Ultra-high toughness fibers using controlled disorder of assembled aramid nanofibers
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Abstract

The assembly of nanoscale building blocks into macroscale structures with reduced defects
has emerged as a promising approach to exploit nanomaterials in the fabrication of
simultaneously strong and tough architectures at larger scales. Some assembly techniques
utilize a specific chemical environment to induce the self-organization of the building blocks
into highly ordered structures for high efficiency and quality with low energy consumption.
Aramid nafiofibers (ANFs) are a type of organic nanoscale building block created from the

disassembly of macroscale aramid fibers through a deprotonation and dissolution process that
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has been used in various applications due to their high mechanical strength, stiffness,
toughness, and thermal stability. Although many stul2dies have been conducted based on the
superior structural properties of ANFs, no breakthrough research has been conducted on the
high mechanicalfproperties of a structure composed of ANFs. Here, assembling ANFs into
macroscale fiber using a simultaneous protonation and wet-spinning process has been studied
along withdrawing and annealing processes to reduce defects and control disorder. The
fabricated ANF-assembled fibers consist of hierarchically aligned nanofibers that behave as a
defective law structure, making it possible to reach a Young's modulus of 53.15 & 8.98 GPa,
tensile strength of 1,353.64 + 92.98 MPa, and toughness of 128.66 + 14.13 MJ/m®. Compared
to commercial aramid fibers, the fibers exhibit approximately 1.6 times greater toughness
while alsospreviding specific energy to break as 93 J/g compared to existing synthetic fibers.
Furthermare, thisswork shows that ANF-assembled fibers can be recycled to yield
approximately.94% of the mechanical properties of the initially fabricated fiber, therefore,
indicating the sustainability of the ANF-assembled fibers. This study demonstrates a facile
process to produce high stiffness and strength fibers composed of nanoscale building blocks

that possess significantly greater toughness than commercial synthetic fibers.
Introduction

Nanomaterials have emerged as integral components in the design of macroscale materials
with unprécedentéd functionalities for structural, electrical, and medical applications. The
reduced defect density observed at a nanoscale allows nanomaterials to exhibit exceptional
physical, chemical, mechanical, electrical, and thermal properties.[l‘3] When structural

materialssare confined to the nanoscale, the low probability of defects yields superior
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strength, stiffness, and toughness. However, in structural applications, nanomaterials have
been primarily restricted to nanofillers and additives that allow for tailoring the mechanical
performance.in.nanocomposites and hybrid structures. Recently, the re-assembly of nanoscale
building bloeksdnteswell-ordered macroscale architectures has emerged as a promising
approach te exploit nanomaterials in the fabrication of structures that are simultaneously
strong andtoughy, Therefore, to translate the exceptional properties of nanomaterials to a
macroscale structure, it is critical to develop manufacturing strategies that allow for the

precise and defect-free bridging of the nanoscale geometry.

While some assembly techniques and methods to attain defect-free hierarchical ordering
have beenddeveloped to convert nanoscale building blocks into macro and micro-scale

[+-6] they typically utilize self-organizing properties into higher-order

synthetic materials,
structures by relying on chemical interactions, entropy, electromagnetic field, fluid flows or
evaporation-based planar confinement.[”-) One of the promising and emerging strategies that
have menitéd considerable research interest is combining colloidal self-assembly with
extrusion-based methods such as wet spinning.['®"'?! This manufacturing approach allows for
the organization'ef colloidal building blocks into macroscale structures in a convenient,
versatile, and controllable manner. Nonetheless, the self-organization of nanomaterials into
macroscopiesstructures remains challenging due to the highly multidisciplinary nature of self-

assembly processes, which require balancing chemistry and manufacturing parameters to

produce complex macroscale structures with excellent mechanical properties.

