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Carbon nanotube fibers with dynamic strength

up to 14 GPa
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High dynamic strength is of fundamental importance for fibrous materials that are used in

high-strain rate environments. Carbon nanotube fibers are one of the most promising candidates.
Using a strategy to optimize hierarchical structures, we fabricated carbon nanotube fibers with a
dynamic strength of 14 gigapascals (GPa) and excellent energy absorption. The dynamic performance of
the fibers is attributed to the simultaneous breakage of individual nanotubes and delocalization of
impact energy that occurs during the high—strain rate loading process; these behaviors are due to
improvements in interfacial interactions, nanotube alignment, and densification therein. This work
presents an effective strategy to utilize the strength of individual carbon nanotubes at the macroscale

and provides fresh mechanism insights.

Itrahigh dynamic strength and energy-

absorbing fibrous materials are needed

in high-strain rate applications, such as

ballistic impact and untraceable debris

impact on aircraft and spacecraft (7, 2).
The impact resistance of fibrous materials is
closely related to the hierarchical structures,
starting from individual building blocks at the
nanoscale, then moving to microfibrils, and
finally to the macroscopic ensembles, which
provide various methods to dissipate the mech-
anical energy. A few high-performance fibers,
such as ultrahigh-molecular weight polyethylene
(UHMWPE), poly(p-phenylene-2,6-benzobisox-
azole) (PBO), and aramid fibers (3, 4), have
been developed and play vital roles in modern
industries. Despite these achievements, the
fabrication of higher-performance fibers is
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still driven by increasing industrial demands. One
promising route is the assembly of ultrahigh-
performance nanomaterials into macroscopic
architectures (5, 6).

Carbon nanotubes (CNTs) with an intrinsic
strength of more than 100 GPa (7, 8) have been
considered as promising building blocks for
constructing high-performance and multi-
functional fibers for applications in both quasi-
static and dynamic environments (2, 9-13).
For example, Xie et al. (2) demonstrated the
potential applications of CNT fibers (CNTFs)
for high-strain rate environments using a stro-
boscopic quantification method. Three spinn-
ing methods are used to fabricate CNTFs,
including wet spinning (14, 15), vertically
aligned array spinning (16), and direct aerogel
spinning (I7). Among them, direct aerogel
spinning is promising for the continuous and
scalable fabrication of ultrastrong fibers con-
sisting of high-aspect ratio CNTs (18-20).
However, the quasi-static and dynamic mech-
anical properties of CNTFs are limited by the
poor interfacial interactions, low nanotube
alignment, and high porosity formed in the
spinning process (21-24). To solve these
issues, various posttreatment approaches have
been developed to modify the hierarchical
structures of CNTFs (25, 26), including solu-
tion densification (27, 28), mechanical treatment
(20), and thermal annealing (29). However, the
tensile strength of CNTFs (<10 GPa), especially
the dynamic strength, is far lower than that of
individual CNTs (>100 GPa), indicating that
there is still plenty of room for improving the
strength of CNTFs.

We developed a strategy that includes pro-
gressive stretching, infusion with PBO nano-
fibers and molecular chains (hereafter PBOs),
and mechanical rolling to improve the inter-
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densification of CNTFs (Fig. 1A and fig.'- -
Briefly, functionalized CNTFs (F-CNTFs) are
first immersed in chlorosulfonic acid (CSA)
solution containing PBOs and swell visibly
owing to the protonation effect (30). Afterward,
PBOs are infused into F-CNTFs during the pro-
gressive stretching treatment (PBO-CNTFEs). Finally,
mechanical rolling is used to densify PBO-
CNTFs (D-PBO-CNTFs) (31). This approach
can be used to continuously produce high-
performance tows (Fig. 1B and fig. S2). Our
experimental characterizations demonstrate
that the as-obtained fibers have a highly ordered
and densely packed structure with strong inter-
facial interactions (Fig. 1, C and D). Conse-
quently, D-PBO-CNTFs exhibit a high quasi-
static tensile strength of 8.2 + 0.2 GPa and a
toughness of 170.3 = 17.9 MJ m?, yielding a
355% increase in the tensile strength and a 106%
increase in the toughness compared with F-
CNTFs (Fig. 1E). The resultant fibers exhibit a
dynamic strength of 14.0 + 0.7 GPa and a tough-
ness of 462.6 + 1021 MJ m™ under a high strain
rate of about 1400 s, values that are higher than
those of commerecial fibers (e.g., 7.2 + 0.8 GPa and
295.0 + 59.5 MJ m™® for PBO fibers, 4.6 + 0.2 GPa
and 174.6 + 11.6 MJ m ™ for Kevlar 29 fibers tested
under the same conditions as D-PBO-CNTFs;
Fig. 1E).

Fabrication and structure of CNTFs

We first produced continuous CNTFs by float-
ing catalyst chemical vapor deposition (fig. S3A)
(17). The as-spun fibers contained impurities
such as metallic catalyst particles and amor-
phous carbon (fig. S3B). To purify and func-
tionalize these fibers with oxygen-containing
functional groups (e.g., hydroxy groups), we
adopted the posttreatments of weak oxida-
tion and acid washing (fig. S1A). Through these
treatments, thermogravimetric analyses dem-
onstrated that most of the residual impurities
in F-CNTFs had been removed (fig. S4), and
Raman spectra and x-ray photoelectron spec-
troscopy (XPS) of F-CNTFs confirmed the func-
tionalization of CNTs (figs. S5 and S6 and table
S1) (31). Compared with the pristine fibers,
F-CNTFs produced by the purification process
exhibited a more compact structure (fig. S7),
and the as-obtained fibers subjected to a 12-
hour oxidation treatment exhibited an im-
proved tensile strength (fig. S8 and table S1);
these fibers were chosen as the raw fibers
for further optimization in the following
investigation.

When immersed in a CSA bath, F-CNTFs
swell by side-wall protonation (fig. S9), which
offers plenty of room to rearrange the entan-
gled and porous networks for the improve-
ments of alignment and densification of fibers.
By subjecting F-CNTFs to CSA treatment for
10 min with a stretching ratio of 20%, the as-
obtained CSA-CNTFs exhibited a substantial
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Fig. 1. Preparation, morphology, and mechanical properties of CNTFs.

(A) Strategy to develop highly packed and well-aligned CNTFs. (B) Digital
photograph of PBO-CNTF tows. (C) Three-dimensionally reconstructed

void microstructure (right) derived from nano-CT results (left) for D-PBO-CNTFs.

improvement in tensile strength (figs. S10
and S11 and tables S2 and S3). Furthermore,
a progressive stretching treatment was intro-
duced. After optimizing the drawing speeds
under a certain stretching process, longitudi-
nal scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images
showed that the CNTs yield an increase in the
alignment along the fiber axial direction (fig.
S12). Herman’s orientation factor (f) values mea-
sured by wide-angle x-ray scattering (WAXS)
also support an improvement in the alignment
of CNTs. The ffor CSA-CNTFs obtained at an
optimized stretching rate of 3% per min was
0.90, higher than that of F-CNTFs (0.66) and
other fibers prepared at higher drawing speeds
(fig. S13 and table S4) (3I). This might be be-
cause the mechanical treatment at a low drawing
speed provides adequate time to disentangle and
reorient the CNTSs, resulting in the enhancement
of tensile strength, Young’s modulus, and tough-
ness (fig. S14: and table S5). Solely progressive
stretching treatment cannot fully eliminate the
voids, as shown in the CSA-CNTFs (fig. S16A).
To address this issue, PBOs were infused into
CNTFs by uniformly dissolving PBO fibers in a
CSA bath at different weight percentages (wt %)
(fig. S15) during the progressive stretching treat-
ment. Both the elemental analyses and thermo-
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gravimetric analyses demonstrated that
PBO-CNTFs treated in the PBOs-CSA solution
with a PBO concentration of 0.05 wt % ex-
hibited the highest PBO content (fig. S17 and
table S6). Such PBO-CNTFs showed high den-
sification (fig. S16), alignment (Fig. 2A and fig.
S18), and mechanical properties (fig. S19 and
table S7). Optimal D-PBO-CNTFs were fabri-
cated by applying mechanical rolling on these
PBO-CNTFs.

We compared the alignment, densifica-
tion, and interfacial interactions of F-CNTFs,
CSA-CNTFs, PBO-CNTFs, and D-PBO-CNTFs. First,
we investigated the alignment of these fibers.
The orientation factors measured by WAXS
for CSA-CNTFs (0.90), PBO-CNTFs (0.94), and
D-PBO-CNTFs (0.92) were higher than that for
F-CNTFs (0.66), which is consistent with results
of polarized Raman spectra (fig. S20). This
indicates that the PBOs-assisted progressive
stretching treatment can effectively improve
the alignment of CNTs along the fiber axis (Fig.
2, B to D, and table S8). Second, the densifi-
cation of these fibers was evaluated by small-
angle x-ray scattering (SAXS) (32), which indicated
that D-PBO-CNTFs have the densest structure
(fig. S21). We also reconstructed the micro-
structures of fibers using nanoscale x-ray com-
puted tomography (nano-CT) and measured
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(D) SEM (left and middle) and TEM (right) images of the radial cross section
of D-PBO-CNTF cut by a focused ion beam. (E) Radar chart for comparing
the mechanical performance of different CNTFs and commercial fibers (PBO and

the porosities accordingly (Fig. 2, F and H,
fig. S22, and movies S1 to S4). The porosities
of F-CNTFs (4.8%), CSA-CNTFs (2.7%), and
PBO-CNTFs (1.9%) are higher than that of
D-PBO-CNTFs (1.0%). These results are con-
sistent with the cross-sectional SEM images,
SAXS characterization, and density measure-
ments (Fig. 2, E and G, and table S9). Third, we
explored the interfacial interactions by Fourier
transform infrared spectroscopy (FTIR) spectra.
The redshift of the hydroxy group peak indi-
cated the hydrogen-bond interactions between
CNTs and PBOs (fig. S23A).

