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Abstract Short cellulose nanofibrils (SCNF) were
investigated as reinforcement for polyvinyl alcohol
(PVA) fibers. SCNF were mechanically isolated from
hard wood pulp after enzymatic pretreatment. Various
levels of SCNF were added to an aqueous PVA
solution, which was gel-spun into continuous fibers.
The molecular orientation of PVA was affected by a
combination of wet drawing during gel spinning and
post-hot-drawing at a high temperature after drying. A
maximum total draw ratio of 27 was achieved with
various SCNF contents investigated. The PVA crystal
orientation increased when small amounts of SCNF
were added, but decreased again as the SCNF content
was increased above about 2 or 3%, likely due to
SCNF percolation resulting in network formation that
inhibited alignment. SCNF fillers were effective in
improving PVA fiber tensile properties (i.e., ultimate
strength and elastic modulus). For example, the
ultimate strength and modulus of PVA/SCNF

J.Peng - T.Ellingham: L.-S. Turng (G0}

Polymer Engineering Center, University of Wisconsin—
Madison, Madison, W1 53706, USA
e-mail:turng@engr.wisc.edu

J. Peng - T. Ellingham: L.-S. Turng
Wisconsin Institute for Discovery, University of
Wisconsin—Madison, Madison, W1 53715, USA

R. Sabo:C. M. Clemons ([}

Forest Products Laboratory, USDA Forest Service,
Madison, WI 53726, USA

e-mail: cclemons@fs.fed.us

composite fiber with a SCNF weight ratio of 6 were
nearly 60 and 220 % higher than that of neat PVA.
Shifts in the Raman peak at ~ 1,095 cm+, which
were associated with the C—-O-@lycosidic bond of
SCNF, indicated good stress-transfer between the
SCNF and the PVA matrix due to strong interfacial
hydrogen bonding. Cryogenic fractured scanning
electron microscopy images of filled and unfilled
PVA fibers showed uniform SCNF dispersion.

Keywords Short cellulose nanofibrils - Gel
spinning - Polyvinyl alcohol - Nanocomposites - Stress
transfer - Crystal orientation

Introduction

Nanocellulose-based reinforcements constitute a new
class of naturally-sourced reinforcements. Trees,
plants, some marine creatures such as tunicates, and
certain bacteria and algae form microfibrils from
cellulose molecules. These microfibrils have a com-
plex structural hierarchy and often act as the main
reinforcing element in their respective organisms
(Moon et al. 2011). In part, it is the high reinforcing
potential of native crystalline cellulose within these
microfibrils that has recently led researchers to extract
nanocellulose from them for use in composites.

The mechanical properties of nanocellulose depend
on its crystal structure, crystallinity, anisotropy,
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defects, and isolation approaches (Moon et al. 2011).
Several mechanical approaches, such as refining
(lwamoto et al. 2007), homogenizing (Zimmermann
et al. 2010), cryocrushing (Dufresne etal. 1997), and
high intensity ultrasonic treatment, have been
employed to isolate cellulose fibrils from wood or
plant fibers (Johnson et al. 2009). Cellulose nanofibrils
(CNF) (also called nanofibrillated cellulose) are
obtained by mechanical isolation, often after chemical
or enzymatic pretreatment. CNF contains both amor-
phous and crystalline regions and typically have high
aspect ratios (4-20 nm in width, 500-2,000 nm in
length Moon et al. 2011). Cellulose nanocrystals
(CNCs) are produced by acid hydrolysis, during which
most of the amorphous fraction is removed. Depend-
ing on preparation and measurement methods, a
tensile modulus of 10-35 GPa has been reported for
CNF (lwamoto et al. 2011; Sehaqui et al. 2012;
Walther et al. 2011). The modulus of CNC would be
expected to be much higher because of its highly
crystalline nature. A’ Young’s modulus of 138 GPahas
been reported for native cellulose I crystals (Nishino
et al. 1995).

