which the nitrile-modified poly-(benzimidazole-terephthalamide) polymer
chains are crosslinked by azide-functionalized graphene oxide nanosheets.
The improved interchain interaction can conquer the splitting of nanofibrils
and strengthen the skin-core layer of heterocyclic aramid fibers, while the
graphene oxide can induce an ordered arrangement of polymer chains to
improve the crystallinity and orientation degree of fibers. These two effects
account for the high interfacial shear strength and high tensile strength of
heterocyclic aramid fibers. These findings have provided a strategy to
efficiently enhance the interfacial shear strength as well as the tensile strength

Technora from Teijin, Heracron from
Kolon, and so on.>®! However, due to the
strong hydrogen bonds between the aramid
polymer chains, a strong acid solvent is
required to dissolve the aramid polymer
before spinning, leading to a dangerous
processing procedure and environmental
pollution.”?! Even so, it is difficult to
realize the high orientation of polymer
chains in the spinning process. Therefore,
the mechanical properties of those fibers
are restricted (below 4.5 GPa). Heterocyclic
aramid fibers (HAFs) are modified aramid
fibers, containing aromatic rings and het-
erocyclic rings in the polymer chain.['%
The existence of a heterocyclic structure
can realize the direct spinning of polymer
solution with a high draw ratio, resulting
in the high crystallinity and high orienta-
tion degree of fibers.'!l HAFs featuring

of high-performance fibers.

1. Introduction

As a kind of high-performance fiber, aramid fibers with light
weight and excellent mechanical performances have been widely
developed.['* Various types of aramid fibers have been industri-
alized, including Kevlar and Nomex from DuPont, Twaron and

excellent mechanical performances, are
vital materials in aeronautical engineer-
ing, special protection equipment, and
civil field, and have also been industri
alized in global corporations, including Kolon, Zhonglan Chen-
guang Chemical Research Institute, DuPont, Kamensk, and
so on, which provides a broader perspective on the industry
landscape.!'*1°]

Considering their applications in extreme tension-dominated
fields, the fabrication of HAFs with ultrahigh tensile properties
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has been constantly pursued.[®!17] Notably, the application in
various fields of HAFs often requires their combination with ma-
trix materials, for example, epoxy resin, to fabricate HAFs rein-
forced composite materials.l'311 The failure mechanism of com-
posite materials mainly includes fiber fracture and debonding
between fiber and resin.[22!] To obtain high-performance com-
posites, the tensile strength of fibers and the bond strength be-
tween fibers and resins need to be considered. The interfacial
shear strength (IFSS) is an important index to evaluate the bond
strength between fiber and resin. Therefore, it is of great practical
importance to prepare HAFs with high tensile strength and high
IFSS.[22l HAFs possess a high degree of orientation and crys-
tallinity, and good alignment of polymer chains along the axial
direction, which endow them with high tensile strength.[®-23-2]
However, the only weak lateral interaction based on interchain
N—H—O0 hydrogen bonding can lead to the splitting of nanofib-
rils in HAFs under shear stress.[2-%] The heterogeneity of HAF
chains between skin and core resulting from the wet spinning
process prevents the further extension of shear stress from the
skin part to the core part.??-*] Moreover, the inert and smooth
surface of HAFs makes it difficult to form strong bonds with ma-
trix materials.®* These factors result in a low IFSS of HAFs, lim-
iting their practical applications.

Focusing on structural optimization to improve the IFSS of
HAFs, a lot of methods referring to the cross-linking of poly-
mer chains and surface modification of aramid fibers have been
developed.3>*] Surface modification usually includes physi-
cal and chemical approaches, such as high-energy radiation
treatment,’38] surface coating,*** chemical grafting,[*!-*
and acid-base corrosion.*’] However, these strategies usually
have adverse effects on the tensile strength. For example, the
crosslink of polymer chains can help overcome the splitting of
nanofibrils and the adverse effect of the skin-core structure by in-
creasing the lateral interaction, but simultaneously reducing the
degree of orientation and crystallinity of HAFs by disturbing the
alignment of the polymer chain.I*?] Surface treatment of HAFs
by chemical and physical methods, such as chemical grafting,
surface coating, plasma irradiation, and so on, can improve sur-
face polarity and roughness to enhance their combination with
a matrix.’**-1 However, these strategies not only lead to a de-
crease in tensile strength by destroying the dense structure of
fibers, but also require complicated steps. Therefore, it is crucial
to develop a simple method to attain both high IFSS and high
tensile strength in HAFs.

