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ABSTRACT: The incorporation of fibers into polymers is a well-
known route for realizing composite materials with improved
strength, stiffness, and toughness. Cellulose nanofibrils (CNFs) are
a promising reinforcement because of their high aspect ratio, high
specific stiffness and specific strength, and transparency and the
fact that they are derived from renewable and sustainable sources.
Here, we demonstrate the application of CNFs for the reinforce-
ment of continuous polymer fibers (filaments) to achieve a
concurrent enhancement of strength, stiffness, and fracture
toughness. Poly(methyl methacrylate) (PMMA)-CNF composite
fibers with 0 to 3 wt % CNFs were made by solvent blending and
melt-spinning/drawing techniques, resulting in fibers with
diameters ranging from 200 to 300 pm. The processing route

F A o5 F A
% PMMA-CNF Composite Fibers ’
C > {

PN E A
g ;5& :-280 e é’ 6;38;(%
2&{6 g é ST
G355 G

e
m =
>4

70 0.5
0 0.5 1
F A CNF content (% wt./wt.)

was developed to overcome challenges presented by the combination of high processing temperatures of PMMA and the low
thermal stability of CNFs as well as the formation of a percolated CNF network and low volume fractions. Fourier transform infrared
(FTIR) spectroscopy was used to understand the alignment of PMMA and CNFs in the fibers. The strength and Young’s modulus of
the fibers were characterized by tensile testing, and the fracture toughness was measured via notched fiber tests. The addition of low-
weight fractions (<3%) of CNFs increased Young’s modulus by 35% and yield strength by 19% compared to neat PMMA fibers.
Along with this increase in stiffness and strength, the incorporation of 1 wt % CNF led to a doubling of the fracture toughness. FTIR
results and imaging of the fracture surfaces provided insight into toughening mechanisms.
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B INTRODUCTION

Cellulose nanofibrils (CNFs) are derived from cellulose, the
world’s most abundant natural polymer. CNFs come from
sustainable and renewable sources and have high aspect ratios,
are transparent, and have excellent mechanical properties'”
that make CNFs attractive for use in structural materials. CNFs
offer potential as a reinforcing phase to enhance the
mechanical properties of polymer materials. For example,
Seydibeyoglu and Oksman® and Leng and Pan* demonstrated
improvement in the elastic modulus and tensile strength of
polyurethane/CNF composites. Zhang et al.” and Venugopal
and Gopalakrishnan® showed enhancement of tensile strength
and tear strength of natural rubber through reinforcing with
CNFs extracted from eucalyptus kraft pulp and coconut
spathe, respectively.

In addition to improvements in modulus and strength,
incorporation of CNFs into polymers can potentially improve
the fracture toughness, which is a measure of the material’s
resistance to crack growth. Fracture toughness is a critical
property in the selection of materials for load-bearing
materials, and enhancing fracture toughness is, in general,
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challenging,” especially without adversely affecting strength.
However, composite materials provide potential to engineer
materials with both high toughness and strength. This is
achieved through mechanisms such as fiber bridging across the
crack and fiber pullout. Nanocomposites, in which the
reinforcing phase has at least one dimension smaller than
100 nm, have attracted interest because of the high strength of
nanoscale fibers because of low defect density and high surface-
to-volume fractions, which allow manipulation of stress transfer
between the matrix and the fibers.*”

Poly(methyl methacrylate) (PMMA), also known as acrylic,
is a commonly used thermoplastic with moderate toughness
and is widely used in many engineered products and systems
because of its manufacturability and transparency. Therefore,
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enhancing the fracture toughness of PMMA is an essential task.
The toughness of polymer composites can be improved
through nanofiber-reinforcement.'”'" Sui and Wagner'”
demonstrated an increase in strength, modulus, and tensile
toughness of PMMA via the addition of multiwalled carbon
nanotubes. However, carbon nanotubes are expensive and
affect the transparency of PMMA. CNFs offer a renewable and
sustainable alternative while maintaining good optical proper-
ties.

