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Continuous Nanoparticle Patterning Strategy
in Layer-Structured Nanocomposite Fibers
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Anisotropic polymer/nanoparticle composites display unique mechanical,
thermal, electrical, and optical properties depending on confirmation and
configuration control of the composing elements. Processes, such as vapor
deposition, ice-templating, nanoparticle self-assembly, additive manufac-
turing, or layer-by-layer casting, are explored to design and control nanopar-
ticle microstructures with desired anisotropy or isotropy. However, limited
attempts are made toward nanoparticle patterning during continuous fiber
spinning due to the thin-diameter cross section and 1D features. Thus, this
research focuses on a new patterning technique to form ordered nanopar-
ticle assembly in layered composite fibers. As a result, distinct layers can

be retained with innovative tool design, unique material combinations,

and precise rheology control during fiber spinning. The layer multiplying-
enabled nanoparticle patterning is demonstrated in a few material systems,
including polyvinyl alcohol (PVA)-boron nitride (BN)/PVA, polyacrylonitrile
(PAN)-aluminum (Al)/PAN, and PVA-BN/graphene nanoplatelet (GNP)/
PVA systems. This approach demonstrates an unprecedentedly reported fiber
manufacturing platform for well-managed layer dimensions and nanoparticle
manipulations with directional thermal and electrical properties that can be
utilized in broad applications, including structural supports, heat exchangers,

and tunable functional properties.”
Homogeneous mixing between mnano-
particle fillers and polymer matrices for
synergistic and hybrid properties has
been the most adopted strategy for fabri-
cating composites with isotropic proper-
ties.Zl On the other hand, new processes
have been developed to achieve a higher
degree of freedom in particle morphology
and conformation control, such as ice-
templating,3# layer-by-layer casting,>*
additive manufacturing,”'% field-assisted
nanoparticle patterning,!1? and particle
self-assembly.3 These procedures gen-
erate ordered particle microstructures
with tailored packing factors or orienta-
tions for anisotropic properties.l’! For
example, ice-templating can create a
myriad of microstructures and micro-
architectures, where particle fillers are
arranged in lamellar, radially aligned, or
honeycomb structures. These composites
are usually coupled with property anisot-

electrical conductors, sensors, actuators, and soft robotics.

1. Introduction

Polymer composites have been extensively studied over the
past decades for their lightweight, low cost, processability,

ropy, e.g., unidirectional ionic conductivity
in composite electrolytes or cell alignment
in tissue scaffolds.'®]

Beyond comfort or aesthetic, polymer composite-based func-
tional textiles have recently gained much attention as wear-
able sensors,821 energy devices,???4 and intelligent prod-
ucts.?>-28 There have been efforts and progresses made toward
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Figure 1. a) Comparisons among the Maxwell-Eucken, Parallel, and Series models (inset illustrations) for predicting the thermal conductivity of com-
posites (k.) as a function of different thermal conductivity ratios between the polymer (k;) and nanoparticle (k;) phases.’’ Nanoparticle loading is
maintained at 10 vol%. b) A schematic illustration of in-house-developed multilayering technique as a unique spinning for multiphase and multimate-
rial fibers. c) Schematic illustrations of the hierarchically structured composites, from nanoscale layers to microscale fibers to macroscale fabrics, with

thermoregulation application for demonstration.

functionality-driven systems, such as stretchability,?*3% self-
healing,3! self-powering,?233 shape memory,¥ biodegradabili-
ties,323°l and biocompatibilityl*®! in wearable devices. Among
many functions that smart textiles can offer, passive ther-
moregulating can manipulate heat generation or dissipation
without external energy input, thus benefiting cost efficiency
and sustainability.?>) Many theoretical models have suggested
that thermal conductivity is heavily dependent on the micro-
structure of nanoparticles and polymer matrices.’’-**! For
example, Figure 1a shows the thermal conductivity differences
among Maxwell-Eucken, Series, and Parallel models, where
ki, k;, and k. represent the thermal conductivity parameters
for polymer, nanoparticle, and composite materials, respec-
tively. For thermal-insulating composite, k;/k;, > 1, the Series
model shows a much lower k., whereas for thermal-conduc-
tive composite, ki/k, < 1, the Parallel model shows a much
higher k.[*# Previous studies on passive thermoregulation
composite fibers primarily reflect the Maxwell-Eucken model
since complex microstructure control in textile fibers remains
a challenge due to the microscale fiber dimension and produc-
tion continuation requirements.*! Structures, such as core—
shell, 8] islands-in-the-sea,*! side-by-side,”® and segmented
fibers,15%) are some of the most researched examples. Never-
theless, their dimensional feature size directly correlates to the
spinneret geometry limited by tooling resolution and precision
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engineering. For example, our group previously reported a
trilayered, coaxial fiber with two polymer channels sandwiching
a conductive middle channel for simultaneously achieving
electrical conductivity, volatile sensitivity, and high stretch-
ability.l’®] Nevertheless, the lack of spinning apparatus control
(e.g., oversized spinneret exit, irregular internal dimensions, or
unexpected wall roughness) resulted in inefficient interface or
phase interactions and, thus, suboptimal performance that is
not suitable for advanced applications.

