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ABSTRACT: We produced defect-free electrospun fibers ' ' ' " auso/ane
from aqueous dispersions of lignin, poly(vinyl alcohol)
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(PVA), and cellulose nanocrystals (CNCs), which were used 3 (aximum

as reinforcing nanoparticles. The thermomechanical perform- ?; - 5 = dnfoading
ance of the lignin-based electrospun fibers and the spin-coated g , | 18 // tiffhess
thin films was improved when they were embedded with & // 1

CNCs. Isochronal dynamic mechanical analysis (DMA) was
used to assess the viscoelastic properties of the lignin:PVA
electrospun fiber mats loaded with CNCs. DMA revealed that e Ter:semw:" wo e

a relaxation processes became less prominent with an

increased lignin content, an effect that correlated with the loss tangent (tan 6 = E"/E’) and @ peak (T,) that shifted to
higher temperatures. This can be ascribed to the restraint of the segmental motion of PVA in the amorphous regions caused by
strong intermolecular interactions. The reinforcing effect and high humidity stability attained by addition of CNCs (S, 10, or 15
wt %) in the multicomponent fiber mats were revealed. Nanoindentation was performed to assess the elastic modulus and
hardness of as-prepared and cross-section surfaces of spin-coated lignin:PVA (75:25) films loaded with CNC. The properties of
the two surfaces differed, and only the trend in cross-section elastic modulus correlated with DMA results. After addition of S wt
% CNCs, both the DMA and nanoindentation elastic modulus remained constant, while after addition of 15 wt % CNCs, both
increased substantially. An indentation size effect was observed in the nanoindentation hardness, and the results provided insight
into the effect of addition of CNCs on the microphysical processes controlling the yield behavior in the composites.
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B INTRODUCTION microscopy (AFM)—thermal transitions, and water contact
We have reported on the synthesis of electrospun nanofibers angle, which were used to examine the fiber structure, surface,
from multicomponent systems including lignin, poly(vinyl and network properties.” Interestingly, at <50% lignin mass
alcohol) (PVA), and cellulose nanocrystals (CNCs). In composition, the surface of lignin:PVA bicomponent electro-
particular, the properties of the precursor aqueous dispersions spun fibers was covered with a thin layer of PVA; however,

(viscosity, electroconductivity, and surface tension) were
related to electrospinnability domains in composition maps
and the resultant fiber properties." Strong interactions, mainly
intermolecular hydrogen bonding between hydroxyl groups of
lignin and the PVA matrix as well as the dispersed CNCs,

phase inversion was observed above this threshold value. The
formation of phase-separated domains in the bicomponent
electrospun fibers was influenced by the mass ratio of

components and nonequilibrium solidification process because

explained the improvement in the thermal properties of the of the extremely fast evaporation under the high shear typical of
multicomponent composite fibers compared to those of the electrospinning jet flow.

respective single-phase systems.' Surface properties of the

composite fibers containing lignin, PVA, and CNCs were also Received: August 17, 2013

reported as far as the surface chemical composition, via X-ray Accepted: October 29, 2013

photoelectron spectroscopy (XPS), space-resolved atomic force Published: October 29, 2013
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A number of reports indicate the improvement of the
mechanical performance of electrospun fibers. In particular,
incorporation of nanoparticles into precursor polymer systems
has been used as one of the effective methods for fiber
reinforcement.>~> Among these nanoparticles, several groups
have proposed the incorporation of CNCs in composite fibers
as a viable alternative for achieving remarkable reinforcing
effects,”° because of the CNC’s high elastic modulus of 80—
150 GPa in the axial direction and 10—50 GPa in the transverse
direction."'™"* In these cases, the beneficial effects of CNCs
have been ascribed to a percolation effect, specifically, the result
of interparticle interactions that tend to create a network at
sufficiently high CNC loadings.'*~"®

In this investigation, we used isochronal dynamic mechanical
analysis (DMA) to assess the storage modulus (E’), the loss
modulus (E”), and the corresponding loss tangent (tan § = E”/
E') of lignin:PVA/CNC electrospun fiber mats between —50
and 200 °C. In addition to providing mechanical character-
ization, DMA measurements also provided information about
the microphysical processes that are causally linked to the
properties.”” The aim of this work is to investigate the
possibility of using lignin as a precursor for the manufacturing
of carbon nanofibers that requires strength (dimensional
stability) and a thermomechanical property, i.e., thermoplastic
but a higher T, for carbon fiber manufacturing, as well as a low
cost.