CNF reinforcement has the potential to increase toughness
while maintaining the optical transparency of the composite
material. Such composites have been investigated by several
others, and CNFs have been shown to positively influence
mechanical performance. However, the results are mixed and
inconsistent, and properties such as fracture toughness have
not been evaluated. For example, Kiziltas et al.'® showed that
adding small amounts (0.5% or less) of highly fibrillated
cellulose had little effect on flexural modulus or strength.
However, a large increase in strain to failure was found at 0.5%
but not at 0.25% cellulose addition. Also, the coarseness of the
cellulose adversely affected the transparency of PMMA. Dong
et al.' found large increases in failure strain and tensile
toughness of PMMA with additions of 1 and 3% CNF but far
less and none at 0.5 and 5% CNF, respectively. Modulus and
strength were reduced with addition of small amounts of
CNFs, but these losses were largely recovered once the CNF
content was increased to about 3—5%. Transparency was
largely retained with CNF addition. Banerjee et al.'> showed
that surface treatment of CNFs in methyl methacrylate
(MMA) resulted in better dispersion in PMMA. An increase
of 15% in strength and 39% Young’s modulus were reported
on addition of 1% surface-modified CNFs. Oliver-Ortega et
al.'® formulated composites of PMMA and nanofibers of
kombucha bacterial cellulose and found a 200% improvement
in Young’s modulus but tensile strength and strain at failure
reduced by 13 and 78%, respectively.

Widely varying results from these investigations are likely
due to differences in CNF and composite preparation and
warrant further exploration. Also, these earlier investigations
primarily examined solvent-blended, cast films. Such ap-
proaches require removal of large amounts of organic solvents
and are more expensive and less environmentally preferable
than the more conventional melt-processing methods. More-
over, none of these previous studies on PMMA-CNF
composites have characterized fracture toughness, which is
measured for specimens containing an initial crack. While
fracture toughness is often positively correlated with tensile
toughness values (i.e., the area under the stress stain curve) for
some materials, fracture toughness is a distinct quantity that
describes a material’s damage tolerance and is frequently used
in mechanical design. Here, we examine the effects of
composite preparation and further investigate the mechanical
behavior of these composites, especially the fracture toughness.
While PMMA and CNF were still compounded via solvent
blending to ensure good dispersion, the possibility of melt
processing was assessed via melt spinning of fibers and hot
drawing. Tensile tests were performed to determine elastic
modulus and yield strength, and the mode I fracture toughness
of the composite fibers was determined from specimens that
were precracked by a microindentation procedure.
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B EXPERIMENTAL SECTION

Materials. PMMA with a molecular weight of 120,000 and N,N
dimethylformamide (DMF) were obtained commercially (Sigma-
Aldrich). TEMPO-oxidized CNFs with aspect ratios >100 and
approximately 10 nm in diameter were produced at the USDA Forest
Products Laboratory. The detailed preparation technique of CNFs
using TEMPO (2,2,6,6-tetramethylpiperiding-1-oxly-radical) pretreat-
ment has been described previously."”'® To break up remaining
agglomerates found by polarized light microscopy, the CNFs were
passed an additional three times through a homogenizer (Micro-
fluidics M-110EH-30) equipped with 200 and 87 ym orifices in series.

Fabrication of PMMA-CNF Composite Fibers. The aqueous
dispersion of CNFs was solvent-exchanged with DMF by vacuum-
assisted rotary evaporation by a method similar to that used by Dong
et al.'* Briefly, DMF was added to the aqueous CNF dispersion to
yield a 3:1 DMF/H,O wt ratio. The dispersion was then sonicated for
approximately 2 min until no gel particles were present. Water was
then removed using a rotary film evaporator, and the resulting
dispersion was again sonicated for approximately 5 min until no gel
particles were present. A final CNF concentration of 0.45 wt % in the
solvent-exchanged dispersion was gravimetrically determined after
oven drying at 60 °C for 1 week. PMMA was then added to the CNF
dispersion. The mixture was stirred at 60 °C for 1 h and then cast into
heated glass trays to evaporate the solvent. By adding appropriate
ratios of solid PMMA and the CNF dispersion, mixtures were
prepared to yield PMMA nanocomposite films containing between 0
and 3% CNF by weight. The PMMA/CNF/DMF mixtures were
dried at 70 °C for 4 h and then at room temperature overnight. The
resulting films were then removed from the glass trays, Wiley-milled
using a 10-mesh screen, and then oven-dried at 60 °C for
approximately 1 week until a constant glass transition temperature
( Tg) was obtained.