Performance of CNTFs

The structural optimization endows the fibers
with improvements in quasi-static mechani-
cal properties and electrical conductivities.
D-PBO-CNTFs have a tensile strength of 8.2 +
0.2 GPa, a Young’s modulus of 172.7 + 9.6 GPa,
a toughness of 170.3 + 179 MJ m®, and an
electrical conductivity of 2.9 x 106 S m™, which
are 4.6, 1.7, 2.1, and 5.8 times those of F-CNTFs
(1.8 + 0.2 GPa, 99.8 + 7.3 GPa, 82.5 + 64 MJ m™>,
and 0.5 x 10° Sm™,; Fig. 3, A and B, and table S9),
respectively. F-CNTFs show an intertube slip-
page failure morphology, whereas D-PBO-CNTFs
exhibit a failure morphology with much fewer
pull-out bundles (fig. S24,).
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Fig. 2. Structural characterization of CNTFs. (A) SEM (two images on the left)
and TEM (remaining) images of the axial cross section of PBO-CNTFs cut by a
focused ion beam. (B) WAXS patterns of F-CNTFs, CSA-CNTFs, PBO-CNTFs, and
D-PBO-CNTFs. (C) Azimuthal intensity profile of different fibers. a.u., arbitrary

From the ultrahigh quasi-static mechanical
properties, we can further estimate the ballis-
tic resistance of fibers via Cunniff velocity (¢*) =
[(oe/2p) (Ep)/?12 (4), where o, €, E, and p are
tensile strength, elongation at break, Young’s
modulus, and density of fibers, respectively.
These data show that D-PBO-CNTFs have the
best potential for the application of ballistic-
resistant materials (Fig. 3C and table S11). It
should be noted that c¢* is a rough estimation
because it depends on the loading rates and
local plastic deformation (2). More accurately,
the high-strain rate performance of fibers was
investigated using a mini-split Hopkinson ten-
sion bar (figs. S25 to S27) (3, 3I). The shape of
stress-strain curves of CNTFs at the high strain
rates (Fig. 3D), that is, the stress after the peak
value does not drop suddenly, is different from
that at quasi-static loading (Fig. 3A). This is
because CNTFs have insufficient time to reg-
ulate rate-sensitive conformations, such as dis-
entanglement, reorientation, and slippage of
nanotubes, thus exhibiting a “cascade-like” break-
ing of individual CNTs (22, 33). Compared with

Zhang et al., Science 384, 1318-1323 (2024)

the quasi-static strength, D-PBO-CNTFs exhib-
it a dynamic strength of 9.2 + 0.8, 11.0 + 0.7, and
14.0 = 0.7 GPa at strain rates of about 500,
950, and 1400 s, which increase by 12.2, 34.1,
and 70.7%, respectively. This indicates an im-
provement in strengthening efficiency as the
strain rate increases (table S12). The dynamic
strength of D-PBO-CNTFs at a strain rate of
about 1400 s is 6.1, 2.3, and 1.4 times that of
F-CNTFs, CSA-CNTFs, and PBO-CNTFs, respec-
tively (Fig. 3, D and E), and substantially sur-
passes those of all other high-performance
fibers (Fig. 3F and table S12). Meanwhile, the
dynamic toughness of D-PBO-CNTFs reaches
462.6 +102.1 MJ m™ (Fig. 3G), which exceeds
that of other high-performance fibers (34, 35).
Furthermore, the fracture morphologies show
that the intertube slippage of CNTFs at the high
strain rates is inhibited, and PBO-CNTFs and
D-PBO-CNTFs exhibit a ductile-to-brittle transi-
tion in the fracture mode (fig. S28) (22, 31).

To directly assess the impact resistance of
these fibers, we performed laser-induced high-
velocity transverse impact testing (Fig. 3H and
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units. (D) Comparison of the alignment of CNTs within fibers. (E and G) SEM
images of cross sections cut by a focused ion beam for F-CNTFs (E) and PBO-CNTFs
(G). (F and H) Three-dimensional void microstructures reconstructed by nano-CT
(blue represents the internal voids) for F-CNTFs (F) and PBO-CNTFs (H).

figs. S31 and S32). The specific energy dissipa-
tion power (SEDP) of a single fiber, which is
equal to 7.5 x 10'° kg™ multiplied by its trans-
verse velocity (cr), is a figure of merit to eval-
uate its dynamic energy absorption capacity
(figs. S29 and S30) (2, 31), where cr is the
transverse velocity. It is challenging to accu-
rately measure the SEDP of D-PBO-CNTFs
with a narrow ribbon-like cross section because
it depends on the bending resistance along the
impact direction (fig. S33 and table S13). Hence,
we only compared the SEDP values of the other
three fibers. Among these fibers, PBO-CNTFs
have the highest SEDP value [(8.7 + 1.0) x
10" m kg™ s7; Fig. 31 and table S14] (2). The
impact resistance of PBO-CNTFs is attri-
buted to the high longitudinal wave speed.
Finite element simulations demonstrated that
the high longitudinal wave speed [¢;, = (Ep)"? =
114 km s™] helps to delocalize the impact
energy (fig. S34, A and B), which is consistent
with experimental results (fig. S32 and table
S14). After the high-velocity transverse impact,
the craters on the surface of PBO-CNTFs are
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Fig. 3. Mechanical properties of CNTFs. (A) Quasi-static stress-strain curves
of F-CNTFs, CSA-CNTFs, PBO-CNTFs, and D-PBO-CNTFs. (B) Comparison of
quasi-static tensile strength, Young's modulus, and toughness of different CNTFs.
(C) Comparison of specific energy absorption and longitudinal wave velocity of our
fibers (indicated by stars) and other high-performance fibers. (D) Stress-strain curves
of F-CNTFs, CSA-CNTFs, PBO-CNTFs, and D-PBO-CNTFs at high strain rates

of about 1400 s™%. (E) Comparison of the strength of CNTFs at different strain

rates. Error bars indicate the standard deviation of the means of independent

not visible compared with those on CSA-
CNTFs (fig. S34, C and D), suggesting that
the high dynamic strength of PBO-CNTFs
helps to maintain the structural integrity.

Strengthening mechanism of CNTFs

To further determine whether covalent bonds
are broken, we measured Raman mapping
spectra on the impact region of the fibers and
observed an increase in the Ip/I; value (fig.
S37), where I, is the intensity of D-band and I is

Zhang et al., Science 384, 1318-1323 (2024)

deviation.

the intensity of G-band, which is a signal of bond
breaking or atomic rearrangement that also
contributes to dissipating energy (2, 36-38).
The analyses we describe next show that the
simultaneous breakage of CNTs is of central
importance to achieving ultrahigh dynamic
performance, which results from improvements
in interfacial interactions, nanotube alignment,
and densification of CNTFs. Regarding the inter-
facial interactions, we performed experiments
using in situ Raman spectroscopy and stress

21 June 2024

measurements. (F) Comparison of the dynamic strength of our fibers and other
high-performance fibers at high strain rates. (G) Comparison of the dynamic
toughness of CNTFs at different strain rates. Error bars indicate the standard
deviation of the means of independent measurements. (H) Schematic diagram of
laser-induced high-velocity transverse impact on a single fiber. Here, PDMS, v, At, and y
represent polydimethylsiloxane, impact velocity, interval time, and deflection angle,
respectively. (I) SEDP values of different fibers. Error bars indicate the standard

relaxation. When the applied strain of F-CNTFs
is less than 1.3%, the G-band frequency in the
Raman spectra shows a small downshift. After-
ward, a plateau region extends from 1.3 to 2.5%
(Fig. 4A), indicating that the further increase
of applied strain does not transfer the stress
into CNTs. For CSA-CNTFs, because both the
alignment and densification are improved
compared with F-CNTFs, the plateau region
extends from 2.5 to 3.3% (fig. S38A). By con-
trast, there is a continuous strengthening stress
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Fig. 4. Mechanistic analyses of the dynamic performance of CNTFs.

(A) Dependence of Raman frequency downshifts on the applied strains for F-CNTFs
and PBO-CNTFs. (B) Stress-relaxation curves of different fibers at 1.5% strain.

(C) Simulation snapshots of progressive stretching treatment for CNTFs with and
without PBO. (D) Structures and cross-sectional morphology of the simulated model.
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(E) Snapshots of deformed D-PBO-CNTFs under low (left) and high (right)
loading velocities. The atoms are colored according to the bond strain. (F) Stress-
strain curves of CSA-CNTFs and D-PBO-CNTFs under low and high loading
velocities. (G) Percentage of broken CNTs for CSA-CNTFs and D-PBO-CNTFs during
the tensile process, which is counted up to the peak stress in the stress-strain curves.
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transfer to CNTs over the whole strain range
for PBO-CNTFs and D-PBO-CNTFs, and the
downshift per unit strain is about twice as high
in PBO-CNTFs and D-PBO-CNTFs compared
with F-CNTFs and CSA-CNTFs (Fig. 4A and
fig. S38). Meanwhile, D-PBO-CNTFs show the
highest resistance to stress relaxation (Fig. 4B).
The increased load transfer efficiency suggests
that there are strong interfacial interactions
between PBOs and CNTs. We also investigated
the interfacial interactions by atomistic simu-
lations. At the nanoscale, our calculations
show that the persistence lengths of multi-
walled CNTs and PBOs are 1.9 x 10° and 38 nm,
respectively, which are generally consistent
with prior reports (39, 40). These results indi-
cate that PBOs are much more flexible than
CNTs. The discrepancy in flexibility between
PBOs and CNTs implies that PBOs would
preferentially adsorb onto the rigid CNTs (figs.
S39 and S40). The combination of relatively
flexible PBOs and relatively rigid CNTs would
result in an increased effective contact area.
Meanwhile, the interfacial energy between
PBOs and CNTs (71.2 meV per atom) is also
higher than that between two CNTs (55.5 meV
per atom). Consequently, the increased contact
area and interfacial energy account for the
improvements in interfacial interactions and
load transfer efficiency (fig. S41).