However, some challenges exist to efficiently use
nanocellulose as reinforcing fillers. For example,
preparation of nanocellulose results in aqueous gels
or suspensions that are not easily incorporated into
most polymers. Also, nanocellulose is very hydro-
philic, which can create difficulties in dispersing and
bonding with many polymers. Water-soluble poly-
mers are candidates for easy dispersion of nanocellu-
lose and overcome these obstacles. Polyvinyl alcohol
(PVA) is water-soluble, biodegradable, and biocom-
patible and has been broadly investigated for applica-
tion including tissue scaffolding, filtration materials,
membranes, and drug release (Nishiyama 1997).
There has also been recent interest in using PVA
fibers as a reinforcing fiber in cement in order to
reduce bulk weight and improve strength (Sun et al.
2001; Zheng and Feldman 1995) or in woven or
braided reinforcements for thermosetting or thermo-
plastic composites. PEO is also a water-soluble
polymer in which CNC or CNF can achieve good
dispersion (Xu et al. 2014). Compared with PEO as a
polymeric matrix, PVA has much higher mechanical
properties. To produce strong continuous fibers, PVA
was focused on in this paper.

To improve the mechanical properties of PVA
fibers, both CNC and CNF have been investigated as
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reinforcements. Uddin et al. (2011) produced gel-spun
fibers from aqueous PVA solutions with up to 30 %
CNC, followed by hot drawing. Adding 5% CNC
increased the ultimate tensile strength 20 % compared
to neat PV A fibers. However, the tensile strength was
reduced at concentrations above 5 % as PVA molec-
ular orientation was reduced. Peresin et al. (2010)
produced PVA mats with up to 15% CNC by
electrospinning and found that CNC increased the
storage modulus. However, properties such as fiber
strength or tenacity were not measured. Endo etal. gel-
spun PVA that was reinforced with CNFs prepared
using  2,2,6,6-tetramethylpiperidine-1-oxy  radical
(TEMPO)-mediated oxidation as a pretreatment prior
to mechanical disintegration. They found the tensile
strength did not improve with addition of 1 wt% CNF
(Endo etal. 2013). A higher CNF content may have led
to greater reinforcement. However, it was not possible
to add more CNF due to the difficulty in dispersing the
high aspect ratio CNF even with intense ultrasonica-
tion or strong mechanical stirring.

In this study, we investigated a new type of short
cellulose nanofibers (SCNF) that are mechanically
isolated from enzymatically pretreated wood pulp as
reinforcement for the PVA fiber. Sufficient mechan-
ical energy was used to prepare discrete CNF that
could be used at higher weight percentages (compared
to those reported previously) but without the need for
concentrated sulfuric acid hydrolysis as in CNC
production or the loss of hydroxyl groups for hydrogen
bonding with the PVA matrix. Here, we investigated
these SCNFin gel-spun PVA fibers.

Experiments
Preparation of short cellulose nanofibrils (SCNF)

SCNF was prepared at the U.S. Forest Service, Forest
Products Laboratory (Madison, WI), according to the
procedure described by previous paper (Qing et al.
2013; Zhu et al. 2011). A commercial hardwood
bleached eucalyptus kraft pulp (Aracruz Cellulose,
Brazil) was soaked in distilled water for 24 h before
mechanical disintegrating in ablender for 10 min. The
fiber slurry was then concentrated to 1.5 wt% pulp
fiber by centrifuging. A commercial endoglucanase
(Fibercare, Novozymes, Franklin, NC) was mixed
with pulp fibers at 10 % solids and incubated at in a
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Table1 Compositions of Sample Weight (g) Concentration (Wt%)  SCNF/PVA
PVA/SCNF spinning ratio (%)
solutions and dry fiber 20wt% PVA  1wt% SCNF Water PVA SCNF
solution suspension

