nature communications

Article https://doi.org/10.1038/s41467-023-38701-4

Fabricating strong and tough aramid fibers
by small addition of carbon nanotubes

Received: 7 February 2023 Jiajun Luo™??, Yeye Wen"??, Xiangzheng Jia ® 3°, Xudong Lei*®®, Zhenfei Gao?,
Mugiang Jian?, Zhihua Xiao?, Lanying Li°, Jiangwei Zhang®7, Tao Li?,
Hongliang Dong®, Xiangian Wu®*° ', Enlai Gao®3' , Kun Jiao"? ' &

Jin Zhang ®'2

Accepted: 12 May 2023

Published online: 25 May 2023

M Check for updates

Synthetic high-performance fibers present excellent mechanical properties
and promising applications in the impact protection field. However, fabricat-
ing fibers with high strength and high toughness is challenging due to their
intrinsic conflicts. Herein, we report a simultaneous improvement in strength,
toughness, and modulus of heterocyclic aramid fibers by 26%, 66%, and 13%,
respectively, via polymerizing a small amount (0.05 wt%) of short aminated
single-walled carbon nanotubes (SWNTs), achieving a tensile strength of
6.44 + 0.11 GPa, a toughness of 184.0 +11.4 M) m™, and a Young’'s modulus of
141.7 £ 4.0 GPa. Mechanism analyses reveal that short aminated SWNTs
improve the crystallinity and orientation degree by affecting the structures of
heterocyclic aramid chains around SWNTSs, and in situ polymerization
increases the interfacial interaction therein to promote stress transfer and
suppress strain localization. These two effects account for the simultaneous
improvement in strength and toughness.

Synthetic high-performance fibers, such as polyaramid, ultra-high
molecular weight polyethylene (UHMWPE), and poly-p-phenylene
benzobisoxazole (PBO), have largely replaced metallic protective
materials due to their high mechanical performance, low density, and
excellent manufacturability into textiles and composites’™. The
attainment of both high strength and high toughness, which are gen-
erally mutually exclusive, is vital for fiber applications®”. For example,
the high strength of polymer fibers is usually attributed to high crys-
tallinity and high orientation degree of polymer chains"*'°. However,
these features suppress the mobility of polymer chains, which induces
brittle behavior and poor toughness". This trade-off between strength
and toughness limits their applications in resisting high impact.

Therefore, it is challenging to develop fibers with high strength and
high toughness.

Carbon nanotubes (CNTs) have long been used as reinforcements
for composite materials'™®, especially for fiber materials'®. For modest-
mechanical-performance fibrous materials, such as nylon, poly-
propylene, polyacrylonitrile, and polyvinyl alcohol (PVA), it has been
well demonstrated that the addition of CNTs can largely improve their
mechanical performance?2°, This is because the crystallinity and
orientation degree of such materials are relatively low, leaving plenty of
room for improvement. For example, the tensile strength of these fiber
materials can be improved by over 50% through small addition of CNT
(0.5 wt%-1.0 wt%)***. Compared to modest-mechanical-performance
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fibrous materials, the high crystallinity and high orientation degree of
high-mechanical-performance fibers increase the challenge to achieve
further optimization of structure with the addition of CNTs, since
unsuitable addition of CNTs might even damage the structures of
pristine high-mechanical-performance fibers?’ !,

In the pursuit of effective reinforcement by CNTs, multi-phases
(e.g., CNT phase, polymer phase, interphase) and multi-scale struc-
tures (e.g., nanoscale, microscale, macroscale) of composite fibers
must be considered for global optimization®’. However, compared to
global optimization, many previous studies focused on local optimi-
zation of a certain phase or scale of structures®>*"**, For example, it has
long been believed that long CNTs are favorable for effective stress
transfer, and considerable effort has been devoted to reinforcing
fibers with the addition of long CNTs"***, In fact, CNTs with a length
significantly longer than the persistence length will not behave like a
rigid rod, and the longer CNTs are, the more tangled up they can get,
leading to challenges in dispersion and alignment****°. As a result, this
issue would further affect the structural integrity of polymer chains.
Therefore, the dispersion, alignment, and interaction of CNTs in fiber
materials, and their effects on polymer chains should be considered in
balance.

Herein, we demonstrate a strategy for fabricating short aminated
single-walled carbon nanotube (sa-SWNT) reinforced heterocyclic ara-
mid fibers (HAFs) with high strength and high toughness by in situ
polymerization and wet spinning. The sa-SWNTs were introduced
into the polymerization system to copolymerize with heterocyclic ara-
mid monomers. Subsequently, the spinning dopes were processed to
prepare the sa-SWNT/heterocyclic aramid composite fibers (sa-SWNT-
HAFs) (Fig. 1a). The sa-SWNT with a length near its persistence length-
shows good dispersity and rod-like behavior, which significantly
improve the crystallinity and orientation degree of HAFs. The
in situ polymerization between sa-SWNTs and heterocyclic aramid

monomers increases the interfacial interaction to promote stress
transfer and prevent strain localization. As a result, strong (tensile
strength of 6.44 + 0.11 GPa) and tough (toughness 0f 184.0 + 11.4 M) m™)
HAFs are fabricated (Fig. 1b, c). Moreover, sa-SWNT-HAFs possess an
ultra-high strength of 7.36 GPa at a high strain rate of 1400s™ and
superior dynamic energy absorption capacity, demonstrating their
excellent dynamic mechanical responses and potential applications in
the fields of impact protection and high-tenacity composites (Fig. 1d).

Results

Structural design and characterization of sa-SWNTs

In order to achieve the uniform dispersion, optimal alignment and
strong interaction of SWNTSs in HAFs, we report a four-step method to
prepare sa-SWNTs (Fig. 2a). The transmission electron microscope
(TEM) and scanning electron microscope (SEM) images of raw SWNTs
indicate that they have a diameter of around 3 nm and an average length
of around 6.72 pm (Fig. 2b, ¢, Supplementary Figs. 1a, 2a). These raw
SWNTs prefer to be bundled because of their large aspect ratio and
strong intertube interaction. Through the process of primary oxidation,
long-SWNTs (average length of around 1.66 pm) decorated with
oxygen-containing functional groups were obtained (Supplementary
Figs. 1b, e, 2b, 3a). After violent ultrasonication of the long-SWNT dis-
persion, the length of SWNTs was further reduced, and the resultant
short-SWNTs (average length of around 0.66 pum) exhibit a good dis-
persity (Supplementary Figs. 1c, 2c, 4). The reoxidation of short-SWNTs
was performed to prepare short carboxyl SWNTs (sc-SWNTs, average
length of around 0.63 pm) with more reactive carboxyl groups (Sup-
plementary Figs. 1d, 2d, 3, 4). In order to construct strong covalent
bonding between SWNTs and heterocyclic aramid chains, amino groups
which can react with heterocyclic aramid monomers were introduced to
SWNTs. Thus, sa-SWNTs were prepared by carrying out an amination
reaction of sc-SWNTs with ethylenediamine (Supplementary Fig. 3e).
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Fig. 1| Preparation and properties of composite fibers. a Schematic diagram of
the polymerization and spinning process of composite fibers. b Stress-strain curves
of HAFs and sa-SWNT-HAFs. The inset shows the digital photograph of HAFs and sa-
SWNT-HAFs. ¢ A radial plot comparing the mechanical properties of HAFs and

sa-SWNT-HAFs. d Comparison of the tensile strength of HAFs and sa-SWNT-HAFs at
different strain rates. Error bars indicate the standard deviation of the tensile
strength.
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Fig. 2| Structural design and characterization of SWNTs. a Schematic diagram of
the fabrication steps of sa-SWNTs. b High-resolution transmission electron
microscope (TEM) image of raw SWNTs. Scale bar, 50 nm. ¢ Scanning electron
microscope (SEM) image of raw SWNTSs. Scale bar, 10 pm. d SEM image of sa-

SWNTs. Scale bar, 10 pm. e X-ray photoelectron spectroscopy (XPS) spectra of
different SWNTSs. The blue stripe shows the position of N 1 s peak. f XPS spectrum of
N Is of sa-SWNTs. g Raman spectra of different SWNTs.

The results indicate that sa-SWNTs show a good dispersity, their lengths
are mostly distributed between 0.4 um and 1.0 um (average length
of around 0.62 um), which are near the persistence length (Fig. 2d,
Supplementary Figs. 1, 2e, 4 and Supplementary Note 1)*.

Importantly, similar contents of the nitrogen element in amide
groups and amino groups of sa-SWNTs indicate that each ethylene-
diamine molecule tends to react with one carboxyl group of sc-SWNT
and generates a free reactive amino group, rather than crosslinking
two sc-SWNTs (Fig. 2e, f, Supplementary Note 2). After the two-step
oxidation, the ratio of the intensities of the G and D peaks (G/D;
indicating intact structure and defects in the CNTs, respectively) cal-
culated from Raman spectra of treated SWNTs is reduced, but still is as
high as about 15, which indicates that their tube walls remain relatively
intact (Fig. 2g, Supplementary Fig. 5)*. Therefore, it is reasonable to
speculate that most carboxyl groups as well as the amino groups were
decorated on the port of SWNTSs.