The introduction of nanomaterials into polymers to ob-
tain high mechanical properties has aroused great interest
among researchers.[*-1 Carbon nanotubes, graphene, and their
derivates are typical nano additives for their induction effects
on the crystallization and orientation of polymer chains.[*85253]
Among them, due to the lack of functional groups, carbon
nanotubes, and graphene have weak interactions with polymer
chains and are difficult to disperse in polymer matrixes. These
two effects can cause restricted mechanical performances of
composites reinforced by carbon nanotubes and graphene. GO,
a derivative of graphene, has many functional groups on the
nanosheet, such as epoxy, hydroxy, and carboxy groups.l**! It has
good dispersity and offers a platform to efficiently engineer its
interactions with polymer chains via chemical bonding, electro-
static interactions, z-7 interactions, and so on.[>>°%] In addition,
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the effect of GO on the microstructure of polymers is also promi-
nent. It has been proved that GO can induce the crystallization
and orientation of polymer chains.l*’] Therefore, GO provides an
opportunity to simultaneously improve the interchain interaction
and optimize the microstructure of the polymer.

Herein, we introduced a new monomer 2-nitrile-
p-phenylenediamine (PPD-CN) containing reactive ni-
trile functional groups as the fourth monomer to par-
ticipate in the copolymerization of heterocyclic aramid
poly(p-phenylene-benzimidazole-terephthalamide) (PBIA)
monomers [p-phenylenediamine (PPD), 2-(4-aminophenyl)—5-
aminobenzimidazole (PABZ), and terephthaloyl chloride (TPC)].
Azide-functionalized GO (GO-N,) was added in situ to prepare
composite spinning dopes. The composite fibers (GO-N,/PBIA-
CN) were prepared via the wet spinning and heat treatment
process. Compared to PBIA fibers, the introduction of PPD-CN
increases the polarity of the PBIA chain and provides active sites
for crosslinking, but disrupts the chain regularity and decreases
the degree of orientation and crystallinity of modified PBIA
(PBIA-CN) fibers. However, the addition of GO-N; can induce
the orientation and crystallinity of polymer chains, which repair
the structural destruction induced by PPD-CN. Importantly,
GO-N; can improve the interchain interactions by undergoing
a “click” reaction with PBIA-CN chains upon heat treatment,
to prevent the splitting of nanofibrils and destruction of the
skin-core layer (Figure 1a; Figure S1, Supporting Information).
As a result, the composite GO-N,/PBIA-CN fibers with a high
interfacial shear strength (IFSS) of 40.04 MPa and a high ten-
sile strength of 5.08 GPa (Figure 1b,c; Figure S2, Supporting
Information) were prepared by a design of heterocyclic aramid
chains. Moreover, GO-N;/PBIA-CN fibers possess a dynamic
IFSS (DIFSS) as high as 66.79 MPa at a strain rate of 1400 s™
and superior impregnated properties, indicating their potential
applications in impact protective composites (Figure 1c).

2. Results and Discussion

2.1. Structural Design and Characterization of GO-N,

The graphite powder (8000 mesh) was used as a raw material to
prepare GO with an average sheet size of 1.4 um (Figure 2a). Af-
ter oxidation of the graphite powder, GO nanosheets contain a
lot of carboxyl groups, which can be used as reactive sites to pre-
pare GO-N; (Figure 2b). Compared to GO, the signal peaks of
N 1s can be observed in X-ray photoelectron spectroscopy (XPS)
of GO-N; (Figure S3, Supporting Information). The successful
modification of azide functional groups on GO sheets can be fur-
ther demonstrated by XPS spectra of C 1s and N 1s of GO-N,
(Figure 2¢,d). From means of XPS-peak-differentation-imitating
analysis of C 1s of GO-N;, five C signal peaks can be obtained
[C=C (~284.8 €V), C—C (~285.5 eV), C—O/C—N (286.7 eV), C=0
(287.6 eV), and HO—C=0 (~289.0 eV)].l’®] Particularly, com-
pared to GO, the HO—C=O0 content of GO-N, was reduced. The
XPS spectrum of N 1s of GO-Nj reflects the presence of func-
tional groups of N=N=N and NH—C=O. In addition, the ratio of
contents ascribed to the N element of N=N=N to that of N=N=N
is close to 2. The absorption peak at #2100 cm™! derived from
the stretching vibration of the azide functional groups can be ob-
served in the FTIF spectroscopy of GO-N,, which is absent in the
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Figure 1. a) Schematic diagram of the microstructure and potential applications of PBIA and GO-N;/PBIA-CN fibers. The cross-linking of PBIA-CN
chains by GO-N; can prevent the destruction of the skin-core layer of GO-N3/PBIA-CN fibers, thereby bearing greater loads and preventing material
failure. b) IFSS-versus-strain curves of different fibers for IFSS tests. c) A radial plot comparing the mechanical properties of different fibers.