To set the stage for further discussions, we show in Figure 1
the typical temperature-dependent viscoelastic behavior of
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Figure 1. Characteristic temperature-dependent viscoelastic behavior
of polymers as indicated in log(tan &) and log(E’) profiles as a
function of temperature.

polymers over the range of temperatures studied. It includes a
peak (/3 peak) in the low-temperature glassy region of the tan &
profile, corresponding to polymer side group motions. Only a
slight decrease in E’ is typically associated with this 3 relaxation.
In the leathery transition, the @ peak in the tan 6 profile arises
from the segmental motion within the polymer backbone,
which causes a large decrease in the elastic modulus. The glass
transition temperature (Tg) associated with this a peak is
usually defined either at the onset of the decrease in the
modulus or at the tan § @ peak. Both definitions have different
meanings. The onset T, represents the mechanical softening
temperature and is most relevant when the polymer is used in
load-bearing applications, whereas the tan 6 peak corresponds
to the temperature at which the polymers go through a mobility
maximum. The rubbery region is assigned at temperatures

above the T, If there is insufficient cross-linking or

entanglements, flow can occur at elevated temperatures. Here
we used DMA viscoelastic characterization to study the effects
of lignin, PVA, CNC, and relative humidity on the mechanical
properties of the respective electrospun fiber mats. Thus, new
insights into the molecular interactions causally linked to the
properties were obtained.

The effects of the addition of CNCs on the elastic modulus
(EN) and Meyer’s hardness (H) of spin-coated lignin:PVA
films were also investigated with nanoindentation on as-
prepared surfaces and in cross section. Trends in EN' were
compared to the DMA’s E’ of fiber mats of the same
composition to improve our understanding of the origins of
their properties. The H results also provided insights into how
the addition of CNCs affects the yield behavior of the
composites. Nanoindentation has been used to study nano-
fibers, >~ biological materials,”*** polymer composites,>>~>’
nanocellulose,”®*>* and composite membranes consisting of
poly(vinyl alcohol) and CNCs.*' Despite the common use of
nanoindentation to study polymer-based materials, proper
experimental protocols and the meaning of EN' and H are still
debated in polymer science.”” > Standard nanoindentation
protocols (i.e., the Oliver—Pharr method®®) were developed for
ceramic and metal materials that exhibit behavior different from
that of polymers. Issues surrounding the assessment of contact
area and viscoplasticity during unloading, the so-called “nose”
effect, were recently addressed for polymers by Jakes and co-
workers.”* We follow their best practices and assess contact
areas directly from residual indent images and applied a hold
time at the maximal load prior to unloading to abate any
potential forward viscoplastic deformation affecting the contact
stiffness measurement of the unloading slope. We will also
employ the structural compliance method®” to account for and
remove the effects of substrates, edges, and specimen-scale
flexing in the nanoindentation measurements reported here-
with.

B EXPERIMENTAL SECTION

Materials. Lignin:PVA solutions and lignin:PVA/CNC dispersions
were prepared according to the method described previously.” Lignin
was obtained from Sigma-Aldrich (St. Louis, MO) with a reported
molecular mass of 10 kDa (softwood alkali lignin, low sulfur, CAS
registry number 8068-05-1). Poly(vinyl alcohol) (PVA) was acquired
from the same supplier under trade name Mowiol 20-98 (CAS registry
number 9002-89-5), with a reported molecular mass of 125 kDa and a
degree of hydrolysis of 98% (2% acetyl group content). Lignin and
PVA without further purification were used to prepare aqueous
solutions for electrospinning.

Cellulose nanocrystals (CNCs) were prepared by acid hydrolysis of
pure cotton fibers. Briefly, cotton was first acid hydrolyzed with 65 wt
% sulfuric acid at 50 °C for 20 min. The resulting dispersion was
poured into ~500 g of ice cubes and washed with distilled water until
the pH was neutral by successive centrifugation at 12000 rpm (10 °C
for 20 min). Finally, dialysis for 1 week against deionized water with a
12000 molecular weight cutoff membrane (Spectrum Laboratories,
Inc.) was performed to remove trace amounts of residual sulfuric acid
from the suspension. The obtained CNCs (Figure Sla of the
Supporting Information) were typically 100—150 nm in length and
10—20 nm in width, detected from the height image, in agreement
with values reported in the literature.'"*® The obtained CNC
suspension was sonicated for 15 min to disperse any aggregated
CNCs and kept refrigerated at 4 °C until it was used. The
concentration of CNCs in the suspension was determined gravimetri-
cally.

Multicomponent Electrospun Fibers. Aqueous PVA solutions
(5 or 8 wt %) were prepared, and lignin was added to yield solutions
with lignin:PVA dry mass ratios of 0:100, 20:80, 50:50, and 75:25.
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Aqueous dispersions of 4.5 wt % CNCs were added to the lignin:PVA
(20:80 and 75:25) solutions to yield dispersions with S, 10, and 15 wt
% CNCs based on total dry mass. The dispersions were kept under
vigorous mechanical agitation at 60 °C for 15 min and then cooled to
room temperature while being stirred for 120 min. Dispersions stored
for less than one week were used to produce the electrospun fibers and
spin-coated and solvent-casted films.

