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ABSTRACT: Short cellulose nanofibrils (SCNF) were investigated as a new kind of reinforcement for polyvinyl alcohol (PVA) films.

SCNF were mechanically isolated from hardwood pulp after enzymatic pretreatment. Various concentrations of SCNF were added to

an aqueous PVA solution, which were cast into composite films and then hot drawn with various draw ratios at 200�C. SCNF were

effective in improving PVA film tensile properties (i.e., ultimate strength and elastic modulus), which depended on SCNF loading,

PVA crystal orientation, and the draw ratio. For example, the ultimate strength and modulus of a composite film with a SCNF weight

ratio of 3% and a draw ratio of 7.5 were nearly 46 and 61% higher than that of the neat PVA. The PVA crystal orientation increased

when small amounts of SCNF were added but decreased as the SCNF content increased above about 6%, likely due to SCNF percola-

tion resulting in network formation that inhibited alignment. Stress-induced crystallization during hot drawing increased the crystal-

linity of PVA in both the PVA and its composites. Cryogenic and tensile-fractured SEM images of PVA/SCNF composite films

showed a uniform SCNF dispersion in the PVA matrix. Young’s moduli of drawn composite films were predicted surprisingly well by

the rule of mixtures except at intermediate levels of SCNF where the increased orientation of the matrix was not considered in the

model. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42283.
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INTRODUCTION

Renewable and biodegradable cellulose is the most abundant

natural biopolymer in the world. Fibrils, which are discrete,

micro- or nanoscale fibers extracted from cellulose, have supe-

rior mechanical properties and extraordinary potential to

improve the mechanical performance of polymeric matrices.

Trees, plants, some marine creatures such as tunicates, and

certain bacteria and algae form microfibrils, fine threadlike

structures made from stacks of cellulose molecules. These

microfibrils have a complex structural hierarchy and often act

as the main reinforcing element in their respective organisms.1

In part, it is the high reinforcing potential of the native crystal-

line cellulose within these microfibrils that has recently led

researchers to extract nanocellulose from microfibrils for use in

composites. Several mechanical approaches, such as refining,2

homogenizing,3 cryocrushing,4 and high intensity ultrasonic

treatment, have been employed to isolate cellulose fibrils from

wood or plant fibers.5 Cellulose nanofibrils (CNF) (also called

nanofibrillated cellulose) are obtained by mechanical isolation,

often after chemical or enzymatic pretreatment. CNF contains

both amorphous and crystalline regions and typically have high

aspect ratios (4–20 nm in width, 500–2000 nm in length1). Cel-

lulose nanocrystals (CNC) are produced by acid hydrolysis, dur-

ing which most of the amorphous fraction is removed.

Depending on preparation and measurement methods, tensile

moduli of 20–100 GPa have been reported for CNF.6 The mod-

uli of CNC are expected to be higher due to their highly crystal-

line nature, but somewhat lower than the Young’s modulus of

138 GPa reported for native cellulose I crystals.7 As a result,

nanocellulose (CNF or CNC) has emerged as a new class of nat-

urally sourced reinforcements for polymer composites. However,

some challenges still exist to efficiently use nanocellulose as

reinforcing fillers. For example, preparation of nanocellulose

results in aqueous gels or suspensions that are not easily incor-

porated into most polymers. Also, nanocellulose is very hydro-

philic, which can create difficulties in dispersing in and bonding

with many polymers. To overcome these obstacles, water-soluble

polymers are often considered as suitable candidates for con-

ceivably easy dispersion of nanocellulose.

VC 2015 Wiley Periodicals, Inc.
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Polyvinyl alcohol (PVA) is a biodegradable and biocompatible syn-

thetic polymer with a broad range of industrial and technical appli-

cations (e.g., coatings, adhesives, and water-soluble packaging). The

global production of PVA is steadily increasing, with production in

2013 reaching about 2.3 million tons.8,9 Because of its wide use,

water solubility, and ability to hydrogen bond, it has also been of

interest as a matrix polymer in nanocellulose composites. PVA–

nanocellulose composites have been investigated for a variety of

uses including water-responsive mechanically adaptive substrates

for medical devices,10 oil absorbing aerogels,11 and barrier mem-

branes.12 While PVA films still only have minor relevance commer-

cially, their performance may be enhanced by applying new

technologies, thus leading to new opportunities. Here we investigate

the reinforcement of PVA film by a new type of nanocellulose.