To overcome similar issues, we combined a layering tech-
nique with dry jet-wet fiber spinning to generate multilayered
composite fibers, where nanoparticles were selectively depos-
ited at desirable locations with patterning resolutions enhanced
by tooling engineering.” Through our unique flow behavior-
driven layer-multiplying process (Figure 1b), the layer domain
size was controlled on the nanometer scale (depending on
nanoparticle dimensions and geometry) while the spinneret
size was maintained at the macroscale.’>=>8] For the first time,
this research demonstrates the potential of fabricating aniso-
tropic fibers with highly hierarchical laminating structures.
Nanoscale boron nitride (BN) (Figure 1c), based on covalently
bonded boron and nitride layers known for their high thermal
conductivity,* is selected as the first example to examine layer
manufacturability and heat dissipation capabilities (Figure 1c).
As a result of the nanoparticle assembly and alignment,

© 2022 Wiley-VCH GmbH

i) suonIpuo) puv suud | 3y 298 “[£207/60/1€] U0 A1eaqr ouruo AojiA “suonenunuo) qry ‘siskjeuy  boy QIS KIS BUOZIY £q 1€£50TZ0TWIPE/ZO01"0110p/wWOo K[t Areiqriour[uoy/:sdiy wioly papeojusod “S¢ TT0Z ‘$Z0€9191

Ko

su0o1] suowIo)) aAnEa1) d[qeadde o) £q PouILAOS A1E SA[NIE YO $9SN JO ST 10§ AIRIQIT UIUQ) AA[LAY O (:



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

conductive pathways are formed along continuous BN channels
within polymeric fibers that were flexibly woven as textiles for
passive thermoregulation control on the macroscale (Figure 1c).
Furthermore, the obtained nanoparticle patterns display an
ordered lamella structure consistent with the Parallel model,
with mechanical and thermal properties investigated experi-
mentally and validated computationally. The demonstrations
of two other polymer/particle combinations also suggest broad
applications of our facile and effective fiber spinning strategy
in porous media and high-performance composite/hybrid
systems.

2. Results and Discussion

Manipulating continuous fiber microstructures and hierar-
chies have been challenging due to the small-sized diameter,
thus, requiring a delicate design of manufacturing processes to
precisely control the fiber spinning dynamics. The layer multi-
plying technique (Figure 1b), as a new tooling engineering for
fiber and textile engineering, has not been reported in the lit-
erature except for ours.’*%% The multimaterial layering mecha-
nism mimicking laminate structures is described in Figure S1
(Supporting Information). As two precursor feedstocks entered
one multiplier, they were split horizontally and rearranged ver-
tically, transforming two adjacent layers into four alternating
layers. Each time an additional multiplier was added, the layer
number doubled while the layer thickness was halved. Conse-
quently, a number of n multipliers produced 2"*! layers. The
utilization of 3D printing could rapidly prototype parts (e.g.,
spinneret and multipliers) with proper dimensions and internal
complexities, enabling fibers with varying microstructures (e.g.,
flexibility with core—shell, hollow, pie, and layered morpholo-
gies (Figure 1c)), flexible material combinations (Table 1), and
layer resolutions (e.g., an inlet size of 1 mm leads to a layer
domain size of =488 nm after going through ten multipliers).
The rheological properties play a vital role in retaining
formed layers of desirable dimensions and compositions
during the layer multiplying procedures. For example, different
polyvinyl alcohol (PVA) and BN combinations were studied for
optimized rheology (Figure S2, Supporting Information) and

stable colloidal states (Figure S3, Supporting Information). BN
nanoparticle used in this work has an average lateral dimen-
sion of 340 nm * 140 nm according to scanning electron micro-
scope (SEM) analysis (Figure S4, Supporting Information).
The measured viscosities (Pa s) at a shear rate of 1 s and the
damping parameter (tan(J)) values are shown in Figure 2a,b,
with indicated green regions corresponding to the spinnability
window because of the fiber gelation capability and solidifica-
tion kinetics. First, uniform layers need to be formed via a low
Reynolds number (Re) where the inertia is negligible compared
to viscous and pressure forces (e.g., Re = 0.05 to form sheet-
like liquid flows).°!) By fixing the characteristic linear dimen-
sion (L, m) and fluid density (p, kg m~), a minimally required
liquid viscosity of 5 Pa s was calculated based on the equation
of Re = pvL 177}, where v is the flow speed (m s7!) (Figure 2c).
Besides, a maximum viscosity was limited to 100 Pa s for mate-
rial working with our syringe pump, thus satisfying the layer
formation requirement.

Second, the polymer chains must form strong enough entan-
glement within each constrained and size constantly changing
channels during layer multiplying to avoid interlayer diffu-
sions. As a simple demonstration, Figure 2d shows the fiber
pulling effects of 20 wt% PVA and 5 wt% PVA/50 vol% BN
solutions, both with a zero shear viscosity higher than 10 Pa
s followed by a viscosity plateau (Figure S2, Supporting Infor-
mation), favoring fiber gelation and layer retention in separate
channels during fiber spinning.®?) PVA’s high viscosity also
prevented the transport of the adjacent BN nanoparticles across
the layer interfaces, with a stable solution/suspension interface,
shown in Figure S5 (Supporting Information). For comparison,
lower PVA viscosity failed to prohibit interlayer nanoparticle
diffusions and resulted in uneven BN distributions (i.e., layer
disruptions in Figure S3a,b vs retaining layers in Figure S3c in
the Supporting Information).

Third, as a feature of viscoelasticity, shear-thinning behavior
is essential to colloidal dope spinnability.%3] As rigid BN
nanoparticles can be assumed to be perfectly elastic,® their
increased concentration in viscous PVA solutions would pen-
etrate between the polymer chains and lower their networking/
entanglement, reducing their flowability, especially within
a shear field that may cause nanoparticle alignment.%% At a

Table 1. Summary of the spinning dope compositions and fiber terminologies (Note: For fibers with uniform structure, layers A and B have the same
composition. For example, U0% represents uniform structured fibers with 0 vol% BN. For fibers with multilayer structure, layer A is pure PVA and
layer B is BN/PVA, and x represents the number of layers. For example, 32L10% represents 32 alternating layers with 10 vol% BN. All wt% are weight
percentages of the polymers with respect to the solvent, and vol% are volume percentages of BN with respect to the polymer content).