For electrospinning, the suspensions were loaded into a 10 mL
plastic, disposable syringe with a 22 gauge needle. The needle was
connected to the positive terminal of a voltage generator designed to
produce a direct current voltage of up to S0 kV (Glassman High
Voltage, Series EL). A thin aluminum foil covering a 15 cm diameter
aluminum plate was used as a collector. The plate was connected to
the negative electrode of the power supply (ground) and set at a
working distance of 22 cm. An operating voltage of 19 kV was used. A
constant flow rate of 8 yL/min was maintained during electrospinning
using a computer-controlled syringe pump. Electrospinning was
performed at room temperature and at 35—45% relative humidity.
The collected electrospun mats were kept in a desiccator containing
anhydrous CaSO,.

Spin-Coated Film. Spin-coated films of lignin, PVA, and a
lignin:PVA solution (75:25) with and without CNCs were deposited
on top of silicon wafers. The silicon wafers (10 mm X 10 mm) were
first cleaned thoroughly by immersion in a 10 wt % NaOH solution,
rinsed with distilled water and ethanol, and finally subjected to UV—
ozone treatment. The lignin, PVA, and lignin:PVA solutions were spin
coated onto the silicon surfaces by first using 2000 rpm for 2.5 min
followed by 700 rpm for 30 s. In the case of lignin:PVA/CNC
dispersions, the second spinning stage was conducted at 1500 rpm for
15 s. The films were dried at room temperature for 8 h followed by
vacuum drying at 40 °C for 12 h (see Figure 6 for atomic force
microscopy images of spin-coated film surfaces).

Thermomechanical Analysis. The viscoelastic properties of the
lignin:PVA and lignin:PVA/CNC fiber mats were evaluated from —50
to 200 °C in the linear elastic region using dynamic mechanical
analysis (DMA) (model Q800, TA Instruments, New Castle, DE)
under isochronal conditions at 1 Hz. The values of the storage
modulus (E’), loss modulus (E”), and loss tangent (tan § = E"/E’) for
a fixed frequency were obtained as a function of temperature.
Extended electrospinning collection times were used to produce thick
fiber mats suitable for DMA. The DMA measurements were
performed in triplicate for each sample, and representative results
are included here, noting that only negligible differences between
samples were observed for a given condition.

Nanoindentation Experiments. Nanoindentation experiments
were performed using a Hysitron (Minneapolis, MN) TI 900
TriboIndenter equipped with a Berkovich probe. The TriboIndenter
was upgraded with a Performech controller. The elastic modulus
(EN") and Meyer hardness (H) of three Lig:PVA/CNC spin-coated
films (75:25 with 0, S, and 15 wt % CNCs) were tested on the as-
prepared surface and in cross section. The thickness of the spin-coated
films varied within each film, and the thickest regions were chosen for
testing. For as-prepared surface properties, 30 load-control 2 s—6 s—2
s load—hold—unload indents with maximal loads varying between 0.15
and 10 mN were used. The film thickness was constant over the area
containing the indents. Substrate effects were accounted for using the
structural compliance method as described in the Supporting
Information.’”*** In addition, EN' and H were assessed in the
cross section of the films. Small sections of films were separated from
the silicon wafer substrate and mounted on a notched cylindrical steel
slug with epoxy such that a portion of the film protruded above the
slug. The steel slug was fit into the chuck of a Sorvall (Norwalk, CT)
MT-2 ultramicrotome. The film cross-section surfaces were created by
continuously removing thin sections (~300 nm) with a diamond knife
until a sufficiently large area was prepared. From the cross sections, the
films were found to be 30—50 pm thick. Because of the small film
thickness, the structural compliance method®”*** was employed to
remove artifacts in nanoindentation measurements that can arise when
free edges are near indents and specimen-scale flexing can occur.
Indents placed in the film cross sections were force-control multiload

indents, consisting of ten 2 s—3 s—1.5 s—1 s partial load—hold at
partial load—partial unload to 40% previous load—hold at partial
unload cycles. The final hold at partial unload was 60 s and used to
correct the load depth trace for thermal drift. Twenty multiload
indents with maximal loads varying between 0.15 and 10 mN were
placed in a row down the center of the cross section to maximize the
distance from the free edges. During all experiments, the relative
humidity was controlled by a water/glycerin bath inside the
nanoindenter enclosure and ranged from 26 to 30%. The temperature
was not actively controlled and ranged between 24 and 27 °C during
the experiments. Standard protocols using a series of indents in a fused
silica calibration standard were used to measure and remove machine
compliance effects from experimental load depth traces. Further details
about the assessment of E;N' and H and the structural compliance
method are given in the Supporting Information.

Residual indents were imaged with a Quesant (Agoura Hills, CA)
atomic force microscope incorporated into the TriboIndenter. The
atomic force microscope was operated in contact mode and calibrated
using an Advanced Surface Microscopy, Inc. (Indianapolis, IN),
calibration standard as described previously.>” Individual 10 pm field
of view images were made of each indent. Image] (http://rsb.info.nih.
gov/ij/) was used to manually measure the projected contact areas
(4) using previously established methods.** Contact areas assessed
from AFM images were used in the structural compliance method and
the calculation of EN' and H.