Most research on PVA/nanocellulose composites has involved

cast films, in which there is little or no alignment of the nanocel-

lulose or PVA.13–19 However, there has been recent interest in

using nanocellulose in oriented PVA composites, although these

efforts do little to distinguish the effect of reinforcement and

alignment on the mechanical properties of the composites. For

example, nanocellulose has been investigated as a reinforcement

in PVA fibers20–23 that could potentially be used to reduce bulk

weight and improve strength of cement, for example.24,25 Uddin

et al.20 produced gel spun fibers from aqueous PVA solutions

with up to 30% CNC prepared by acid hydrolysis and found 5%

CNC could achieve the max tensile properties. However, since

adding 5% CNC also led to the highest levels of orientation at a

maximum draw, it is not clear whether the improvement

resulted from improved orientation or from reinforcement by

the CNC. Peresin et al.26 produced PVA mats with up to 15%

CNC by electrospinning and found that CNC increased the stor-

age modulus. Endo et al.22 investigated gel-spun PVA fibers

reinforced with CNF prepared using 2,2,6,6-tetramethylpiperi-

dine-1-oxy radical (TEMPO)-mediated oxidation as a pretreat-

ment prior to mechanical disintegration. Adding only 1 wt %

CNF did not increase tensile strength but further addition of

CNF was not possible because of high solution viscosity and gel-

ling of the high aspect ratio fibrils. Thus, shorter fibrils may

allow concentrations greater than 1% to be used.

In this study, we investigated a new type of short cellulose

nanofibrils (SCNF) that was mechanically isolated from

enzymatically pretreated wood pulp as a reinforcement for PVA

films. Hopefully, this SCNF could be more easily used to pro-

duce oriented composites at higher weight percentages, com-

pared to CNF reported previously, but without the need for

concentrated sulfuric acid hydrolysis as in CNC production.

Also, since SCNF have more hydroxyl groups available, thus

increasing the possibility of greater hydrogen bonding with PVA

than CNC, improved mechanical performance may be possible.

PVA/SCNF composites were prepared from films cast from

homogeneous solutions and subsequently drawn. This approach

allowed a wide range of draw ratios to be achieved more easily

than with fiber preparation methods. Furthermore, the contri-

butions of orientation and reinforcement on the mechanical

properties of the composites were explored and are discussed

here. Effects of drawing and SCNF content on the tensile prop-

erties of PVA/SCNF composite films, the matrix crystal orienta-

tion, and the thermal properties were also investigated.

EXPERIMENTAL

Preparation of Short Cellulose Nanofibrils (SCNF)

SCNF were prepared at the U.S. Forest Service, Forest Products

Laboratory (Madison, WI), according to the procedure

described by.27,28 Briefly, a commercial hardwood bleached

eucalyptus Kraft pulp (Aracruz Cellulose, Brazil) was soaked in

distilled water for 24 h before mechanically disintegrating it in a

blender for 10 min. The Kraft pulp was previously analyzed at

the Forest Products Laboratory, Madison, WI, to have 92.9%

glucan, 5.7% xylan, and 1.2% Klason lignin content. The fiber

slurry was then concentrated to 1.5 wt % pulp fiber by centri-

fuging. Commercial endoglucanase (FiberCare, Novozymes,

Franklin, NC) was mixed with pulp fibers at 10% solids and

incubated in a flask on a shaker table at 50�C for 24 h at

200 rpm. The enzymatically treated pulp fiber was then rinsed

with distilled water and then fibrillated using a Super Mass Col-

loider (MKZA6-2, Masuko Sangyo, Japan). During fibrillation,

the wet pulp fiber was ground between two-stone disks with a

gap of 100 mm and a rotation speed of 1,500 rpm. Approxi-

mately 100 g of pulp fiber (dry basis) were refined in circulation

for 6 h. The suspension was further processed by running it 15

times through a microfluidizer (M-110EH-30, Microfluidics,

MA) with 200 and 87 mm chambers in sequence under a

Table I. Compositions of Aqueous PVA/SCNF Solutions and Dried Films

Weights used in preparing solutions (g)
Concentrations in

solution (wt %)