Structure Overall BN concentrations [vol%)] Layer A composition Layer B composition Terminology
Uniform 0 20 wt% PVA uo0%
5 5 vol% BN, 18 wt% PVA Us5%
10 10 vol% BN, 15 wt% PVA U10%
20 20 vol% BN, 10 wt% PVA U20%
30 30 vol% BN, 10 wt% PVA U30%
40 40 vol% BN, 8 wt% PVA U40%
Multilayer 5 20 wt9% PVA 10 vol% BN, 15 wt% PVA xL5%
10 18 wt% PVA 20 vol% BN, 10 wt% PVA xL10%
20 15 wt% PVA 40 vol% BN, 8 wt% PVA xL20%
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Figure 2. Material composition optimizations for fiber spinnability and property enhancement purposes. a) Viscosity at a shear rate of 1 s and
b) tan(9) at different BN and PVA concentrations. c) The theoretical calculation of Re as a function of injection volume and viscosity during the liquid
flow extrusion. d) The viscosity of pure PVA solution and BN/PVA suspensions, with insets showing the fiber-pulling effect of pure PVA and 50 vol% BN/
PVA solutions. e) The fiber composition spinnable window where the green regime indicates successful and red indicate failure. f) CFD simulations of
the layer formability of the 16L10% fiber going through four multipliers (#1-4). Green and red regimes indicate the PVA/DMSO solution and the PVA/
BN/DMSO suspension, respectively. g) Photographs of the fiber spinning setup and the continuous fiber collection process.

certain point, the excessive BN would change the solution’s flow
behavior from pseudoplastic (i.e., shear thinning) to dilatant
(i-e., shear thickening) (Figure S2, Supporting Information),
unfavorable for shearing-involved extrusion and injections.[%’!
As a result, the gelation point where tan(d) equals 1 was used
as one of the criteria for the least-satisfying flow behavior
(Figure 2b). By varying the polymer or nanoparticle concentra-
tions of each spinning dope system, a phase diagram of the
PVA/BN system is shown in Figure 2e, with the green dots
illustrating the spinnable window; the highest achievable BN
concentration was determined at 50 vol% within the 5 wt%
PVA/dimethyl sulfoxide (DMSO) solutions.

Last but not least, the viscosity matching between alternating
layers is critical to achieving intact and distinct layering (Figure
S6a, Supporting Information). As a comparison, optical images
suggest a high-viscosity mismatch would result in nonuniform
layer thicknesses and layering disruptions (Figure S6b, Sup-
porting Information) with the same spinning parameters (e.g.,
injection/collection rates and coagulation environment). The
computational fluidic dynamic (CFD) simulation was used to
visualize the layer multiplying efficiency with different viscosity
combinations (Figure S6c—e, Supporting Information). The
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gradual increase in the layer thickness mismatch with respect
to layer viscosity differences indicates that layer disruption is a
gradual process, which aggravates with increased viscosity mis-
match (Figure S6f-h, Supporting Information). Figure 2f shows
the CFD simulation of a 16L of 10% fiber with dissections
shown in Figure S7 (Supporting Information). Uniform layers
were successfully formed by matching the viscosity between 18
wt% PVA and 20 vol% BN in 10 wt% PVA (i.e., 60 and 58 Pa s,
respectively, at a shear rate of 1 s7! (Figure 2a)). By using four
multipliers, two adjacent PVA and BN/PVA layers were multi-
plied into 16 layers across the major axis, and the composition
remained the same across the minor axis. Figure 2g shows the
fiber spinning and the continuous fiber collection processes.
Table 1 summarizes the compositions and terminology of var-
ious fiber types, with the rest of the samples studied in the fol-
lowing sections.

Differential scanning calorimetry (DSC) results show that
the glass transition temperature (T;) consistently increases
with higher BN concentrations (Figure 3a). Peak T, occurs
at 30 vol% BN at 75.8 °C, about 16 °C higher than the pure
PVA. Due to their constraining effect at the polymer/nano-
particles interface, the addition of BN nanoparticles increased

© 2022 Wiley-VCH GmbH
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Figure 3. a) DSC results of uniform composite fibers show the thermal resistance enhancement with higher BN/PVA volume percentages (vol%).
b) TGA results of 5 vol% BN/PVA fibers with different layer numbers show constant BN volume percentage. c) Experimentally measured and theoreti-
cally predicted layer thickness along the dotted black line with increased layer numbers. SD is shown for measured values. d; d,) Optical images of
the as-spun 64L10% fiber from the major and minor axes, respectively. Cross-sectional SEM images of e) the postdrawn 64L10% fiber with zoom-in
regions showing the f) BN layers with falsified coloring and g) BN nanoparticle morphology. Micro-CT images of the 3D continuous BN channels for

hy hy) 8L10% and iy i;) the 16L10% fibers from the hy,iy) top and hy,iy) oblique views.

the rigidity of the PVA polymer chains and the resistance to
thermal transitions (e.g., Ty). At 40 vol%, a slight decrease in
the T, suggests a less efficient constraining effect, which could
be caused by the increase of the BN-BN interface due to par-
ticle agglomeration. Since BN shows no weight degradation
under an air atmosphere and PVA degrades 100% up to a tem-
perature of 800 °C, the thermogravimetric analysis (TGA) is an

Adv. Funct. Mater. 2022, 32, 2204731
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accurate way of determining the fiber compositions. Figure 3b
shows the degradation curves of 5 vol% (i.e., =10 wt%) fibers
with layer numbers ranging from 4 to 64. Their weight resi-
dues have an average of =10 wt% and a standard deviation (SD)
of £1.1%, showing high composition consistency during the
layer multiplication process. There are mainly three degrada-
tion sections, i.e., evaporation of water/solvent residue before

© 2022 Wiley-VCH GmbH
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200 °C, decomposition of PVA side chains starting at 300 °C,
and decomposition of PVA main chains starting at 550 °C.[
Figure S8a (Supporting Information) shows the TGA curves of
BN powder, pure PVA, 32 L5%, 32 L10%, and 32 L20% fibers,
and Figure S8b (Supporting Information) shows the slight dif-
ferences between measured weight residue with theoretically
predicted values, indicating precise layer composition control
and structural consistency.