Aramid nanofibers (ANFs) are a type of organic nanoscale building block that can be

obtaineduas colloidal suspensions through the disassembly of macroscale aramid fibers
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(Kevlar®) using a dissolution and deprotonation process.['*] Kevlar has a significant waste
stream, coming primarily from ballistic armor, which provides an opportunity to recycle and
up-scale the waste materials into high-value products. For example, ANFs have been used as
nanofillers-ingpolymer nanocomposites,!'*] interfacial and interlaminar reinforcement in fiber-

15.16] and assembled to form membranes and bucky papers for a wide

reinforcedseomposites,|
range of applications.!'”18] ANFs also display self-assembly behavior that makes them
compatible with reprocessing via protonation, where hydrogen bonding interactions can be
reintroducedto strengthen the material by protonating NH groups among the deprotonated
ANFs for 1solation. However, current approaches to assembling ANFs yield structures whose
mechanical properties are considerably inferior to their precursor's aramid structure. For
example, Wangset al. reported wet spun fibers made of pure ANFs with a Young's modulus
of 14.0 GPa and a breaking strength of 416 MPa,!'” and Liu et al. reported fibers made of
neat ANEs.with.a tensile strength of 350 MPa whereas a neat aramid fiber has a strength of
3.6 GPa and medilus of 112 GPa.l*") Although numerous studies based on ANFs have sought
to emulate the high performance of commercial aramid fibers, to the best of our knowledge,
no detailed study has been conducted on the principle or methodology to fabricate macroscale
structures gonsisting of ANFs that attain exceptional mechanical properties. This study
demonstrates new processing methodologies to assemble ANFs into macroscale fibers with
hierarchically alignment and controlled disorder using a scalable wet-spinning process. The
ANF-assembled fibers exhibit excellent mechanical properties comparable to synthetic and

natural fibers such as spider silk, nanocellulose, nylon, and carbon nanotube fibers.*!24 By

realizing a bottem-up re-organization of the ANF network into macroscale fibers, it becomes
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possible to reimagine the process of fabricating high-performance macroscale crystalline
solids that emulate and exceed the mechanical properties of hierarchical biological materials
for a wide range of structural applications. This work further demonstrates the recyclability of
the preparedsAdNE=assembled fibers to cope with the present environmental issues, which
suggests their potential to be novel sustainable fibers that can be repeatably reprocessed with

remarkablesmechanical properties.

Results and:Discussion

ANFs isolation,and assembly

Nanoscale ANFEs were obtained as a colloidal suspension in the DMSO-based system with
several congentrations by varying the initial weight of the Kevlar added to the deprotonation
and dissolution solution. The ANF colloidal suspensions have a homogeneous red color and
darken @s'the concentration increases (Figure S1). The morphology of the ANFs can be
observed through AFM imaging which shows the processing approach yields well-dispersed
fibers with diameters ranging from 4 to 12 nm and lengths of several micrometers (Figure
S2). The colloidal ANFs are assembled to form hierarchical macroscale fibers through a
sequentialgvet'spinning, stretching, and drying processes (Figure 1a). First, the as prepared
ANF colloidal suspensions were wet spun into a coagulant solution designed to provide a
controlled sate;of protonation using a high precision fluid dispenser feeding a flat-tipped
stainless-steelmeedle. Intermolecular bonds, including hydrogen bonds, are formed by

protonation of the ANFs through proton donors (water and HCI) in the coagulation bath
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resulting in the continuous formation of gel-state fibers. In this study, three different
coagulation baths are evaluated to elucidate the effect of the protonation environment on the
assembled maeroscale ANF structure, namely: DI water to obtain a moderate protonation
rate, a dilute;aqueous, HCI solution to obtain rapid protonation, and a dilute acetone solution
to create reduced protonation rate due to the relatively lower density of proton donors (Figure
1b). The rate of'protonation is an essential factor in the determination of the degree of
disorder. Whenthe ANF colloidal suspension passes through the needle, the ANFs aligned
along the needle due to shear flow momentarily lose their alignment due to the die swell

25261 As the flow persists in this situation, the collapsed

effect as they exitthe needle.!
arrangement of ANFs is partially recovered by the shear stress between the fluid and the
gravitationakdrawing force. In this wet spinning process, the ANFs are gradually assembled
within the flow with the rate of assembly controlled by the protonation rate. In other words,
spinning.into.the HCI solution shows a fast protonation, which leads to the assembly of the
ANFs in the eanly'stages of the flow, where many disordered ANFs exist. On the other hand,

when spun 1nto a dilute acetone solution, the fiber is formed relatively late in the flow due to

the slow protonation rate, resulting in more aligned AFNs.