Fabrication of sa-SWNT-HAFs through wet spinning

As a special monomer, the as-prepared sa-SWNTs were added into
the polymerization system containing heterocyclic aramid monomers
[p-phenylenediamine,  2-(4-Aminophenyl)-1H-benzimidazol-5-amine
and terephthaloyl chloride (TPC)] to prepare spinning dopes (Sup-
plementary Figs. 6a, 7). According to the molecular weight tests of
heterocyclic aramid chains by gel permeation chromatography (GPC)
method, the addition of SWNTs does not affect the polymerization of
heterocyclic aramid monomers (Supplementary Fig. 8, Supplementary
Table 1). To verify that sa-SWNTs can bridge heterocyclic aramid
chains by forming covalent bonding, TPC monomer was selected to

react with sa-SWNTs. X-ray photoelectron spectroscopy (XPS) high-
resolution N 1s spectrum of the resultant sa-SWNTs shows an almost
complete conversion of free amino groups to amide bonds, indicating
that sa-SWNTs can participate in the copolymerization reaction as
special monomers (Fig. 1a, Supplementary Fig. 9).

Subsequently, all fibers were prepared by the same optimal
process parameters as HAFs through a wet-spinning system (Supple-
mentary Figs. 6b, 10). The dispersant (polyvinylpyrrolidone) can be
removed during the spinning process (Supplementary Fig. 11, Supple-
mentary Note 3). For clarity, the HAFs composited with aminated long-
SWNTs (al-SWNTs), aminated short-SWNTs (as-SWNTs), and sc-SWNTs
are abbreviated as al-SWNT-HAFs, as-SWNT-HAFs, and sc-SWNT-HAFs,
respectively. Particularly, after 6 h of wet spinning process, there is no
SWNT aggregation from the spinning dopes of sc-SWNT/heterocyclic
aramid and sa-SWNT/heterocyclic aramid on the thin filter mesh,
indicating the uniform dispersion of sc-SWNTs and sa-SWNTs in spin-
ning dopes (Supplementary Fig. 12).

Structural characterization of sa-SWNT-HAFs

Due to the same spinning process, the surface morphologies of HAFs
and sa-SWNT-HAFs are nearly consistent, which further proves that the
addition of sa-SWNTs does not affect the preparation of fibers (Fig. 3a,
b). The TEM image of the axial cross-section of sa-SWNT-HAFs shows
that sa-SWNTs well align along the axial direction of HAFs (Fig. 3¢). This
result is attributed to the rod-like behavior of sa-SWNTs with a length
near the persistence length. Due to the long length and poor dispersity
of al-SWNTs, they bend inside al-SWNT-HAFs and aggregate to form
bundles (Supplementary Fig. 13). The three-dimensional (3D) void
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Fig. 3 | Structural characterization of composite fibers. SEM images of (a) HAFs
and (b) sa-SWNT-HAFs. ¢ TEM image of the axial cross-section of sa-SWNT-HAFs.
SEM images of the radial cross-section of (d) HAFs and (e) sa-SWNT-HAFs. The inset
shows the 3D-reconstructed void microstructure derived from focused ion beam
and SEM tomography (FIB-SEMT). Scale bars, 50 um in (a, b); 200 nmin (c); S umin
(d, e). 2D wide angle X-ray scattering (2D-WAXS) patterns (up) and 2D small angle

X-ray scattering (2D-SAXS) patterns (down) of (f) HAFs, (g) al-SWNT-HAFs, (h)
sc-SWNT-HAFs, and (i) sa-SWNT-HAFs. j Comparison of the orientation degree of
different fibers derived from 2D-WAXS analysis. k Comparison of the microfiber
misorientation angle of different fibers derived from 2D-SAXS analysis. I Stress
relaxation curves of different fibers at 1.5% strain.

microstructures of HAFs and sa-SWNT-HAFs were reconstructed using
focused ion beam (FIB) and SEM tomography (FIB-SEMT; Fig. 3d, e,
Supplementary Movies 1-4). The results show that sa-SWNT-HAFs have
a lower porosity in comparison with HAFs (Supplementary Fig. 14,
Supplementary Note 4).

Wide angle X-ray scattering (WAXS) experiments were executed
on the fibers to evaluate the crystallinity and orientation degree
of materials (Fig. 3f-i). The results demonstrate that the addition of sa-
SWNTSs contributes to a significant decrease in the full width at half
maxima (FWHM) of radial integration curves in the equatorial of the
WAXS patterns (from 2.32 for HAFs to 1.84 for sa-SWNT-HAFs), indi-
cating that the crystallinity of sa-SWNT-HAFs is greatly improved
compared with HAFs (Supplementary Fig. 15a, b). By integrating the
curve against the azimuthal degree of WAXS patterns, the calculated
crystalline orientation degree of sa-SWNT-HAFs (0.959) is higher
than that of HAFs (0.933), indicating that the orientation degree of
sa-SWNT-HAFs is improved by sa-SWNTs (Fig. 3j, Supplementary
Fig. 15c). Due to the inability to form covalent bonds with heterocyclic
aramid chains, sc-SWNTs have a weak effect on the structure of het-
erocyclic aramid chains. Thus, the crystallinity and orientation degree
of sc-SWNT-HAFs are less than those of sa-SWNT-HAFs. In addition, the
misorientation angle of microfibers derived from the patterns of small

angle X-ray scattering (SAXS) can be used to probe the orientation of
the microstructure in fibers (Fig. 3f-i). The sa-SWNT-HAFs exhibit a low
derived misorientation angle (2.66°) of microfibers compared with
HAFs (4.36°), al-SWNT-HAFs (5.98°), and sc-SWNT-HAFs (3.67°), which
indicates that the arrangement of microfibers in sa-SWNT-HAFs is
more ordered (Fig. 3k). It is worth noting that the crystallization and
orientation of heterocyclic aramid chains can be inhibited by the
aggregation and bending structure of al-SWNTs in al-SWNT-HAFs
(Fig. 3g, j, k). Moreover, the crystallinity and orientation degree of as-
SWNT-HAFs decrease significantly compared with sa-SWNT-HAFs
(Supplementary Fig. 16). Therefore, the reoxidation procedure of
short-SWNTs is necessary to increase the number of functional groups
and improve their dispersity for constructing favorable composite
structures. As a result, the short and aminated structural design of sa-
SWNTs is essential for increasing the crystallinity and orientation
degree of sa-SWNT-HAFs, which also accounts for their low porosity.
Importantly, too much addition of sa-SWNTSs has an adverse impact on
the structure of heterocyclic aramid chains and could increase
the misorientation of microfibers, which might be originated from
the aggregation of sa-SWNTs (Supplementary Figs. 17, 18). Due to the
advantageous structures of sa-SWNTs, the small addition of them can
realize the significant structural optimization of composite fibers.
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SWNTs. All error bars indicate the standard deviation. e Comparison of specific
tensile strength and elongation at break between commercial high-performance
fibers and our prepared fibers. The measured data were collected from the test of
multifilament. f Specific energy dissipation power (SEDP) of different fibers. The
data of triangle symbols in the figure were collected from literature*.

Stress relaxation experiments and fiber dissolution experiments
were conducted to characterize the interfacial strength of fibers.
Stress relaxation curves show that the retention of the initial stress of
sa-SWNT-HAFs (93.0%) is higher than those of sc-SWNT-HAFs (90.5%)
and HAFs (87.8%) (Fig. 3I). The higher resistance to the interchain
slippage of sa-SWNT-HAFs is originated from their strong interfacial
interaction based on covalent bonding between sa-SWNTs and
heterocyclic aramid chains and the compact structure. Moreover, sa-
SWNT-HAFs have higher resistance to dissolution into nanofibers in a
potassium hydroxide (KOH)/dimethyl sulfoxide system in comparison
with sc-SWNT-HAFs and HAFs, implying a stronger interaction
between nanofibers and the compact structure of sa-SWNT-HAFs
(Supplementary Fig. 19).

Mechanical performances of sa-SWNT-HAFs

The mechanical properties of sa-SWNT-HAFs were probed by testing
monofilament and the results show that the optimal amount of
sa-SWNTs addition (0.05wt%) can prepare high-performance sa-
SWNT-HAFs with a tensile strength of 6.44 +0.11 GPa, a modulus of

141.7 + 4.0 GPa, an elongation at break of 5.37 + 0.21%, and a toughness
of 184.0+11.4MJm™3, displaying increases of 26%, 13%, 26%, and
66% compared with HAFs, respectively (Fig. 4a, b, Supplementary
Fig. 20a, e and Supplementary Tables 2, 3). The sa-SWNT-HAFs with
other concentrations of sa-SWNTs show inferior performances due to
low crystallinity and orientation degree resulting from an inadequate
amount or aggregation of sa-SWNTs (Fig. 4¢, d, Supplementary Fig. 21
and Supplementary Tables 4-7). For comparison, the tensile strength
of al-SWNT-HAFs with low crystallinity and orientation degree is
4.12 + 0.20 GPa and the toughness is 78.0 + 5.6 M) m™ (Supplementary
Fig. 20b, Supplementary Table 8). The sc-SWNT-HAFs without strong
interfacial interaction have a tensile strength of 5.29 +0.10 GPa
and a toughness of 111.2 +5.4 MJm™ (Supplementary Fig. 20d, Sup-
plementary Table 9). Due to the limited amino content and poor dis-
persity of as-SWNTs, the as-SWNT-HAFs exhibit a tensile strength of
5.85+ 0.14 GPa and a toughness of 138.3 +10.3 M) m™ (Supplementary
Fig. 20c, Supplementary Table 10).