The thickness of the BN layer was reduced to half with each
multiplier addition during fiber spinning. Figure 3c shows
the experimentally measured and theoretically calculated layer
thicknesses across the middle dotted line for the 4-64 layered
undrawn fibers. The SD gradually improves with increased
layer numbers. After fiber drawing, the layer thickness
decreased further, reaching to as small as 2 um for the 128L10%
fibers (Figure S9, Supporting Information). After spinning,
the designed rectangular nozzle enables an elliptical fiber
shape with major and minor axes due to the drawing effects
(Figure 3d). The cross-sectional SEM images of the 64L10% fiber
confirm such a morphology after the hot drawing (Figure 3e).
The size aspect ratio of the ellipse is =1.5, where the lengths
of the major and minor axes are 350 and 235 um, respec-
tively. This aspect ratio can be controlled by the nozzle shape
design readily accessible via our 3D-printed spinning setup;
photographs of exiting nozzles with aspect ratios of 1, 2, and 10,
and their corresponding fiber cross-sectional SEM images with
aspect ratios of 1, 1.5, and 2.5 are shown in Figure S10 (Sup-
porting Information). For the 64L10% fiber, BN layers follow
a periodic pattern across the major axis, with individual layers
aligning along the minor axis (Figure 3e). Each layer’s thickness
approximately equals 4 um, as shown in the colored regimes in
Figure 3f. Within each layer, BN nanoparticles of sizes varying
from 300 nm to 1 pum are interconnected to form thermally
conductive pathways (Figure 3g). To further examine the fiber
morphology and their channel continuity, micro-X-ray micro-
tomography (micro-CT) was used for the undrawn 8L10%
(Figure 3hy,h,) and 16110% (Figure 3i;,i,) fibers. Note that layer
thickness smaller than 20 um could not be observed via micro-
CT due to voxel resolution and contrast limit. The continuous
BN channels are highlighted in blue and purple, while the pure
PVA channels are transparent (Figure 3h,i). The continuous
channels indicate layer continuity and composition consistency
along the fiber axial direction, consistent with the TGA char-
acterizations (Figure 3b). However, the channels are not per-
fectly aligned in the direction across the fiber. Figure S1la (Sup-
porting Information) shows the layer thickness distribution
across the fiber; layers in the middle tend to be more uniform
compared to layers on the edges. We believe that this curling
of the layers could affect the fiber performance and is caused
by the solvent exchange process during the coagulation of the
fiber. Before the polymer gels exit the nozzle, the PVA and BN/
PVA layers display well-defined layer-by-layer vertical patterns
(Figure S11b, Supporting Information). As they exit the nozzle
and enter the coagulation bath, the concentration-gradient-
driven solvent exchange process between the solvent (DMSO)
and nonsolvent (methanol) reshapes the fiber morphology
from rectangular to elliptical (Figure S1lc,d, Supporting Infor-
mation). During this process, the higher solvent concentration
gradient at the fiber edge results in more layer curling and the
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lower solvent concentration gradient at the fiber middle section
results in less layer curling.

After establishing the alternating layered structure, fibers
were drawn above their T, to align the polymer chains, reduce
the fiber diameter (i.e., better size effects due to lower defect
density), and increase structural properties.[”] During the fiber
drawing process, the polymer chains reoriented themselves
along with the fiber axial direction and increased their chain
density, promoting better uniaxial mechanical properties (e.g.,
better anisotropic modulus and strength at 180 than 25 and
100 °C drawing, respectively).®! Stress-strain curves for the
postdrawn uniform fibers are shown in Figure 4a. The addition
of BN, even at a 5% concentration, results in inferior ultimate
tensile strength performances; at a 40% loading, the tensile
strength is reduced by about 77% (i.e., PVA vs U5-40% compos-
ites; Figure S12a, Supporting Information). Note that the BN
inclusion in this research (e.g., volume percentage = 5-40%)
is higher than most literature reports,®! and we do not expect
higher mechanical properties as BN-BN interfaces do not
transfer stress efficiently according to composite mechanics./%
Similarly, fracture strain values also decrease with increased
BN particle loading (Figure 4a). Micro-CT scan imaging shows
trails of voids along the fiber axial direction after the drawing
process (Figure S13, Supporting Information), which are likely
the leading causes of lowered tensile strength (Figure S12a,
Supporting Information). Their formations are resulted from
the polymer chain movement when the shear stress gener-
ated during the fiber drawing process could not overcome the
momentum needed to exfoliate/redistribute the large BN clus-
ters. Another cause could be the higher T, of BN-containing
fibers as their polymer chain mobilities are more resistant to
drawing temperatures. Therefore, an additional drawing step at
180 °C was used (Figure S12b, Supporting Information). As a
result, for pure PVA fibers, the percentage increase in strength
from 100 to 180 °C is almost negligible; however, for the U10%,
U20%, and U30% fibers, the increments are 19.7%, 54.7%, and
80.5%, respectively (Figure S12b, Supporting Information).
Although the performance gaps between the BN-containing
and pure PVA fibers become narrower at higher drawing
stages, additional loading of BN nanoparticles still deteriorates
fiber strength. Young’s modulus is less affected by the addition
of BN; a 10% increase is observed for the U5% fiber, and a 25%
decrease is observed for the U30% fiber (Figure S12c,d, Sup-
porting Information). A noticeable 64% decrease is observed
as BN volume concentration increased to 40%, which was
expected as previous DSC data suggested the higher BN/BN
interfaces, resulting in lower load transfer efficiency.l’"