B RESULTS AND DISCUSSION

Electrospun fibers based on lignin and poly(vinyl alcohol)
(PVA) reinforced with cellulose nanocrystals (CNCs) were
prepared from aqueous dispersions with given compositions.
The concentrations of lignin and PVA are given as relative mass
ratios in the respective fiber, and the percentage of CNC
reported is based on total solids. For the sake of simplicity, we
indicate such composition as “lignin:PVA/%CNC”. Here
emphasis is placed on multicomponent fibers electrospun
from lignin:PVA solutions with two mass ratios, 20:80 and
75:28.

Thermomechanical Properties of Electrospun Lig-
nintPVA Fiber Mats. Figure 2 shows the temperature-
dependent storage tensile modulus E’ and tan 6 for lignin:PVA
bicomponent electrospun fiber mats, with the lignin concen-
tration varying from O to 75 wt % of total solids. Table 1
includes summary data, including the fiber radius and glass
transition temperature (Tg) (both peak T, and onset Tg) and j
peak. In the glassy region below 70 °C, the E’ of PVA (0:100)
electrospun fiber mats decreased slightly with temperature and
a small §§ peak is observed in tan & around —5 °C (Figure 2).
The f peak is ~35 °C lower than that previously reported in
the literature for PVA,*' which is explained by the absorbed
moisture.*"** In the glassy—rubbery transition, the E’ of the
fiber mat decreased ~1 order of magnitude; the onset T, is
estimated to be 78 °C, and the a peak T is estimated to be 95
°C.

At temperatures above the leathery transition, rubbery
amorphous and crystalline domains coexisted for 0:100
lignin:PVA solutions and E’ continued to decrease until it
reached ~115 °C, at which point the measurement failed. In
bulk PVA studies with other DMA analyses, flow was not
observed at 115 °C;*"*? thus, 115 °C is well below the melting
temperature of PVA electrospun fibers of 229 °C, as examined
by DSC experiments. Therefore, the measurement failure for
the PVA electrospun fiber mat was likely an adhesion failure
between fibers.

The E’ in the glassy region below T, generally decreased with
an increasing weight percent of lignin (Figure 2). The modest
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Figure 2. DMA storage tensile modulus E’ and mechanical loss factor
tan J as a function of temperature for lignin:PVA electrospun fiber
mats of various compositions, as indicated. The DMA experiments
were conducted at a frequency of 1 Hz in the elastic region. The
vertical arrows indicate the peak position of tan §. The data were not
normalized, and three repetitions were run for each condition, all
showing similar profiles.

Table 1. Fiber Radii and Glass Transition Temperatures (T,
peak Tg) , Onset T, Values, and f§ Peaks for Multicomponent
(lignin:PVA/ CNC% Electrospun Fibers As Determined in
DMA Experiments

lignin:PVA/% P peak onset T, T, peak T (°C) from

CNC °C) (°C) Q) tan &
0:100/0 0 78 95 95
20:80/0 2 80 116 116
50:50/0 =5 82 166 166
75:25/0 -2 104 >200 >200
20:80/0 2 80 116 116
20:80/5 2 83 119 119
20:80/10 -1 84 159 159
20:80/15 2 81 104 104

reduction in E’ in the glassy region can be attributed to an
increased volume fraction of the amorphous lignin in the fibers,
decreased PVA crystallinity, and changes in fiber mat density
that caused changes in fiber radius (Table 1). The § peaks
observed at 0, 2, —5, and 2 °C for 0:100, 20:80, 50:50, and
75:25 lignin:PVA fiber mats, respectively, result from the
presence of small amounts of absorbed moisture in the
samples;** the temperature and magnitude of the B peaks
were nearly independent of the lignin:PVA ratio.

The most important features were noted in the leathery
transition and rubbery region. For 20:80 lignin:PVA mats, the
system did not fail until 190 °C; no failure was observed for the
50:50 and 75:25 lignin:PVA mats over the temperature range
tested. The onset T, values of 20:80 and 50:50 lignin:PVA mats
were only a few degrees higher than that for pure PVA mats
(Table 1), indicating that the PVA plays a controlling role in
the glassy region. Interestingly, for the 75:25 lignin:PVA mat,
the a relaxation was not observed in the studied temperature
range despite the fact that the dry lignin T, was estimated to be

11771

in the range of 130—200 °C.”* The lack of @ relaxation
suggests the molecular-scale interactions between lignin and
PVA hinder the segmental motion and push the relaxation to
higher temperatures. Also, the E’ decreased by only ~50%
between —50 and 200 °C compared to the 2 order of
magnitude decrease in E’ for the 20:80 lignin:PVA fiber mat.
The a peak T, clearly shifted to higher temperatures, from 95
to 166 °C, for lignin weight percentages increasing from 0 to
50. In addition, the a peak broadened. This can be ascribed to
the decrease in the PVA fraction in the matrix and the fact that
the segmental motion of PVA in the amorphous regions is
more restrained; therefore, a suppression of the a relaxation
takes place because of the molecular interactions with lignin
(via intermolecular hydrogen bonds).