We explored the effect of nanotube align-
ment and densification on the behavior of
CNTFs using coarse-grained molecular dyna-
mics (CGMD) simulations. The simulations of
progressive stretching treatment show that
the fibers undergo a reorganization of micro-
structures—including curving, reorientation,
straightening, and sliding of nanotubes and
bundles—toward a more uniform, compact, and
ordered structure (Fig. 4C and fig. S42). As
shown in Fig. 4C, the voids are observed in
CNTFs without the addition of PBOs, whereas
these voids are filled in CNTFs with the add-
ition of PBOs. This leads to an increase in sim-
ulated densities from 1.26 to 1.31 g cm 3, values
that are generally consistent with experimental
characterizations of CSA-CNTFs (1.24 g cm™)
and PBO-CNTFs (1.28 g cm ™), as summarized in
table S9. Meanwhile, the alignment of CNTs in
CGMD simulations is also improved from 0.91
for CSA-CNTFs to 0.93 for PBO-CNTFs, which is
attributed to an increased load transfer effi-
ciency due to the addition of PBOs. These sim-
ulations are generally consistent with our above
experimental characterizations of the alignment
and densification. Finally, we did tensile tests of
fibers under low and high loading velocities (Fig.
4, D to F). The strain distributions show that the
strain primarily localizes at the slippage region
under the low loading velocity, whereas CNTs
deform more uniformly under the high load-
ing velocity (Fig. 4E). Our simulations demon-
strate that the tensile strength of D-PBO-CNTFs
under low and high loading velocities is 8.4 and
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16.3 GPa, respectively (Fig. 4F). To under-
stand the macroscopic performance of CNTFs
under low and high loading velocities, we per-
formed analyses by tracking the microscopic
behaviors of each CNT within the fibers. Fig-
ure 4G shows that under the low loading velocity,
only about 2 and 6% of CNTs within CSA-
CNTFs and D-PBO-CNTFs, respectively, break
(3D), indicating that the slippage of nanotubes
dominates the failure. By comparison, under the
high loading velocity, CNTFs have insufficient
time to fully regulate rate-sensitive conforma-
tions, such as disentanglement, reorientation,
and slippage of nanotubes, which results in a
high percentage of CNTs breaking. Up to the
peak stress, about 54 and 60% of CNTs break
for CSA-CNTFs and D-PBO-CNTTFs, respectively.
The percentage of broken CNTs within
CSA-CNTFs is higher than that broken within
D-PBO-CNTFs before a strain of about 4%.
This is because the inferior structure of
CSA-CNTFs leads to stress concentration as
well as premature breakage of CNTs. The
breakage of CNTs within the D-PBO-CNTFs is
much more simultaneous than that within
CSA-CNTFs, and the percentage of broken
CNTs within the D-PBO-CNTFs becomes larger
after a strain of about 4% (Fig. 4G). This
simultaneous breakage of CNTs within the
D-PBO-CNTFs under a high loading velocity
originates from the improvements in interfa-
cial interactions, alignment, and densification,
which accounts for the high dynamic strength
of these fibers.

Summary

We developed a strategy to fabricate CNTFs with
a dynamic strength of 14 GPa. This strategy
leads to improvements in interfacial inter-
actions, nanotube alignment, and densification
within the fibers. Multiscale analyses combined
with experimental evidence revealed that the
dynamic performance of CNTFs is primarily
due to the simultaneous breakage of individual
nanotubes and the exceptional impact-energy
delocalization that occurs during the high-
strain rate loading process. Our work provides
a feasible route to harness the intrinsic strength
of individual CNTs at the macroscale to fab-
ricate impact-resistant fibrous materials.
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Materials and Methods
Preparation of the pristine carbon nanotube fibers (CNTFs)

The as-spun CNTFs were prepared by the floating catalyst chemical vapor deposition method
(17). The diameter of the reactor tube was 100 mm and the length of the high-temperature reaction
zone was 760 mm. The precursor solution containing a liquid carbon source (typically, acetone)
with dissolved ferrocene (Aladdin, 99%) and thiophene (Aladdin, 99%) was injected uniformly
into the reactor tube at a rate of 30 mL h™! and carried into the high-temperature zone by a mixture
of hydrogen and argon (5 L min!). The CNTs were formed in the reaction zone at 1300 °C and
further assembled into the hollow cylinder-like aerogels. Then the aerogels formed continuous
fibers as they were passing through the water bath, and the CNTFs were collected on a bobbin
with a spinning rate ranging from 15 to 25 m min~'. Finally, the CNTFs were dried at 400 °C.

Preparation of F-CNTFs

The pristine CNTFs were first treated in H202 solution (Macklin, 30%) at 60 °C and washed
with deionized water to remove the amorphous carbon and introduce the oxygen-containing
functional groups. Based on the different treatment time (6, 12, and 24 h, respectively), the
following three fibers were obtained: H202-6 h-CNTFs, H202-12 h-CNTFs, and H202-24 h-
CNTFs. The oxidized fibers were immersed in acid to remove the iron catalyst impurities. Then
the fibers were washed with deionized water and dried in an oven at 120 °C under an air atmosphere
to remove the residual water, and the F-CNTFs were finally obtained.

Preparation of CSA-CNTFs

The F-CNTFs were first immersed into chlorosulfonic acid (CSA) solution (Aladdin, 99.5%)
for varying durations (5, 10, and 20 min), and their mechanical properties were explored to
determine the proper immersion time. Then the effect of stretching ratios (5%, 10%, 20%, and
25%) on the tensile strength of F-CNTFs was examined with an immersion time of 10 min. Based
on the above results, the F-CNTFs were immersed into a CSA solution and treated by a progressive
stretching treatment. The following three fibers were prepared based on the different stretching
rates (6, 4, and 3% min ') under 5 stretching processes: CSA-6% min '-CNTFs, CSA-4% min -
CNTFs, and CSA-3% min'-CNTFs. Then the fibers termed CSA-CNTFs were introduced into
the acetone (Aladdin, 99%) bath for densification.

Preparation of PBO-CNTFs

The poly(p-phenylene-2,6-benzobisoxazole) (PBO) fibers were infused into the CSA solution
with a weight of 0.025, 0.05, and 0.1 wt%, respectively, which were provided by China Bluestar
Chengrand Research Institute of Chemical Industry
(http://www.Ixcgy.chemchina.com/zlcgen/28882.html). The molecular weight and viscosity of
PBO were measured as 69,322 g mol™!' and 1.37 dL g!, respectively. The mixed solutions were
magnetically stirred for 3 h at room temperature, forming the yellow PBOs dispersions. Then the
F-CNTFs were introduced into the uniform PBOs-CSA baths and treated by the aforementioned
progressive stretching treatment, and these obtained fibers were denoted as PBO-CNTFs.

Preparation of D-PBO-CNTFs

The mechanical densification treatment (MSK-2150, SHENZHEN KEJINGSTAR technology
company, Ltd., China) was developed to further improve the packing density for the preparation
of D-PBO-CNTFs. First, the PBO-CNTFs were sandwiched between two aluminum foils. Then




the two rollers were adjusted until there was no visible gap between them, and the running rollers
were used to roll the samples. Finally, the D-PBO-CNTFs were produced.

Linear density tests of fibers by the weighing method

The linear density of fibers was measured by the weighing method, which was calculated by
D=WIL, (1)
where D (tex), W (g), and L (km) are the linear density, weight, and length of the fibers,
respectively. The measured linear densities, densities, specific strength, and specific modulus were
summarized in table S10.

Wide angle x-ray scattering (WAXS) and small angle x-ray scattering (SAXS) measurements

WAXS and SAXS measurements were conducted on a SAXS/WAXS system (Xenocs, Xeuss
3.0) using an incident Cu-Ko x-ray beam perpendicular to the fiber axis. The sample-to-detector
distances during WAXS and SAXS measurements were 60 and 900 mm, respectively. The analysis
of WAXS patterns was performed by FIT 2D software. The orientation of CNTs was quantified
by Herman’s orientation factor (f) (4/), which was defined as follows,

3cos’ p—1
f = ()
where g is the angle between the fiber axis and the crystal plane, and cos?¢ is the average value of
the square of the cosine of the azimuthal angle of CNTFs, which is calculated as follows,

ION/ZI (¢)cos® psinpde
/2 .
IO I(p)sinpde

where /() is the intensity at an azimuthal angle of ¢.

The resulting analysis of SAXS patterns was performed by FIT 2D software and xPolar software.
SAXS can be used to evaluate the difference in electron density between different phases and thus
to analyze the internal structure of fibers. Here the analysis was focused on the fiber streak, and
fig. S21B shows plots of the fiber streak intensity for different fibers as a function of the scattering
vector g (defined as 4 sinb/A) (32).

cos’ @ =

3)

Orientational order parameters (s) from polarized Raman spectra

To further demonstrate the evolution of orientation of modified CNTFs, the polarized Raman
spectra of G bands were performed (fig. S20). The orientational order parameter (s) was calculated
from the polarized resonant Raman spectroscopy (532 nm excitation) by measuring the G peak
intensity / from three different scattering geometries (/vv, Ivu, and /nn) by the following equation
(42):
o 31, +31,, — 41y, . @

31, +121,, + 81,
Half-wave plates were used to rotate the incident and/or scattered polarity. The values of s for

F-CNTFs, CSA-CNTFs, PBO-CNTFs, and D-PBO-CNTFs are 0.46 + 0.2, 0.78 + 0.1, 0.85 £ 0.3,
and 0.82 + 0.2, respectively, which were evaluated at least 6 places on each fiber.

Quasi-static mechanical properties
Quasi-static mechanical properties of different fibers were performed by a universal testing
machine (Shimadzu, EZ-LX with a 5 N load cell) with a loading rate of 1 mm min™'. The fiber
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samples for the tensile tests were attached to a paper frame using epoxy glue, and the gauge length
was 10 mm. Before the quasi-static tensile testing, the cross-sectional areas of CNTFs were
obtained using ImagelJ software from cross-sectional scanning electron microscopy (SEM, FEI
Quattro S, Thermo Fisher Scientific, acceleration voltage 5-10 kV) images. The samples were
sandwiched between the two clamps, and released by cutting the legs of the paper frame. Then the
uniaxial tension was exerted on the samples and the stress-strain curves were recorded. After the
measurements, mathematic analysis of Young’s modulus and toughness was obtained. The
modulus was equal to the slope of curves at 0.1-0.5% strain, and the toughness was calculated by
integrating the area of the stress-strain curves. The average mechanical properties (tensile strength,
Young’s modulus, elongation at break, and toughness) and their corresponding standard deviations
were calculated based on the 4-5 measurement results. It is worth noting that the few samples that
broke near the clamps were excluded from the calculations.

Stress relaxation measurements

The stress relaxation experiments were carried out by stretching the fibers to 1.5% strain at a
loading rate of 1 mm min! using a mechanical testing machine (Shimadzu, AGS-X, 5 N load cell).
Then the dependence of stress on time was recorded while the strain was maintained.