FTIF spectroscopy of GO (Figure 2e). The result jointly confirms
the successful preparation of GO-N;.

2.2. Preparation and Structural Characterization of
GO-N, /PBIA-CN

The as-prepared GO-N; was in situ added into the polymeriza-
tion system containing four monomers (PPD, PABZ, PPD-CN,
and TPC) to prepare spinning dope of GO-N,/PBIA-CN. After
the wet spinning and heat treatment process, GO-N,/PBIA-CN
fibers were prepared (Figure S4, Supporting Information). Sub-
sequently, all fibers were prepared by the same optimal process
parameters as GO-N;/PBIA-CN fibers. To be specific, the con-
centration of GO-Nj to the polymer is optimal at 0.05 wt.% in
GO-N;/PBIA and GO-N,/PBIA-CN fibers, and the molar ratio of
PPD to PPD-CN is 2:1 in PBIA-CN and GO-N,/PBIA-CN fibers
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if there is no further description. Compared to PBIA fibers, the
FTIF spectroscopy of PBIA-CN and GO-N,/PBIA-CN fibers ex-
hibit an infrared absorption peak of the nitrile functional group at
~2250 cm™!, demonstrating the successful introduction of the ni-
trile functional group on PBIA chains (Figure S5, Supporting In-
formation). During the heat treatment process (390 °C), the reac-
tion between azide functional groups in GO-N, and nitrile groups
in PBIA-CN chains occurred, forming tetrazole rings (Figure 1la;
Figure S1, Supporting Information). Since the concentration of
GO-N; in fibers is as low as 0.05 wt.%, the signal of tetrazole
rings in samples is difficult to observe. NEXAFS spectra of fibers
were collected to verify the crosslinking of PBIA-CN chains by
GO-N; (Figure 2f). Compared to PBIA fibers, PBIA-CN fibers
have an obvious peak of Ar-CN (285.5 eV). Although this char-
acterization technique possesses high resolution, the overlapped
absorbance peaks of the tetrazole ring (401.3 eV) and hetero-
cyclic monomer in polymer chains (401.3 eV) in the spectrum of
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Figure 2. a) Scanning electron microscope (SEM) image of GO sheets, the inset shows the statistical graph of the lateral size of GO nanosheets. XPS
spectrum of b) C 1s of GO, ¢) C 1s of GO-N3, d) N 1s of GO-Nj3. e) FTIR spectroscopy of GO and GO-N;. f) NEXAFS spectra of PBIA, PBIA-CN, and
GO-N;/PBIA-CN fibers, the spectrum on the right side is an enlarged area of the spectrum on the left side.

GO-N,/PBIA-CN make it difficult to directly verify the crosslink-
ing sites. However, the peak of Ar-CN in the spectrum of GO-
N,/PBIA-CN disappears compared to that of PBIA-CN fibers,
which may be attributed to the reaction between nitrile groups
in PBIA-CN chains and azide functional groups in GO-N,.*I
This result can help verify the crosslinking of PBIA-CN chains by
GO-N,.

Due to the same spinning process, the surface morpholo-
gies and diameter (=16 um) of PBIA, GO-N,/PBIA, PBIA-CN,
and GO-N,/PBIA-CN observed from SEM images are similar
(Figure 3a,b; Figures S6 and S7, Supporting Information). In
addition, Fibers containing different ratios of PPD to PPD-CN
also possess similar surface morphologies, which further proves
that the introduction of GO-N; and PPD-CN does not affect
the preparation of fibers. The transmission electron microscope
(TEM) images of the axial cross-section of the GO-N,/PBIA-
CN fiber show that GO-N; is well dispersed inside the fiber
(Figure 3c,d).