Through the multilayering process, selective spatial deposi-
tion of the BN nanoparticles was controlled as they occupy half
of the fiber volume. At equal BN loadings of 10 and 20 vol%,
layered composites show lower Young’s modulus and ultimate
tensile strength than uniformly structured fiber (U-type fibers,
Figure 4b), consistent with the rule of mixture calculations./’>73!
The relationship between layer numbers and mechanical prop-
erties was further investigated; the 32L10% fiber peaks the
performances in both modulus and strength by 68% and 5%
increases compared to the 4L10% fiber, respectively (Figure 4c).
Also, a finite element modeling (FEM) simulation was con-
ducted on a composite consisting of alternating layers with
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Figure 4. Mechanical properties of uniform and layered fibers as a functio

n of the fiber compositions and layering numbers. a) Stress—strain curves of

uniform fibers with different BN loadings after hot drawing at 100 °C. b) Comparisons of Young’s modulus and ultimate tensile strength between the

uniform and 32-layered fibers after hot drawing at 100 °C. c) Relationships
numbers. SDs are shown for panels (b) and (c).
of 32L10% fibers drawn at room temperature showed a stepwise fracture.

of Young’s modulus and ultimate tensile strength values with different layer

d) Deformation simulations of fibers with different layer numbers via FEM. e) The stress—strain curve

f) SEM images of the 32L10% fibers showed distinct surface morphologies

within the PVA and PVA/BN layers during fracture. g;) Schematics showing the crack propagation route with g, g;) the SEM images of propagated
cracks in PVA and 32L10% fibers, suggesting that the BN-containing layers served as crack barriers or reflectors.

different stiffnesses, fixed bottom layers, and uniformly distrib-
uted force on the top surface (insets in Figure 4d). Since both
layers consisted of PVA as the polymer matrix, their interface
was assumed to be perfectly bonded at the initial deformation.
The simulation results show that the total deformation on the
surface reduces with reduced layer thicknesses (Figure 4d;
Figure S14a,b, Supporting Information), inferring an increased
interfacial interaction would increase the composite stiffness.
Similar mechanical behaviors have been observed in previous
composite laminates with varying thicknesses of metal alloys./*l

Moreover, the stress—strain profiles for the 32L10% fibers
show stepwise fracture behavior (Figure 4e; Figure Sl4c, Sup-
porting Information) for fibers drawn at room temperature
and 100 °C, respectively), which is different from U10% fibers,
where a linear elastic response is observed until a catastrophic
failure (Figure 4a). SEM images show two distinct types of
fractures, with the BN/PVA layer failing in a brittle fashion
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showing a clean-cut cross section, while the PVA layer fails in
a ductile fashion with a fiber bridging phenomenon (Figure 4f;
Figure S15, Supporting Information). Based on this observa-
tion, it can be concluded that the BN/PVA layers are subjected
to the mechanical tension within the elastic regions at first,
followed by an extension of the PVA layer in a plastic zone until
the complete fracture. This alternating layered structure could
be one of the ways to increase the pseudoductility of high-
modulus fibers. Moreover, the alternating layered structure also
shows crack deflection behavior. An initial crack was introduced
manually to both pure PVA and 32L10% fibers, and upon 4%
strain, two fibers show noticeable differences (Figure 4g;—g3).
Unlike PVA fiber, 32L10% fiber inhibits crack propagation
by deflecting its direction in the axial direction rather than
across the fiber. It is worth mentioning that, for the 32L10%
fiber drawn at room temperature, =24% of the total energy
absorbed is succeeding from the beginning of the stepwise
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fracture (Figure 4e). This enhanced fracture resistance is likely
due to the different mechanical properties between the layers,
resembling the previously reported interlayer technique
in laminates for toughness improvement.”?l Tables S2-S5
(Supporting Information) show the mechanical properties
and energy absorptions for the 4L10%, 32L10%, 64L10%, and
128L10% fibers. Interestingly, as layer number increases, the
percentage of fibers under tensile test showing stepwise frac-
ture characteristic decreases, 100% for 4L10%, 60% for 32L10%,
20% for 64L10%, and 0% for 1281.10% (Figure S14d, Supporting
Information). This implies that with increased layer numbers,
the fiber gradually transformed from a multilayered composite
to a more uniformly phased composite.

The unique layers can facilitate directional heat dissipation
or conduction. By assuming that the BN/PVA composite phase
follows the Maxwell-Eucken model, a Parallel-Maxwell-Eucken
model for the thermal conductive composite was proposed
according to Equations (1) and (2) (Figure S16a, Supporting
Information) because of the parallel combinations of layers,
where ky,, kg, k,, and k; are the thermal conductivities of the
composite layers, polymer matrix, nanoparticle, and polymer/
nanoparticle phase, v, is the volume fraction of the nanopar-
ticles, and v, is the volume fractions of polymer/nanoparticle
phase which was assumed to be 0.5

ky =kw (1-v,)+k,v, (1)

2k +ky = 2(ke =k ) vy
k, =k,
2k, +ky + (ki =k ) vy

(2)

The overall composite’s highest nanoparticle volume concen-
tration was limited to 50%, corresponding to a 100% theoretical
nanoparticle volume in the composite phase. Experimentally,
only 40 vol% nanoparticle loading was achieved, corresponding
to 20 vol% loading in the overall fiber. The calculation shows
that layered fibers are 34% higher in thermal conductivity than
uniform fibers at this concentration. Due to the challenges in
experimentally measuring the thermal conductivity of aniso-
tropic fibers, a transient plane source (TPS) method was used
to estimate the thermal conductivity of rectangular bulk com-
posites with different BN loadings,/*! followed by finite element
analysis (FEA) to validate the relationship between thermal
response and layer numbers computationally.