Following protonation, the gel-state ANF-assembled fibers are washed with DI water to
remove residuallKOH and DMSO, and then drawn along their length to enhance the ANFs'
hierarchical orientation and reduce pores generated among the entangled ANFs due to rapid
precipitation as solvent exchange occurs between the solvent and non-solvent. In previous
studies, voidsseatised by the protonation of ANFs were left, resulting in aerogels.[*”) Thin

ANF shellsstructures were also attempted through a coating process to reduce the voids, but
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1 In this study, the voids are removed by the

low mechanical properties were reported.
drawing process applied to the gel fibers obtained by wet spinning into the coagulation
solution. To_ further improve the fiber density, drying was carried out while maintaining the
tension fromuthe/drawing process, thereby generating a final intermolecular bond among the
hierarchically aligned ANFs and finishing the assembly process. The structure obtained
through thisspraeess is shown in the cross-sectional SEM images of Figure 1c¢ and can be seen
to be non-poreus and with ANFs well-aligned in the fiber axis. Furthermore, the hierarchical
alignmentiof/the ANFs can be seen in surface SEM images (Figure 1e). The rough surface of
the fibers can potentially work advantageously to form stable interfaces if embedded in a
polymer matrix, EDS analysis confirms no residual salts or other reactants remain in the fiber
after washings(Figure S3). In addition, the toughness of the fiber can be shown through the
formation/of a knet with a small radius of curvature without the occurrence of any rupture or

brittle failure (Figure 1d). The abrasion resistance of the fiber can be seen by the absence of

failure in a longfiber loop pulled through a tight overhand knot.!?*]

A subsequent annealing process was investigated to improve the strength and stiffness of
the prepared™fibers. The use of heat treatment with a specific temperature and time has been
suggested|in order to alter the mechanical properties of polymer materials through further
densificatienyreduction of internal stress, and providing the energy required for chemical
reactiofis. 2 THe annealing process of this study used a custom autoclave to simultaneously
apply heat and pressure to fibers, thereby densifying the microstructure, which was verified

through SEMmimaging (Figure 11).
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fibers prepared through an additional annealing process. Scale bars in (¢), (e), and (f) are 1

um and (d) are 10 pm.

The assémbly"ef ANFs into a macroscale fiber is achieved here without the use of binders
or cross-linkers, which is a fundamental bottom-up approach for assembly rather than
forming a new type of ANF derivative or new molecular structures among the ANFs. The
preservation of the molecular structure can be shown through FTIR and XRD analysis. The
FTIR spectrasof ANF-assembled fibers and aramid fiber show identical absorption peaks
indicating'that no change in chemical structure occurs during the dissolution, gel spinning,
and drawing processes (Figure 2a). XRD analysis shows no change in peak locations between
each experiméntal condition, although the sharpness of peaks in the XRD patterns of ANF
assembly is slightly diminished due to the decrease in the crystalline region, along with the
reduced moleéular density compared to the aramid fibers (Figure 2¢). This hypothesis can be
validated'byranalyzing the crystallinity, where the commercial aramid fibers have a
crystallinity of 73% and the ANF-assembled fibers prepared with dilute acetone, Di water,
and HCI solutien having 53, 49, and 47% crystallinity, respectively. Furthermore, the fiber

prepared threugh the annealing process showed increased crystallinity to 68%.