The misorientation angle of microfibers derived from the pat-
terns of small-angle X-ray scattering (SAXS) can be used to probe
the orientation of the microstructure of fibers (Figure 3e-h).
The results demonstrate that the addition of GO-N; contributes
to a significant decrease in the misorientation angle in GO-
N, /PBIA fibers and GO-N,/PBIA-CN fibers (from 5.08 for PBIA
to 3.41 for GO-N;/PBIA and from 6.86 for PBIA-CN to 4.85
for GO-N, /PBIA-CN), indicating that GO-N; can induce the ar-
rangement of microfibers (Figure 3m). Wide-angle X-ray scat-
tering (WAXS) patterns of fibers were collected to evaluate the
crystallinity and orientation of fibers (Figure 3i-1). The results
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demonstrate that the addition of GO-N; contributes to a signifi-
cant decrease in the full width at half maxima of radial integra-
tion curves in the equatorial of the WAXS patterns (from 2.26
for PBIA to 1.53 for GO-N;/PBIA and from 3.32 for PBIA-CN to
2.44 for GO-N, /PBIA-CN), indicating that the crystallinity of GO-
N, /PBIA and GO-N,/PBIA-CN fibers are greatly improved com-
pared with PBIA and PBIA-CN fibers, respectively (Figure 3n;
Figure S8a, Supporting Information). By integrating the curve
against the azimuthal degree of WAXS patterns, the calculated
crystalline orientation degree of GO-N;/PBIA (0.931) and GO-
N, /PBIA-CN (0.923) fibers are higher than that of PBIA (0.920)
and PBIA-CN (0.916) fibers, respectively, indicating that the ori-
entation degree of fibers is improved by addition of GO-N,
(Figure 3m; Figure S8b, Supporting Information). It is worth
noting that the introduction of nitrile groups to the PBIA chain
has an adverse effect on the microstructures of PBIA-CN fibers
since they disrupt the regularity of PBIA chains (Figure 3m,n).
The more nitrile groups are introduced, the more severe the
effect becomes (Figures S9 and S10, Supporting Information).
However, the addition of GO-N; can help induce the orienta-
tion and crystalline of PBIA-CN chains to significantly optimize
the microstructures of composite PBIA-CN fibers. The structures
of GO-N;/PBIA-CN fibers with different concentrations of GO-
N, were probed. The result shows that too much addition of
GO-N; can decrease the crystallinity of GO-N,/PBIA-CN, which
might originate from the aggregation of GO-Nj, (Figure S11, Sup-
porting Information). The optimized concentration of GO-N,
was determined as 0.05 wt.%. In addition, the thermogravimet-
ric curves show that GO-N;/PBIA-CN fibers have higher mass

© 2023 Wiley-VCH GmbH

95UB017 SUOWIWOD 9A 11810 3 qeot ddke auy Aq peusenob afe sajolie YO 8SN J0 Sa|nJ J0j ARIq1T8UIUO A8]IAN UO (SUOPUOO-PUR-SLUIB)/IOD™AB | 1M Afe.d]1/BU 1 JUO//:Sdhy) SUOTIPUOD PUe SWie | 8U) 89S *[Z0Z/¥0/TT] Uo ARIqi18uliuO A8|IM ‘(SeD) SolUeyds I JO @imisu| Aq 8000TEZ0Z WiPe/Z00T OT/I0p/Wod A8 1w Afe.d 1jpuluoy/sdny WwoJj pepeo|umod ‘. ‘vZ0Z ‘8Z0E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

GO-N,/PBIA-

0O-N4/PBIA-CN

GO-N4/PBIA-C

m n o
8 0.94 130
> = —PBIA —~
(0] o ——GO- [ B
%6- {093% 3 _S;;:g:BIA O 120-_‘-
@ c o —— GO-N,/PBIA-CN = - .
© QL = ®
S >‘ —
S4 022 2 S 110
g @ § 'g - - -
o 2 £ o
22 1091 5 € 100
K] (=) >“_’
=
0- 0.9 T T T T T
- PO o e 5 10 15 20 25 30 ° ” o N o TS
PO oM B o 2 Theta (degree) PO coNsT T e Go—““»!

Figure 3. SEM images of a) PBIA and b) GO-N;/PBIA-CN fibers. c) TEM image and d) High-resolution TEM image of the axial cross-section of the
GO-N;/PBIA-CN fiber. 2D-SAXS patterns of composite fibers: e) PBIA, f) GO-N;/PBIA, g) PBIA-CN, and h) GO-N;/PBIA-CN fibers. 2D-WAXS patterns
of composite fibers: i) PBIA, j) GO-N;/PBIA, k) PBIA-CN, and |) GO-N;3/PBIA-CN fibers. m) Comparison of the misorientation angle and degree of
orientation of different fibers derived from 2D-SAXS and 2D-WAXS analysis, respectively. n) TD-WAXS curves of different fibers derived from 2D-WAXS
analysis. o) Comparison of the contact angle of different fibers, the inserts show the corresponding digital photographs.

retention than PBIA-CN, indicating the better thermal stability
of GO-N, /PBIA-CN fibers, which originates from their high crys-
tallinity and high orientation degree (Figure S12, Supporting In-
formation).