We summarized the reported tensile strength and elongation
at break of various high-performance fibers reinforced by CNTs
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(Supplementary Fig. 22, Supplementary Table 11). Due to the global
optimization strategy in our work, which considers the structure of
CNTs, their interaction and effect on the polymer chains in balance, the
small addition of sa-SWNTs can achieve the most effective reinforce-
ment in comparison with other reported work. Moreover, the tensile
strength and toughness of HAFs and sa-SWNT-HAFs were compared
with those reported in literature (Supplementary Fig. 23, Supplemen-
tary Table 12). The results showed that sa-SWNT-HAFs prepared in our
work exhibit better mechanical performances*.

Compared to the mechanical properties of monofilament, the
mechanical properties of multifilament are used to evaluate the
application potential of fibers. Hence, the mechanical properties of
yarns were also measured (Supplementary Figs. 24-26, Supplementary
Tables 13, 14). The results indicate that the optimal sa-SWNT-HAF yarns
have a specific tensile strength of 37.31+1.07 cN dtex?, a modulus of
925.64 +15.97 cN dtex?, and an elongation at break of 4.17 + 0.07%,
displaying increases of 26%, 9%, and 12% compared with HAF yarns,
respectively (Supplementary Figs. 24, 26, Supplementary Table 13).
In comparison, the mechanical properties of al-SWNT-HAF yarns, as-
SWNT-HAF yarns, and sc-SWNT-HAF yarns were also measured
(Supplementary Figs. 24, 26, Supplementary Table 14). These results
are consistent with those of monofilaments, which indicates the uni-
formity of our prepared fibers. Furthermore, the mechanical proper-
ties of our HAF yarns and sa-SWNT-HAF yarns were compared with
commercial high-performance fiber yarns, such as HAFs, p-aramid
fibers, carbon fibers, PBO fibers, UHMWPE fibers**™* (Fig. 4e, Supple-
mentary Fig. 27 and Supplementary Table 15). The results indicate that
the performance of our pristine HAFs is consistent with commercial
HAFs, and sa-SWNT-HAFs exhibit superior specific tensile strength and
superior elongation at break. In addition, our fibers not only have a
higher elongation at break, but also show a higher modulus than most
aramid fibers. Therefore, sa-SWNT-HAFs hold great promise for
applications in impact protection and impact-resistant composites.

To understand the mechanical behavior of fibers under various
loading rates, small-scale tensile testing was performed (Supplemen-
tary Fig. 28). The results show that these fibers exhibit a distinct strain-
rate strengthening effect (Supplementary Fig. 29). With the increase of
strain rate, the strength of these fibers becomes higher. Especially, the
strength of sa-SWNT-HAFs is as high as 7.36 GPa at a strain rate of
1400 s, which is much higher than those of HAFs and sc-SWNT-HAFs.
The fibrillation and the ultimate fracture of these fibers are the main
failure modes during tension. In comparison with HAFs and sc-SWNT-
HAFs, the fibrillation behavior of sa-SWNT-HAFs is more obvious in
realizing high strength under a high strain rate as evidenced by the
more branched failure morphology (Supplementary Fig. 30). The
results imply that the highest strength of sa-SWNT-HAFs among these
fibers is derived from strong interfacial interactions between hetero-
cyclic aramid chains and sa-SWNTs, and high interfacial strength
between highly ordered in-line nanofibers, as evidenced by the less
damaged sheath-core layer of sa-SWNT-HAFs (Supplementary Fig. 31).
The strength of sa-SWNT-HAFs could be even higher under ballistic
impact due to their higher local loading rates, making the sa-SWNT-
HAFs a promising bulletproof material.

To investigate the dynamic energy absorption capacity of these
fibers, which is used to evaluate the performance of fibers under
practical impact situations, the specific energy dissipation power
(SEDP) was measured by a laser-induced impact testing (Supplemen-
tary Fig. 32). SEDP is the maximum slope of £, which is calculated as

- _ E(0) - E ()
EO=""F o0 M
where A, E(0), and Ei(t) are the linear mass density of the fibers, the
initial kinetic energy, and the kinetic energy at time ¢, respectively.
The SEDP is positively correlated with ¢t for impact velocity near

500 m s™**, where cr is the Euler transverse wave speed. In the present
study, the impact velocity ranges from 400 to 500 ms™ by changing
the laser energy, and the cr is estimated by a high-speed imaging
system (Supplementary Fig. 33). The measured SEDP values of the
nylon fiber agree with the previous study*, validating the current
experimental method. The average SEDP values of HAFs, sc-SWNT-
HAFs, and sa-SWNT-HAFs are 7.03 x10® mkg™'s™, 7.53 x10® mkg's™,
and 8.18 x10® mkg™s, respectively, indicating that sa-SWNT-HAFs
have the highest impact resistance (Fig. 4f, Supplementary Fig. 34).
Moreover, the SEPD of sa-SWNT-HAFs is much higher than those of Al,
Kevlar, and CNT fibers*® due to the high longitudinal wave velocity
¢, = (E/p)?, where E and p are the Young’s modulus and the density of
the single fiber. Larger longitudinal wave velocities provide higher
transverse wave speeds at a given impact velocity, allowing the fast
spread of local impulse loading during impact*. Therefore, sa-SWNT-
HAFs with high strength and high toughness have great potential in
bulletproof fields.

Mechanism discussion on the high mechanical performances of
sa-SWNT-HAFs

Raman spectroscopy is commonly used to understand the enhance-
ment mechanism of carbon-based composites'>*¢, However, due to the
low concentration of SWNTs (0.05 wt%) and high fluorescence inten-
sity of HAF in our work, it is difficult to detect the Raman signals of
SWNTs in our composite fibers. To understand the enhanced
mechanical performance of sa-SWNT-HAFs, we first did analyses for the
modulus enhancement of our composite fibers. Classical rule-of-
mixture is widely used to predict the modulus of composites based on
the weighted contributions from the filler and the matrix*’. However,
this theory only predicts a 0.2% increase in Young’s modulus by small
addition (0.05 wt%) of sa-SWNTs. In fact, the HAFs can be divided into
crystalline and amorphous regions, and the above experiments have
demonstrated that sa-SWNTSs can act as nucleating agents for polymer
crystallization and templates for polymer orientation. Hence, we pro-
pose a modified rule-of-mixture to account for the modulus enhance-
ment, which predicts a wide influence range (12.2 nm, Fig. 5a) of the
amorphous region around sa-SWNTs into the crystalline region (see
Methods for details). To support this prediction, we performed ato-
mistic simulations. Without loss of generality, a model of polymer
chains onto an sp? carbon sheet was adopted to reduce computational
costs. After equilibration at room temperature (298 K) for 2 ns, the
heterocyclic aramid chains around the sp? carbon sheet exhibit crys-
talline features. The mass density profile indicates that heterocyclic
aramid chains around SWNTs within a distance of 8.6 nm are affected
(Fig. 5b, Supplementary Fig. 35), which can be attributed to the high
binding energy of heterocyclic aramid chains onto the sp? carbon sheet
as compared with other typical polymer chains (Fig. 5¢). Hence, these
results from the prediction and atomistic simulations are generally
consistent, indicating that large-scale orientation and crystallization of
heterocyclic aramid chains by small addition of sa-SWNTs can explain
the significant increase in Young’s modulus of sa-SWNT-HAFs.

Next, we explored the mechanism for the increase in elongation at
break of our composite fibers by performing tensile simulations. Upon
stretching, HAFs and sc-SWNT-HAFs are first elastically deformed, and
then a crack nucleates and propagates from the weakest link, which
causes strain localizations and failure. This occurs due to that the poor
shear strength between heterocyclic aramid chains, and between
heterocyclic aramid chains and SWNTSs can’t suppress the crack pro-
pagation. Compared with pristine HAFs and sc-SWNT-HAFs, sa-SWNT-
HAFs can suppress the crack nucleation/growth, which induces an
increase in elongation at break (Fig. 5d). This is because in situ poly-
merization between heterocyclic aramid chains and sa-SWNTs largely
increases the interfacial interaction. Such toughening mechanism has
also been observed in previous CNT/graphene nanocomposites™’",
To summarize, we have uncovered the mechanism for the increase in
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Young’s modulus and elongation at break, which jointly explain the
simultaneously enhanced strength and toughness of sa-SWNT-HAFs
(Fig. 1b, ¢).

Discussion

In summary, we prepare strong (tensile strength of 6.44 + 0.11 GPa) and
tough (toughness of 184.0 +11.4 M) m™) HAFs through a global opti-
mization strategy. By in situ polymerizing small amount (0.05 wt%) of
sa-SWNTs into HAFs, the strength and toughness of pristine high-
performance HAFs are remarkably improved by 26% and 66%,
respectively. Mechanism analyses demonstrate that sa-SWNTs with
good dispersity and alignment significantly improve the crystallinity
and orientation degree for a large range of heterocyclic aramid chains,
and the in situ polymerization between sa-SWNTs and heterocyclic
aramid monomers promotes stress transfer and suppresses strain
localization, which account for the simultaneous improvement in
strength and toughness of sa-SWNT-HAFs. The superior mechanical
performances of sa-SWNT-HAFs demonstrate their promising appli-
cations in the fields of impact protection and high-tenacity composites.