PVA 50 0 55 9 0

PVA/SCNF1 50 10 51 9 0.09 1

PVA/SCNF2 50 20 41 9 0.18 2

PVA/SCNF3 50 30 31 9 0.27 3

PVA/SCNF6 50 60 1 9 0.54 6

flask on a shaker table at 50 °C for 24 h at 200 rpm.
The enzymatically treated pulp fiber was then rinsed
and fibrillated using a Super Mass Colloider (MKZA6-
2, Masuko Sangyo Co, Japan). During fibrillation, the
wet pulp fiber was fed between two-stone grinding
disks with the gap of 100 micron and a rotation of
1,500 rpm. Approximately 100 g of pulp fibers (dry
basis) were refined in circulation for 6 h. The suspen-
sion was further processed by running it fifteen times
through a microfluidizer (M-110EH-30, Microflui-
dics, MA) with 200 and 87 um chambers in sequence
under a pressure of 150 MPa. The resulting SCNF
suspension was storedin a cold room (4 °C) until used.

Preparation of spinning solution

A 99 % hydrolyzed commercial-grade of PVA from
Sigma-Aldrich with a weight-average molecular
weight of 85,000-124,000 was used as the matrix
polymer. A sufficient amount of PVA was dissolved in
water at 90 °C with mechanical stirring for 30 min to
yield 20 % PVA by weight. Spinning solutions were
prepared by mixing various amounts of SCNF solu-
tion, PVA solution, and water at 90 °C for 60 min.
Specific compositions are listed in Table 1. The PVA/
SCNF solutions were deaerated under vacuum at
90 °C for 10 min.

Fiber spinning and drawing

The PVA/SCNF dopes were spun into —20°C cold
ethanol using a syringe pump and a 19 gauge needle
(0.686 mm inner diameter) (Uddin et al. 2011). The
needle tip was submerged about 1mm into the
ethanol. The spun wet fibers were collected by a
rotating spool in the cold ethanol bath whose speed
was set to yield a wet draw ratio of 2. The volumetric
flow rate was 0.38 ml/min. The collected fibers were

immersed in ethanol for 48 h followed by air drying
for 24 h in a fume hood. Finally, the fibers were oven
dried at 105 °C for at least 30 min. Dried fibers were
preheated for 30 s in a hot tube at 210 °C and then
manually drawn at 3-4 mm/s using a custom-designed
clamping and drawing device. The total hot drawing
process took <90 s, and the maximum hot draw ratio
for all fibers was found to be about 13.5. Thisyielded a
total draw ratio (wet and hot drawing) of 27 for all
fibers. For comparison, a film of 100% SCNF was
also prepared for crystallinity {y.) measurements by
casting a 1 wt% SCNF aqueous suspension into a petri
dish followed by air drying.

Transmission electron microscopy (TEM)

The SCNF structure and dimensions were investigated
by TEM. A few drops of diluted SCNF solution
(0.5 wt% in water) were deposited on a TEM copper
grid and dried. The sample grids were analyzed using a
Philips CM-100 TEM (philips/FEI Corporation, Hol-
land) at an accelerating voltage of 100 kV. ImageJ
software (1.48d, developed by National Institutes of
Health, US) was used to measure the length and
diameter range based on the TEM images.

Scanning electron microscopy (SEM)

The outside surfaces and cryogenic and tensile frac-
tured surface of PVA/SCNF filaments were analyzed
by a scanning electron microscope (SEM; Model LEO
1530,JEOL, Japan) at an accelerating voltage of 3 kV.
Wide-angle X-ray diffraction (WAXD)

X-ray diffraction patterns were obtained with a Bruker

Diffractometer (D8 Discovery, Bruker, US) by irradi-
ating the PVA/SCNF fiber with Cu Ka radiation
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perpendicular to the fiber direction. The accelerating
voltage and current were 50 kV and 1mA. PVA
crystal orientation was determined using the most
intense equatorial diffraction spots, those correspond-
ing the (101/101) planes. Two approaches were
employed to describe the crystal orientation: the
degree of orientation (I1) and Herman's orientation
parameter (f) defined by Egs. (1-3)(Ke 1964).