Continuous fibers were then melt-spun from the solvent-blended
materials using a microcompounder and fiber spinning line (DSM
Xplore, The Netherlands). Barrel temperatures for the feed, middle,
and die zones were 190, 200, and 210 °C, respectively, for spinning of
the as-received PMMA. The limited thermal stability of the CNF
necessitated lowering the spinning temperatures 10 °C from those
used for the original PMMA. For consistency, the same lower
temperature profile was used for spinning the PMMA that had first
been dissolved in PMMA (0% CNF blend). The resulting melt
temperatures were 210 and 192 °C for the original PMMA and
solvent-blended materials, respectively. Nitrogen blanketing was used
to minimize degradation of the CNF. The material was fed into the
extruder using a volumetric feeder (MCMicro Ultra compact dosing
unit, Movacolor, The Netherlands), and a take up speed of 30 m/min
was used for the winding unit. After melt spinning, the resulting
composite fiber was further drawn in a second step using the DSM
Xplore Conditioning (i.e, drawing) Unit. The original PMMA was
drawn at 135 °C, and all solvent-blended materials were drawn at 125
°C at a speed of 100 cm/min. The resulting composite fibers had
diameters in the range of 200—300 ym. The composition of the CNF
in the final composite fibers was 0.5, 1.0, and 3.0% by weight which
approximately corresponds to 0.4, 0.8, and 2.4% by volume,
respectively (assuming that the density of PMMA is 1200 kg/m®
and the density of CNFs is 1500 kg/m?).

Characterization. The glass transition temperature (Tg) was
determined according to ASTM D3418-15'" using a DSC 7
differential scanning calorimeter (PerkinElmer). Samples were first
Wiley-milled using a 10 mesh screen, and then approximately 10 mg
of the powder was sealed in an aluminum capsule and heated at 20
°C/min in a nitrogen environment from 30 to 200 °C. The samples
were then cooled to 30 °C at 20 °C/min and then held for S min at
30 °C. The heating/cooling cycles were then repeated twice for a total
of three cycles. T, was determined as the temperature at which half of
the change in specific heat capacity had occurred during the heating
cycle.

For dichroic ratio measurements, polarized Fourier transform
infrared (FTIR) spectroscopy in the transmission mode was
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performed on 25 ym-thick longitudinal sections microtomed from the
center of the fibers. The measurements were performed using a
Nicolet iN10 MX Infrared imaging microscope equipped with a zinc
selenide linear polarizer (Thermo Scientific). The dichroic ratio (R =
Ay/A)) is defined as the ratio of peak intensities parallel and
perpendicular to the polarization direction of the infrared beam and
scales proportionally with molecular orientation. Because of peak
overlap between the PMMA and CNF in other areas of the spectra,
the peak at a wavelength of 749 cm™ (skeletal CH, vibration) was
chosen to investigate the orientation of PMMA in the fibers following
the method of Andersson et al.”’