Methods

Materials

All chemicals, including dimethylacetamide (DMAc, >99%) with water
content lower than 50 ppm, single-walled carbon nanotube (SWNT,

>95%), lithium chloride (LiCl, >99%), ethylenediamine (>99%), poly-
vinylpyrrolidone (K30), nitric acid (HNO3, 65-68%), dimethyl sulfoxide
(DMSO, >99%), terephthaloyl chloride (TPC, >99%), p-phenylenedia-
mine (PPD, >99%) and 2-(4-Aminophenyl)-1H-benzimidazol-5-amine
(PABZ, 299.5%) were purchased from suppliers. The raw SWNTs were
purchased from Jiangsu XFNANO Materials Tech Co., Ltd. All reagents
were used as received without further purification.

Preparation of long-SWNT dispersion, short-SWNT dispersion
and sc-SWNT dispersion

SWNTs (0.5g) were dispersed in concentrated HNO; (65% w/w,
250 mL) by sonication for 1h. After sonication, the SWNT-HNO3; mix-
ture was refluxed at 140 °C for 4 h under vigorous stirring. The as-
prepared solution was then washed 4-5 times using deionized water to
remove the residual HNO; and impurities by centrifugation at 10,000 g
for 15 min. Then, the resultant long-SWNT was dispersed in deionized
water and purified by dialysis to remove the residual HNOs. Subse-
quently, the short-SWNT was prepared by violently sonicating the
long-SWNT dispersion for 3 h in an ice-water bath using an Ultrasonic
Cell Disruption System with 60% power (1500 W). Next, the short-
SWNT was reoxidized in HNOj3 solution (40% w/w, 250 mL) at 90 °C for
2h while stirring vigorously and refluxing. Subsequently, the as-
prepared sc-SWNT dispersion was washed by centrifuging (10,000 g
for 15 min) and dialysis to remove the residual HNOs.
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Preparation of sa-SWNT dispersion

Excess ethylenediamine was added into sc-SWNT dispersion to react
with the carboxyl groups of sc-SWNTs. The amination process was
conducted at 90 °C for 12 h while stirring vigorously and refluxing.
Next, the as-prepared solution was purified through dialysis to remove
the residual ethylenediamine. The al-SWNT dispersion was prepared
through the animation of long-SWNT under the same procedures. The
as-SWNT solution was prepared through the animation of short-SWNT
under the same procedures.

In situ synthesis of sa-SWNT/heterocyclic aramid spinning dope
The sa-SWNT dispersion was mixed with polyvinylpyrrolidone
(Msa-sSWNT:Mpolyvinylpyrrolidone = 1:3) by stirring for 30 min and ultra-
sonication for 10 min in an ice bath using an Ultrasonic Cell Disruption
System with 60% power (1500 W). Then, the solution was treated by
freeze dryer to obtain sa-SWNT powder. Subsequently, the optimized
amount of sa-SWNT powder was dispersed in DMAc using an Ultrasonic
Cell Disruption System with 600 W for 15 min in an ice bath under N, flow
(the weight percentage of sa-SWNTs is calculated as the ratio of the mass
of sa-SWNTs to the mass of heterocyclic aramid after polymerization).
Then, the obtained homogenous sa-SWNT/DMAc dispersion was slowly
added to the mixture containing LiCl (3.5 wt%) and DMAc. Subsequently,
the optimized amounts of PPD and PABZ were added to the reaction
system, respectively, and the mixture was kept stirring for about 1 h. After
cooling the mixture to below 10 °C, the TPC was added, and then the
reaction was conducted under stirring for 1.5 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 pure heterocyclic aramid spinning
dope was obtained following a similar preparation procedure without
adding the sa-SWNT powder. The al-SWNT/heterocyclic aramid, as-
SWNT/heterocyclic aramid and sc-SWNT/heterocyclic aramid spinning
dopes were prepared under the same procedures by adding al-SWNT, as-
SWNT and sc-SWNT powder, respectively.

Fabrication of sa-SWNT-HAFs through wet-spinning

The obtained sa-SWNT/heterocyclic aramid spinning dope was poured
into a degassing tank equipped with a metering pump and a nitrogen
inlet. After a vacuum-defoaming treatment, the spinning dope was
transported to a spinning pot on spinning line. After extrusion by a
spinning pump under high-pressure nitrogen, the spinning dope was
transported to spinneret plate, and injected into multistage coagula-
tion baths with different concentrations (primary coagulation bath,
Myater-Mpmac = 1:1; secondary coagulation bath, myacer:mMpmac =4:1).
The total drawing ratio in two coagulation process is 2. The primary
fibers were obtained after the washing with flowing deionized water
and drying processes (120 °C). Subsequently, the sa-SWNT-HAFs were
obtained after a heating treatment in the N, atmosphere (410 °C) and
collected via an automatic winding device. The HAFs, al-SWNT-HAFs,
as-SWNT-HAFs, and sc-SWNT-HAFs were prepared under the same
procedures by adding corresponding spinning dope.

Preparation of sa-SWNT-HAF nanofibers

The sa-SWNT-HAFs (0.04 g) and KOH (0.06 g) were added to DMSO
(20 mL)**. Then the mixture was magnetically stirred for fixed times.
The sc-SWNT-HAF nanofibers and HAF nanofibers were prepared
under the same procedures.

Strength measurement method at high loading rates

The strengths of the fibers at different loading strain rates were mea-
sured by a mini split Hopkinson tensile bar (mini-SHTB, Supplemen-
tary Fig. 28)*. While a sleeve-typed bullet launched by a gas gun strikes
the mass block fixed at the end of the incident bar, a tensile wave is
generated and propagates along the incident bar. When it reaches the
specimen clamped at the end of the incident bar, the dynamic tension
is applied on the single fiber specimen, causing its ultimate failure.

A high-frequency response quartz piezoelectric force sensor (Kistler
9001, 180 kHz) is used to directly measure the tensile force of the
single fiber. Due to the sufficient high impact impedance of the inci-
dent bar, the end of the incident bar could be considered as a free
interface when compared to the single fiber. Therefore, the strain rate,
the strain, and the strength of the fiber specimen can be determined®,

é(t)=zcof—s' 2
t

£(6)=2C, / of—s'dt 3)
F

o(t)= A 4)

where C, is the elastic wave velocity, ls and As are the length and the
cross-sectional area of the specimen, respectively, & is the measured
incident strain, and F is the force collected by the force sensor.

The typical incident wave and force signals of a single fiber are
shown in Supplementary Fig. 29a, and the corresponding engineering
stress versus strain curves are shown in Supplementary Fig. 29b. The
strain rate attains the constant value when the strain exceeds 0.01,
validating the experimental method for measuring the dynamic
strength of single fibers. The typical engineering stress versus strain
curves of HAFs, sc-SWNT-HAFs, and sa-SWNT-HAFs under various
strain rates are shown in Supplementary Fig. 29¢, showing the almost
brittle mechanical behavior of these fibers.

Laser-induced impact testing

The schematic diagram of the laser-induced impact testing on fibers is
shown in Supplementary Fig. 32. The laser ablates the 100 nm thick
gold film to create a fast expanding plasma on the surface, causing the
fast expansion of the 76 pm thick polydimethylsiloxane (PDMS) layer,
which impacts the single fiber specimen with high velocity. To obtain a
clear process of the impact process, the 5x10° fps high-speed video
camera (KIRANA UHS Camera) and the SI-LUX640 automatic laser
lighting system are used in experiments. One end of the single fiber
specimen is fixed, and the other end suspends a small mass (0.22 g) to
ensure its straightness. The pre-tension force is estimated to be
2.2 mN, which is negligible in the experiments. Supplementary Fig. 33
shows the typical impact process of several fibers. The impact velo-
cities and the transverse wave velocities of the single fibers are cal-
culated using the first two frames and the last two frames, respectively.

Molecular dynamics simulations

The microstructural evolution and mechanical behaviors of materials
were explored by molecular dynamics (MD) simulations using large-
scale atomic/molecular massively parallel simulator (LAMMPS) com-
putational package®*. The polymer consistent force field (PCFF) was
adopted to describe the interatomic potentials>*. The long-range
Columbia interaction was included using particle-particle-particle
mesh (PPPM) method”, while the van der Waals interaction was
described by the 9-6 Lennard-Jones potential. To integrate the Newton
equations of motion, the Verlet algorithm was adopted with a time step
of 1fs. Before the tensile deformation protocol was started, the struc-
tures were energy minimized using a conjugate gradient algorithm. In
tensile simulations, the model of HAFs was formed by arranging het-
erocyclic aramid chains in a brick-wall manner, while the models of sc-
SWNT-HAFs and sa-SWNT-HAFs were formed by additionally inserting
sc-SWNTs and sa-SWNTs, respectively. Periodic boundary conditions
were used along all directions. To ensure quasi-static loading, the
uniaxial tensile strain was applied by uniaxially deforming the periodic
simulation box at an engineering strain rate of 1x10%s™.
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To investigate the influence range of the sp” carbon sheet on the
heterocyclic aramid chains, 50 layers of heterocyclic aramid chains
were placed onto a planar sp* carbon sheet for reducing computational
costs. Periodic boundary conditions were used along the in-plane
directions, and the vacuum layer with a thickness over 10 nm was
adopted along the out-of-plane direction. During the thermostat pro-
cess, the sp? carbon sheet was fixed. The temperature increased from
nearly OK to 1000K and then decreased to room temperature of
298 K, which was then equilibrated for 2 ns (Supplementary Fig. 35c, d).