Dynamic mechanical properties

The dynamic mechanical properties of single fibers under high strain rates were measured by a
developed mini-split Hopkinson tension bar (mini-SHTB) (fig. S25). The fibers were glued to the
paper frame with a gauge length of 5 mm and then fixed onto the mini-SHTB. Similarly, before
the testing, the legs of the paper frame were cut carefully to release the single fiber. A gas gun was
used to launch the sleeve-typed projectile on the energy-absorbing bar fixed at the end of the
incident bar to generate a tensile stress wave simultaneously. It propagated along the incident bar
and arrived at the samples, resulting in the fracture of fibers under the dynamic tension. A high-
frequency quartz piezoelectric force sensor (Kistler 9001, 180 kHz) was used to measure the
rupture force of the fiber. The loading end of the incident bar could be regarded as a free boundary
condition compared with the fibers due to the sufficient high impact impedance of the incident bar.

As a result, the strain rate £(?), strain &(¢), and stress o(f) of a single fiber at different time can be
analyzed,

£(1)=2€,7". 5)

g(z)=2cojo'%dt, (6)
F

G(l‘)zz, (7)

where Co, /s, and As are elastic wave velocity of the incident bar, length, and cross section area of
fibers, respectively. &1 and F are strain in the incident bar and force of fibers, respectively.

The measured strain as given by Eq. (6) is contributed by the axial elongation of fibers and the
relative sliding between the specimens and fixture. Therefore, the actual strain of a single fiber
needs a calibration (34), which can be determined according to the linear relationship between
Al/F and Is/4s, where Al is the displacement of fibers measured directly by the mini-SHTB. The
PBO fiber samples with gauge lengths of 5 mm, 6 mm, and 8 mm were prepared and tested at a
high strain rate as shown in fig. S26. The value of system compliance, Cs, is determined as the
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intercept 0.0015 mm N~! for the zero-gauge length. As a result, the actual strain of a single fiber
is obtained as
Al -CF
8Corrected = : (8)
ZO

The typical incident stress wave and force signals of a single fiber are shown in fig. S27A and
the corresponding engineering stress-strain curves are shown in fig. S27B. The constant strain rate
condition is obtained when the strain is larger than 1%, validating the experimental measurements
of dynamic mechanical properties of single fibers. Figure 3D shows the typical engineering stress-
strain curves of F-CNTFs, CSA-CNTFs, PBO-CNTFs, and D-PBO-CNTFs at the strain rate of
about 1400 s!, from which the fracture toughness of fibers is the area of the region enclosed by
the stress-strain curve and coordinate axis.

Laser-induced high-velocity transverse impact testing

Xie et al. (2) proposed a measurement, “SEDP”, to evaluate the specific energy dissipation
power of fibers under ultrahigh strain rate (USR) tests. The results show that SEDP of fibers
increases linearly with increasing the transverse wave velocity, cr, under their experimental
conditions for four types of fibers.

In Xie’s article (2), it is unknown why SEDP = 7.5 x 10'° kg™! cr in the impact velocity of about
500 m s ! and whether the linear relationship between SEDP and cr is applied to other fibers under
a wide range of impact conditions. According to their work (2), the SEDP is defined as the
maximum slope of E£*, which can be calculated as

E*
SEDP = maxw, 9)

E*(t) = Ek(O)_Ek(t)

E 044 °

where 4 is the linear mass density of the fiber, E«(0) and Ex(?) are the initial kinetic energy and the
kinetic energy at time ¢ of the probe-particle, respectively.

To unveil the underlying mechanism between SEDP and cr, the kinetic energy and strain energy

of a fiber under the high-velocity transverse impact are analyzed. During the transverse impact,

the kinetic energy of a probe-particle is converted into the strain energy (Ws) and the kinetic energy
(Wk) of the fiber,

(10)

W, =Ac,t jo o(e)de, (11)
WK=1( ! ﬂjvz(r), (12)
2\ cosy

where A4 is the cross section of fiber, ¢ins is the instantaneous strain, a(¢) is the stress, and y is the
deflection angle (fig. S29).
According to the conservation of energy, after a time interval (Az?),

. 2| Ac At  oe)de + 1| AL v
AE 1 0 2\ cosy .

At E (0) AAt

Assuming that the fiber is in the linear elastic deformation stage,

SEDP = (13)




1 1
2{2 Ac Eg], +(CT/1jv2(t)} | Ac Eg’, +(CT/1JVZ (®)

2 14
SEDP = cosy _ cosy (14)
E (0) A E (0) A
Eq. (14) is rewritten as
SEDP = {c;g;s TR (r)} : (15)
A cosy
For the transverse impact of the fiber, the relationship among the ct, cL, and vo is (43)
1 2
¢ :(%)3v03 . (16)
Substituting Eq. (16) into Eq. (15),
8 .2 2
SEDP=—1 | %18 VO (17)
E (0)| v, cosy

The relationship among cL, vo, and ¢ins 1s (44)

VO :cL\/gins |:2\/ gins (1+gins)_gins:| . (18)

Since Xie et al. (2) used an ultrahigh-speed camera to capture the movement of the probe-
particle, the time interval is very small and therefore we neglect the decay of the speed of the
probe-particle at the initial impact process,

v(t) =v,. (19)

As aresult, Eq. (17) can be rewritten as

8 .2 2
SEDP = —! {&Tfmw Yo }cngcT, (20)
E ) v, cosy
8 2 2
g — 1 8chinS + vO ) (21)
E0)] v, cosy

Taking y and cr from the study of Xie et al. (2), the values of ¢ for various fibers are calculated
as listed in table S15 according to Eq. (21), which are very close to 7.5 x 10! kg™!. Therefore, the
underlying mechanism of SEDP and cr for four types of fibers is obtained.

Based on Eq. (17) and Eq. (19), the indicator SEDP can be written as

8 8 A2 2
SEDP=—1 | %18, %o |, (22)
E (0)] v, cosy
The relationship among cL, vo, and y is taken as (45)
2, 4
y~tan" (=2), (23)
59

Substituting Eq. (23) into Eq. (22),

2
SEDP = Tins . c (24)
E )| v T
(O] v co{tam1 (2‘)())3}
CL



Eq. (18) can be rewritten as

ins2 |:4gins + Sginsz — 48,0\ Eins (1+&, ):| . (25)

4_ 4
V, =C. &

Since ¢ins 1s a generally tiny value between 0 and 0.1 under a transverse impact, Eq. (25) can be
simplified as
V04 ~ 4cL4gins3 . (26)

As aresult, Eq. (24) can be simplified as

1 |y} v, 1
SEDP = 20 %+ 0 > 19 0 ger, (27)
’ cos [tan_l (503 } *
gt
2 1
cos{tanl(z‘}‘))3} ' (28)
cL

For different initial velocities of probe-particle, the relationship between cL and {'in Eq. (28) is
illustrated in fig. S30. As cvL of high-performance fibers such as aramid fibers (46), carbon fibers
(47), M5 fibers (48), ultrahigh molecular weight polyethylene (UHMWPE) fibers (49), PBO fibers
(50), CNTFs (51), and Kevlar 129 fibers (52) are generally larger than 7000 m s!, ¢ is almost a
constant value for a given vo. As a result, the SEDP of high-performance fibers can be determined
by measuring cr at a given impact velocity vo.

Based on the above discussion, the SEDP can be determined by directly measuring cr as long
as the impact velocity is ensured to be approximately constant, e.g., large-mass particle impact, in
which condition we do not need to capture accurately the velocity history of the projectile. In view
of this, we develop an effective experimental method to obtain the SEDP of fibers under high-
velocity transverse impact, which is similar to advanced laser-induced micro-projectile impact
testing (a-LIPIT) as shown in fig. S31. After the laser ablation of the 100-nm-thick gold film, a
polydimethylsiloxane (PDMS) layer with 76-um-thick was rapidly expanded, causing the swelling
PDMS film, i.e., the conical-shaped projectile, to impact the fiber specimen at a high speed. The
high-speed camera (KIRANA UHS Camera) with an imaging velocity of 5 x 10° fps and the SI-
LUX640 automatic laser lighting system were used to capture the impact process. The SEDP of
the fiber can therefore be determined through image measurements of the rigid velocity of the
conical-shaped projectile and cr of the fiber. It can be seen that the efficiency of the new
experimental method is improved compared to the experimental method of Xie et al. (2).

Therefore, the SEDP of these fibers is obtained by measuring cr under the supersonic transverse
impact by a high-speed imaging system. The initial two frames and the last two frames were used
to calculate the impact velocities and cr of a single fiber, respectively (fig. S32). The impact
velocity in our work was about 500 m s™'. The measured SEDP of nylon fibers is consistent with
the previous study (2), providing a validation of our experimental method.

Numerical Modeling

We used ABAQUS to simulate the performance of a single fiber under the transverse impact.
The conic PDMS film induced by the laser was modeled as a rigid body. The single fiber was
modeled as a three-dimensional continuum. Due to the symmetry of the numerical model, the 1/4
model with 626,400 elements was built to simplify the computation. The fiber was fine-meshed
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with 232 elements in the cross section and 2,700 elements along the length. The transversely
isotropic linear elastic constitutive model was chosen to describe the mechanical behavior of the
fiber. The quasi-static elastic modulus was used, and other parameters, such as the shear modulus
and Poisson’s ratio, were obtained from the study of Xie et al. (2). The simulated details are listed
in table S16. The simulation results manifest that the bending stiffness of fibers has a noticeable
impact on the SEDP, which is determined by the cross-sectional morphology and impact direction
(fig. S33 and table S13). Notably, the higher bending stiffness leads to a smaller deflection angle
(Fig. 3H), resulting in a higher cr. Interestingly, the finite element simulation results of CSA-
CNTFs and PBO-CNTFs indicate that more volume of fiber participates in the consumption of
impact energy because of the increase in cL after the infusion of PBOs (fig. S34, A and B).

Deformation of the fiber after an impact

Figure S35 demonstrates the deformation of the fiber after an impact of 400 ns. Figure S36
shows the history of displacement, velocity, and acceleration of the conic PDMS film. We can
evaluate the force applied on the fibers by the product of mass and acceleration of the conic PDMS
film. The compression of the fibers at the moment of impact makes the acceleration of conic PDMS
film reach the peak value (2.88 x 10® m s72), and the calculated force is about 2.44 N, which is
higher than that in Xie’s article (70 mN) due to the fact that in our work the fiber has a larger cross-
sectional area (4.84 times) and a heavier impactor (265 times). In order to accurately obtain the
force on the fibers in a transverse impact, we will also use sensors to monitor in the future.