Effect of CNC on the Viscoelastic Properties of
Electrospun Fiber Mats. Figure 3 shows the E’ and tan &

. ——
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Figure 3. DMA storage tensile modulus E’ and loss angle tangent, tan
0, as a function of temperature for lignin:PVA/CNC electrospun fiber
mats: 20:80/%CNC (a) and 75:25/%CNC (b). The DMA experi-
ments were conducted at a frequency of 1 Hz in the elastic region. The
data were not normalized, and three repetitions were run for each
condition, all showing similar profiles.

values as a function of temperature for 20:80/%CNC and
75:25/%CNC systems with S, 10 (for only the 20:80 system),
and 15 wt % CNCs. In the tan § profile, a small B peak, similar
to what was observed in bicomponent (lignin:PVA) systems
(Figure 2 and Table 1), was recorded for 20:80/%CNC mats at
2, =1, and 2 °C with increased CNC content. In the glassy
region, below 80 °C, the E’ of the 20:80/%CNC systems
increased modestly with CNC loading. The onset T, of the
20:80/%CNC mats remained constant, 80 °C, for the different
CNC loadings. However, in the temperature range from 80 to
95 °C, the tan 0 peak T, values were affected and the
magnitude of the o peak was substantially suppressed, and the
E’ values increased with an increased weight percent of CNC
(Figure 3a). The observed phenomenon indicates a decrease in
the amount of mobile matrix participating in the relaxation
process and the accommodation of the reinforcing, rigid CNC
particles.*’ The E’ in the rubbery region was also affected by
the degree of crystallinity and morphology of the matrix. In the
20:80/%CNC system, the degree of crystallinity of PVA, which
was reported from DSC measurements in our previous study,’
decreased with an increased concentration of the dispersed
CNCs. Therefore, it is concluded that the observed enhance-
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ment of the storage modulus in multicomponent fiber mats can
be directly related to the reinforcing effect of the dispersed
CNCs, i.e, by the interconnected network formed and held by
hydrogen bonds.'*#'¢"'®

Figure 3a shows tan ¢ profiles as a function of temperature
for the 20:80/%CNC system. The position of the temperature
peak corresponding to the leathery transition shifted to higher
values, from 116 to 159 °C, and the magnitude of the peak
decreased with CNC loading up to 10% (Table 1). This effect
is related to the presence of strong interactions, i.e., hydrogen
bonding between hydroxyl groups of the polymeric matrix and
the CNCs, which causes restricted molecular mobility. As
discussed previously, intermolecular interaction via hydrogen
bonds between the matrix and the CNCs in multicomponent
systems is an important factor contributing to the improved
mechanical and thermal properties." The reinforcing effect of
CNCs and the composition dependence are consistent with the
effective stress transfer occurring between the matrices and
CNCs. When 15 wt % CNCs was present in the composite
fiber, the maximal peak of tan 6 profiles slightly decreased to
104 °C. This observation can be related to (i) filler—filler
slippage or friction, (ii) particle—polymer motion at the filler
interface, and (iii) a change in the properties of the polymer by
adsorption onto the reinforcing particles.*

For 75:25/%CNC systems, no significant influence of
addition of 5 wt % CNCs was observed on the storage
modulus and peak of tan § (Figure 3b). At 15 wt % CNCs,
however, a large increase in the storage modulus was observed
over the whole temperature range. This fact indicates that the
mechanical behavior of the composite matrix is influenced by
the reinforcing phase at a given weight percentage of CNC
threshold value because of the percolation threshold as
described below. It is worth noting that compared to the
unfilled fibers, the fibers loaded with 15 wt % CNCs had a
larger diameter (148 + 4 nm for unfilled and 194 + 7 nm for 15
wt % CNCs), which in turn indicates that the density of the
fiber mat may have decreased. If only the density and the
number of fiber contacts were taken into account, the strength
of the mats would have been expected to decrease with CNC
load. Therefore, the fact that the storage modulus of the 25:75/
15% fiber mats was enhanced can be taken as unequivocal
evidence of the reinforcing effect of CNCs. Without normal-
izing the DMA elastic modulus for mat density, one can argue
that interpretation of the changes in the magnitude of the
elastic modulus is difficult. For example, it can be assumed that
changes in the modulus could be caused by changes in fiber
mechanical properties, mat density, or mat structure (ie.,
number of entanglements, fiber adhesion, etc.). We already
have shown that the crystallinity of PVA in the composite fiber
was reduced upon addition of CNCs.' However, as noted
above, a critical fact that confirms the reinforcing effect is that
CNC addition actually increases fiber radius, which would
otherwise reduce the mechanical strength of the mat. The
75:25/15% lignin:PVA/CNC fiber mat maintained its mechan-
ical properties fairly well over a wide range of temperatures.