The mechanical properties of the fibers were characterized using a
uniaxial testing machine in displacement control (Criterion Model 43,
MTS) equipped with a SO N load cell (LSB.501, MTS) and a digital
camera (Guppy Pro, Allied Vision) fitted with a manual focus lens
(HR F2.8/50 mm, Navitar) for marker tracking. Fibers were mounted
onto specially designed acrylic grips for testing as shown in Figure S1.
The design for these acrylic grips was inspired from previous work
reported in ASTM C1557°" using cardboard tabs, Adusumalli et al.**
using paper frame tabs, and Kant and Penumadu®’ using aluminum
templates. The design of the acrylic grips was optimized through
iteration to ensure that the fibers fail in the gauge region rather than at
the adhered ends. A commercial epoxy (JB Weld) was used to attach
the fibers to the acrylic grips. An elastomer (polydimethylsiloxane)
was then added at both ends of the fiber to reduce the stress
concentrations at the epoxy attachment point and thus facilitate
failure in the gauge section of the fiber. Tensile tests of different
samples were performed at room temperature of 23 °C and a
displacement rate of 40 mm/min (a strain rate of 1 min~"). Around
15-20 specimens of each CNF composition were tested. The
thicknesses of the specimens were measured using a digital
micrometer. Prior to testing, 1 mm X 1 mm paper markers were
attached to the fibers with a dry adhesive for displacement tracking.
Paper markers were selected over ink markers because of potential
complications that could arise from using water- or solvent-based ink
markers. The support arms at the sides of the acrylic fixture were
removed prior to testing. During testing, the camera recorded the
gauge region at 14 frames per second. Strains during the test were
determined by tracking the displacement of the markers on the
specimen with respect to an initial reference image.

Representative stress—strain curves for the composite fibers are
shown in Figure S2. Displacements (and therefore strains) were
calculated by tracking markers on the fibers during testing. To
consistently determine the mechanical properties of the fibers, the
stress o, and strain &, data were fit with a hyperbolic tangent curve,
given by eq 1* and previously used by Baez et al,*

o = Bjtanh(B,*(¢ — B;)) + B,*(¢ — B,) (1)
where By, B,, B;, and B, are fitting parameters. The shape of the
function and stress magnitude at low strains are captured by B, and
B, respectively. In particular, B, is influenced by the strain at yield.
The strain offset is determined by Bj. At high strains, the shape of the
function is captured by B,. The derivative of this function evaluated
zero strain, which is defined as the initial modulus, E

E = B,*B, + B, (2)

For determining mode I fracture toughness of the fibers, precracks
were fabricated using a custom-built microindenter. The aim was to
obtain a cut through the cross section of the fiber as shown in Figure
S3. A scalpel blade (8 mm X 0.5 mm ceramic scalpel blade, Fine
Science Tools) was used to produce sharp cracks with a crack width
less than 10 pym. The precrack length was controlled by monitoring
the force—displacement curve during blade indentation. The blade
was indented at 0.01 mm/s—this slow rate ensured sufficient control
for a consistent precrack size. The blade came in contact with the fiber
and then was indented until it reached the specified target load, which
corresponded to a specific precrack length.

These notched (precracked) fiber specimens were mounted onto
acrylic grips using a commercial epoxy (JB Weld) and tested in the
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tensile testing machine. Peak loads at fracture were recorded and
analyzed with a fracture mechanics model (described below) to obtain
the fracture toughness of the fibers. Scanning electron microscopy
(SEM) was used to image the fracture surfaces of the fibers
postfailure, and these images along with other testing conditions were
used to determine the type of fracture in these fibers, thereby aiding in
the selection of an appropriate fracture model to determine the
fracture toughness.

B RESULTS AND DISCUSSION

Fiber Preparation. PMMA and CNFs were first
compounded by solvent blending in DMF. One of the
challenges of solvent blending is complete removal of the
solvent because the residual solvent can lower the glass
transition temperature T, and plasticize the polymer, affecting
mechanical properties. For example, Patra et al.”**” demon-
strated how residues of different organic solvents affect the
thermal and mechanical properties of cast PMMA films. To
remove as much of the DMF as possible, we dried our solvent-
blended compounds under vacuum at 60 °C until a constant
T, was achieved, which took approximately 1 week.