The thermal characteristics were analyzed for three different cases: commercial aramid
fiber, ANF-assembled fiber within DI water, and annealed ANF-assembled fiber to confirm

the effect of annealing. The decomposition temperature of the ANF-assembled fiber is 556 T

and increased to 558 C through annealing, which are slightly lower values than the 576 C
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decomposition temperature of the aramid fiber (Figure 2b). Aramid fibers are well known to

possess a combination of high strength and thermal stability, and this result confirms that the

ANF-assembled fibers retain the thermal stability of the precursor.
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The relationship between the protonation rate and the degree of ANF alignment as a
function of the assembly mechanism has been elucidated by evaluating the mechanical
properties of the spun fibers. The maximum strength and modulus of the three different
protonation environments are obtained using a dilute acetone bath with a 0.2 wt%
concentration of ANFs (Figure 3a). The dilute acetone solution provides a slow protonation
rate, resulting in fibers with a high Young's modulus of 43.03 £+ 2.72 GPa and tensile strength
of 1,353.64 + 92.98 MPa. For comparison, fibers spun in a water bath show a modulus of
38.16 = 3.75 GPa and tensile strength of 1,234.40 + 60.69 MPa, while fibers spun in an HCI
solution which provides rapid protonation have a modulus of 37.88 & 3.33 GPa and tensile
strength of 1,166.51 + 92.01 MPa. These results indicate that a slower protonation rate
increases modulus and strength, but under an excessively slow protonation rate, the formation
of a stable continuous gel fiber is hindered, causing the failure of the process (Figure S4). The
measured mechanical properties also correlate to the degree of alignment of ANFs, which is
verified through azimuthal angle scanning by XRD (Figure 3e). The calculated orientation
index f for the fiber is 0.44 in dilute acetone, 0.38 in water, and 0.37 in HCI solution, which
means the fibers fabricated in dilute acetone are composed of the most significant number of

well-aligned ANFs among the three conditions.

Tensile tests were performed to study the effect of ANF concentration in the colloidal
suspension on the mechanical properties with fibers fabricated under four different
concentrations (0.2%, 0.5%, 1.0%, and 1.5%) while the coagulation bath was fixed as dilute
acetone (Figure 3b). The fibers made of 0.2 wt% ANFs colloidal suspension show the

greatest mechanical properties in this study, while the Young's modulus and tensile strength
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decrease as the concentration increases. This result occurs due to the die swelling effect
which is amplified due to the increased viscosity as the ANF concentration in the colloidal
solution is increased.[?*%! The die swelling effect occurs at the exit of the dispensing needle
and is the primary cause of disorder of the ANFs during the protonation process, which is
demonstrated by the analysis of the X-ray azimuthal scanning on the prepared fibers with
different concentrations (Figure S5). On the other hand, increasing the concentration of solids
increases the diameter of the fiber (Table S1), which leads to a decrease in strength because it

can increase the density of defects.

Tensile testing was also conducted following post spinning heat treatment to study the
effect of annealing on the mechanical properties of the fibers. The mechanical properties of
annealed fibers displayed a Young's modulus of 53.15 + 8.98 GPa and tensile strength of
1,330.20 £ 38.00 MPa. The elevated modulus is reported as the highest value in this study
(Figures 3¢ and 3d). This result eventually proves that intermolecular bonding has been
enriched due to heat and compression among aligned ANFs, which correlates to the increased
crystallinity, thermal decomposition temperature, and structure densify by the annealing step

(Figures 1f, 2b, and 2c).

The exceptional toughness of Aramid fibers is well known, and therefore fibers composed
of ANFs should exhibit similarly high toughness. The toughness of each fiber was measured
from the area under the tensile stress-strain curve. The results show a trade-off between
toughness and modulus according to changes in ANFs orientation or by additional annealing
steps except for the result from the dilute HCL when spinning parameters such as spinning