The origin of the CNC reinforcing effect has been
highlighted for many systems, especially films, and related to
the mechanical percolation effects occurring above a threshold,
expected to be around few percent units for such rodlike
particles, depending on their aspect ratio.'®'”*7%° As such, it is
of interest to compare the performance of the lignin:PVA/
CNC fibers to the data predicted from a model based on the
percolation concept. As such, we calculated the modulus of the

rnulticomgponent fibers by using a percolation model that Favier
et al.'"*'® applied to poly(S-co-BuA) reinforced with (tunicin)
CNCs. It was found that above a percolation threshold
concentration, the cellulosic nanoparticles formed a strongly
interacting three-dimensional continuous network throughout
the nanocomposite film.'®™'® In this case, the model failed to
describe the experimental modulus in the rubbery state (Figure
4). Noticeably, the experimental values of the modulus of the
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Figure 4. Comparison of reinforced composite models and the DMA
storage moduli of lignin:PVA/CNC at various CNC volume fractions.
The plots represent the experimental results above the glass transition
temperature at 120 °C, and the solid lines are the percolation model
used in refs 16—18 and the Halpin—Kardos model."®

electrospun fibers reinforced with CNCs were much higher
than the values calculated by the Halpin—Kardos model" after
considering negligible interactions between fillers. This
observation provides further support to the hypothesis that
the enhancement of the mechanical strength of the electrospun
fiber mats is the result of the formation of a network between
CNCs at the given loading.

Effect of Humidity. Experiments were performed with
electrospun fiber mats that were first conditioned in a humid
atmosphere (97% relative humidity) and then dried under
vacuum at 40 °C. It was observed that the storage modulus of
the CNC-free systems increased for all temperatures (Figure
Sa).

After samples had been conditioned at 97% relative humidity
(RH), water plasticized some of the amorphous polymers,
increasing their molecular mobility with deformation hydrogen

1000 ¢
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Figure 5. Storage and loss moduli and tan & for 20:80/0% CNC (a)
and 20:80/15% CNC (b) before (black) and after (red) conditioning
in ambient air at 97% relative humidity. All the samples were vacuum-
dried at 40 °C for 4 h.
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bonding between CNCs and/or CNCs and the matrix. The rate
of removal of water during vacuum drying is much slower than
during electrospinning, and the plasticized amorphous
polymers have an opportunity to reach a lower-energy state
configuration. The result is a material with a higher modulus.
The effect of relative humidity conditioning on the CNC-
loaded mat is weaker because of the molecular interactions with
the CNCs.'>*"** The a peak T, is also observed to increase
after RH conditioning, further suggesting the polymers achieve
a more energetically favorable configuration after RH
conditioning (Figure Sb). In some ways, RH conditioning is
like temperature annealing in polymers.

Nanoindentation. Nanoindentation was used to assess the
elastic modulus (EN") and Meyer hardness (H) of spin-coated
75:25 (lignin:PVA) films with 0, S, and 15 wt % CNCs. Both
the as-prepared film surfaces and surfaces prepared in cross
section were tested. For nanoindentation analyses, contact areas
(A,) were assessed from high-resolution AFM images of
residual indents (similar to Figure 6a—e) following established

0 wt% CNC

5 wt% CNC

15 wt% CNC

As-prepared
film surface

Prepared f
cross-section [
surface

Figure 6. Atomic force microscopy images of residual 9.5 mN indent
impressions in 75:25 lignin:PVA spin-coated films on the as-prepared
film surface (a—c) and the surface prepared in cross section (d—f) with
0wt % CNCs (aand d), S wt % CNCs (b and e), and 15 wt % CNCs
(c and f).

protocols.>* Meyer hardness H, defined as the maximal load
immediately prior to unloading divided by A,, is plotted as a
function of indent size (A,"/?) in Figure 7 for all surfaces tested.
An indentation size effect was observed with H decreasing with
an increasing indent size. The H indentation size effect is not an
artifact caused by the substrate—film interface beneath the as-
prepared surface nanoindents or free edges near the cross-
section nanoindents because the plastic zone beneath the
Berkovich probe was much too small to overlap the substrate—
film interface or free edges. An upper estimate of the radius of
the plastic zone beneath a Berkovich probe for our largest
indents was 6 pm,>> which was much smaller than the film
thicknesses (>30 ym). Furthermore, a method for verifying the
presence of an indentation size effect is to determine the
structural compliance (C,) using both the Doerner—Nix (DN)
plot®* and the Stone—Yoder—Sproul (SYS) correlation.*® The
C,, which is consistently lower from the SYS method than from
the DN method (Table 2), strongly supports the observed H
indentation size effect in Figure 7. Using the same experimental
methods, no H indentation size effect was observed in the
glassy polymers poly(methyl methacrylate), polystyrene, and
polycarbonate over a similar range of indent sizes.*> The
magnitude of the indentation size effect, as indicated by the
slope of a straight line fit to the H data in Figure 7, dH/ da,"?,
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Figure 7. Meyer hardness (H) as a function of indent size (square root
of contact area, Ay"/%) for 75:25 lignin:PVA spin-coated films on the
as-prepared film surface (filled symbols) and surface prepared in cross
section (empty symbols) with 0 wt % CNCs (red triangles), S wt %
CNCs (black squares), and 15 wt % CNCs (blue circles).