All-atom molecular dynamics simulations

All-atom molecular dynamics (MD) simulations were performed using large-scale
atomic/molecular massively parallel simulator (LAMMPS) computational package (53). The
polymer consistent force field (PCFF) was employed to describe the interatomic potentials (54).
The long-range Columbia interaction was included using particle-particle-particle mesh (PPPM)
method (55), while the van der Waals interaction was described by the 6/9 Lennard-Jones potential
e[2(a/r)’-3(0/r)®] with a cutoff distance of 1.0 nm. To integrate the Newton equations of motion,
the Verlet algorithm was adopted with a time step of 0.5 fs. Prior to initiating the tensile
deformation protocol, the constructed structures underwent energy minimization using a conjugate
gradient algorithm. The mechanical responses to tensile loads of these structures were then
investigated at nearly zero K using a Nosé-Hoover thermostat.

To investigate the effect of PBOs on the mechanical resistance of functionalized CNTs, we
constructed models consisting of two CNTs with a length of 16 nm and a radius of 0.67 nm.
Randomly distributed hydroxy groups were used to functionalize two CNTs, and the edges of tubes
were terminated by hydrogen atoms. The chemical composition of CNT was nc:no:nn =
1:0.08:0.10, which was from experimental evidence. PBO chains were wrapped around CNTs. The
interlayer distance between CNTs was 0.85 nm, consistent with that between graphene oxide (GO)
sheets characterized in experiments (56). A non-periodic boundary condition was applied. To
apply pull-out loads on the system, we fixed the left end of the bottom CNT and displaced the right
end of the top CNT at a constant velocity of 10 m s™! along the axial direction (fig. S41, A and B).

To calculate the interfacial energy between PBO chains and CNTs, a single PBO chain was
placed onto a functionalized sp® carbon sheet to acquire the binding energy. In-plane periodic
boundary conditions were used, and the vacuum layer with a thickness over 6 nm was adopted
along the out-of-plane direction. The binding energy can be calculated by the sum of the energies
of the individual PBO chain and the isolated functionalized sp® carbon sheet minus the total energy
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of the composite system. Then the energy was divided by the total number of atoms (except for
hydrogen atoms) to obtain the normalized binding energy.

Coarse-grained model and simulations

To explore the structural evolution and mechanical behaviors of fibers, we employed mesoscale
coarse-grained molecular dynamics (CGMD) simulations. The CNT and PBO were modeled as
coarse-grained bead-spring chains with bond interactions (fig. S40B). The angle interactions were
adopted among three successive beads to capture the bending behaviors. Within each chain, the
stretching contribution between bonding beads with distance R to the total energy was given by Et
= K1(R-Ro)?, where Kt = YA/Ro was the spring constant that is related to the Young’s modulus (Y),
the cross section area (4), and the equilibrium distance (Ro). In our model, the equilibrium bond
lengths were adopted as 3 nm and 1.5 nm for CNT and PBO chains, respectively. The bending
energy contribution within adjacent beads triplets was described as Es = Ks(1+cosf), where Ks =
2YI/Ro was the angular spring constant, where / and D = Y7 are the bending moment of inertia and
bending stiffness of chains, and 6 is the bending angle within adjacent beads triplets. D was
calculated by fitting bending stiffness with all-atom MD simulations. The van der Waals
interactions between beads of CNTs and PBOs were described by the 12-6 Lennard-Jones formula
4¢[(0/R)"*-(6/R)®]. These parameters are summarized in table S17. Notably, the lengths of the CNT
and PBO chains in experiments were on the order of tens of microns, whereas the simulated chains
were on the order of hundreds of nanometers. To address this discrepancy, the van der Waals
parameter ¢ was increased to capture the essential interfacial interactions of chains, which can be
seen as an increase in the interacted length of chains according to shear-lag theory (57).

To investigate the enhancement effect of PBO nanofibers on the mechanical behaviors of CNT
bundles, the models consisting of CNT bundles and PBO nanofibers were constructed. First, the
PBO nanofibers were placed onto the surface of CNT bundles, and the structural equilibrium
demonstrates that PBO nanofibers would also preferentially adsorb on the surface of CNT bundles
by undergoing self-induced bending (fig. S40C). Subsequently, pull-out tests were conducted on
coarse-grained CSA-CNTs with and without the addition of PBO nanofibers. The pull-out loads
were applied on one of the CNTs at the surface by displacing the end of the CNT at a constant
velocity of 10 m s™! along the axial direction (fig. S41, C and D). The discrepancy observed in the
pull-out force suggests that the addition of PBO nanofibers would result in an enhancement in the
interfacial interactions due to an increased effective contact area.

To investigate the mechanical behavior of fibers, the periodic boundary conditions were adopted
along all three directions. CNTs with a contour length of 600 nm were constructed with an initial
curvature considering the thermal fluctuations. For PBO-CNTFs, about 8 wt% PBOs with a
contour length of 300 nm were added and distributed randomly. The chains were deposited in a
layer-by-layer manner. The Langevin equations of motion were integrated to equilibrate the
microstructure of fibers. After structural equilibrium, progressive loading was conducted along the
x direction until the density approached that in experiments. The structures were further
equilibrated and then deformed in the axial direction, where the simulation box consisted of CNT
and PBO fibers with dimensions of 748 nm x 86 nm % 12 nm. During the tensile process, the
failure strains were set to 5% and 10% for CNT and PBO, respectively (58). To explore the loading
velocity effects, the velocities were adopted as 10 m s~ and 1000 m s, respectively. The equations
of motion were integrated using a velocity Verlet algorithm with a time step of 10 fs that can ensure
the numerical convergence of integration. The pressure in the y and z directions was controlled as
1 atmosphere during the uniaxial tensile loading process by using a Berendsen barostat.
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To calculate the percentage of broken CNTs within the fibers under various strains, we tracked
the inter-bead strain in each CNT in the coarse-grained simulations. When the inter-bead strain in
a CNT exceeds the failure threshold, the CNT is considered to be broken. The percentage of broken
CNTs was calculated through dividing the number of broken CNTs by the total number of CNTs
within a cross-sectional unit.

Alignment of CNTs in simulations

Herein, we defined an orientation order parameter (o) to quantify the alignment of each CNT in
simulations (59), which can be written as
0=2cos’ 61, (29)
where 0 is the angle between CNTs and x axis. The orientation order parameter of each CNT was
calculated and averaged to obtain the alignment of structures.

Persistence length of PBO and CNT

Polymers will behave like a rigid rod at room temperature 7 for lengths shorter than the
persistence length (I, = D/kT, where D and k are the bending stiffness and Boltzmann constant,
respectively). For materials such as CNTs, the bending stiffness can be obtained from D = YI. In
our calculations, the value of D is about 5 x 10° eV A, corresponding to the /, of 1.9 x 10° nm (39).
The length of CNTs in experiments is tens of microns, far lower than their persistence length. As
for PBO chains, the bending stiffness is calculated from the energy (£bv) required to bend an
arbitrarily long segment into a circle with a radius R (D = EvR/mt) (60). With this method, D and /p
are calculated as 9.84 eV A and 38 nm, respectively, consistent with the previous report (40). In
experiments, PBO with a length of about 10 pm was used, far larger than their persistence length.
These results indicate that PBO chains are much more flexible than CNTs.

Other characterizations

The SEM images of morphology and microstructure of different fibers were examined by the
FEI Quattro S with acceleration voltages of 5-10 kV. The radial and axial cross sections of fibers
were cut by a focused ion beam (FIB) using a ZEISS Crossbeam 550. The cross-sectional areas of
CNTFs were obtained using Imagel software from cross-sectional SEM images cut by FIB (27).
The transmission electron microscopy (TEM) images of CNTs, PBOs, and fibers were obtained
with the FEI Tecnai F20 at an acceleration voltage of 200 kV. Raman spectra of fibers were
performed with a Horiba LabRAM HR 800 (532 nm laser wavelength). All G bands in the Raman
spectra of CNTFs under different applied strains were fitted with Lorentzian functions to obtain
the peak positions. X-ray photoelectron spectroscopy (XPS) spectra were measured by a Kratos
Analytical Axis-Ultra spectrometer with an Al Ka x-ray source. Fourier transform infrared (FTIR)
spectra were obtained using a Thermo Nicolet Nexus-470 FTIR instrument in the attenuated total
reflection mode. The PBO weight ratios of different fibers were investigated by elemental analyses
(vario EL cube). The purification efficiency of fibers was measured by thermogravimetric analyses
with a temperature scan rate of 10 °C min ' under an air atmosphere using a Netzsh STA 449 F5.
The PBOs contents in fibers were measured by thermogravimetric analyses under a nitrogen
atmosphere. The weight fraction of PBOs (w1) in CNTFs was calculated from the weight loss curve
over the temperature range from 0 to 600 °C and was approximately given by

— MPBO—CNTF -M, CSA-CNTF

m= >
M M

PBOs ~ " CSA-CNTF

(30)
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where MpBo-cNTFs, Mcsa-cnTFs, and Mpgos (about 44%) are the fraction of weight loss from 0 to
600 °C for PBO-CNTFs, CSA-CNTFs, and PBOs, respectively.