speed and dispensing needle size are controlled (Figure 3d and 3f). The ANF alignment
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decreases when the fibers are spun into water (f=0.38) compared to those prepared in dilute
acetone (f=0.44), and consequently, the Young's modulus and tensile strength decrease by
11.32% and 8:81%, respectively, while the toughness increases by 20.73%. However,
analyzing thesesultssfrom the fibers spun into a HCI solution, although they show the lowest
degree of ANFs alignment (f=0.37), stiffness, and strength among the three conditions, they
fail to showsthethighest toughness with the reduced stiffness. This result implies that the
spinning with'a rapid protonation rate creates excessively disordered ANFs, which means that
the intermolecular contact for hydrogen bonding is not enough to form an entirely stable
structure and the'disorder cause defect that leads to short elongation. Furthermore, it is
demonstrated that ANF assembly with a certain degree of disorder with less defect can induce
high toughnesssrather than having higher alignments with a crystallization tendency (Figure
S6). As another example of the crystallization tendency, the addition of an annealing step
based on the fibers prepared in dilute acetone shows decreased toughness by 48.52% while

improving modulus by 23.52%.

This result motivates further study to improve the toughness by reducing the degree of
alignment'of"/ANFs based on the experimental condition with the 0.2 wt% ANFs colloidal
suspension and dilute acetone, which produced high strength and stiffness fibers with the
highest degreesof ANFs alignment. To induce mild disorder of ANFs in the spun fiber, a
smaller diameter dispensing needle with an inner diameter of 100 um was introduced. The
small diameter needle reduces the ANFs orientation since the die swelling effect becomes
prominent, and the drawing ratio is reduced to account for the reduced diameter of the gel-

state fibers. These modifications yield fibers with the highest toughness values in this study

This article is protected by copyright. All rights reserved.



of 128.66 + 14.13 MJ/m’, an increase of more than 70% compared to the control group, while
the modulus and strength only decreased by 11.27% and 6.99%, respectively (Figures 3c, 3d,
and 3f). This approach successfully improves toughness while maintaining much of the
strength and stiffness, and it is confirmed that the reduced diameter of the spun fiber with the
mild disorder is able to form more optimal entanglement conditions in the nanofiber networks

leading to a tougher structure.

A comparative analysis was performed on the mechanical properties of commercial aramid
fibers as precursors and prepared ANF-assembled fibers with various experimental conditions
(Figure 3g). The commercial aramid fiber (Kevlar® KM2+) properties were taken with a
Young's modulus of 84.62 GPa, a tensile strength of 3.88 GPa, and a toughness of 80.25
MJ/m? from previous studies.['®*!) When the properties of aramid fibers are set to 100% in
the radar chart of Figure 3g with three different mechanical properties, the toughness of the
fiber obtained from dilute acetone as a control group displays 94.31% of the precursor's
properties, while the modulus and strength are 50.85% and 34.89%, respectively. Moreover,
the toughness of the fibers prepared in dilute acetone with the narrow outlet corresponding to
the highest value is equivalent to 160.32% of the aramid fibers, and the Young's modulus of
the fiber produced through the additional annealing process shows the highest value in this
study corresponds to 62.81% of the precursor. In terms of tensile strength, unlike other
properties that have changed significantly depending on the experimental conditions, its value

only ranges from 31% to 35%, indicating signs of convergence.
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Radar chart for comparing the relative amount of three mechanical properties of the fibers

based on commercial aramid fibers as reference (100%)

The ANF-assembled fibers, made by simultaneous protonation and wet spinning, have
60% greater toughness than commercial Kevlar fibers while also having 4.86% lower density,
resulting in a vastly improved specific toughness. Given the importance of weight in fiber-
reinforced polymer composites, the results of this study show that the ANF spun fibers could
be used to create composite materials with high specific energy to break. The specific
properties of various fibers are plotted in Figures 4a and 4b and demonstrate the superior
energy to break of the ANF-assembled fibers comparing the specific modulus and strength
with other macroscale synthetic and natural fibers except for composite materials (Figure 4).
According to the chart, the conventional synthetic fibers are distributed in specific strength
and modulus over a broad spectrum while not exceeding the level of approximately 70 J/g in
terms of energy to break. As an exceptional case, the multilayered carbon nanotube yarns
manufactured by a chemical vapor deposition spinning process have been reported with