To calculate the binding energy between typical polymer chains
and the sp? carbon sheet, heterocyclic aramid, C;H,, polystyrene (PS),
polyethylene (PE), polyvinyl alcohol (PVA), benzene chains, and poly-
vinylpyrrolidone were placed onto an sp? carbon sheet (Supplemen-
tary Note 3, Supplementary Fig. 35b). Periodic boundary conditions
were used along the in-plane directions, and the vacuum layer with a
thickness over 2 nm was adopted along the out-of-plane direction. The
binding energy is the sum of the energy of the isolated polymer chain
and the energy of the isolated sp? carbon sheet minus the total energy
of the composite system (normalized per atom).

DFTB calculations

To calculate the Young’s modulus of crystalline heterocyclic aramid
(Supplementary Fig. 35a), density functional theory-based tight-bind-
ing (DFTB) calculations were performed using DFTB+ package’®. Peri-
odic boundary condition was adopted along all directions. All DFTB
computations were performed with DFT-D3 dispersion correction with
Becke-Johnson damping®*°. The 3-ob-1Slater-Koster set of parameters
was employed® %, Energy-minimized tensile tests on crystalline het-
erocyclic aramid were performed using a conjugate gradient algorithm
with a force-threshold criterion of 10™* Hartree/Bohr.

Theoretical analyses
The HAFs were divided into crystalline and amorphous regions, and
the weight fraction of amorphous region (f,) can be calculated as

E .—E

_ “pc P
e 5
fa Ep'c Ep'a ( )

where E,, E;,, and E,. represent the gravimetric moduli of HAF,
amorphous heterocyclic aramid, and crystalline heterocyclic aramid,
respectively. With the gravimetric moduli of crystalline heterocyclic
aramid (about 168 GPag™ cm?®) from DFTB calculations, amorphous
heterocyclic aramid (about 36 GPag™cm®) and HAF in experiments
(about 86 GPag™ cm?®), f, can be estimated as 61.9%. Further, we pro-
pose a modified rule-of-mixture to predict the theoretical gravimetric
modulus of sa-SWNT-HAFs as

Ep,ssh :Ep,CNT ><fCNT +Ep,c x (1 _fa +f)+Ep,a X (fa _fCNT _f) (6)

where E, s, and E,, cnr are the gravimetric moduli of sa-SWNT-HAF and
SWNT, fcnt and f represent the weight fraction of SWNTs and the
increased weight fraction of crystalline region induced by SWNTs.
Considering that SWNTs can act as nucleating agents for polymer
crystallization and templates for polymer orientation, the influence
range of amorphous heterocyclic aramid into crystalline heterocyclic
aramid induced by SWNT is expected to be far larger than the size of
SWNT. Based on the enhancement (13%) in modulus from HAFs to sa-
SWNT-HAFs, f can be calculated as 8.6%, which corresponds to an
influence range of 12.2 nm.

Data availability

The data sets within the paper and Supplementary Information of the
current study are available from the authors upon request. Source data
are provided with this paper.
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Supplementary Methods

Focused ion beam and scanning electron microscope tomography

Focused ion beam and scanning electron microscope tomography (FIB-SEMT) is an important approach for the
study on the spatial distribution of structure!. The sample is repeatedly sliced with the FIB and each new cross-
section is imaged with the SEM. Different from TEM tomography, high resolution and large volume size can be
satisfied by FIB-SEMT at the same time. The quality of SEM imaging, the accuracy of FIB processing, and the
stability of the system are the key factors for the excellent final result. The FIB-SEM dataset was collected using
the Crossbeam 550 (ZEISS). The FIB was operated at 300 pA during the collection of the dataset. To ensure the
accurate slice thickness of 5 nm, drift correction was automatically performed before each step. The excellent
SEM images of the new cross-section were collected with the EHT 1.5 kV, and the SE2 detector with the grid was
set to 350 V. Dwell time of 50 ns with a line average of 20 was performed. The pixel size was 4 nm. The pixel
dimensions of the image were 2038x1536 pixels. The image stacking and three-dimensional (3D) reconstruction
were performed with the professional software Dragonfly (ORS). The automatic structure segmentation, based

on the boundary conditions, was performed using the deep learning module trained with U-Net model.

Wide angle X-ray scattering measurements

Wide angle X-ray scattering (WAXS) measurements were performed on a Xenocs Xeuss SAXS/WAXS system
using an incident Cu-Ka X-ray beam perpendicular to the fiber axis. The wavelength dimension of the X-ray was
0.154 nm and the distance between the detector and the sample was 60 mm. The resulting analysis of the WAXS
pattern was performed by Foxtrot software. The orientation degree is an important indicator for evaluating the
alignment of fibers, which is calculated by the ordered crystals of certain crystal planes inside the fibers*>. The
orientation degree of crystalline orientation is calculated by integrating the curve against the azimuthal degree of
WAXS patterns. One of the two peaks was then fitted with a Lorenz-peak function using Origin 2020b. Then, the
full width at half maximum (FWHM) can be obtained from the fitted curves. The following equation was used to

calculate the degree of orientation,

_ 180-FWHM

180 M



Small angle X-ray scattering measurements

Small angle X-ray scattering (SAXS) measurements were performed on a beam line (BL19U2) at Shanghai
Synchrotron Radiation Facility. The wavelength dimension of the X-ray was 0.103 nm and the distance between
the detector and the sample was 5800 mm. The resulting analysis of the SAXS patterns was performed by FIT
two-dimensional (2D) software and xPolar software. SAXS can be used to study the scattering phenomenon in
the small angle range and analyze the internal structure of fibers within the micro-size, such as the misorientation
angle®. The angle between the microfiber and the fiber axis direction is defined as the misorientation angle (By).

By was calculated from the SAXS equatorial streak feature with the Ruland streak method using equation:

1
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where s is the scattering vector, Bobs 1s the full width at the half-maximum of the azimuthal profile, /ris the fibril

length, and s can be determined by equation:
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where 4 is the half value of the scattering angle, and 4 is the wavelength dimension of the X-ray. All azimuthal

distributions can be modeled by Lorentz functions.

Quasi-static mechanical property tests of monofilament

Quasi-static tensile tests were conducted on a Nano-Tensile Tester-testing system (SHIMADZU EZ-LX 5N) ata
loading rate of 1 mm min~!. Samples for tensile test were prepared by sticking fibers to rectangular paper frames
with a gauge length of 20 mm using epoxy resin glue. The samples were loaded between the two clamp stages
with the top clamp stage applying uniaxial tension on the samples along the vertical direction. The diameter of
each specimen was measured by optical microscope before the tensile test. After the tensile test measurement,
quantitative analysis of the modulus and toughness was carried out by Origin 2020b software. The modulus was
equal to the slope of the curves at 0.5-0.75% strain, and the toughness was calculated by integrating the area of
tensile curves. The values of tensile strength, modulus, elongation at break, and toughness are the average of 10

valid test results, where the few samples that broke near the clamps were excluded from the calculations.



Linear density tests of fiber yarns
The linear density of yarns was measured by the weighing method, which was calculated by equation:
D=WIL, 4)

where D (tex), W (g), and L (km) are the linear density, the weight, and the length of yarns, respectively. The

weight of dry yarns with a length of 1050 cm was measured by a precise analytical balance.

Mechanical tests of fiber yarns

Mechanical tests of fiber yarns were conducted on a Tester-testing system [CMT6103, MTS SYSTEMS (CHINA)
CO., LTD] at a loading rate of 25 mm min™!. The samples were loaded between the two clamp stages with a gauge
length of 170 mm. The values of specific tensile strength (cN dtex '), modulus (cN dtex!), and elongation at

break (%) are derived from 10 valid tests.

Stress relaxation measurements

The stress relaxation experiment of fibers was carried out based on the Agilent TISOUTM nanotensile testing
platform designed and produced by Agilent. The test sample was fixed on paper with a diamond hole in the middle
with an epoxy resin glue, and the test length of the sample was 20 mm. The initial preload was set to 750 uN to
ensure that the fiber was in a tight state during tension. The initial strain was set as 1.5%, and the initial loading
was carried out at a loading strain rate of 1x107> s™!, and the strain was maintained for 5000 s to fully relax. The
tensile speed in the loading process was controlled by strain rate. Finally, we discuss the experimental results in

terms of the curve of the normalized stress versus the relaxation time.

Other characterizations

The dispersion and detailed structure of SWNTs were investigated by SEM (FEI Quattro S, acceleration voltage
5-10kV), TEM (FEI Tecnai F20; acceleration voltage 200 kV), Raman spectroscopy (Horiba, LabRAM HR 800,
532 nm laser wavelength), X-ray photoelectron spectroscopy (XPS; Kratos Analytical Axis-Ultra spectrometer
with Al Ko X-ray source). The dispersion of SWNTs was investigated by Laser Particle Size Analyzer
(BLUEWAVE S3500) and zeta potential instrument (Anton Paar, Austria). The radial cross-section of HAFs and



sa-SWNT-HAFs was cut by Ultramicrotome (Leica EM UC6). The axial cross-section of HAFs and sa-SWNT-
HAFs was cut by FIB (ZEISS Crossbeam 550). The observation of SWNTs inside fibers was operated by TEM
(FEI Tecnai F20; acceleration voltage 200 kV) and aberration-corrected atomic-resolved TEM (Titan Cubed
Themis G2 300; 80 kV). The molecular weight of different polymer solutions was investigated by gel permeation
chromatography (1260 Infinity II GPC/SEC) with columns in series (PL1110-6504). The thermal stability is
studied by thermogravimetric analysis (TGA, STA 449 F5, Netzsh, Selb, Germany). The heating rate is 10°C

min ", and the curves are recorded from room temperature to 900°C (the shielding gas and purge gas are nitrogen).