The contact angle and surface energy of fiber yarns as well
as the surface roughness of the single fiber are used to evalu-
ate the surface polarity and roughness. The addition of GO-N,
and PPD-CN can decrease the contact angle and increase the sur-
face energy of fiber yarns (Figure 30; Figures S13 and S14, Sup-
porting Information). GO-N,/PBIA-CN fibers have the smallest
contact angle and the largest surface energy, indicating that the
GO-N,/PBIA-CN process has the greatest polarity, which can im-
prove their binding energy with the matrix materials. Moreover,
GO-N,/PBIA-CN fibers show the highest surface roughness. The
result implies that they have the largest contact area with ma-
trix materials, which is in favor of a good interface combination
(Figures S15-S19, Supporting Information).
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2.3. Mechanical Performances of GO-N, /PBIA-CN

The uniaxial tensile tests and the single fiber pull-out experi-
ment can be used to test the tensile performances and IFSS,
respectively (Figure S20, Supporting Information). The optimal
amount of GO-N; addition (0.05 wt.%) can achieve the high-
est tensile strength of GO-N,/PBIA-CN (Figure S21, Supporting
Information). GO-N;/PBIA-CN fibers with other concentrations
of GO-N; show inferior performances due to low crystallinity
and orientation degree resulting from an inadequate addition
or aggregation of GO-N,. The PBIA fibers exhibit a tensile of
5.22 + 0.42 GPa and an elongation at break of 4.26 + 0.50%,
whereas their IFSS is only 26.57 + 2.18 MPa (Figure 4a,b). The
IFSS of PBIA-CN fibers is increased to 35.49 + 3.21 MPa due
to the introduction of polar nitrile functional groups, but the de-
creasing of crystallinity and orientation degree in PBIA-CN fibers
results in a low tensile strength of only 4.41 + 0.10 GPa, which
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Figure 4. a) Comparison of the tensile strength and elongation at the break of different fibers. b) Comparison of the IFSS and DIFSS of different fibers.
c) Stress relaxation curves of different fibers at 1.5% strain. SEM images of the d) PBIA, e) GO-N;3/PBIA, f) PBIA-CN, and g) GO-N3/PBIA-CN fiber after
micro-drop embedding and single fiber pull-out experiment. Schematic diagram of interfacial failure behavior of h) PBIA, i) GO-N;3/PBIA, g) PBIA-CN,

and k) GO-N;/PBIA-CN fibers.

is 15.5% lower than that of PBIA fibers. Although the introduc-
tion of polar functional groups is beneficial to the improvement
of interfacial properties, it significantly sacrifices the tensile per-
formance of fibers. This conclusion is also similar to the result
of the reported work using monomers containing chlorine func-
tional groups to modify HAFs.["3] However, the tensile strength
of GO-N; /PBIA-CN fibers can be improved to 5.08 + 0.24 GPa be-
cause of the improved degree of crystallinity and orientation by
compositing GO-N;, which shows only a 3% decrease compared
to PBIA fibers. The IFSS of GO-N, /PBIA-CN (40.04 + 2.41 MPa)
is significantly enhanced by 50% compared to PBIA fibers. There-
fore, GO-N,/PBIA-CN fibers show excellent mechanical perfor-
mances (Figure 4a,b; Figures S22 and S23, Supporting Informa-
tion). In addition, compared to PBIA fibers, small improvements
were observed in the tensile properties and IFSS of GO-N,/PBIA
fibers. In addition, compared to commercial Kevlar 129 and car-
bon fiber T700 fibers, GO-N;/PBIA-CN fibers have significant
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advantages in tensile strength and elongation at break (Figure
S24, Supporting Information).>6%]

Understanding the interfacial behaviors of fibers under vari-
ous loading rates can help to evaluate the performance of fibers
under practical impact situations. Therefore, the single fiber
pull-out experiment with different loading rates was performed
(Figure S25, Supporting Information). The results show that all
fibers exhibit a distinct strain-rate interfacial strengthening ef-
fect (Figure 4b). With the increase of the strain rate, the dy-
namic IFSS (DIFSS) of all fibers becomes higher. Especially, the
DIFSS of GO-N,/PBIA-CNs is as high as 66.79 + 19.13 MPa
at a strain rate of 1400 s~!, which is much higher than
those of PBIA fibers (56.85 + 6.94 MPa), GO-N,/PBIA fibers
(57.17 + 14.52 MPa), and PBIA-CN fibers (64.31 + 22.103 MPa),
indicating the stronger interaction between GO-N,/PBIA-CN
fibers and resins at a high strain rate under practical impact
situations.

© 2023 Wiley-VCH GmbH
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2.4. Mechanism Discussion on the Mechanical Performances of
GO-N, /PBIA-CN

The high tensile strength of GO-N,/PBIA fibers is mainly at-
tributed to the improved degree of orientation and crystallinity
of PBIA-CN fibers under the inductive effect of GO-N,, which is
consistent with the previous works.!"}] In addition, stress relax-
ation curves show that the initial stress retention of GO-N, /PBIA-
CN fibers (88.04%) is higher than those of PBIA-CN (86.29%),
GO-N,/PBIA (84.54%), and PBIA (84.23%) fibers (Figure 4c).
The higher resistance to the interchain slippage of GO-N, /PBIA-
CN fibers originated from the strong interaction based on cova-
lent bonding between GO-N; and PBIA-CN chains, which can
promote stress transfer and suppress strain localization. As a re-
sult, the crosslinking effect of GO-N; is also beneficial for the
improvement of tensile properties.!?]