Differential Scanning Calorimetry (DSC) Results. The
T, values of the specimens measured over three successive
temperature cycles to 200 °C by DSC are summarized in Table
1. The first heating cycle T, values for the solvent-blended

Table 1. T, Values of the as-Received PMMA (I-PMMA)
and PMMA Solvent-Blended with Various Amounts of
CNFs with Reported Values for Three Successive Cycles by
DSC

CNF content (wt/wt  first heating second heating third heating
%) (°c) (°C) (°c)
I-PMMA 107 116 118
0 82 102 108
0.5 84 104 109
1 87 103 108
3 89 107 113

composites as well as the increasing trend with CNF addition
are similar to those found by Dong et al."* Comparing the T,
values of as-received (“I-PMMA)” and solvent-blended PMMA
without CNF (“0)” shows a 25 °C reduction, which is likely
due, at least in part, to the effects of the residual DMF solvent.
This difference is reduced but not eliminated in the second and
third heating cycles despite the elevation of the temperature to
200 °C during the heating cycle.

Continuous fibers were melt-spun from the as-received
PMMA and solvent-blended compounds. Despite the relatively
low T, values, good fibers were unable to be spun from the
solvent-blended compounds at melt temperatures below 192
°C, which led to some degradation, in the form of
discoloration of CNFs despite nitrogen blanketing. After
melt spinning, the fibers were further drawn in the second
step at temperatures well below the melt-spinning temper-
atures. While there is some drawing of the melt during
spinning, we use the term draw ratio (DR) to refer to this
second draw at colder temperature, with the as-spun fibers
having a DR of 1.

FTIR. Figure 1 shows the FTIR (attenuated total reflectance
(ATR)) spectra for the fibers made from the as-received and
solvent-blended PMMA (I-PMMA and D-PMMA, respec-
tively; DR of 1) as well as the DMF solvent. It is clear from the
small peak at 1680 cm™" and the small shoulder at 1093 cm™

https://doi.org/10.1021/acsapm.1c00933
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Figure 1. ATR FTIR spectra of as-received PMMA (I-PMMA) fiber,
solvent-blended PMMA (D-PMMA) fiber, and DMF solvent. Spectra
are offset for visualization.

in the D-PMMA fiber spectra, both because of DMF, that the
residual solvent remains despite the careful vacuum drying
prior to spinning as well as the high melt-spinning temper-
atures. Such tightly bound DMF was also noted by Patra et
al*® in solvent-cast PMMA films.

In vibrational spectroscopy, dichroism has been used to
measure the alignment of a variety of materials and often has
the ability to assess the alignment of the different components
of a composite or blend, for example. In this investigation, we
used polarized FTIR spectroscopy to investigate the alignment
of CNFs and PMMA within our fibers. Though many of the
peaks of CNFs and PMMA overlap, at a sufficiently high CNF
content, the peak at 3340 cm™’, one of the hydroxyl stretches
of the CNF, was large enough to clearly show dichroism and
confirm at least partial alignment of the CNF, even in the as-
spun fibers (Figure 2). However, because of overlap with other

——parallel
—— perpendicular|

Absorbance

1600

2600
Wavelength (cm'1)

3600 600

Figure 2. FTIR transmission spectra of a PMMA fiber containing 3%
CNF (DR = 1) at different orientations relative to the direction of
polarization.

CNF hydroxyl stretches in the same vicinity as well as a small
PMMA peak at 3440 cm™’, no attempts were made to quantify
the CNF dichroism.

The PMMA skeletal vibration at 749 cm™" was sufficiently
isolated to determine a dichroic ratio as a measure of the
relative molecular orientation of the PMMA in the fibers.
Others have used this band to measure PMMA alignment in
oriented films*® and electrospun fibers’’ made from PMMA-
poly(ethylene oxide) blends. All of our as-spun fibers (i.e., DR
= 1.0) had dichroic ratios above 1 indicating significant PMMA
alignment during melt spinning. Further drawing of PMMA
fibers was possible at the lower temperatures used for the
secondary drawing, and their dichroic ratios trended well with
the DR (Figure 3a). However, for the composite fibers, less
drawing was possible, especially at a higher CNF content, and
their dichroic ratios were less consistent with those of the
PMMA fiber both in terms of the variability and trending with
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the DR. This is likely due to CNFs forming a percolated
network that interfered with the drawing process. The effect of
CNF content on the dichroic ratios for the as-spun composite
fibers (i.e., DR = 1) is shown in Figure 3b.