180 — FWHM
= 180 (1)
3{cos?p) — 1
_ 3 k ) @
2« i Hg)singcoste
{cos™p) = = — 75— 3)
o I{@)sing

where « isthe azimuthal angle and I{cp} is the intensity
along the Debye—Scherrer ring. The value off ranges
between —0.5 and 1 for perfect orientation perpen-
dicular to and parallel to the fiber direction, respec-
tively. Random orientation yields a value off of 0. The
degree of orientation (Il) formula estimates the
orientation by the full width at half-maximum
(FWHM) measurements of the peaks in a plot of
intensity versus azimuthal angle at the relevant value
of 20.

Segal’s method was used to calculate the degree of
crystallinity (y.) from the X-ray diffraction pattern
using Eq. (4), where Iy is the intensity of the
(200)een 15 (French 2013) or (101)sva peak represent-
ing crystalline regions and la. is of the amorphous
region (Segal et al. 1959; Seidel 2008),

I celllf or =1
X,g(%) _ (200)celllp or (101}PVA AM* 100 (4)

fr00)cemp or (101)PVA

Tensile testing

Tensile properties were measured using a tensile
testing machine (Instron, MA) with a5 N load cell, a
gauge length of 2.54 mm, and an extension rate of
0.254 mm/min following the ASTM D3379-75 stan-
dard (ASTM 1989). The diameter was measured by
optical microscope and the fibers were conditioned at
25 °C and 50 % relative humidity prior to and during
testing. The experimental results were evaluated as an
average of 10 measurements. To ensure consistency
and fair comparison, the composite fibers with the
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diameter of 45-55um (similar to those of pure PVA
fibers) were selected via optical microscopy for tensile
testing. As an approximation, a circular cross-section
area was assumed for tensile properties calculation.

Molecular deformation studies using Raman
spectroscopy

A Raman spectrometer (DXR, Thermo, US) coupled
to an Olympus microscope was used to collect spectra
from nanocomposite fibers during tensile deformation.
The fiber was mounted on a commercial stretching
stage with strain control. A 532 nm wavelength laser
was focused on a spot size of 0.35 um using the
microscope with a 50x objective lens (numerical
aperture of 0.75). Spectra were recorded using an
exposure time of 100 s.

Results and discussion
Characterization of SCNF

An aqueous dispersion of SCNF was successfully
prepared by enzymatic pretreatment and mechanical
refining followed by 15 passes through a microflui-
dizer. The TEM image of dried 0.5 % SCNF solution
shows discrete fibers of fairly low aspect ratio,
(Fig. 1b), which is considerably different than the
more networked structure typical of CNF (Fig. la)
prior to microfluidizing. In fact, the SCNF looks
similar to CNC in appearance (Moon et al. 2011;
Wang etal. 2012). However, the surface properties are
quite different. CNC are produced by sulfuric acid
hydrolysis resulting in a sulfated surface. The SCNF
were mechanically derived via microfluidizer from a
CNF suspension, which had been previously enzy-
matically pretreated. The resulting SCNF has more
available hydroxyl groups than the CNC, which
improves the potential for hydrogen bonding with
the PVA matrix, thus enabling enhanced mechanical
performance. Image analysis yielded estimates of the
length and diameter 0f 294 + 95 and 13.6 + 3.2 nm,
respectively, and an aspect ratio of 15-28. To empha-
size the different aspect ratio and surface groups of
CNF, the term short cellulose nanofibrils (SCNF) is
used here, not CNCs (Anderson et al. 2014; Mathew
et al. 2014). Based on the XRD pattern of the 100 %
cast SCNF film (Fig. 2), the crystallinity of the SCNF
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Fig.1 TEM image of a CNF and b SCNF with the scale bar is 200 nm
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2 0 (degree)

Fig. 2 WAXD pattern of pure SCNF cast film The inset is the
intensity along the 26 direction

was determined to be 80 %, as the same as the CNF
before being processed by microfluidizer. This high
crystallinity suggests high stiffness and a high rein-
forcing potential for the SCNF. Note that the narrow
sharp peak halfway between the 200 and 004 inten-
sities inFig. 2 (indicated by the arrow) was likely due
to Borax (sodiumborate). Sodium borate, which has a
strong 2 theta peak at 28.2 (Morris etal. 1981), was
likely used as a fire retardant or an anti-fungal
compound in the commercial pulp.