As for the IFSS, it is commonly related to the surface prop-
erties of fibers. Although the surface polarity of PBIA-CN and
GO-N,/PBIA-CN fibers was improved compared to that of PBIA
fibers, the magnitude of the improvement is insufficient to ex-
plain the IFSS increased effect up to 50%. To further analyze
the underlying mechanism of the improvement, we observed the
morphology of fibers and resin microdroplets after the single
fiber pull-out experiment (Figure 4d—g). Splitting of fibers was
observed along the axial direction of PBIA, GO-N,/PBIA, and
PBIA-CN fibers, so their interfacial failure mechanism is mainly
because of the splitting of nanofibrils and destruction of the skin-
core structure (Figure 4h—j). However, the surface structure of
GO-N,/PBIA-CN fibers was kept intact after the pull-out exper-
iment, implying that the interfacial failure mechanism of GO-
N, /PBIA-CN fibers is based on the separation of resin-fiber in-
terfaces (Figure 4k).

To further explore the different interfacial failure mechanisms
between GO-N, /PBIA-CN and other fibers, we did atomistic sim-
ulations and relevant analyses (Figures S26 and S27, Support-
ing Information). The binding energy between GO and PBIA-
CN chains (50.88 meV per atom) is higher than that between
PBIA-CN chains and resin (29.23 meV per atom). Therefore, for
the composite in which GO-N,/PBIA-CN fibers are embedded
in a micro-drop of resin, the skin-core layer of the GO-N,/PBIA-
CN fiber is stronger than the fiber-resin interface, which leads to
the separation of fiber-resin interface under a shear force. How-
ever, the binding energies between PBIA chains in PBIA fibers
(27.48 meV per atom) and between PBIA-CN chains in PBIA-CN
fibers (26.31 meV per atom) are smaller than those between their
corresponding polymer chains and resins (29.01 and 29.23 meV
per atom, respectively), leading to the destruction of the skin-core
structure of fibers. Therefore, the design of the covalent bonding
between GO-N; and PPD-CN chains in GO-N,/PBIA-CN fibers
can change the interfacial failure mode from skin-core destruc-
tion to resin-fiber debonding, which accounts for the improve-
ment of IFSS.

The effect of the nitrile functional groups is further analyzed
by tailoring the content of PPD-CN in fibers (Figures S28 and
S29, Supporting Information). When the molar ratio of PPD to
PPD-CN is 1:1, the corresponding GO-N;/PBIA-CN fibers ex-
hibit a tensile strength of only 4.77 + 0.35 GPa and an IFSS
of 34.29 + 3.13 MPa which is both smaller than those of com-
posite fibers in which molar ratio of PPD to PPD-CN is 2:1. For
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GO-N,/PBIA-CN fibers with higher molar ratio of PPD to PPD-
CN (3:1), they also exhibit inferior mechanical performances
(4.75 + 0.36 GPa in tensile strength and 36.33 + 2.14 MPa
in IFSS). Higher content of nitrile functional groups in PBIA-
CN chain bring more adverse effect on the microstructure of
PBIA-CN fibers, making the microstructure of fiber looser, which
is beyond the induction effect of optimized addition of GO-N,
(Figures S7 and S8, Supporting Information). Lower content of
nitrile functional groups may reduce the active sites of PBIA-
CN chains to crosslink with GO-Nj, thus restricting the improve-
ment of tensile properties and IFSS by GO-N, addition. However,
at either higher or lower contents of PPD-CN, the addition of GO-
N, can help conquer the destruction of skin-core structure and
significantly increase the IFSS of composite fibers (Figure S30,
Supporting Information), which further demonstrates that the
IFSS properties of HAFs are dominated by the lateral interaction
of fibers, and it is effective to improve the interfacial properties
by enhancing the interchain interaction.