The TPS method uses a thin metal film, sandwiched
between two identical composite samples, to generate Joule
heat, and records the transient temperature response to esti-
mate the thermal conductivity.””! According to the measure-
ment, the thermal conductivity increases monotonically and
nonlinearly with BN volume concentrations from 0%, 5%, 10%,
15%, 20%, 30%, to 40% (Figure S16Db, Supporting Information).
The thermal conductivities between uniform (i.e., along with
the channel directions, red in Figure 5a) and layered compos-
ites (i.e., from the Parallel-Maxwell-Eucken model as plotted
blue in Figure 5a) show a more efficient heat dissipation for
layered structures. For example, the thermal conductivities of
the uniform BN/PVA and layered samples at a 20% BN loading
are 0.94 and 1.26 W m™ K}, respectively; a 34% increase for
the layered structures. Similarly, to achieve a conductivity of
0.94 W m™! K1, 20% BN is required for a uniform composite,
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while only 15% BN is required for a layered structure
(Figure 5a). The thermal conductivity of a two-phase system
depends not only on nanoparticle loading but also on the micro-
structure. After sintering the fibers at 800 °C, Figure 5b shows a
clear image of the bare BN layers, consistent with the micro-CT
images (Figure 3h,i); the preferentially aligned BN channels act
as high ways for phonons to transport with a reduced scattering
across boundaries.?¥3% On the other hand, homogeneously dis-
persed BN nanoparticles can be pictured as randomly distrib-
uted networks intercepted with local junctions, posing thermal
dissipation and structure densification challenges.”® Further-
more, the nonlinear relationship between the BN concentra-
tion and thermal conductivity predicts that such microstructure
would be exponentially more effective as BN content increases.

FEA was used for layered composites to better understand
the thermal profiles influenced by layer numbers. The experi-
mentally measured thermal conductivity values of bulk PVA
(0.38 W m™ K™Y) and 40 vol% BN/PVA (2.15 W m! K) were
used for the alternating composite layer simulations. For com-
parison purposes, the bulk conductivity of 20 vol% BN/PVA
was selected as the uniform composite. Under equal heating
power (i.e., thermal field applied to the bottom fiber surfaces)
and convection occurring on all other three edges, a higher
thermal conductivity would result in a lower-temperature dif-
ference across the conduction path; in other words, a higher
surface temperature in this FEA simulation correlates to higher
thermal conductivity.”’] Figure 5c shows the simulation results
as thermal contour maps, and Figure 5d shows the profiled
top-surface temperature along with the x-coordinate. As the
layer number increases, additional interfaces would replace
the previous PVA-PVA interconnections with new BN-PVA
interconnections, hence, increasing the interfacial conduc-
tivities (Figure S17, Supporting Information). In addition, the
decreased layer thicknesses also result in a more uniform
top surface temperature profile across alternating layers (e.g.,
64L20% vs 4L20%, Figure 5d). The average fiber body tempera-
tures of 5, 10, 15, and 20 vol% layered BN/PVA fibers are com-
pared with the uniformly structured fibers, as summarized in
Figure 5Se. Layered structures show an apparent temperature
increase at all BN concentrations, especially at higher BN vol%.
Interestingly, the temperature increase eventually smoothed
out with increased layer numbers. One possible explanation is
that the new interfaces not only create BN-PVA interconnec-
tions from PVA-PVA interconnections but also destroy BN-BN
interactions to form BN-PVA networking, causing a decrease
in the thermal conductivity of the replaced BN/PVA layers
(Figure S17, Supporting Information).

For application demonstration purposes, pure PVA and
32120% fibers were handwoven into fabrics (5 cm by 5 cm in
size) (Figure 5f) and placed on a Peltier plate as a heat source
to test their time—temperature responses in an ambient envi-
ronment. All fibers maintained a stable structure as their major
axes were in contact with the heat source, aligning the BN heat
pathways with the conducting direction (inset in Figure 5b).
The high aspect ratio of the fiber ensures such a geometry
after weaving without any additional precautions (Figure S18,
Supporting Information). After the temperature stabiliza-
tion, a series of infrared images were taken from 0 to 50 °C
at a temperature step of 10 °C min~! (Figure 5g). The 321.20%
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Figure 5. Thermal property—structure relationships and thermal demonstrations of wearable textiles composed of PVA or multilayered composite
fibers. a) Theoretical thermal conductivity calculation of layered structure and experimental measurement of uniform structured BN/PVA composite

Time (min)

Cycle

fibers with SDs. b) Schematic illustration of the proposed thermal conductive pathways for uniform (the top inset) and layered (the bottom inset and
the SEM image) fibers. c) Simulation result of 20 vol% BN/PVA fibers with different layer thicknesses. d) Top surface temperature profiles and e) aver-

aged overall fiber temperatures. f) Handwoven 32L20% fiber fabric (scale bar = 2 mm) showed the thermal response differences between g) 32L20%
fabrics (top) and pure PVA fabrics (bottom). h) An experimental setup (bottom schematic) with programmable heating rates (top figure) for measuring

i) static and j) dynamic thermal responsiveness of the 32L.20% and PVA fabrics.

fiber surface shows a lower starting temperature and a higher
final temperature (Figure S19a, Supporting Information), and
its absolute temperature difference between the heat source is

Adv. Funct. Mater. 2022, 32, 2204731
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lower than the pure PVA textile (Figure S19b, Supporting Infor-