Fiber drawing

The SCNF/PVA weight ratio was varied from 1 to
6 %, since higher SCNF ratios caused unstable flow
via gel spinning. Endo et al. reported that PV A fibers
could not be spun by a similar gel spinning method if
the CNF weight ratio was above 1% in the PVA
solution due to the difficulty in dispersing high aspect
ratio CNF (Endoet al. 2013; Shinoda et al. 2012). The
short aspectratio of our SCNF made it possible to spin
PVA solutions with more CNF and help to improve
PV A fiber tensile properties.

Pure PVA fiber tensile properties and micromor-
phology depend greatly on chain extension and
molecular orientation, which are largely controlled
by drawing (Uddin et al. 2006, 2011). Since high
temperature can increase molecular chain mobility as
well as the reinforcing fillers' mobility in the poly-
meric matrix, hot drawing is a critical part of fiber
manufacture, A temperature of 210 °C was used for
hot drawing, which Endo et al. (2013} found optimal
forsimilar composites. Fibers were exposedto 210 °C
for <90 s to minimize possible thermal degradation.
The consistently achievable maximum hot draw ratio
(DR) for both pure PVA and filled PVA was 13.5,
yielding a total draw ratio of 27, including the wet
draw ratio of 2. Therefore, the addition ofup to 6 % of
SCNF did not limitthe draw ratio of filled PV A fiber.
This result is somewhat different than that found by
Uddin et al. (2011) for CNC-PVAfibers. They found
that adding 5 wt% CNC improved the drawability of
PVA fiber and suggested that the CNC retarded
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rupture during hot drawing. However, adding more
than 5% CNC decreased the maximum draw ratios
proportional to the amount of CNC added.
According to Kanamoto et al. (1990), the critical
minimum draw ratio (DR, for PVA for full
molecular chain extension can be calculated by:

DR, = 0.41 * (degree of polymerization)2 (5)

The degree of polymerization of the PVA used in our
investigation was about 2,000-2,800. Therefore, the

DR, for fully oriented PV A chains is about 18-21.

Therefore, our maximum draw ratio of 27 suggests
highly oriented PVA chains. XRD measurements
(Table 2) showed that the crystallinity of the PVA
fibers greatly increased during hot drawing, as is
common for PVA fibers, due to bound water removal
and increased molecular mobility and alignment
during heat treatment. The degree of crystallinity
depends on the temperature of the heat treatment;
normally higher temperature leads to higher crystal-
linity (Lewin and Pearce 1998). PVA crystallinity
decreased with the addition of SCNF (Table 2), which
may have been the result of SCNF percolation and
network formation. For rod-like nanoparticles, the
percolation threshold {€.) can be linked to the aspect
ratio of the nanoparticles by the following equation
(Siqueira et al. 2010):

6.7
€ L_/d (6)
In Eq. (6), L/d is the aspect ratio, which assumes a
cylindrical shape. The calculated percolation thresh-
old is about 2.5-4.9 %. When the SCNF weight ratio
exceeds about 3 %, a network can form, which hinders
chain mobility and, consequently, PVA crystallinity.
The crystallinity of hot drawn PVA and composites
fiber was a combination of stress induced crystallinity
and thermally induced crystallinity. At high temper-
ature, fiber drawing increases stress induced crystal-
linity as chains are aligned in the stretching direction.
On the other hand, our drawing temperature of210 °C
might also result in thermally induced crystallinity.
However, Wu et al. (2010) investigated various
drawing rate and temperature effects on melt spun
PVA fiber crystallinity, and found that the relatively
low temperature of 210 °C did not affect the crystal-
linity since the temperature was not high enough to
initiate chain relaxation. Therefore, the improved

4 Springer

crystallinity of our hot drawn PVA and composite
fibers results primarily from the stress induced crys-
tallinity. In the next section, it will be shown that the
crystallinity is closely related to orientation.