is also included in Table 2. For comparison, the average H
assessed at A,'/? values from 3 to 5 um was used (Table 2). To
remove substrate effects in the as-prepared surface nanoindents,
and the effects of edges and specimen-scale flexing in the cross-
section nanoindents, the structural compliance method®”**®
was used in the assessment of EN. EN was calculated directly
from the slope of a DN plot and from individual load depth
traces corrected using the DN C,. Both methods for calculating
EM' gave similar results (Table 2). The experimental DN and
SYS plots and additional details of the nanoindentation analyses
are given in the Supporting Information.

On the as-prepared surface, increasing amounts of CNCs are
observed in the AFM images with increasing loading (Figure
6a—c). The as-prepared surface EN increases from 5.9 GPa to
6.5 and 7.3 GPa upon addition of 5 and 15 wt % CNCs,
respectively. The increase is approximately the amount
expected for a simple mixing rule. If one assumes the matrix
modulus is 5.9 GPa and all the CNCs are uniformly distributed,
lying parallel to the film surface with a 15 GPa transverse
modulus,”’ then the composite modulus upon addition of 5 and
15% CNCs would be ~6.4 and ~7.3 GPa, respectively. For
nanoindents in the cross section (Figure 6d—f), no effect of
addition of 5§ wt % CNCs on EN" was observed with 6.8 and 6.6
GPa for 0 and 5 wt %, respectively. Upon addition of 15 wt %
CNCs, EM increased to 8.4 GPa. The trend in cross-section
EN' resembles the trend in E’ in Figure 3b for 75:25 lignin:PVA
composites with CNC addition, suggesting the spin-coated
cross-section EN' is more closely related to electrospun fiber
mat E’ than as-prepared film surface EN'. On the as-prepared
surface, H increased from 310 MPa with 0 wt % CNCs to 320
and 360 MPa with S and 15 wt % CNCs, respectively, showing
that with increasing amounts of CNCs the resistance of the
surfaces to plastic deformation is improved. In contrast, the
cross section has a H of 390 MPa with 0 wt % CNCs, which
then decreases to 330 MPa upon addition of 5 wt % CNCs and
increases back to 380 MPa upon addition of 15 wt % CNCs.
The decrease in H upon addition of 5 wt % CNCs in the cross
section suggests that the CNCs might be creating weak
interfaces between the composite domains. The weak interfaces
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Table 2. Data from a Series of Indents Performed on the As-Prepared Surface and Surface Prepared in Cross Section of 75:25
Lignin:PVA Spin-Coated Films Reinforced with 5 or 15 wt % CNCs

SYS DN from individual indents
E, from the DN slope  E, with DN C, H (A, from 3 to 5 m) dH/dA,"?
C, (um/N) C, (um/N) (GPa) (GPa) (MPa) (MPa/um) n
as-prepared 75:25 —42 + 04  -13 +07° 59 + 017 59 +0.1° 310 + 10° -13 + 2° 27
surface

75:25/5 —46 £ 04" —09 + 0.5° 6.5 + 0.1¢ 65 +0.1° 320 + 10° —-18 + 3¢ 27

75:25/15 =37 £ 057  —04 + 0.87 73 +0.1° 73 + 01" 360 + 10° —28 + 3° 26

cross section 75:25 123 £ 05 157 + 0.6° 6.8 + 0.14 68 +0.1° 390 + 10° -19 + 2¢ 15
75:25/5 119 + 03% 167 + 0.6° 6.6 + 0.2° 66+ 0.1° 330 + 10° —23 + 3° 17

75:25/15 106 + 04 122 + 1.1° 8.3 + 027 84 +0.1° 380 + 10° —12 + 4° 17

“Uncertanties based on least-squares analysis for corresponding linear fits

. PUncertainties based on the standard error.

might also explain why no increase in E;N' or E’ was achieved
with the 75:25/5 lignin:PVA/CNC composites.