The electrical conductivity of fibers was measured with a homemade 4-point probe. Nanoscale
x-ray computed tomography (nano-CT) was examined by a 50-nm-resolution ZEISS Xradia 810
Ultra with a 5.4 keV Cu-Ka x-ray source under the high-resolution mode. It should be noted here
that the porosities with sizes less than the resolution of the nano-CT (50 nm) may not be accurately
counted, potentially resulting in an underestimation of the porosities within the fibers. The
molecular weight and viscosity of PBOs were measured by gel permeation chromatography (1260
Infinity II GPC/SEC) with columns in series (PL1110-6504) and ubbelohde viscometer,
respectively.
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Supplementary Text
Effect of weak oxidation and acid washing processes on the structure, morphology, and mechanical
properties of CNTFs

The weak oxidation by hydrogen peroxide and subsequent hydrochloric acid washing treatments
were applied to prepare F-CNTFs. The introduction of surface functional groups and the influence
of fiber structures and morphology were measured by thermogravimetric analyses, XPS, Raman
spectra, and SEM. Thermogravimetric analyses demonstrate the impurities, especially iron-based
catalysts, have been effectively removed, and the residual mass is only 6.1 wt% as the oxidation
time is 24 h (fig. S4). According to the Raman spectra of fibers, the G band (about 1590 cm™)
arises from the sp>-hybridized carbon network, and D band (about 1340 cm™) corresponds to the
disordered carbon bonds or defects (sp® hybridization, kinks, or Stone-Wales defects). The
intensity ratio of G band to D band (/c/Ip) is used to evaluate the defect densities of fibers. The
I6/Ip ratios of F-CNTFs decrease from 4.7 to 2.6 after the oxidation process (fig. S5 and table S1),
indicating that the treatment can introduce defects into the nanotube structures. Based on the XPS
results, the C 1s peak can be fitted by four peaks at 284.6 (C-C), 285.2 (C-OH), 286.8 (-C=0), and
289.2 eV (-COOH). Moreover, with increasing the oxidation time, the C/O ratios decrease from
26.7 to 4.8, and more hydroxy groups are introduced into the fibers (fig. S6 and table S1). The
diameter of the F-CNTFs (24 h) decreases from 41.7 + 1.3 pm (pristine CNTFs) to 36.2 + 0.6 um
(fig. S7). Furthermore, the increase in the size of CNT bundles after the purification process, as
depicted in fig. S7D, provides evidence that the removal of impurity can promote the van der
Waals interactions between individual CNTs, resulting in a decrease in the distance between
adjacent CNTs. Because of the volume shrinkage after the removal of the internal impurities, a
strong condensation of CNTs inward manifested as a rough surface morphology. Thus, the
purification process endows the fibers with a more compact structure and a reduction of the CNTFs’
diameter because the removal of impurities yields better interactions between CNTs, leading to an
improvement in the mechanical properties. Particularly, the tensile strength of CNTFs increases
from 1.1 GPa to 1.8 GPa when the oxidation time is 12 h (fig. S8 and table S1), indicating the
improvement of fiber strength due to the purification treatment.

Optimization of the CSA densification process

When the F-CNTFs are immersed in CSA solution, fibers will swell obviously because of the
side-wall protonation by CSA (fig. S9). Appropriate immersion time and stretching ratio of F-
CNTFs can rearrange the tangled CNTs to improve their alignment and densification, and thereby
enhance the mechanical properties of fibers. First, we examined the effect of immersion time in
CSA on the mechanical properties. The tensile strength of F-CNTFs improves distinctly as the
immersion time increases from 5 to 10 min, but then decreases as the treatment time further
increases (fig. S10). Then the effect of stretching ratios on the tensile strength was explored. With
increasing the stretching ratios from 5% to 20%, the tensile strength of fibers monotonically
increases (fig. S11), and then decreases as the stretching ratio is higher than 20%. Therefore, the
appropriate immersion time and stretching ratio are 10 min and 20%, respectively.

Effect of the progressive stretching treatment on the structure and mechanical properties of F-
CNTFs

We developed a progressive stretching treatment with different stretching rates under 5
processes (fig. S12, A to C). Based on the above results, the immersion time and stretching ratio
of F-CNTFs in a CSA bath were fixed at 10 min and 20%, respectively. As the stretching rates
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decrease from 6% min™! to 3% min ™!, F-CNTFs show more aligned and denser structures (fig. S12,
D to F), which is consistent with the simulation results that the fibers can reorganize entangled
CNTs to a more uniform, compact and ordered architecture due to the reorganization of
microstructures, including curving, reorientation, straightening and sliding of the internal
nanotubes and bundles during the progressive stretching treatment (fig. S42). The SEM and TEM
images of the axial cross section of F-CNTFs obtained by the progressive stretching treatment with
a stretching rate of 3% min~' demonstrate a highly aligned and dense microstructure (fig. S12G).
The alignment degree (Herman’s orientation factor, f) of CSA-CNTFs under different stretching
rates was characterized using WAXS patterns (fig. S13). The CSA-6% min '-CNTFs have a full
width at half maximum (FWHM) of 14.1° and f'of 0.81, while the CSA-3% min'-CNTFs have a
lower FWHM and higher / (FWHM of 12.3° and f of 0.90) (table S4), suggesting that the
progressive stretching treatment at a low stretching rate provides adequate time for the sufficient
disentanglement and more efficient reorientation of CNTs, thereby resulting in the more dense,
ordered, and uniform structures. Thus, the well-organized architecture contributes to the
improvement in tensile strength of 4.5 + 0.2 GPa, Young’s modulus of 130.8 + 7.5 GPa, and
toughness of 111.1 + 7.1 MJ m (fig. S14 and table S5).

Infiltration mechanism of PBOs

PBO fibers can be dissolved into nanofibers and molecular chains (PBOs) in CSA solution (fig.
S15), which results from the interchain repulsions. When CNTFs are immersed in a CSA bath, the
size of CNTFs swells remarkably because of the side-wall protonation effect (fig. S9). This offers
plenty of room to infuse PBOs. During the immersion of PBOs into the fibers, PBOs can maintain
the forms of nanofibers and molecular chains. Finally, the CSA is washed in an acetone bath for
densification, and the interchain repulsions are largely eliminated. As a result, the PBOs are
expected to adsorb on CNT surfaces (fig. S39), which is determined by a complex spatial-temporal
evolution of CNTs and PBOs. Our atomistic simulations indicated that the PBOs have strong
interfacial interactions with CNTs (binding energies of 71.2 meV per atom, 55.5 meV per atom,
and 31.5 meV per atom for PBO/CNT, CNT/CNT, and PBO/PBO, respectively), suggesting that
PBOs are more likely adsorbed on CNTs compared to the aggregation of individual PBOs.

Fracture behavior of fibers at different strain rates

As shown in fig. S24, F-CNTFs and CSA-CNTFs show similar fracture behavior under the
quasi-static testing, where CNTs slip between each other and single nanotubes or small bundles
are pulled out. By contrast, after the progressive stretching and densification treatments, the
fracture morphology of PBO-CNTFs and D-PBO-CNTFs show an approximatively brittle fracture
structure with larger bundles, because the strong interactions between PBOs and CNTs can prevent
the bundles from slipping between each other (fig. S24, C and D) and lead to the effective
redistribution of local stress. What’s more, after the dynamic mechanical test of different fibers
under high strain rate loadings (about 1400 s!), the interface sliding mode is observed for F-
CNTFs and CSA-CNTFs without PBOs, in which abundant CNT bundles on the periphery are
pulled out due to the weak van der Waals interactions between CNTs (fig. S28, A and B). In
contrast, a pretty smooth profile forms for the PBO-CNTFs and D-PBO-CNTFs due to the PBOs
between the adjacent CNTs strongly restricting the slippage behavior of bundles (fig. S28, C and
D). The interesting translation of fracture modes from the interface sliding to the crosslink-
restricted deformation indicates the change of energy dissipation mechanisms, which results in the
dramatic improvement of dynamic strength.

16



Progressive stretching

/\
A

Mechanical
densification

Fig. S1. Schematic diagram for fabricating highly packed and aligned fibers.

(A) Schematic diagram of functionalization and purification of pristine carbon nanotube fibers

(CNTFs). (B) Schematic diagram of the progressive stretching and densification treatment for the
highly packed and aligned fibers.
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Fig. S2. Continuous multi-step progressive stretching process for preparing high-
performance tows.

(A) Schematic diagram of continuous production of PBO-CNT tows. (B) Photograph of the
corresponding equipment. The continuous treatment process consists of combining monofilaments,
PBOs-CSA-assisted multi-step progressive stretching, coagulating and washing, annealing, sizing,
and rolling up processes. The multi-step progressive stretching process is achieved by regulating
the angular velocity (w) and direction of different rollers. In the first step, the angular velocities of
different rollers were regulated as w1 < w2 < w3, and the tows were stretched to a certain strain. In
the second step, the direction of rollers was reversed and maintained as w1 < w2 < w3, causing the
tows to undergo a relaxation. Subsequently, the progressive stretching processes can be conducted
in the same method.
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Fig. S3. Pristine CNTFs and structures of CNTs therein.

(A) Digital photograph of pristine CNTFs. (B) Transmission electron microscopy (TEM) image

of the cross section of a pristine CNTF. Distributions of (C) diameters and (D) number of walls of
CNTs.
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Fig. S4. Thermogravimetric analyses results of pristine CNTFs and F-CNTFs with different
oxidation time (6, 12, and 24 h).
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Fig. S5. Raman spectra of pristine CNTFs and F-CNTFs with different oxidation time (6, 12,

and 24 h).
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Fig. S6. XPS spectra and C 1s of pristine CNTFs and different F-CNTFs.

(A) X-ray photoelectron spectroscopy (XPS) spectra of pristine CNTFs and F-CNTFs. XPS result
of C 1s of (B) pristine CNTFs and F-CNTFs treated by H20:2 solution for (C) 6 h, (D) 12 h, and

(E) 24 h.
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Fig. S7. Morphology of pristine CNTFs and different F-CNTFs.

(A) Scanning electron microscopy (SEM) images of pristine CNTFs and F-CNTFs treated by H202
solution for (B) 6 h, (C) 12 h, and (D) 24 h.
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Fig. S8. Comparison of stress-strain curves and tensile strength of pristine CNTFs and
different F-CNTFs.

Stress-strain curves of (A) pristine CNTFs and F-CNTFs treated with (B) 6 h, (C) 12 h, and (D)
24 h. (E) Comparison of the tensile strength of pristine CNTFs and F-CNTFs with different
oxidation time (6, 12, and 24 h).
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Fig. S9. Optical images of a F-CNTF (A) before and (B) after immersing into the CSA
solution.
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Fig. S10. Comparison of stress-strain curves and tensile strength of fibers with different
immersion time.

Stress-strain curves of F-CNTFs treated in CSA solution for (A) 5 min, (B) 10 min, and (C) 20
min. (D) Comparison of the tensile strength of F-CNTFs treated in CSA solution with different
time.

26



5% 10%

o 1 2 3 4 5 0 1 2 3 4 5 &
Strain (%) Strain (%) Strain (%)

L

25%

w
L

N
N

Stress (GPa)
N
Tensile strength (GPa)

o
-

0 1 2 3 5% 10%  20%  25%
Strain (%) Stretching ratio (%)

Fig. S11. Comparison of stress-strain curves and tensile strength of fibers with different
stretching ratios.