(a) 125 (b)1.25
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2 °
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Figure 3. Dichroic ratios of the 749 cm™ PMMA peak with (a)
varying DRs at 0% CNF content and (b) varying CNF content at a
DR of 1. (Marker = mean and error bar = standard deviation).

Tensile Properties of PMMA-CNF Composite Fibers.

Figure 4 shows the variation of Young’s modulus and yield
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Figure 4. Mechanical properties of PMMA-CNF composite fibers
(DR = 1) with different CNF contents: (a) Young’s modulus (initial
modulus) and (b) yield strength. (Marker = mean and error bar =
standard deviation).

strength of the specimens as the composition of the composite
fiber is varied. It is evident that the strength and modulus
increase with an increase in the CNF content. Modulus and
strength increased by 35 and 19%, respectively, when 3% wt
CNF was added.

The increase in tensile properties can be attributed to the
high modulus and strength of individual nanocellulose fibers,
estimated to be 61—107 GPa”” and 1-3 GPa,” respectively.
These results suggest that there is good stress transfer between
the PMMA matrix and CNFs. The moduli of the composite
fibers were compared with predictions from common models
for composite moduli. The Voigt’”*" and Reuss®” predictions
of effective modulus (as summarized by Hill’’) and a
prediction based on Hashin’s®* micromechanical model for
statistically isotropic composites, commonly referred to as the
Hashin—Shtrikman model, are shown in Figure 5. The Voigt
model assumes isostrain, and the Reuss model assumes
isostress to calculate the effective composite modulus (stiff-
ness) as a function of composition. The Hashin—Shtrikman
model assumes a statistically isotropic composite with arbitrary
inclusion-phase geometry for cases in which the matrix
contains randomly oriented particles (e.g., short fibers) or
spherical particles. Bulk modulus and shear modulus of
PMMA-CNF fibers are calculated from Young’s modulus and
Poisson’s ratio (E; = 3.34 GPa, E, = 80 — 120 GPa, v, = 0.35,
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Figure 5. Predictions of effective composite Young’s modulus
compared with experimental measurements from tensile testing of
PMMA-CNF fibers. (H—S: Hashin—Shtrikman and V—R: Voigt—
Reuss). Each data point contains 13—19 specimens. (Marker = mean
and error bar = standard deviation).

and v, = 0.24° where 1 = PMMA, 2 = CNF) and are used in
turn to calculate bounds on Young’s modulus of the
composites in the Hashin—Shtrikman model.

Figure S shows the comfarison of both the predicted
bounds (Hashin—Shtrikman®" and Voigt—Reuss3l’32) and the
experimental measurements of Young’s moduli of the
composite fibers. As noted earlier, the increase in mechanical
properties suggests effective stress transfer between the matrix
and CNF. The Voigt model assumes a geometry in which the
reinforcing phase is aligned with the loading direction, leading
to constant strain in the matrix and fibers and a significant
enhancement of stiffness. For fibers with CNF content up to
1%, the experimental measurements sit close to the Voigt
bound (Figure S), suggesting good dispersion and a high
degree of orientation of the CNFs in the fibers. The Voigt
upper bound can only be reached if the CNFs are well aligned
along the loading direction. The deviation from the Voigt
bound at CNF content above 1% wt could be due to the
formation of a percolated network of CNFs that reduces CNF
alignment and results in decreased homogeneity and dispersion
within the fibers. Thus, these modulus measurements
combined with the comparisons to the models suggest that
at 1% wt and below that the CNFs are well aligned in the
loading direction.