Supplementary Note 1: Further discussion on dispersion of SWNTs prepared from different process

Laser particle size analyzer and zeta potential instrument were usually used to characterize the dispersion of
materials. D90 is used to express the corresponding particle size when the cumulative particle size distribution
number of a sample reached 90% (Supplementary Fig. 4a). The zeta potential is used to express the stability of
the material in solution (Supplementary Fig. 4b). The solution is generally considered well dispersed when its
absolute value exceeds 30 mV. Due to the bundle morphology of SWNTs, the D90 of raw SWNTs is the highest,
and the absolute value of zeta potential is the lowest, indicating that the raw SWNTs have the poorest dispersion.
With the stepwise modification of SWNTs, the D90 gradually decreases, and the absolute values of zeta potential
gradually increase, which means that the dispersion is gradually stable. Especially, the sc-SWNTs have the best
dispersity. Although after the amination process of sc-SWNTs, the resultant sa-SWNTs can still maintain good

dispersity.



Supplementary Note 2: Further discussion on XPS characterization of SWNTs

XPS spectra (Fig. 2e) demonstrated the successful preparation of sa-SWNT because of the presence of N /s peak
in the curve of sa-SWNT. Additionally, due to the process of reoxidation of short-SWNTs, sc-SWNTs possess
more reactive carboxyl groups by means of XPS-peak-differentation-imitating analysis of C /s, compared with
long-SWNTs and short-SWNTs (Supplementary Fig. 3a-d). Therefore, after the amination reaction with
ethylenediamine, sa-SWNTs have more nitrogen content compared with al-SWNTs and as-SWNTs
(Supplementary Fig. 3e, f). Most importantly, the contents of nitrogen element in amide groups and amino
groups are close to the same by means of XPS-peak-differentation-imitating analysis of N /s, which indicates
that each ethylenediamine molecule tends to react with one carboxyl group of sc-SWNT and generates a free

reactive amino group, rather than crosslinking two sc-SWNTs (Fig. 3f).



Supplementary Note 3: Further discussion on the addition and residual problems of PVP

In order to achieve better dispersion of SWNTs, PVP as a dispersant was added. Although SWNTs after
modifications can be uniformly dispersed in water, they will agglomerate in the subsequent liquid nitrogen freeze-
drying process, which results in the challenge to disperse them uniformly in DMAc. To avoid agglomeration of
SWNTs during the freeze-drying process and achieve uniform dispersion of SWNTs in DMAc, PVP was added
after the modification of SWNTs in water. In addition, because PVP exhibits good water solubility and low
thermal decomposition temperature, it can be removed during the spinning process that includes two coagulation
procedures (mwater:mpmac = 1:1 for primary coagulation bath and mwater:mpmac = 4:1 for secondary coagulation
bath) after a water washing procedure in about half an hour and a heat treatment procedure (410°C). To provide
quantitative experimental evidence, we did thermogravimetric analyses of PVP, HAFs and 1 wt% PVP-HAFs
(Supplementary Fig. 11). To be specific, heterocyclic aramid spinning dopes with and without 1 wt% PVP were
prepared and spun into fibers. The thermogravimetric analysis of PVP shows a significant weight loss when the
temperature ranges from 350°C to 470°C, indicating that PVP can be removed in the heat treatment procedure
(410°C). However, during the same temperature range, the thermogravimetric curves of HAFs and 1 wt% PVP-
HAFs are almost identical, implying that there is almost no PVP residue in 1 wt% PVP-HAFs. On the other hand,
even if there is a trace amount of PVP residue in HAFs, SWNTs don’t prefer to bind with PVP compared to
aramid chains, since our calculations show that the binding energy between the sp’ carbon sheet and the
heterocyclic aramid chain (46.2 meV atom™') is much higher than that between the sp? carbon sheet and the PVP
(17.5 meV atom™).



Supplementary Note 4: Further discussion on porosities of HAFs and sa-SWNT-HAFs derived from FIB
and FIB-SEMT

The void microstructure and porosities of HAFs and sa-SWNT-HAFs were characterized using FIB and FIB-
SEMT. Due to the weak interaction between heterocyclic aramid chains, more voids are generated in HAFs during
the process of wet spinning (Fig. 3d, e, Supplementary Figs. 14a-c). By contrast, with the addition of sa-SWNT,
the sa-SWNT-HAFs possess fewer voids and keep a dense microstructure. In order to study the void distribution
in detail, the 3D void microstructures of HAFs and sa-SWNT-HAFs were reconstructed using FIB-SEMT
(Supplementary Movies 1 to 4). The results show that sa-SWNT-HAFs have a uniform void distribution and a
lower porosity (0.0068%) than HAFs (0.017%) (Supplementary Fig. 14d). The compact structure obtained from
wet-spinning is benefited from the strong interfacial interaction between heterocyclic aramid chains and sa-

SWNTs, and the high degree of orientation and crystallinity induced by sa-SWNTs.



Supplementary Fig. 1 | Morphology characterization of SWNTs. SEM images of (a) raw SWNTs, (b) long-
SWNTs, (c) short-SWNTs, and (d) sc-SWNTs. TEM images of SWNTs for (e) long-SWNTs and (f) sa-SWNTs.

Scale bars, 50 um in a; 10 um in b, ¢, d; 100 nm in e; 200 nm in f.
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Supplementary Fig. 3 | Structure characterization of different SWNTs. XPS spectra of C /s of (a) long-

SWNTs, (b) short-SWNTs, and (¢) sc-SWNTs. d, Comparison of the carboxyl content of long-SWNTs, short-
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Supplementary Fig. 6 | Schematic diagram of the fabrication steps of fibers. a, Schematic diagram of

preparation of spinning dope. b, Schematic diagram of wet spinning.



Supplementary Fig. 7 | Spinning dope pictures of (a) heterocyclic aramid and (b) 0.05 wt% sa-
SWNT/heterocyclic aramid.
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Supplementary Fig. 8 | GPC tests of different polymer solutions. Chromatogram of polymer solutions of (a)
HAF, (b) al-SWNT-HAF, (c¢) as-SWNT-HAF, (d) sc-SWNT-HAF, and (e) sa-SWNT-HAF. f, The weight-
average molecular weight comparison of different polymer solutions. In GPC testing, due to the filtration of
solutions before testing and the low concentration of SWNTs (0.05 wt%) in polymer solutions, the molecular
weight of polymer chains covalently bonding with SWNTs is not available. Thus, all the GPC results reflect the

molecular weight of pure heterocyclic aramid polymer chains in different solutions.
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Supplementary Fig. 12 | Spinnability characterization of pinning dopes after six hours of wet spinning process
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Supplementary Fig. 13 | TEM images of the axial cross-section and radial cross-section of al-SWNT-HAFs.
a, TEM image of the radial cross-section of al-SWNT-HAFs prepared by embedded ultramicrotome. Scale bar,
100 nm. b, TEM image of the axial cross-section of al-SWNT-HAFs prepared by FIB. Scale bar, 20 nm.
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and (b) sa-SWNT-HAFs prepared by FIB. ¢, TEM image of pore morphology prepared by FIB for HAFs. Scale
bars, 2 um in a, b; 200 nm in c. d, Porosities of HAFs and sa-SWNT-HAFs derived from FIB-SEMT.
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Supplementary Fig. 17 | 2D-WAXS analysis of sa-SWNT-HAFs with different concentrations of sa-SWNTs.
2D-WAXS patterns of sa-SWNT-HAFs with (a) 0.01%, (b) 0.025%, (¢) 0.05%, (d) 0.075%, (e) 0.1%
concentration of sa-SWNTs. f, The azimuthal intensity profile of sa-SWNT-HAFs with different concentrations
of sa-SWNTs from the 2D-WAXS analysis. The lines were achieved by Lorentz fitting. g, Comparison of the
degree of orientation of sa-SWNT-HAFs with different concentrations from the 2D-WAXS analysis. h,
Comparison of the 1D-WAXS curves with different concentrations of sa-SWNT-HAFs from the 2D-WAXS
analysis. i, Comparison of the FWHM with different concentrations of sa-SWNT-HAFs from the 1D-WAXS

curves.



Supplementary Fig. 18 | 2D-SAXS analysis of sa-SWNT-HAFs with different concentrations of sa-SWNTs.