(23] In the present work, ANF-assembled fibers in the

energy to break of approximately 80 J/g.
form of monofilament have shown the energy to break over 93 J/g, and this result
demonstrates that it has impressive toughness exceeding other existing macroscale synthetic
and natural fibers made of a single component. Furthermore, comparing the present work to
spider silks, although the energy to break of the silk drawn from an adult Nephila edulis

female under specific spinning conditions has been reported to be about 165 J/g, the results

from this work have similar or higher toughness to the silk from Argiope trifasciata and
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Trichonephila clavipes.*'*233) Moreover, the ANF-assembled fibers exhibit a specific

strength in the range from 945.80 to 1,016.29 MPa g”'cm? and a specific modulus from 28.50

to 39.90 GPa g''cm?®, which are higher than polyamide (PA), poly(meta-phenylene

isophtalamide) (MPIA), and natural fibers such as spider silk and nanocellulose fiber. In

particular, the strong modulus with high toughness is advantageous for stable energy

absorption in the early stage of impact. Therefore, the fibers prepared in this work

demonstrate their unique potential for use as a structural reinforcement with properties unlike

other fiber technologies.

Q

Energy to Break (J/g)

100 +

80 +

60

40 -

20

0

A. trifasciata
= B ANF (Present work)
T. clavipes g
CNT
-.- —
[

"J.v\'l\-:j‘ m Nylon 66 Spectra fiber

1000
u
pepofE) zvion

u
Kevlar KM2+

MPIA L}
PA S-glass®

PPTA

UHMWPE
Cellulose Keviar 49
Nanofiber B W E-glass
= W Kevlar 29 ™
ppD "

B M5

B GO
Graphite O

u Carbon Fiber
Graphene |

T T T T T T
1000 1500 2000 2500 3000 3500

Specific Strength (MPa/(g/cm?))

T
0 500

o

Energy to Break (J/g)

100 4

80

60 -

40 -

204

Nylgn 66 0

Nomex
130

A mrialg

PA s-glass

1 E-glasd

n
rGo

ANF (Present work)

W CNT

W), Kevlar KM2+

Zylon

n W Spectra fiber
1000

L
PBO
PPTA
UHMWPE
Cellulosg B Kevlar49
| Nanofibeg
B Keviar 29 ﬁs
PIPD
B s
. Graphite ® Cargon Fiber
Graphene Graphene Carbon Fiber @

50
Specific Modulus (GPa/(g/cm?))

T T
100 150

T
200

Figure 4. Material mechanical property charts of synthetic fibers and natural fibers. (a)

Energy to break versus specific strength. (b) Energy to break versus specific modulus. The

materials include the ANF-assembled fibers prepared in this work shown in the red zone,

natural fibers (natural silk, cellulose nanofiber assembly),*13233] polyamide (PA),**

poly(meta-phenylene isophthalamide) (MPIA),*>! poly(p-phenylene terephthalamide)

(PPTA),!'%34 poly(p-phenylenebenzobisthiazole)) (PBO),1*8) Ultra-high-molecular-weight
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polyethylene (UHMWPE),*” poly(diimidazopyridinylene dihydroxyphenylene) (PIPD),??

carbon nanotube assembly (CNT),?*) glass fibers***% and graphite-based fibers.!** 4l

Recéntlytheproblem of environmental pollution has become a significant issue regarding
discarded synthetic fibers after damage. To cope with the issue of waste plastics, a recycling
experimentywas.conducted to refabricate the fibers by dissolving the spun ANF fibers into a
DMSO/water/KOH system through a second deprotonation process (Figure S1) and then
repeating thesspinning process. The recycled fibers have a Young's modulus of 38.25 +2.91
GPa, showing no difference from a previous experimental case of ANF-acetone (narrow)
(Figure 3c and 3d). However, the tensile strength and toughness decreased by approximately
6% and 12%, respectively, to 1,182.70 + 71.96 MPa and 113.19 + 12.83 MJ/m® (Figures 3d
and 3f). Although this result is considered a chemical degradation due to repeated
deprotonation during the recycling process, the recycled fibers still display high mechanical

properties, indicating a viable process to yield a sustainable and recyclable material.