Stress-strain curves of F-CNTFs treated in CSA solution with different stretching ratios of (A) 5%,
(B) 10%, (C) 20%, and (D) 25%. (E) Comparison of the tensile strength of F-CNTFs treated in
CSA solution with different stretching ratios.
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Fig. S12. Fibers prepared by the progressive stretching treatment and their morphology.

Progressive stretching treatment with different stretching rates of (A) 6% min™!, (B) 4% min™!, and
(C) 3% min'. SEM images of F-CNTFs treated by a progressive stretching treatment in CSA
solution using different stretching rates of (D) 6% min™!, (E) 4% min™!, and (F) 3% min'. (G)

SEM and TEM images of the axial cross-section of F-CNTFs treated with a stretching rate of 3%
ol
min .
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Fig. S13. WAXS analyses of fibers treated by the progressive stretching treatment with

different stretching rates.

Two-dimensional (2D) wide angle X-ray scattering (WAXS) analyses of (A) F-CNTFs without
the progressive stretching treatment and as-treated F-CNTFs by progressive stretching with

different stretching rates of (B) 6% min ™!, (C) 4% min ™!, and (D) 3% min"'. Comparison of the (E)

full width at half maximum (FWHM) and (F) Herman’s factor of different CNTFs.
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Fig. S14. Comparison of stress-strain curves and quasi-static mechanical properties of fibers
treated by the progressive stretching treatment with different stretching rates.

Stress-strain curves of F-CNTFs treated by the progressive stretching treatment in CSA solution
using different stretching rates of (A) 6% min™!, (B) 4% min!, and (C) 3% min™'. Comparison of
the (D) quasi-static tensile strength, (E) Young’s modulus, and (F) toughness of different fibers.
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Fig. S15. Preparation and morphology characterization of PBOs.

(A) Schematic diagram for the preparation of PBOs derived from PBO fibers. (B) TEM image of
PBO nanofibers with PBO concentration of 0.025 wt% in CSA solution. (C) Statistic analysis of
diameters of PBO nanofibers. TEM images of PBO nanofibers with PBO concentration of (D)
0.05 wt% and (E) 0.1 wt%.
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Fig. S16. SEM images and EDS results of the radial cross section of different fibers.

SEM images of cross sections (cut by a focused ion beam) of different fibers prepared by the
progressive stretching treatment in (A) CSA solution, PBOs-CSA solution with the concentration
of (B) 0.025 wt%, (C) 0.05 wt%, and (D) 0.1 wt%. (E) Corresponding selected area energy
dispersive spectroscopy (EDS) of PBO-CNTFs in (C).
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Fig. S17. Thermogravimetric analyses of different CNTFs.

Thermogravimetric analyses of CSA-CNTFs and PBO-CNTFs treated in PBOs-CSA solutions
with the PBO concentration of 0.025 wt% (PBO-a-CNTFs), 0.05 wt% (PBO-b-CNTFs), 0.1 wt%
(PBO-c-CNTFs) under a nitrogen atmosphere, respectively. The resultant PBOs contents of PBO-
a-CNTFs, PBO-b-CNTFs, and PBO-c-CNTFs are 7.2 wt%, 10.9 wt%, and 8.9 wt%, respectively.
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Fig. S18. 2D-WAXS analyses of different PBO-CNTFs.

2D-WAXS results of PBO-CNTFs produced by the progressive stretching treatment in PBOs-CSA
solution with the concentration of (A) 0.025 wt%, (B) 0.05 wt%, and (C) 0.1 wt%. Comparison of

the (D) FWHM and (E) Herman’s factor of different fibers.
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Fig. S19. Stress-strain curves of different PBO-CNTFs and D-PBO-CNTFs.
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Stress-strain curves of PBO-CNTFs obtained by the progressive stretching treatment in PBOs-
CSA solution with the concentration of (A) 0.025 wt%, (B) 0.05 wt%, and (C) 0.1 wt%. (D) Stress-
strain curves of D-PBO-CNTFs prepared by the combination of progressive stretching treatment
in PBOs-CSA solution with a concentration of 0.05 wt% and mechanical densification.
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Fig. S20. Polarized Raman spectra of different CNTFs.
Polarized Raman spectra of (A) F-CNTFs, (B) CSA-CNTFs, (C) PBO-CNTFs, and (D) D-PBO-
CNTFs. The values of orientational order parameters (s) for F-CNTFs, CSA-CNTFs, PBO-CNTFs,
and D-PBO-CNTFs are 0.46 £ 0.2, 0.78 £ 0.1, 0.85 £ 0.3, and 0.82 + 0.2, respectively.
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Fig. S21. SAXS analyses of different fibers.
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(A) Small angle x-ray scattering (SAXS) pattern of F-CNTFs, CSA-CNTFs, PBO-CNTFs, and D-
PBO-CNTFs. (B) Scattering intensity of the fiber streak as a function of ¢ along the equator for

different fibers.
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Fig. S22. 3D void microstructures of fibers reconstructed by nanoscale x-ray computed
tomography.

Three-dimensional (3D) void microstructures of (A) CSA-CNTFs, and (B) D-PBO-CNTFs (blue
represents the voids within the fibers).
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Fig. S23. FTIR and XPS spectra of different fibers.

(A) Fourier transform infrared (FTIR) spectra of F-CNTFs, CSA-CNTFs, and PBO-CNTFs. FTIR
spectra show that the stretching vibration peak of hydroxy groups (-OH) for CSA-CNTFs (3405
cm ') is redshifted to 3332 cm™! for PBO-CNTFs and 3305 cm™! for D-PBO-CNTFs, verifying the
hydrogen bonding between CNTs and PBOs. High-resolution XPS spectra of C 1s of (B) CSA-
CNTFs and (C) PBO-CNTFs. Compared with the CSA-CNTFs, the XPS spectrum of PBO-CNTFs
shows a new -C-N peak at 286.1 eV and a -C=N peak at 287.1 eV, demonstrating the successful
introduction of PBOs into CNTFs.
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Fig. S24. SEM images of the fracture morphologies of different fibers.

SEM images of the fracture morphologies of (A) F-CNTFs, (B) CSA-CNTFs, (C) PBO-CNTFs,
and (D) D-PBO-CNTFs under the quasi-static testing.
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Fig. S25. Schematic diagram of the mini-split Hopkinson tension bar (mini-SHTB)
experiment.
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Fig. S27. Analyses of dynamic tensile strength of F-CNTFs.
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Fig. S28. SEM images of the fracture morphologies of different fibers under high strain rates.

SEM images of the fracture morphologies of (A) F-CNTFs, (B) CSA-CNTFs, (C) PBO-CNTFs,
and (D) D-PBO-CNTFs at the strain rates of about 1400 s
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Fig. S29. Schematic diagram of high-velocity transverse impact on a fiber.
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Fig. S30. Relationship between ¢ and { in Eq. (28) for vy of 200, 500, and 800 m s,
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Fig. S31. Schematic diagram of the laser-induced high-velocity transverse impact on a fiber.
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Fig. S32. Deformation processes of nylon fiber, F-CNTF, CSA-CNTF, PBO-CNTF, PBO
fiber, and polyimide (PI) fiber under high-velocity transverse impact.
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Fig. S33. Simulated impact responses of the single fibers with different bending stiffness
along the impact direction. The fibers have the same cross-sectional area.
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Fig. S34. Finite element simulations on the dynamic deformation processes of fibers and SEM
images of fibers after the impact.

(A) Finite element simulated transverse impact behavior of CSA-CNTF and PBO-CNTF. (B)
Energy absorption of CSA-CNTF and PBO-CNTF. SEM images of (C) CSA-CNTF and (D) PBO-
CNTF after the transverse impact testing. The red dash boxes indicate the impact regions.
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Fig. S35. Deformation of the fiber under an impact of 400 ns.
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Fig. S36. Displacement, velocity, and acceleration history of the conic PDMS film.



Fig. S37. Raman mapping of a PBO-CNTF after the high-velocity impact.

(A) Raman mapping area of the PBO-CNTF after the high-velocity impact. (B) Raman map of the
In/IG on the impact area of the fibers.
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Fig. S38. Dependence of Raman frequency downshifts on the applied strains.
Raman frequency downshifts of (A) CSA-CNTFs and (B) D-PBO-CNTFs.
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Fig. S39. TEM image and EDS characterization of modified fibers.

(A) TEM image of PBOs adsorbed onto CNTs and (B) EDS characterization of the corresponding
selected area (nitrogen is only from PBOs).
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Fig. S40. Adsorption of PBOs on CNTs.

(A) Adsorption of a PBO chain on CNTs. (B) All-atom models and the corresponding coarse-
grained models of CNTs and PBOs. (C) Adsorption of PBO nanofibers on CNT bundles.
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Fig. S41. Pull-out tests of CNTs with and without the addition of PBOs.

(A) Relationship between the pull-out force and distance of CNTs with and without the addition
of PBO chains. (B) Snapshots of atomistic simulations of pull-out tests of CNTs with the addition
of PBO chains. (C) Relationship between pull-out force and distance of CNTs with and without
the addition of PBO nanofibers. (D) Snapshots of coarse-grained simulations of pull-out tests of
CNTs with the addition of PBO nanofibers.
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Fig. S42. Reorganization of microstructures of fibers during the progressive stretching
treatment.

Reorganization of fibers movements (highlighted snapshots before and after movement) including
(A) curving, (B) reorientation, (C) straightening, and (D) sliding.
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Table S1. Degree of oxidation, Ig/Ip, residual mass, and tensile strength of pristine CNTFs
and F-CNTFs with different oxidation time.

Oxidation time C/O Hydroxy group b Residual mass Tensile strength
(h) ratio content (at. %) (%) (GPa)
0 26.7 3.7 4.7 21.2 1.1+0.2
6 12.9 10.2 4.5 9.5 1.4+0.2
12 10.9 14.2 3.1 7.2 1.8+0.2
24 4.8 15.6 2.6 6.1 1.3+0.1
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Table S2. Mechanical properties of F-CNTFs treated in a CSA bath with different time.