(7

S

L] [

o
N

Misorientation angle () =

=

0 0.01 0.025 0.05 0.075 0.1
sa-SWNT concentration (wt %)

2D-SAXS patterns of sa-SWNT-HAFs with (a) 0.01%, (b) 0.025%, (¢) 0.05%, (d) 0.075%, (e) 0.1%
concentration of sa-SWNTs. f, Comparison of the microfibril misorientation degree with different concentrations

of sa-SWNT-HAFs from 2D-SAXS analysis.
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Supplementary Fig. 19 | Digital photographs of different fibers dissolved in KOH/DMSO solution at
different times. HAFs, sc-SWNT-HAFs, and sa-SWNT-HAFs dissolved in KOH/DMSO solution for (a) 1 hour
and (b) 12 hours.
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Supplementary Fig. 20 | Stress-strain curves of different fibers. Stress-strain curves of (a) HAFs, (b) al-
SWNT-HAFs, (¢) as-SWNT-HAFs, (d) sc-SWNT-HAFs, and (e) sa-SWNT-HAFs. The concentration of SWNTs
is 0.05 wt%.
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Supplementary Fig. 21 | Stress-strain curves of sa-SWNT-HAFs with different concentrations. Stress-strain
curves of sa-SWNT-HAFs with concentrations of (a) 0.00 wt%, (b) 0.01 wt%, (¢) 0.025 wt%, (d) 0.05 wt%, (e)
0.075 wt%, and (f) 0.1 wt% sa-SWNTs.
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Supplementary Fig. 22 | Strength and elongation at break of typical high-performance fibers reinforced by

CNTs. The data, which are shown in Supplementary Table S10, are taken from the literature.
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Supplementary Fig. 23 | Tensile strength versus toughness of our fibers, carbon fibers, graphene fibers, CNT
fibers, CNT/graphene oxide fibers, and polymer fibers. The triangle, pentagon, hexagon, square, and circle
represent the data of graphene fibers, CNT fibers, carbon fibers, CNT/graphene oxide fibers, and polymer fibers,

respectively. The raw data, which are shown in Supplementary Table 12, are taken from the literature.
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Supplementary Fig. 24 | Mechanical properties of composite fiber yarns. Comparison of (a) the specific
tensile strength, (b) the specific modulus, and (c¢) the elongation at break of sa-SWNT-HAF yarns with different
concentrations of sa-SWNTs. Comparison of (d) the specific tensile strength, (e) the specific modulus, and (f) the

elongation at break of different fiber yarns. Error bars indicate the standard deviation.
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Supplementary Fig. 25 | Specific stress-strain curves of sa-SWNT-HAF yarns with different concentrations.
Specific stress-strain curves of sa-SWNT-HAF yarns with (a) 0.00 wt%, (b) 0.01 wt%, (¢) 0.025 wt%, (d) 0.05
wt%, (e) 0.075 wt%, and (f) 0.1 wt% concentration of sa-SWNTs.
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Supplementary Fig. 26 | Specific stress-strain curves of different fiber yarns. Specific stress-strain curves of
(a) HAF yarns, (b) al-SWNT-HAF yarns, (¢) sc-SWNT-HAF yarns, (d) as-SWNT-HAF yarns, and (e) sa-SWNT-
HAF yarns. The concentration of SWNTs is 0.05 wt%.
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Supplementary Fig. 27 | Specific modulus and elongation at break of various commercial high-performance

fibers. The data are shown in Supplementary Table 15.
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Supplementary Fig. 28 | Schematic diagram of the mini-SHTB experiment. While a sleeve-typed bullet
launched by a gas gun strikes the mass block fixed at the end of the incident bar, a tensile wave is generated and
propagates along the incident bar. When it reaches the specimen clamped at the end of the incident bar, the

dynamic tension is applied on the single fiber specimen, causing its ultimate failure.
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Supplementary Fig. 29 | Analysis of dynamic tensile strength. a, Typical signals of the incident wave and force.
b, Typical stress-strain and strain rate-strain curve. ¢, Stress-strain curves of HAFs, sc-SWNT-HAFs, and sa-
SWNT-HAFs at different strain rates. d, Comparison of the tensile strength with different strain rates of HAFs,

sc-SWNT-HAFs, and sa-SWNT-HAFs. Error bars indicate the standard deviation of tensile strength.



Supplementary Fig. 30 | SEM images of the fracture point of different fibers at different strain rates. SEM
images of the fracture point of (a) HAFs, (b) sc-SWNT-HAFs, and (¢) sa-SWNT-HAFs at the strain rate of
0.00083 s™!. SEM images of the fracture point of (d) HAFs, (e) sc-SWNT-HAFs, and (f) sa-SWNT-HAFs at the
strain rate of 950 s™!. SEM images of the fracture point of (g) HAFs, (h) sc-SWNT-HAFs, and (i) sa-SWNT-
HAFs at the strain rate of 1400 s™'. Scale bars, 200 pm in a, f; 50 pm in b, ¢; 100 pm in d; 300 um in e; 500 pm

ing, h,i.



Supplementary Fig. 31 | SEM images of the kink bond of different fibers at different strain rates. SEM
images of the kink bond of (a) HAFs, (b) sc-SWNT-HAFs, and (¢) sa-SWNT-HAFs at the strain rate of 950 s™'.
SEM images of the kink bond of (d) HAFs, (e) sc-SWNT-HAFs, and (f) sa-SWNT-HAFs at the strain rate of
1400 s!. The kink bond was formed away from the fracture point of fiber, due to the sudden release of stress

after fiber tensile fracture in the tensile tests. Scale bars, 200 pm in a, b, ¢, f; 50 um in d, e.
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Supplementary Fig. 32 | Schematic of the laser-shock induced polydimethylsiloxane film swelling impact
on a single fiber. The laser ablates the 100 nm thick gold film to create a fast expanding plasma on the surface,
causing the fast expansion of the 76 um thick polydimethylsiloxane (PDMS) layer, which impacts the single fiber

specimen with high velocity.
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Supplementary Fig. 33 | Deformation process under transverse impact for different fibers. Scale bar, 300

um.
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Supplementary Fig. 34 | SEDP of different fibers. The orange dots in the figure are collected from reference’.

Error bars indicate the standard deviation of SEDP.
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Supplementary Fig. 35 | Theoretical calculations of composite fibers. a, Stress-strain curve of crystalline
heterocyclic aramid. b, Molecular structure of typical polymer chains onto an sp’ carbon sheet. ¢, Simulation
snapshots of heterocyclic aramid chains onto an sp? carbon sheet. d, Energy evolution of heterocyclic aramid

chains onto an sp? carbon sheet. The temperature increases from nearly 0 K to 1000 K and then decreases to 298

K. The temperature is controlled as 298 K for 2 ns.



Supplementary Table 1 | Molecular weight of different polymer solutions determined by GPC method.

Polymer M, M, My M,
Polydispersity
solutions (g mol™) (g mol™) (g mol™) (g mol™)
HAF 6.83x10% 2.67x10* 7.36x10% 1.39x10° 2.76
al-SWNT-
7.41x10% 2.75x10% 8.21x10* 1.70x10° 2.98
HAF
as-SWNT-
7.96x10* 3.32x10% 8.50x10% 1.50x10° 2.56
HAF
sc-SWNT-
7.64x10% 3.23x10% 8.07x10* 1.42x10° 2.50
HAF
sa-SWNT-
7.68x10% 3.41x10% 8.32x10* 1.46x10° 2.44

HAF




Supplementary Table 2 | Mechanical properties of HAFs.

Tensile
Modulus Elongation Toughness
Number strength
(GPa) at break (%) (MJ m73)
(GPa)
1 5.20 128.3 4.10 105.8
2 5.24 121.6 4.28 116.9
3 5.08 125.7 4.39 114.4
4 5.21 130.3 4.23 111.2
5 5.02 120.9 4.20 106.9
6 4.95 121.1 431 111.0
7 5.29 122.4 4.57 108.0
8 5.24 127.6 4.29 121.8
9 5.00 128.6 4.14 107.7
10 4.95 124.4 4.18 103.5

Average 5.12 125.1 4.27 110.7




Supplementary Table 3 | Mechanical properties of sa-SWNT-HAFs with 0.05 wt% concentration of sa-
SWNTs.

Tensile
Modulus Elongation Toughness
Number strength
(GPa) at break (%) (MJ m™3)
(GPa)
1 6.4 133.6 5.45 183.9
2 6.49 144.4 5.63 199.3
3 6.35 143.3 5.44 184.2
4 6.42 138.1 5.49 186.4
5 6.43 143.9 5.08 166.1
6 6.59 146.3 5.22 181.5
7 6.25 140.4 5.01 165.1
8 6.36 145.4 5.34 183.4
9 6.51 142.9 5.59 197.3
10 6.57 138.2 5.49 192.7

Average 6.44 141.7 5.37 184.0




Supplementary Table 4 | Mechanical properties of sa-SWNT-HAFs with 0.01 wt% concentration of sa-
SWNTs.

Tensile
Modulus Elongation Toughness
Number strength
(GPa) at break (%) (MJ m™3)

(GPa)
1 5.52 134.7 4.31 122.7
2 5.31 140.5 4.4 129.7
3 5.49 129.3 4.48 123
4 542 131.2 4.38 121.2
5 5.33 137.4 4.34 119.9
6 5.49 130.2 4.45 126.5
7 545 126.7 4.5 126
8 543 132.5 4.4 123.7
9 5.34 130.3 4.38 121.5
10 543 134.1 4.33 122.3

Average 542 132.7 4.40 123.7




Supplementary Table 5 | Mechanical properties of sa-SWNT-HAFs with 0.025 wt% concentration of sa-
SWNTs.

Tensile
Modulus Elongation Toughness
Number strength
(GPa) at break (%) (MJ m™3)

(GPa)
1 5.64 141.7 4.86 149
2 5.84 141.4 5.06 160.6
3 5.71 139 4.99 152.8
4 5.63 143.3 4.75 143.5
5 5.77 133.7 4.92 151.5
6 5.74 139.4 5.07 160.3
7 5.87 136.7 4.79 146.3
8 5.76 135.5 5.17 158.5
9 5.75 143.6 4.95 154.7
10 5.97 133.5 5.02 156.3

Average 5.77 138.8 4.96 153.4




Supplementary Table 6 | Mechanical properties of sa-SWNT-HAFs with 0.075 wt% concentration of sa-
SWNTs.