Crystal orientation analysis

Wide-angle X-ray diffraction (WAXD) was used to
probe crystal orientation. Due to low SCNF filler
concentrations, the diffraction patterns of SCNF
crystals could not be discerned (Fig. 3). Concentric
halos in Fig. 3a, b indicate random PVA (101/101)
crystal orientation in wet drawn fibers, whether or not
SCNF fibers were added. Equatorial spots in Fig. 3c,d
from the (101/101) and (200) planes of PVA crystals
indicated strong alignment in the hot drawn fibers.

Table 2 summarizes the degree of crystal orienta-
tion(11) and Herman’s orientation parameter (f) from
the overlapping diffraction peaks for the (101/101)
planes of the PVA crystals. The orientation degrees
(1) of all drawn fibers are similar. However, Her-
man’s orientation parameters ( f) were amore sensitive
measure of PVA crystal orientation. Adding up to
about 2-3% SCNF appeared to facilitate orientation,
increasing the Herman’s orientation parameter (f).
That is, adding small amounts of SCNF filler appeared
to facilitate orientation. At higher SCNF content,
however, orientation was probably reduced because
SCNF network formation hindered molecular align-
ment. Since crystallinity in our composites was
primarily stress induced, it is not surprising that the
crystallinity and crystal orientation values show the
same trends (Table 2). Uddin et al. (2011) found a
similar trend when CNC, rather than SCNF, was added
to PVA. Adding small amounts of CNC increased
orientation when drawing PV A fibers but higher CNC
content (above 5 %)inhibited orientation. The authors
also found CNC alignment as well. However, we
could not measure the SCNF alignment at our
somewhat lower levels of addition.

Tensile properties

Tensile tests were performed to quantify SCNF
reinforcement of PVA fibers. Representative stress—
strain curves are shown in Fig. 4, and the ultimate
strength and Young’s modulus of fiber with various
SCNF ratios are summarized in Table 3. Adding
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Table 2 Degree of crystal orientation (I1), Hermans Orientation Parameter (f), and PVA crystallinity (y.) of single nanocomposites

fibers
Samples FWHM (°) Orientation Herman’s Crystallinity
degree, 11(%) Parameter(f.) (%)

Pure PVA: N/A N/A N/A 20.7

Pure PVA®r 5.8 96.8 0.65 64.4
PVA/SCNF1» 6.2 96.5 0.77 62.8
PVA/SCNF2> 6.4 96.4 0.80 63.0
PVA/SCNF3» 555 96.9 0.78 62.5
PVA/SCNF6® 5.9 96.7 0.63 58.9

= Wet draw ratio of 2

b Total draw ratio of 27 (wet draw ratio of 2 and hot draw ratio of 13.5)

Fig. 3 Two dimensional
WAXD patterns of a wet
drawn and ¢ wet and hot
drawn pure PVA fiber, and
b wet drawn and d wet and
hot drawn PVA/SCNF3.
The insets are the Azimuthal
intensity distributions of the
equatorial reflection PVA
crystal (101/10-1)

140 160 160 170 180 190 200 210 220
6 (degree)

140 160 160 170 180 180 200 210 220
¢ (degree)

0
140 180 160 17¢ 180 1 200 210 220
¢ (degree

740 150 160 170, 160 190 200 210 220
¢ (degree)

SCNFto PVA generally yielded stronger, stiffer, and
even tougher fibers. The ultimate strength of the PVA/
SCNF fibers are related to both PVA crystal orienta-
tion and the amount of SCNF added (Fig. 5), but
SCNF loading governs the strength. The tensile
moduli of filled PVA fibers increased proportionally

with the addition of SCNF. However, the ultimate
strength peaked at a PVA: SCNF weight ratio of about
3 %. Below the percolation threshold (likely around
2.5-4.9% SCNF), the strength increased due to the
addition of SCNF as well as the increased PV A matrix
crystal orientation. At higher loadings, gains in
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Fig.6 Typical Raman spectra for pure SCNF cast film, pure
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Fig. 7 Shifts in the Raman band position initially located at
—1,095¢cm ! upon tensile deformation for pure PVA, PVA/
SCNF3, and PVA/SCNF6 drawn fiber with a draw ratio of 27.
Solid lines are linear regressions for the data