The H and corresponding indentation size effect may also
provide insights into the microphysical processes controlling
the yield beneath the nanoindentation probe. The composite
has a very complex microstructure. In our previous work, we
used scanning electron microscopy (SEM) to image cross
sections prepared by freeze fracturing of 25:75 lignin:PVA
solvent-casted films with 0, 5, and 15 wt % CNCs.> The SEM
images showed distinct phase-separated domains as large as 0.5
um. The domain sizes varied with the film thickness, and the
domain size decreased upon addition of CNC. Furthermore,
using AFM-based local thermal analysis, both lignin- and PVA-
rich domains were identified.” Although evaporation rates are
much higher in spin coating than in solvent casting, similar
trends in microstructure should be expected in the spin-coated
films studied here. The complex microstructure leads to many
potential processes that could be contributing to yield strength.
If an indent is small and the plastic zone is contained within a
small number of phase-separated domains, yielding is likely
controlled through the initiation and propagation of shear
transformation zones within a domain if it is amorphous or
dislocations if it is crystalline.’® As the size of the indent
increases and the plastic zone encompasses many phase-
separated domains, the properties of the interphase regions
between the domains may dominate the yield. If the interphase
regions are weak, it might lead to a decreasing H with an
increased indent size as the interphase regions play a larger role.
The change in the process controlling the yield is one possible
explanation for the H indentation size effect. The addition of
the strong CNCs further complicates the potential yield
processes, and it would be expected that strong CNC—matrix
interactions would lead to an increase in composite yield
strength and weak interactions may lead to a decrease in yield
strength. On the as-prepared surface, H increases upon addition
of CNCs, suggesting good CNC—matrix interactions at the
surface. Also, the magnitude of the indentation size effect
increased upon addition of CNCs, suggesting either a higher
concentration of CNCs at the surface or the fact that the
processes controlling the yield changed with both depth and
CNC addition. In contrast, H in the cross sections decreased
after addition of 5 wt % CNCs and increased again after
addition of 15 wt % CNCs. However, upon closer inspection of
the data in Figure 6, we observed that for the smallest indents
H is similar after addition of both S and 15 wt % CNCs. The 5
wt % CNC load has a much larger indentation size effect than
the 15 wt % CNC composite. If the addition of 5 wt % CNCs
causes weak interfaces, as the EN' or E’ results suggest, this may
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explain why the cross-section H decreases for the larger indents
in the S wt % CNC cross section as the interphase regions play
a larger role in controlling the yield strength.

Differences between as-prepared surface and cross-section
EN' and H were observed even in composites without CNCs.
Both EN' and H were substantially higher in cross section than
on the as-prepared surface for the film with 0 wt % CNCs. After
addition of 5 wt % CNCs, the as-prepared surface and cross
section have similar E and H values, with the values for the
as-prepared surface increasing and the values for the cross
section decreasing. EN' and H increased similarly on both
surfaces after addition of 15 wt % CNCs. The different
behaviors of the two surfaces suggest anisotropy that could be
caused by a preferential orientation of CNCs, composition
gradients, or inhomogeneous microstructures in the film. The
gradients in microstructure and composition may be caused by
differences in evaporation rates through the spin-coated film
thicknesses. It is important to note that with respect to addition
of CNCs only the trend in cross-section E]N' resembled the
trend in DMA E’. Therefore, testing only the as-prepared
surface would have been insufficient to accurately predict the
trend in the fiber mat properties.

Because the trend in the cross-section EN' is similar to that
of DMA E’ with the 75:25 system, it can be inferred that
changes in DMA E’ of fiber mats predominately arise from
changes in fiber properties. For the 20:80 systems, such an
interpretation may be challenging because the effect of addition
of CNCs may differently affect the two systems. This is because
there is likely a competing effect upon addition of CNCs: they
lead to a lowering of the PVA crystallinity, which would lower
the modulus but also increases the composite modulus because
of the stiff nature of the reinforcing nanoparticles. Details about
the nature of this phenomenon are outside the scope of this
discussion, however.

B CONCLUSIONS

Defect-free electrospun fibers were produced from aqueous
dispersions of lignin, poly(vinyl alcohol) (PVA) (20:80 and
75:25 lignin:PVA), and cellulose nanocrystals (CNCs, 0, S, 10,
and 15 wt %) as the reinforcing solid phase. The mechanical
properties of lignin:PVA/CNC electrospun fiber mats and spin-
casted films were investigated by DMA and nanoindentation,
respectively. The DMA results revealed that the thermome-
chanical performance of lignin:PVA electrospun mats was
improved upon addition of lignin, because of the strong
molecular interaction with PVA. The addition of CNCs further
improved such properties. It was observed that CNCs also lead
to the stabilization of the matrix against water absorption.

dx.doi.org/10.1021/am403451w | ACS Appl. Mater. Interfaces 2013, 5, 11768—11776



ACS Applied Materials & Interfaces

Research Article

Nanoindentation of as-prepared spin-coated films showed that
both EN!' and H increased upon addition of CNCs. However, in
cross section, EN' and H initially decreased with 5 wt % CNCs
and then increased after addition of 15 wt % CNCs, suggesting
weak interphase regions with addition of only 5 wt % CNCs.
DMA E’ and cross-section EN' had the same trend with respect
to addition of CNCs, indicating it is necessary to test spin-
coated film cross sections to correctly predict how changes in
composition will translate to changes in fiber mat properties.
The indentation size effect in H suggests there are multiple
competing processes controlling the yield beneath the probe,
and the dominant process depends on the size of the
nanoindent. These results support evidence of the molecular
interaction as well as efficient stress transfer between the
lignin:PVA matrix and dispersed CNCs.

B ASSOCIATED CONTENT
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Morphological analyses and nanoindentation tests as described
in the text. This material is available free of charge via the
Internet at http://pubs.acs.org.
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