Conclusion

These results suggest the potential of ANF-assembled fibers as new sustainable functional
synthetic fibers by successfully assembling the nanofibers into a macroscale structure with
lightweight and outstanding mechanical properties. The ANFs assembly was established by
designing a simultaneous protonation and wet spinning process with disorder control, thereby

fabricating the ANF-assembled fibers with remarkable toughness that exceeds existing
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commercial synthetic and natural fibers. Furthermore, it was found that although the prepared
fibers formed by the same intermolecular bonding mechanism and coterminous chemical
structure as commercial aramid fibers, a unique ANFs network leads to notable mechanical
properties. To date, various structural applications based on ANFs have been to capitalize
upon the remarkable properties of aramid fibers. Nevertheless, no breakthrough research has
been conducted on the high mechanical properties of a structure composed of ANFs. The
results of this study demonstrate the assembly of ANFs with high specific toughness,
strength, and modulus, thermal stability, and sustainability to be used in structural
applications in a broad area, including transportation, aerospace, ballistics, and medical
devices. Furthermore, the process developed here requires low energy consumption and is a
low-cost, simple, and scalable procedure for the continuous manufacture of fibers with

extraordinary toughness.

Experimental'Section
Materials'and Chemicals

KM2+ aramid fabric (Kevlar® KM2+, style 790, CS-800) was obtained from JPS
CompositgfMaterials. Dimethyl sulfoxide (DMSO, ACS certified), potassium hydroxide
(KOH, ACS certified), and hydrochloric acid (HCI, ACS certified) were purchased from
Fisher Scientifies:A cetone (ACS reagent) was purchased from Sigma-Aldrich, and Deionized

(DI) waterwaseollected from a purification system (PURELAB Ultra, ELGA LabWater).

Preparation of ANFs colloidal suspensions
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Multiple ANF colloidal suspensions were prepared based on the process reported by Chen
et al.?7] For the solvent systems, 150 mL of DMSO and 6 mL of DI water mixture were
prepared. Then, different ratios of the aramid fabric and KOH according to Table S2 with
various coneentrations (denoted as 0.2, 0.5, 1.0, and 1.5 wt%) were stirred in the prepared

solvent fop3 days at room temperature.
Fabrication of ANF-assembled fibers

The first step in fabricating the ANF-assembled fibers is producing gel-state fibers through
wet spinnimgwFhe wet spinning process consists of three steps: coagulation, washing, and
stretching "At'the coagulation step, the colloidal suspensions with varying concentrations of
ANFs were loaded into 10 mL syringes and extruded by a high precision fluid dispenser
(Ultimus Y§Neétdson EFD) with a 72 cm/min spinning speed through a flat end stainless-steel
needle with an nner diameter of 150 pm and a length of 50 mm into three different coagulant
baths at ambiéntstemperature. The three different coagulation agents were selected to vary
protonation‘rateand were prepared with 30 wt% acetone, DI water, and a 0.05 M HCl
aqueous selution. Gel-state fibers were spun into the coagulation bath and allowed to sit in
the bath for ISymin. The gel-state fibers were then dredged from the coagulation bath, then
twice immersedsdn clean DI water baths. The protonated fibers were then cut into 10 cm long
sections that were then stretched using a manual translation stage by 120%. Finally, the fibers
were collgéted, hiing on a drying rack, and dried in a vacuum oven at 140 °C for 24 hours to
remove residual'solvent. For an additional annealing process, the vacuum-dried fibers were

placed in a 125 ml stainless-steel autoclave reactor (Model 4748, Parr Instrument Company)
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and heated in a convection oven (Heratherm OMHG60, Thermo Scientific) to 300 °C at 5 °C
/min befereshelding for 5 hours.
Morphological and chemical characteristics

The isolated ANFs were redispersed in DI water after vacuum filtration with acetone and
DI water for washing and drop cast on the oxygen plasma treated silicon wafer. The isolated
ANFs were inspected by atomic force microscopy (AFM, XE-70, Park Systems). The cross-
section areay'surface, and knot of fabricated ANF-assembled fibers were characterized and
imaged through a scanning electron microscope (SEM, JSM-7800FLV, JEOL). The elements
in the preparedfibers were analyzed by energy-dispersive X-ray spectroscopy (EDS)

equipped with the SEM.