Tensile
Modulus Elongation Toughness
Number strength
(GPa) at break (%) (MJ m™3)

(GPa)
1 6.02 140.2 4.9 155.5
2 6 139 4.68 146.9
3 5.99 145.4 4.83 152.9
4 6.07 140.1 5.02 162.7
5 5.97 144.2 4.84 153
6 6.01 142.7 4.61 142.7
7 5.85 141 4.94 152.5
8 5.75 142.8 5.06 159.2
9 5.8 146.2 4.66 146.4
10 6.05 141.7 4.85 154.1

Average 5.95 142.3 4.84 152.6




Supplementary Table 7 | Mechanical properties of sa-SWNT-HAFs with 0.1 wt% concentration of sa-
SWNTs.

Tensile
Modulus Elongation Toughness
Number strength
(GPa) at break (%) (MJ m™3)
(GPa)
1 5.63 137.4 4.14 116.6
2 5.52 140.9 4.26 120.9
3 591 129 4.51 129.4
4 5.81 135.3 4.15 117.9
5 5.53 141.4 4.62 132.7
6 5.82 133.4 4.63 136.9
7 5.83 132.4 4.53 134.6
8 5.67 134.3 4.66 137.9
9 5.89 132.8 4.51 133.3
10 5.85 130 4.35 123.3

Average 5.75 134.7 4.43 128.3




Supplementary Table 8 | Mechanical properties of al-SWNT-HAFs with 0.05 wt% concentration of al-
SWNTs.

Tensile
Modulus Elongation Toughness
Number strength
(GPa) at break (%) (MJ m™3)
(GPa)
1 4.46 117.3 3.87 85.2
2 4.02 127.2 3.59 76.7
3 3.81 127.3 3.45 70.6
4 4.28 126.7 3.66 81.0
5 3.97 125.7 3.44 71.6
6 4.07 120.8 3.95 86.4
7 4.04 124.6 3.54 75.3
8 4.36 122.8 3.71 80.8
9 4.22 125.3 3.62 80.6
10 4.00 126.6 3.42 72.0

Average 4.12 124.4 3.63 78.0




Supplementary Table 9 | Mechanical properties of sc-SWNT-HAFs with 0.05 wt% concentration of sc-
SWNTs.

Tensile
Modulus Elongation Toughness
Number strength
(GPa) at break (%) (MJ m™3)
(GPa)
1 5.24 146.9 4.07 112.8
2 5.37 143.7 4.16 117.0
3 5.23 138.3 4.15 113.2
4 5.18 143.8 3.94 105.8
5 5.25 145.3 3.93 106.8
6 5.14 143.8 3.94 105.2
7 5.38 129.2 4.28 114.5
8 5.48 139.1 4.28 121.0
9 5.33 134.9 4.09 108.6
10 5.27 143.7 3.92 106.6

Average 5.29 140.9 4.08 111.2




Supplementary Table 10 | Mechanical properties of as-SWNT-HAFs with 0.05 wt% concentration of as-
SWNTs.

Tensile
Modulus Elongation Toughness
Number strength
(GPa) at break (%) (MJ m™3)

(GPa)
1 5.85 133.9 4.78 143.8
2 5.95 132.5 4.77 145.7
3 5.84 137.5 4.61 142
4 5.98 128.5 5.1 159
5 6.04 140.6 4.56 142.1
6 5.8 140 4.38 130.4
7 5.7 140.8 4.39 130.8
8 6.03 132.8 4.46 135.7
9 5.63 142.7 4.3 123.8
10 5.72 141 4.43 129.9

Average 5.85 137.0 4.58 138.3




Supplementary Table 11 | Strength and elongation at break of typical high-performance fibers reinforced

by CNTs.
CNT Strength Elongation
Materials Ref.
wt % (GPa) at break (%)
Kevlar -- 4 3 8
Kevlar-CNT 1 5 3.5 8
PBO-1 -- 2.6 2 9
PBO-1-CNT 10 4.2 2.8 9
PBO-2 - 1.18 3 10
PBO-2-CNT 0.54 1.51 2.8 10
PBO-3 - 1.36 2.2 11
PBO-3-CNT 1.5 2.17 2.7 11
UHMWPE - 3.51 4.03 12
UHMWPE-CNT 5 4.17 4.65 12
HAF (This work) -- 5.12 4.27 --
sa-SWNT-HAF
0.05 6.44 5.37 --

(This work)




Supplementary Table 12 | Comparisons of mechanical properties of our fibers, carbon fibers, graphene

fibers, CNT fibers, and polymer fibers (mechanical properties were collected for monofilaments).

Elongation Gauge Loading
Strength Modulus Toughness Density
Materials at break length rate Ref.
(GPa) (GPa) MJm3) (gem™)
(%) (mm) (mm min™)
Kevlar 4 120 3 ~70 1.50 -- 15 8
Kevlar-CNT 5 130 3.5 ~90 1.50 -- 15 8
PBO 2.6 138 2 ~26 - 25.4 5 9
PBO-CNT 4.2 167 2.8 ~58 - 25.4 5 9
UHMWPE 3.51 122.6 4.03 ~75 0.97 -- 2.54 12
UHMWPE-CNT 4.17 136.8 4.65 ~105 0.995 -- 2.54 12
Kevlar 29 2.47 84.5 3.2 ~45 1.45 30 4.07 13
Heterocyclic
6.1 150.1 4.35 ~135 - 20 10 3
aramid fiber!
Heterocyclic
5.81 143.2 4.15 ~125 - 20 1 14
aramid fiber?
Graphene fiber! 0.22 -- 39 ~46.3 0.8 7 0.06 15
Graphene fiber? 0.501 11.2 6.7 ~18 -- -- 10% min! 16
Graphene fiber® 1.78 385 0.5 ~5 -- 5 10% min! 17
Graphene fiber* 1.9 309 0.67 ~6.5 - 20 0.5 18
Graphene fiber’ 3.4 341.7 1 ~20 1.9 5 -- 19



Graphene fiber® 1.08

CNT fiber' 4.2
CNT fiber? 1.9
CNT fiber? 4.04
CNT fiber* 6.57
4.8
CNT-PI fiber
6.21
Carbon fiber 1.24
Graphene/Carbon
2.44
fiber!
Graphene/Carbon
1.92
fiber?
Graphene
oxide/Carbon 1.1
fiber!
Graphene
oxide/Carbon 2.12
fiber?
CNT/ Carbon
2.2
fiber?
CNT/Graphene
6.05
oxide fiber
CNT/Graphene
0.69

oxide fiber
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Supplementary Table 13 | Comparison of the mechanical properties of sa-SWNT-HAF yarns with different

concentrations of sa-SWNTs.

The sa-SWNT
Linear density  Tensile strength Elongation Modulus
concentration
(tex) (cN dtex™) at break (%) (cN dtex™)
wWt%)

0 5.45 29.60 + 0.62 3.74 £0.07 850.79 £ 11.93
0.01 5.64 31.30+1.12 3.86 £0.10 870.44 + 18.33
0.025 5.48 3440+ 1.17 4.07+0.11 895.62 + 18.19
0.05 5.51 37.31 £1.07 4.17 £0.07 925.64 + 15.97
0.075 5.52 32.96 +0.92 3.95+0.16 901.77 £ 20.71
0.1 5.15 31.13+1.28 3.75+0.09 848.92 +26.02




Supplementary Table 14 | Comparison of the mechanical properties of different fiber yarns. The addition

of corresponding SWNT is 0.05 wt%.

Linear density  Tensile strength Elongation Modulus
Materials
(tex) (cN dtex ™) at break (%) (cN dtex™)
HAF 5.46 29.60 £ 0.62 3.74 +£0.07 850.79 £ 11.93
al-SWNT-HAF 5.22 23.79 £ 1.34 3.23+£0.15 817.87 +£33.99
as-SWNT-HAF 5.31 34.95+0.58 3.92+0.10 872.61 £20.06
sc-SWNT-HAF 5.81 32.41 £0.96 3.60 +0.08 894.84 + 17.93

sa-SWNT-HAF 5.51 37.31 £1.07 4.17 £ 0.07 925.64 + 15.97




Supplementary Table 15 | Mechanical properties of various commercial high-performance fibers3+3

(Mechanical properties derived from multifilament testing).

Tensile strength Elongation Modulus
Type Materials
(cN dtex™) at break (%) (cN dtex™)
p-Aramid Kevlar 29 20 3.6 485
Kevlar 49 20 2.8 838
Kevlar 119 21 4.4 379
Kevlar 129 23 33 688
Twaron HM 21 2.7 720
Technora 25 4.6 520
PBO Zylon AS 37 3.5 1150
Zylon HM 37 2.5 1720
UHMWPE Spectra 900 26 3.5 1235
Spectra 1000 30 2.7 1765
Carbon fiber T1000G 35.39 2.2 1633
Heterocyclic aramid F368 29.47 3.44 862.22
F12 30.55 3.77 907.87
APMOC 26.57 3.67 906.58
HAF 29.60 3.74 850.79

sa-SWNT-HAF 37.31 4.17 925.64
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