2.5. Impregnated Performances of GO-N, /PBIA-CN

To further demonstrate the advantage of GO-N;/PBIA-CN fibers
with high tensile strength in combination with high IFSS, we
prepared the impregnated fibers and explored their mechanical
properties (Figure 5a). The impregnated GO-N;/PBIA-CN fibers
exhibit the highest mechanical properties, showing a tensile
strength of 5.00 + 0.19 GPa and a modulus of 162.6 + 3.28 GPa
(Figure 5b,c). Compared to the mechanical properties of impreg-
nated PBIA fibers, the tensile strength and modulus of GO-
N,/PBIA-CN fibers are improved by 22.2% and 21.3%, respec-
tively, indicating their application potential as structural rein-
forced fibrous materials. According to SEM images of impreg-
nated fibers after the tensile test, the cross-section of impreg-
nated GO-N; /PBIA-CN fibers after destruction is neat and shows
few fibrillations, while those of impregnated PBIA, GO-N, /PBIA,
and PBIA-CN fibers are seriously damaged (Figure 5d-g). The
result indicates that GO-N;/PBIA-CN fibers have strong lateral
interaction and strong binding force with resin. Therefore, GO-
N,/PBIA-CN fibers with excellent impregnated performances
show a broad prospect for applications in aeronautical engineer-
ing, special protection equipment, and civil fields (Figure S31,
Supporting Information).

3. Conclusion

In summary, we reported a strategy to prepare high-mechanical-
performance HAFs (GO-N,/PBIA-CN) with a high IFSS of
40.04 + 2.4 MPa and a high tensile strength of 5.08 + 0.24 GPa.
Mechanism analyses demonstrate that the design of chemical
bonding between PBIA-CN chains and GO-N; in GO-N,/PBIA-
CN fibers can improve the interchain interaction to conquer
the splitting of nanofibrils and strengthen the skin-core layer of
fibers. GO-N; can improve the crystallinity and orientation de-
gree of fibers by inducing a more ordered arrangement of PBIA-
CN polymer chains. These two effects account for the simultane-
ous improvement in IFSS and tensile strength of GO-N,/PBIA-
CN fibers. Our work provides an effective strategy to prepare fiber
materials with high interfacial and tensile properties.

© 2023 Wiley-VCH GmbH
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Figure 5. a) Schematic diagram of an impregnated process of fibers. b) Stress-versus-strain curves of different impregnated fibers. c¢) Comparison of
the impregnated strength and modulus of different impregnated fibers. SEM images of the fracture point of impregnated d) PBIA, e) GO-N;/PBIA, f)

PBIA-CN, and g) GO-N;/PBIA-CN fibers.

4. Experimental Section

Preparation of GO: GO was prepared by oxidation of the natural
graphite powder according to a modified Hummers’ method. Briefly,
graphite (3 g) was added to the concentrated sulfuric acid (70 mL) and
the mixture was vigorously stirred for 30 min at room temperature. Then,
potassium permanganate (9 g) was added slowly to the reaction system
to avoid increasing the temperature of the mixture. The first oxidation pro-
cess was performed over 1 h under 35 °C, then 100 mL deionized water
was added into the mixture to initiate the second oxidation process, and
the mixture was kept at 95 °C for 15 min. The reaction was terminated by
pouring the resultant slurry into icy deionized water and hydrogen perox-
ide (10 mL) was added into the dispersion. Next, the as prepared sample
was washed with 2000 mL 1:10 v/v% HCI solution and deionized water
by filtration. After that, GO was redispersed in deionized water and ex-
foliated by mild sonication at 20 °C for 20 min, and further purified by
dialysis for 2 weeks. The resultant dispersion was centrifugated at 1000 g
for 20 min to remove the unexfoliated graphite oxide. Finally, the dilute GO
dispersion was concentrated by centrifugation at 10 000 g for 1 h to obtain
high-concentrated GO dispersion (6 wt.%).

Preparation of GO-N;: GO powder was dispersed in 4-
morpholineethanesulfonic acid (MES) buffer (pH 6, 2 mg mL™").
Then, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (250 mg) and
N-hydroxy succinimide (200 mg) were added to the solution, respectively.
The dispersion was stirred for 30 min at room temperature. After that,
N;-PEG-NH; (PEG: polyethylene glycol, its molecular weight is 1000) was
added and the reaction was kept for 12 h under stirring at room tempera-
ture. Then, the as-prepared GO-Nj3 solution was purified by centrifuging
and washed with deionized water. Finally, the GO-N; solution was treated
by a freeze dryer to obtain GO-N; powder.

In Situ Synthesis of GO-N3/PBIA-CN Spinning Dope: GO-N3; powder
(100 mg) was dispersed in dimethylacetamide (DMAc) using an Ultra-
sonic Cell Disruption System with 60% power (900 W) for 10 min in an ice
bath under N, flow. The PPD, PPD-CN, and PABZ ((nppp+ Nppp.cn):Npagz
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= 2:3; nppp:Nppp.cny = 2:1) were added into the mixture containing LiCl
and DMAc. Subsequently, the homogenous GO-N; dispersion was slowly
added into the solution and the mixture was kept stirring for 1h. After cool-
ing the mixture to below 10 °C, the TPC was added into the reaction system
several times, and then the reaction was conducted under stirring for 2 h.
After the reaction, a black viscous spinning dope with a dynamic viscosity
of 40 000—60 000 mPa s was obtained. As a control sample, the PBIA-CN
spinning dope was obtained following a similar procedure without adding
the GO-N3 powder. The PBIA spinning dope was obtained following a sim-
ilar preparation procedure without adding the PPD-CN monomer and the
GO-Nj; powder. The GO-N3/PBIA spinning dope was obtained following
a similar preparation procedure without adding the PPD-CN monomer.