Figure 6 shows the variation of Young’s modulus with the
diameter of the fibers. The modulus exhibited a weak
increasing trend with the decrease in the fiber diameter,
indicating a modest specimen size effect on the tensile
modulus. Given that drawing is part of the fiber preparation
process, this trend is not surprising. The smaller diameter
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Figure 6. Variation of Young’s modulus with the diameter of the
composite fibers for different compositions of CNFs highlighting the
effect of the specimen size on Young’s modulus.
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fibers have a higher DR that likely increases the molecular
alignment of the PMMA; this, in turn, results in a modest
increase in the stiffness (modulus) as the diameter decreases.
This type of variation in modulus with the diameter of the
fibers was also observed by Pai et al.*® with their work on
poly(trimethyl hexamethylene terephthalamide) fibers. Pai et
al. used dichroic ratio measurements using polarized FTIR
spectroscopy to measure the molecular orientation and
concluded that the increase in alignment and the decrease in
diameter account for their observed increased fiber stiffness.
While the tensile properties of PMMA-CNF composite fibers
vary with the fiber diameter, the variation is approximately
+5% within each data set for fixed CNF content. Figure 6
clearly shows that the CNF content rather than the fiber
diameter is the dominant factor in determining Young’s
modulus.

Fracture Toughness. A typical force—displacement curve
from the testing of a notched fiber is shown in Figure 7. Similar

Force (N)

0.5

0 0.5 1
Displacement (mm)

1.5

Figure 7. Force—displacement curve of a precracked 1% CNF-PMMA
fiber (DR = 1) with a diameter of 216 ym and initial precrack of 5S
pum loaded to failure.

behavior was observed in all the tests, with an initial linear
behavior followed by a transition to a nonlinear force—
displacement response. The fracture surfaces were subse-
quently imaged by SEM, and select images are shown in Figure
8. A flat precrack surface is clearly observed in Figure 8d.
Riverline patterns on the surface where crack propagation
occurred are observed in all the specimens. These riverlines
emerge from the initial crack front and coalesce to form thicker
lines in the direction of crack propagation across the diameter
of the fiber, which is typical in the fracture of brittle
polymers.”” Plane strain conditions through most of the
middle region of the fiber resulted in a relatively straight crack
front in the center of the fiber. The presence of the free surface
and the transition to plane stress conditions because of the
outer surfaces resulted in a curved crack front at the edges.
These observations of riverlines and their coalescence during
the initial stage of crack growth and smooth (flat) fracture
surfaces as well as low (i.e, room)-temperature testing relative
to T led to the conclusion that the fiber fracture can be
assumed to be brittle,>” and a linear elastic fracture mechanics-
based fracture model was used to determine the fracture
toughness.

The mode I fracture toughness K¢ is determined from the
experimental data from using

Kic=0; Y ma; (3)

where o; is the far-field fracture stress measured in the
experiment, a; is the precrack length, and Y is the geometry
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Riverlines

Figure 8. SEM images of the fracture surface of 0.5% ((a) and (b)) and 1% ((c) and (d)) CNF-PMMA composite fibers: (a)—(d) Images of the
fracture surfaces showing a straight-faced edge precrack and the crack growth direction indicated by the riverline patterns on the surfaces.

factor. Toribio et al.** found that the function plotted in Figure

S5 and shown in eq 4°” provides the closest approximation of
the stress intensity factor for the specimen geometry used here

2
Y = 1.4408 — 3.6364 (%) + 19.3500(%) — 34.7849

2\ 2\
(2 +sosnd2)

D D (4)
where a/D is the ratio of the crack length to fiber diameter.
The a/D ratio for each specimen was measured from the SEM
images of the fracture surfaces. Fracture stress oy (or the far-
field stress at fracture) was determined from the peak load in
the force—displacement curves and the cross-sectional area.
The initial crack length was used as the critical crack length at
fracture as it was observed in videos of the tests that
catastrophic failure occurs at this crack length.

Figure 9 shows the fracture toughness Kjc as a function of
CNF content (DR = 1). The measured fracture toughness of
pure PMMA fibers (no CNF) agrees with previous work on
the fracture toughness of PMMA sheets (0.85 — 0.90 MPa/m
for PMMA with a My, of 120,000)."° Significantly, the fracture
toughness increases by nearly a factor of two relative to the
neat PMMA because of the addition of 1 wt % CNF. The
fracture toughness of the 3 wt % CNF fibers is not significantly
different from that the 1 wt % CNF specimens. The modulus
and strength data presented above showed a similar trend—
CNF weight fractions up to 1% resulted in significant
mechanical enhancement while the higher wt % resulted in
minimal further improvement. As noted earlier, this may be
due to the CNFs forming a percolated network at 3 wt %, thus
resulting in the CNFs having less orientation in the fibers.
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Figure 9. Measured fracture toughness, Kic, of PMMA-CNF fibers.
Fracture data on PMMA sheets with a comparable molecular weight
(M) from Kim et al.*® are shown for comparison. Each data point
represents 4—S specimens. (Marker = median and error bar =
standard deviation).