Immersion time

Tensile strength

Young’s modulus

Elongation at break

(min) (GPa) (GPa) (%)
0 1.840.2 99.8+7.3 55+0.3
5 32404 1052+ 4.3 32402
10 33402 107.6 + 6.4 3.7+0.1
20 2.9+0.5 102.7£3.2 3.5+0.1
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Table S3. Mechanical properties of F-CNTFs treated in a CSA bath with different stretching

ratios.
Stretching ratio Tensile strength Young’s modulus  Elongation at break
(%) (GPa) (GPa) (%)
5 3.1+0.2 1034+79 41+0.5
10 33+0.3 1053 +5.8 5.1+0.6
20 3603 110.5+8.3 42+04
25 29+0.1 102.7+£7.1 3.1+0.1
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Table S4. Full width at half maximum (FWHM) and Herman’s orientation factor (f) of F-
CNTFs without the progressive stretching treatment and fibers obtained by the progressive
stretching treatment with different stretching rates.

Stretching rate FWHM f
(% min™) (degree)
Without the progressive
17.1 0.66
stretching treatment

6 14.1 0.81
4 12.9 0.85
3 12.3 0.90
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Table S5. Mechanical properties of F-CNTFs without the progressive stretching treatment
and fibers obtained by the progressive stretching treatment with different stretching rates.

Stretching rate Tensile strength Young’s modulus Toughness
(% min™) (GPa) (GPa) (MJ m3)
Without the progressive
) 1.8+0.2 99.8+7.3 82.5+6.4
stretching treatment
6 3603 113.7+6.4 96.1 £4.2
4 41+04 121.5+10.1 105.4+9.6
3 45+0.2 130.8 +7.5 111.1+£7.1
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Table S6. N, C, O, H, and PBO contents of PBO-CNTFs treated in
concentrations.

different PBO

PBO concentration N C 0] H PBO
(wt%) (wt%) (wt%) (wt%) (Wt%) (Wt%)
0.025 0.73 68.67 12.47 2.73 6.1
0.05 1.08 63.15 11.75 2.29 9.1
0.1 1.02 66.49 10.73 2.63 8.6
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Table S7. Mechanical properties of F-CNTFs treated by the progressive stretching treatment
in PBOs-CSA solutions with the PBO concentration of 0.025 wt% (PB0O-a-CNTFs), 0.05 wt%
(PBO-b-CNTFs), 0.1 wt% (PBO-c-CNTFs), and further mechanical densification (D-PBO-

CNTFs).
Tensile strength Young’s modulus  Elongation at break
Sample
(GPa) (GPa) (%)
PBO-a-CNTFs 5.1+0.1 1543 +4.5 4.7+04
PBO-b-CNTFs 57+0.2 167.4+10.1 4.0+0.7
PBO-c-CNTFs 53+0.1 159.6 £ 6.3 42+0.6
D-PBO-CNTFs 82+0.2 172.7+9.6 5.0£0.6
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Table S8. FWHM and Herman’s
CNTFs, and D-PBO-CNTFs.

Sample FWHM (degree) f
F-CNTFs 17.1+£0.7 0.66 +0.03
CSA-CNTFs 12.3+£0.2 0.90 +£0.01
PBO-CNTFs 9.8+0.3 0.94 +0.02
D-PBO-CNTFs 11.0+0.2 0.92+0.01

orientation factors (f) of F-CNTFs, CSA-CNTFs, PBO-
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Table S9. Average cross-sectional areas, tensile loadings, quasi-static mechanical properties,
densities (measured by the density gradient column method) (29), and electrical
conductivities of F-CNTFs, CSA-CNTFs, PBO-CNTFs, and D-PBO-CNTFs.

- . 9, .
Average cross Tensile  Strength Young’s Toughness  Density Electrical

Sample sectional area loading (GPa) modulus (MJ m~) (g cm™) conductivity

(nm?) ™) (GPa) g (x 10°S m)
F-CNTFs 611.1 1.10£0.12 1.8+0.2 99.8+7.3 825+64 1.10 0.5
CSA-CNTFs 346.1 1.56£0.06 45+02 130.8+7.5 111.1+7.1 1.24 3.5
PBO-CNTFs 350.9 200007 57+£02 167.4+10.1 142.5+129 1.28 2.2
D-PBO-CNTFs 300.8 246+0.06 82+02 1727+9.6 1703+179 1.43 2.9
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Table S10. Linear densities, densities (obtained by dividing the linear density by the cross-
sectional area), specific strength, and specific moduli of different fibers.

Sample Liner density  Specific strength  Specific modulus  Density
(tex) (N tex™) (N tex™) (g em™)
F-CNTFs 0.641 1.7+0.2 944+52 1.05
CSA-CNTFs 0.426 3.8+0.1 105.7+6.1 1.23
PBO-CNTFs 0.441 45+0.2 130.5+7.4 1.26
D-PBO-CNTFs 0.421 5.8+0.1 1224+59 1.40
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Table S11. Comparison of mechanical properties of different fibers.

Young’s Tensile  Elongation
Density Cunniff velocity
Sample modulus strength at break Ref.
(g em™) (ms™)
(GPa) (GPa) (%)
F-CNTFs 1.10 9.8+73 1.8+0.2 55+04 754.0
CSA-CNTs 1.24 130.8+7.5 45+02 3.5+0.1 867.2 This
PBO-CNTFs 128 167.4+10.1 57+02 4.0=07 1006.1 work
D-PBO-CNTFs 1.43 1727+£9.6 82+0.2 5.0+0.6 1163.6
UHMWPE
fibers 0.97 116.0 3.6 3.8 917.0
(SK76)
Carbon fibers
1.80 324.0 7.0 2.0 805.1
(T1100G)
Kevlar KM2
1.44 85.0 3.9 4.5 776.5
fibers 4
PBO fibers
1.54 180.0 5.8 3.5 893.2
(Zylon AS)
MS5 fibers
1.70 330.0 5.5 1.7 726.3
(M5-HT)
Carbon fibers
1.93 588.0 3.8 0.7 493.6
(M60J)
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Table S12. Mechanical properties of various fibers under different strain rates.

Strain Strain Strain Strain
Strength Strength Strength Strength  Toughness
Sample rate rate rate Ref.
(GPa) (GPa) (GPa) (GPa) (MJ m3)
s ) s ™
F-CNTFs 1.8+0.2 1.9+0.2 2.0+0.1 23+0.1 80.5+£213
149.2 +
CSA-CNTFs 45+0.2 4.8+04 5.1+£0.6 6.0+0.6
24.9
3204 +
PBO-CNTFs 57+0.2 72+04 9.5+0.5 10.0£0.6
104.7 .
This
0.001 500 950 1400 462.6 +
D-PBO-CNTFs 82+0.2 9.2+0.8 11.0£0.7 14.0+0.7 021 work
295.0 +
PBO fibers 6.5+0.1 - 7.1+0.9 7.2+0.8
59.5
174.6 +
Kevlar 29 fibers 42+03 - 45+04 46=+0.2 116
Kevlar 129 fibers - - - - 1500 4.64 - - - 39
Kevlar KM2
0.01 3.88 - - 1950 4.04 - - - (35
fibers
CNTFs 0.001 0.74 - - 450 0.86 1300 1.04 - (23)
Glass fibers 0.002 3.70 - - 900 5.10 - - - (61
UHMWPE fibers  0.001 3.14 - - 400 3.64 600 3.56 - (62)
PBO fibers 0.001 6.61 - - 720 7.01 1000 7.04 - (63)
PI fibers 0.001 4.53 - - 720 4.68 940 4.44 - (63)
Aramid III fibers ~ 0.001 4.35 - - 750 4.48 950 4.64 - (63)
CNT/Aramid
0.001 6.44 - - 1400 7.36 - - - 3)
fibers*
CNT/Aramid
0.001 7.01 - - 900 6.95 1400 7.49 - (64)
fiberst

CNT/Aramid* represents aramid fibers by a small addition of short (< 1 pm) aminated single-walled carbon
nanotubes.
CNT/Aramidf represents aramid fibers by the addition of long (about 10 pm) single-walled carbon nanotubes.
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Table S13. SEDP for different cross section areas (height x width) of D-PBO-CNTFs.

Cross section area SEDP
(nm xpm) (*108mkg's™)
80 %3 11.87
3 x80 7.85
3 x 80 (10° rotation) 7.86
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Table S14. Impact-resistant performance of fibers from our measurements and literature
survey.

Sample SEDP (x 10¥ m kg 's™) Ref.
F-CNTFs 52+03
CSA-CNTFs 6.7+1.0
PBO-CNTFs 87+1.0
This work
PBO fibers 7.4+0.5
PI fibers 58+0.3
Nylon fibers 33+£0.2
Kevlar fibers 59
CNTFs 6.9 2
Nylon fibers 3.7
CNT/Aramid fibers 8.2 3)

72



Table S15. Values of , ct, and & of different fibers in experiments. (Ex(0) = 4.0 pJ)

Fibers Aluminum Nylon Kevlar CNTF
7 (°) 35 40 24 21
cr(msh) 262 490 820 872
Ekg™h 7.63 x 100 8.77 x 10'° 7.64 x 10'° 7.86 x 10'°
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Table S16. Fiber properties used in finite element analysis.

Density E E; G2
Sample 191 153
(gem™3)  (GPa) (GPa) (GPa)
CSA-CNTFs 1.24 130.8 10 24.4 0.6 0.24
PBO-CNTFs 1.28 167.2 10 24.4 0.6 0.24
D-PBO-CNTFs 1.43 172.7 10 24.4 0.6 0.24
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Table S17. Parameters used in the coarse-grained molecular dynamics model.

Parameters CNT PBO CNT-PBO
Equilibrium bead distance Ro (A) 30 15
Tensile stiffness parameter Kt (kcal mol™ A2) 3548 1872
Equilibrium angle 4 (°) 180 180
Bending stiffness parameter K (kcal mol ') 775108 122340
Van der Waals parameter ¢ (kcal mol™) 61 12 50
Van der Waals parameter o (A) 34 18 28
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Movie Captions

Movie S1. 3D observation of reconstructed void microstructure derived from nano-CT of F-
CNTFs.

Movie S2. 3D observation of reconstructed void microstructure derived from nano-CT of PBO-
CNTFs.

Movie S3. 3D observation of reconstructed void microstructure derived from nano-CT of CSA-
CNTFs.

Movie S4. 3D observation of reconstructed void microstructure derived from nano-CT of D-PBO-
CNTFs.
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