improved thermal conductivity. Moreover,

the PVA, 32110%, and 321L.20% fabrics were tested under 1, 2.5,
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5, and 10 °C min™' heating rates to test the dynamic thermal
conduction property. Three layers of each fabric were stacked
together with a thermocouple attached on the topmost surface
with silver paste to increase their temperature contrast (bottom
schematic in Figure 5h). The heat source profile was program-
mable (top schematic in Figure 5h) with a 10 min steady-state
period after each heating ramp. The thermal responses sum-
marized in Figure 5i show that slower heating rates and higher
BN concentration result in faster responses and vice versa. Fur-
thermore, the responses of single-layer pure PVA and 32120%
fabrics under cyclic heating also show that the process is highly
reversible between 0 and 80 °C (Figure 5j), indicating a large
working window with mechanical robustness and material
sustainability. Furthermore, the mechanical integrity of the
multilayered fiber is essential for fabric performances as they
undergo various deformations. Figure S20 (Supporting Infor-
mation) shows the mechanical performances of 32L10% fibers
under 280 cycles of 17% uniaxial strain compression with
high-stress stability. Figure S20d;,d, (Supporting Information)
shows the SEM images of the fiber cross-sectional and surface
morphologies. No obvious interfacial debonding was observed.
Similarly, for 32L10% fiber under 140° torsion for 120 cycles, no
obvious layer debonding was observed (Figure S20c,ee,, Sup-
porting Information). We believe that the stable layer interface
bonding is due to the single-step fabrication process, which
enabled high PVA polymer chain entanglement between the
PVA and BN/PVA layers. Such a behavior has also been pre-
viously reported by others for single-step fabricated coaxial
multilayered structures.?*’8l The more dynamically stable inter-
faces from the polymer gel entanglement during the extrusion
process showed improved interfacial delamination issues com-
pared to the traditional layer-by-layer fabrication method.?*
The layer multiplying technique is applicable in different mate-
rial systems with varying manufacturing resolutions or versatile
functionality. In addition to forming parallelly packed, thermally
conductive pathways with BN nanoparticles, two other applica-
tions were briefly explored to show the general compatibility of
our method with composite or hybrid materials. First, the align-
ment of channels can be controlled to construct not only par-
allel layers but also series layers (the left schematic in Figure 6a)
with potential for thermal insulation applications as predicted by
Figure la. A CFD simulation shows that by reversing the injec-
tion direction of feedstocks A and B across four multipliers,
16 alternating layers can be generated perpendicular to the minor
axis direction (the right contour mapping in Figure 6a). As an
example demonstration, material A was chosen as polyacryloni-
trile (PAN), and material B was chosen as aluminum (Al)/PAN.
After patterning the Al particles in a series sequence (Figure 6b,),
these metal powders were etched away to form pores aligned
along the fiber major axis (Figure 6b,; Figure S21, Supporting
Information) with a layer thickness of 5-10 um (Figure 6bs).
Similar to the Parallel/Maxwell-Eucken-coupled model, a Series—
Maxwell-Eucken model was proposed based on Equation (3)

B 1
T (1=,) [k + 2k,

s

()

where v, is the volume fractions of pores/polymer phase, k,,
is the thermal conductivity of the polymer matrix, and k, is
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the thermal conductivity of the pores/polymer phase based on
Equation (2).%”) With varied porosity that introduced the insu-
lation space, Figure 6b, shows the thermal conductivities of
fibers with pore-patterning (Series—Maxwell-Eucken model)
and uniform pore distributions (Maxwell-Eucken model),
implying greatly improved insulation efficiency via forming a
higher porosity or concentrated pores within layers.

Apart from forming multilayered composites based on a
single type of nanoparticle, the bi-nanoparticle laminate struc-
ture can also be feasible with the layer multiplication strategy,
such as in cellulose nanocrystal (CNC)/cellulose nanofiber
(CNF) stack films for structural coloration,”” BN/graphene as
dielectric nanocomposite,® or carbon nanotube (CNT)/BN for
electromagnetic shielding application.®! For a brief demon-
stration, BN and graphene nanoplatelets (GNPs) were mixed
with PVA polymers as a binder to form eight alternating layers
(Figure 6¢;), with each layer thickness of 20 um (Figure 6c,).
Higher GNPs’ concentrations increase the electrical conduc-
tivity after reaching the percolation threshold (5 wt%) along the
fiber axial direction (Figure 6¢3). On the other hand, the elec-
trically insulative BN nanoparticles prevent electron transport
across the fiber (Figure 6¢;), resulting in over seven orders of
magnitude difference in electrical conductivity between the
along-fiber and perpendicular-to-fiber directions. Furthermore,
previous research suggests that instead of forming a homoge-
neous mixer, a bilayer structure of graphene and BN results
in enhanced thermal conductivity due to the higher interfacial
thermal conductance between the homogeneous nanoparticle
interfaces, such as BN/BN or graphene/graphene, than that
of the BN/graphene interface, based on molecular dynamics
simulations. 8082

3. Conclusion

This research reports the first-time use of a new fiber spin-
ning technique for the simultaneous nanoparticle assembly to
enhance structural patterning or functional properties in nano-
composites. Leveraging rapidly prototyped components in an
in-house designed layer multiplying technique, we can selec-
tively distribute and preferentially align different nanoparticles
(e.g., BN, Al, and BN/GNPs) within thin-diameter, continuous
fibers. Well-controlled material choices and flow behaviors
would lead to layered structures, directed by CFD simula-
tions and observed in experiments. First, composite layers can
be designed with enhanced resistance to crack propagations
(e.g., the PVA-BN/PVA layers). These nanocomposites also
show programmable and directional heat dissipation capabili-
ties by simply controlling the layer number and thickness (i.e.,
2-65 um). Second, the alternating layers’ composition (e.g., dif-
ferent polymer/nanoparticle combinations) and structure (e.g.,
horizontally packed or vertically laminated) can be tailored
depending on specific applications. For example, porous chan-
nels are selectively created via etching metal powders within
specific layers, and ceramic hybrids are readily prepared as
anisotropic conductors. At last, this manufacturing technique
establishes a new mechanism in textile engineering that can
be easily transferred and combined with other fabrication
methods, such as knitting/weaving, coating/extrusion, direct
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Figure 6. General applications of fiber layering technique in two other polymer/particle systems with thermal and electrical demonstrations. a) A CFD
simulation of layer formability in the Series model predicts the layer formations. by) An optical image of the layered Al/PAN fiber, b,) SEM imaging
of the porous PAN fiber where the pores created by etching Al metals are aligned along the major axis direction. b;) A zoomed-in SEM image of the
pore-aligned layer and solid layer regions. by) Predicted thermal conductivity values based on the Series—Maxwell-Eucken model.*) ¢, ¢;) SEM images
of alternating layers in BN/GNPs composite fibers. c;) Measured anisotropic electrical conductivity of the thermally conductive fiber along and across

the fiber axial direction.

ink writing, or fused deposition modeling, for scalable devices
or systems, as demonstrated in our thermal-regulating fabrics.