Fabrication of GO-N3/PBIA-CN Fibers Through Wet-Spinning: The ob-
tained GO-N;/PBIA-CN spinning dope was first degassed in a vacuum,
and then poured into a spinning pot on the spinning line. Under the ex-
trusion by a spinning pump, the spinning dope was transported to a spin-
neret plate, and injected into a primary coagulation bath consisting of 50%
DMAc and 50% distilled water with an injection speed of 3 m min~'. The
as-coagulated gel fibers were drawn with a rate of 2 m min~" in the pri-
mary coagulation bath. The size of the spinneret hole is 100 pm. The gel
fibers then were drawn in a secondary coagulation bath consisting of 20%
DMACc and 80% distilled water with a draw ratio of 2. The draw rate is
4 m min~". The primary fiber was obtained after the washing and drying
process (120 °C). Subsequently, the GO-N; /PBIA-CN fibers were obtained
after a heating treatment (390 °C) in the N, atmosphere and collected via
an automatic winding device. The PBIA fibers, GO-N;/PBIA fibers, and
PBIA-CN fibers were prepared under the same procedures by adding cor-
responding spinning dopes.

Calculation on the Binding Energy: The binding energy was obtained
from density functional theory-based tight-binding (DFTB) calculations,
which were carried out using the DFTB+ package.[®!] All DFTB compu-
tations were performed with DFT-D3 dispersion correction with Becke—
Jonhson damping.[6263] The 3-ob-1 Slater-Koster set of parameters was
employed.[%4%6] Energy-minimized optimization tests were conducted
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using a conjugate gradient algorithm with a force-threshold criterion of
10~ Hartree/Bohr. The hybrid systems of PBIA/PBIA, PBIA-CN/PBIA-CN,
PBIA/epoxy, PBIA-CN/epoxy, and GO/PBIA-CN were established and op-
timized. The aperiodic boundary conditions were adopted along all direc-
tions for all systems, except for in-plane directions of GO/PBIA-CN, and
the thickness of the vacuum layer was over 3 nm along the aperiodic di-
rections. Finally, the binding energy was calculated as follows:

Ey= (Eg+Ey — Epora) /1 M
where E, and E, are the energy of the isolated polymer chain (GO sheet),
Eiotal is the total energy of the composite system, and n is the total number
of atoms in the composite system.

IFSS Measurement Method at High Loading Rates: The IFSS between
the fibers and the matrix under dynamic loading is measured by a mini-
split Hopkinson tension bar (mini-SHTB) as illustrated in Figure S21 (Sup-
porting Information). As the sleeve-type bullet launched by the gas gun
impacts the mass block fixed at the end of the incident bar, a tensile wave
is generated and propagates along the incident bar toward the specimen.
Once it reaches the microdroplet specimen clamped at the other end of
the incident bar, the dynamic shear is applied to the interface between the
fiber and the microdroplet matrix, leading to its ultimate failure. A quartz
piezoelectric force sensor with ultrahigh-frequency response (Kistler 9001,
180 kHz) is utilized to measure directly the shear force applied on the in-
terface. The IFSS can therefore be analyzed based on the failure load and
the interface area,

F
— 2
"7, @

where 7 represents IFSS, Fis the failure load when the interface debonds.
dr and [, are the diameter of the fiber and its embedded length in the mi-
crodroplet, respectively.

Characterizations: The detailed morphology and structure of GO-N,
and fibers were investigated by SEM (FEI Quattro S, acceleration volt-
age 5-10 kV, the fiber samples were treated with gold spraying for
180 s before observation), optical microscope (LV100ND, Nikon, Japan),
XPS (Kratos Analytical Axis-Ultra spectrometer with Al Ka X-ray source),
atomic force microscope (AFM; Bruker Dimension Icon), and Fourier
transform infrared spectroscopy (FT-IR; IRTracer-100, Shimadzu, Japan).
The cross-section of GO-N;/PBIA-CN fiber was cut by Ultramicrotome
(Leica EM UC6). The observation of GO-N; inside fibers was operated
by TEM (FEI Tecnai F20, acceleration voltage 200 kV).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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