The dichroic ratio data in Figure 3b suggest that the PMMA
alignment increases with increasing CNF content up to 1 wt %.
Thus, to understand if the enhancement in toughness with
CNFs (Figure 9) was simply due to alignment of the PMMA
chains, additional tests were conducted to measure Kj¢ of neat
PMMA fibers as a function of DR. As shown in Figure 10, K¢
increases with the DR, but the peak fracture toughness reached
is about 1.4 MPa</m which is less than the fracture toughness
0f 1.9 MPa/m measured for PMMA fibers with 1% CNF. The
dichroic ratios for the more highly drawn neat PMMA fibers
are comparable to the dichroic ratios of the 1 wt % CNF fibers
(Figure 3); this suggests that the toughness enhancement
resulting from CNF reinforcement cannot be attributed to
molecular alignment alone. Previous studies on the effect of
molecular alignment on fracture toughness found little to
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Figure 10. K¢ fracture toughness of neat PMMA fibers as a function
of DR.

modest effect. Zhao et al."' found no clear effect of in-plane
PMMA orientation on the fracture toughness of bi-axially
oriented PMMA, while Gotham and Scrutton** showed that
fracture toughness can differ by 35% between crack
propagation along the direction of alignment and perpendic-
ular to the alignment.

Thus, the increase in fracture toughness of the PMMA-CNF
composites up to 1 wt % is likely due to a combination of
molecular alignment and toughening to the presence of the
fibers. In particular, crack bridging by CNFs and dissipation
because of CNF pullout, which are common in high aspect
ratio fiber-reinforced composite materials,'”"* likely contribute
to the observed toughening. The formation of a CNF network
or agglomerates may be the reason for the lack of increase in
fracture toughness above 1% wt; this was also observed in
other studies on PMMA-CNT* and PMMA-CNF>'*
composites. Though different from fracture toughness, Dong
et al.'"* found that the tensile toughness and failure strain
increased when up to 3 wt % CNF was added to PMMA films,
but values decreased upon further addition of CNF. Nano-
fibrils were observed extending from the fracture surfaces,
suggesting the fiber pullout mechanism. Other research studies
on similar composites by Shih et al,** Kiziltas et al.,"* Banerjee
et al,'® and Santamarti et al.*® only looked at the effects of
CNF content on tensile modulus, strength, and elongation at
break but not fracture toughness.

B CONCLUSIONS

Composite fibers made of PMMA and CNFs were prepared by
a melt-spinning technique. However, the combination of high
processing temperatures of PMMA and the low thermal
stability of CNFs is problematic when subjecting their
combinations to melt processing. Additionally, our processing
results show that the network structure formed by percolation
of the CNF can limit the ability of the fiber to be drawn. While
melt processing is a common, efficient method for thermo-
plastic composite fabrication and was possible for our PMMA-
CNF composites, other preparation methods should be
explored that better accommodate material requirements and
limitations. Measurement of elastic modulus and yield strength
using custom-designed fixtures found an increase in mechan-
ical properties with increasing CNF content up to 3 wt %,
which can be largely explained by polymer orientation and
effective two-phase theoretical composite theories. Fracture
toughness measurements were performed by fabricating
precracks via indentation of the fiber producing straight-face
edge cracks. A doubling of the fracture toughness was observed
with addition of 1 wt % CNF content, and this increase can be
attributed to toughening mechanisms such as fiber pullout and
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crack bridging. Importantly, adding CNFs as a reinforcing
agent leads to an increase in strength and modulus, while
simultaneously increasing the fracture toughness.
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