The chemicals€omposition of the commercial aramid fiber and the ANF-assembled fibers
were studiedmsing Fourier transform infrared spectroscopy (FTIR, Nicolet is50 spectrometer,
Thermd Seientifie) with a SMART iTR accessory ranging from 650 cm™! to 4000 cm™ at a
resolution of 0.4 cm™!. The crystal structures of the prepared fibers were analyzed by using an
X-ray diffractometer (XRD, Ultima IV, Rigaku) with a Cu Ka radiation source (A = 0.154

nm). The exrystallinity was calculated by the formula defined as

Crystallinity = Agoz + A110 + Az00 + Apos %

This article is protected by copyright. All rights reserved.



Where Apyand Ay, are the peak areas according to lattice planes and amorphous region. The

peak was fit using data analysis software (OriginLab), assuming Gaussian functions of the

(002), (110),200), (004), and amorphous peaks.

Moreover, azimuthal angle scanning was conducted using the same instrument at the 26 =
22.8°, cortesponding to the (200) crystal planes, to estimate crystalline alignment in the
fabricated|fibers. The alignment of ANFs was quantified by Herman's orientation function

(f), which is defined as

3 1
f= - ¢os ?— 5 (2)
/2 2 .
0520 Jy 11(1(/32) cos?(9) sin(@)do -
Jy T 1(®)sin(B)d®

Where @ as the azimuth angle is the angle (in radian) of the chain axis relative to the
interesteédfeference axis. /(Q) is the intensity along the azimuth angle at 20 = 22.8°. Within
the orientatien’in the interest direction, f'has a value between 0 and 1 means a higher degree

of alignment to the reference axis.

The thermal stability of the aramid fiber and ANF-assembled fibers was studied using a
thermogravimetri¢ analyzer (TGA, SDT Q600, TA Instruments) performed at the rate of 10

C/min. The decomposition temperature was confirmed through derivative thermogravimetric

analysis (DTG, 1# derivative of the TGA curve).

Mechanical characterization
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Tensile testing was performed according to ASTM D3379 to evaluate a Young's modulus,
tensile strength, strain at break, and toughness of the ANF-assembled fibers. As described in
ASTM D3379, the fibers were attached to a sample holder made of heavy-weight paper with
epoxy suchithatd@ gauge length of 12.7 mm was obtained. The tests were carried out at a
crossheadgpeed of 1.92 mm/min on a universal load frame (5982 series with a 5 N load cell,

Instron), apd tefyspecimens were tested for each condition.

Recycled ANF=assembled fibers

The recyelability of the ANF-assembled fiber was characterized by 0.3 g of ANF-
assembled fibers prepared using a dilute acetone solution with a 0.2 wt% ANF colloidal
suspension. The fibers were mechanically stirred with 150 mL of DMSO, 6 mL of DI water,
and 0.45 g@fKOH for 7 days to obtain a recycled ANFs colloidal suspension. Then, recycled
ANF-assembled fibers were manufactured using the same method described above, and the

mechanical pfoperties were evaluated.
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TOC

A novel aramid nanofibers (ANFs) assembly strategy for macroscale fibers using a
simultaneous protonation and wet-spinning process along with drawing and annealing
processes is reported. The prepared fibers show hierarchically aligned nanofibers as a
defective law structure, making it possible to reach greater specific toughness compared to
existing commercial synthetic and natural fibers, which corresponds to spider silks while

showing higher strength and modulus than spider silks.

This article is protected by copyright. All rights reserved.



& & = &

i
¥
Energy to Break (Jig)

[

@ 180 £
‘Specific Modulus [GPalglcm’])

Author Manuscis

This article is protected by copyright. All rights reserved.