4. Experimental Section

Materials: PVA (28-98) pellets were obtained from Kuraray, Japan,
with a molecular weight of =145 000 g mol™ and 98-99% degree of
hydrolysis. PAN powder (230 000 g mol” and mean particle size 50 um
with the copolymer content of 99.5% acrylonitrile (AN)/0.5% methyl
acrylate (MA)) was purchased from Goodfellow Corporation, USA.
Hexagonal BN nanoparticles (99.5%) were purchased from Skyspring
Nanomaterials Inc., USA. Aluminum particles (99%, 15 um particle
size), GNPs (xGnP M-5, 5 um particle size, 120 m? g7 surface area),
DMSO (ACS reagent 99.9%), dimethylformamide (DMF) (ACS reagents,
99.8%), methanol (ACS reagent, 99.8%), and hydrochloric acid (ACS
reagents, 37%) were purchased from Sigma—Aldrich, USA.

Layered Composites from BN/PVA Fiber Spinning: The multilayered
spinneret was 3D-printed using Concept Laser M2 Cusing (i.e., the 3D
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printer from GE Additive, USA) with metallic powders of Inconel 718.
For PVA spinning dope, desired weight concentrations of PVA powder
(e.g., x wt%) were used to dissolve in DMSO solution at 100 °C with
mechanical stirring until the solution became transparent. For BN/PVA
spinning dope, 10 wt% of the desired PVA powder was first dissolved
in DMSO, then mixed with desired BN nanoparticles for 30 min. The
mixture was then sonicated in a sonication bath for 1 h. Next, the
remaining PVA powder was added to this solution and mechanically
stirred for 3 h at 100 °C. Next, pure PVA and BN/PVA spinning dopes
were deaerated under vacuum for 1 h at 80 °C. Subsequently, the
bubble-free spinning dopes were transferred into two separate stainless-
steel syringes and then extruded at 1.5 mL min™" speed through
the 3D-printed spinneret into a methanol coagulation bath at room
temperature with an air gap distance of 1 cm. After 24 h, these solidified
fibers were first drawn at room temperature, followed by drying for 12 h
in a vacuum at 50 °C. Finally, these dried fibers were drawn at 100 and
180 °C, respectively.

Porous PAN Fibers from Al/PAN Fiber Spinning: For the pure PAN layer,
15 wt% of PAN powder was added to DMF and was mechanically stirred
at 80 °C for 3 h. For the hollow layers, 20 vol% of Al powder (i.e., with
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respect to PAN, 20 vol% Al/PAN) was added to 12 wt% PAN/DMF
solutions (i.e., with respect to DMF weight, 12 wt% PAN dissolved
in DMF), followed by 3 h of mechanical stirring at 80 °C. Then, both
of these spinning dopes were deaerated under vacuum at 80 °C for
1 h before being injected via the in-house developed spinneret (same
conditions as BN/PVA fiber spinning, i.e., at a rate of 1.5 mL min™' into
a methanol coagulation bath with an air gap distance of 1 cm at room
temperature). The collected fibers were drawn immediately in water at 80
°C before forming gelled fibers in methanol and dried in a vacuum oven
at 50 °C. At last, these dried fibers were placed into a 5 m HCl solution
for 36 h to etch away the Al particles and generate porous PAN fibers.

Layered Multimaterial Hybrids from BN/GNPs Fiber Spinning: Desired
weight percentages of GNPs and BNs were separately mixed with 1 g
of PVA in DMSO, followed by 1 h of bath sonication. The remaining
PVA powder was added and was mechanically stirred for 3 h at 100 °C.
The solutions were deaerated in a vacuum oven for 1 h at 80 °C. Both
solutions were injected into the spinneret inlet at 1.5 mL min™ and
through a methanol coagulation bath. The collected fiber was kept
immersed in a methanol bath for 24 h, followed by drying at room
temperature.

Characterizations: Rheological behaviors and uniaxial tensile tests
were conducted using Discovery HR-2 (TA Instruments). For viscosity
tests, a 40 mm, 2° Peltier plate was used with a truncation gap of
100 um. For tensile tests, ten samples of each fiber type were tested with
a gauge length of 2 cm and a gauge speed of 150 um s™'. SEM images
were taken using Auriga FIB-SEM, Zeiss, GE. All samples were coated
with 15 nm of Au/Pd to increase conductivity. 800 nm thick samples of
the BN/GNPs’ fiber were obtained from a microtome (Leica RM2235,
GE) for SEM analysis. TGA was conducted in air at a heating rate of
10 °C min™" (TGA 550, TA Instruments). DSC was conducted (DSC 250,
TA Instruments) in N, with a scan rate of 10 °C min~'. X-ray tomography
was conducted using Xradia Versa 620 (ZEISS) with the dual-energy
scanning method to enhance the contrast between layers having similar
densities. Accelerating voltages of 40 and 150 kV were used. Voxel
resolutions of 4.6 and 6.3 um were obtained for the 8L10% and 16L10%
fibers, respectively. Segmentation and rendering were done using the
Dual Scan Contrast Visualizer (DSCoVer) (ZEISS) and Avizo 9.0 (FEI,
Thermo Fisher Scientific), respectively. Thermal images were taken via
an infrared camera E8-XT (Flir) with 320 x 240 pixel resolution.

Statistical Analysis: The SD for mechanical tests was based on ten
samples for each fiber type. The SD for TPS measurements were based
on five samples. The SD for layer thickness was based on three samples
where each contains 4 to 64 layers.
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