by the PVA band at that position, unless the addition of
nanocellulose results in a new deformation mecha-
nism involving the PVA hydroxyl side chains.
Figure 7 shows typical 1,095 cm* band shifts
when the PVA/SCNF3 and PVA/SCNF6 fibers are
strained. This shift suggests stress transfer through the
hydrogen bonds between SCNF and PVA matrix, or
between the SCNF themselves due to percolation, or
both. The rates of the band shifts with strain (Fig. 7)

were —0.26 and —0.21cm%* for PVA/SCNF3
and PVA/SCNF6 hot drawn fibers, respectively. The
lower rate for the composite fiber with more SCNF
may be related its lower crystal orientation and
resulting reduced stress transfer ability in the fiber
direction. Prior to fracture, there was no discontinuity
or change in the slope of the curves in Fig. 7 for the
composite fibers that would suggest SCNF-PVA
debonding. This further indicates strong filler-matrix
adhesion due to hydrogen bonding (Rusli et al. 2011).

Cryogenic fracture morphologies

The outside surfaces of the pure and filled PVA fibers
are shown in Fig. 8. The pure PVA fibers possess a
smooth and homogeneous surface, while PVA/SCNF
has an irregular surface. Such irregular surfaces are
common in the PVA fibers and result from a faster rate
of water diffusion out of the fiber than the coagulant
diffusion into the fiber after the skin is formed (Elices
and Llorca 2002). The relative diffusion rates are
likely affected by the SCNF. Some SCNF tips appear
on the outside surface of PVA/SCNF6 fiber, as shown
in Fig. 8d.

Figure 9 presents the cryogenically fractured cross
sections of pure and filled PVA fibers. The cross—
sections are approximately circular and have diame-
ters ranging from 45 to 55 um. Compared to pure
PVA, filled PVA fibers were more variable in diam-
eter. Figure 9b is an enlarged image of the cross-
section of the pure PVA fiber showing a smooth
surface. A comparable image for the PVA/SCNF3
fiber (Fig. 9d) shows a much rougher fracture surface
and less than perfect SCNF dispersion. PVA/SCNF3
cross-section features are shown since it had the
maximum ultimate strength and had similar SCNF
dispersion features as that of PV A/SCNF6.

Conclusions

Discrete, highly crystalline SCNF can be produced from
enzymatically pretreated cellulose when sufficient
mechanical energy is applied. These SCNF are similar
in appearance to CNCs but do not require concentrated
sulfuric acid (typically more than 60 % v/v) for their
preparation. Reducing the energy requirement through
optimization of the enzymatic pretreatment could reduce
costand the environmental footprintas well. The greater
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number of hydroxyl groups compared to cellulose fibrils
may also offer some advantages as reinforcement for
polymers like PVA.

Adding small amounts (<3 %) increased the orien-
tation of the crystalline PVA fraction at the same
maximum draw ratio of 27. However, further addition
of SCNF began to reduce the orientation possibly as a
result of SCNF network formation that limited molec-
ular alignment. Raman C-O-C glycosidic peak shift
rates under uniaxial strain indicated good stress transfer
between the SCNF and the PV A matrix. Improvements
in tensile strength appeared to be due to a combination
of increased orientation (at low SCNF weight ratios)
and SCNF reinforcement. Further increases in tensile
strength as SCNF levels approaching 6% were
prevented by reductionsin orientation and crystallinity.
However, modulus increases with SCNF content over
the entire SCNF range investigated. Cryogenically
fractured fiberindicated SCNF were less than perfectly
dispersed at the magnifications investigated but further
work is warranted. Initial evaluation of SCNFs as
reinforcing fibers appears promising, particularly at
low levels of addition, but further work is necessary to
understand, predict, and optimize SCNF reinforcement.
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