Sample
20 wt %
PVA solution

1 wt % SCNF
suspension

Added
water PVA SCNF

SCNF/PVA ratio
in dry film (%)

Pure PVA 60 0 73.3 9 0 0

PVA/SCNF1 60 12 61.3 9 0.09 1

PVA/SCNF2 60 24 49.3 9 0.18 2

PVA/SCNF3 60 36 37.3 9 0.27 3

PVA/SCNF6 60 72 1.3 9 0.54 6

PVA/SCNF9 60 108 0 7 0.64 9

PVA/SCNF12 60 144 0 6 0.71 12
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pressure of 150 MPa. The resulting SCNF suspension was stored

in a cold room (4�C) until used.

Preparation of PVA/SCNF Cast Films

A 99% hydrolyzed commercial-grade of PVA from Sigma-

Aldrich with a weight-average molecular weight of 85,000 to

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. Solutions for casting films

were prepared by mixing various amounts of SCNF solution,

PVA solution, and water at 90�C for 60 min. Specific composi-

tions are listed in Table I. The PVA/SCNF solutions were volu-

metrically poured into petri dishes and dried at room

temperature, followed by vacuum drying at 95�C for 4 h. The

vacuum drying temperature and duration were chosen to facili-

tate drying but minimize material degradation and yellowing.

Film Hot Drawing

The dried PVA/SCNF films were cut into 50.8 mm (length) by

6.35 mm (width) strips for hot drawing and characterization.

The strips were first clamped to a customized stretching rig and

then preheated for 1.5 min at 200�C, which is well below the

neat PVA melting temperature of 230�C. The films were then

drawn at a rate of 152.4 cm (6 in.) per min at 200�C. The total

drawing cycle was completed in 3–4 min. The sample strips

maintained a similar transparency and color suggesting no

obvious thermal degradation. The draw ratio was defined as the

final length of the sample divided by the original length. Draw

ratios of 1, 7.5, and the maximum draw ratio were investigated.

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 Corpo-

ration, Holland) at an accelerating voltage of 100 kV. ImageJ

software (1.48d, developed by National Institutes of Health) 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 fracture surfaces

of undrawn and hot-drawn PVA/SCNF strips 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 diffrac-

tometer (D8 Discovery, Bruker) by irradiating the PVA/SCNF

film with Cu Ka radiation perpendicular to the film stretching

direction. The accelerating voltage and current were 50 kV and

1 mA, respectively. PVA crystal orientation was determined

using the most intense equatorial diffraction spots, those corre-

sponding to the (101/10�1) planes. The crystal orientation was

described by Herman’s orientation parameter (f), as defined by

eqs. (1) and (2),29

f 5
3cos2u21

2
(1)

cos2u5

Xp=2

0
I uð Þsinucos2uXp=2

0
I uð Þsinu

(2)

where u is the azimuthal angle and I(u) is the intensity along

the Debye–Scherrer ring. It was not possible to determine the

orientation of the SCNF due to the small amount added and

peak overlap. However, it is likely that the SCNF is also oriented

somewhat during drawing.

Tensile Testing

Tensile properties were measured using a tensile testing machine

(Instron, MA) with a 30 N load cell, a gauge length of

25.4 mm, and an extension rate of 0.254 cm/min following the

ASTM D3379-75 standard.30 All specimens were dried in a vac-

uum oven at 95�C for 4 h prior to testing. The experimental

results were evaluated as an average of 10 measurements.

Thermal Properties

Differential scanning calorimetry (DSC, Model Q2000, TA

Instrument, New Castle, DE) was employed to investigate the

melting temperature (Tm), enthalpy of fusion (DHf), crystallin-

ity (vc), and crystallization temperature of the PVA. DSC analy-

ses were performed between 220 and 250�C, with heating and

cooling rates of 10�C/min. A heat of fusion of 150 J/g for 100%

crystalline PVA was used in determining PVA crystallinity in

our samples.31 Thermogravimetric analysis (TGA model Q50,

TA Instrument, New Castle, DE) was used to analyze the

decomposition temperature of neat and filled PVA films. All

TGA tests were performed between 25 and 800�C, with a heat-

ing rate of 10�C/min. All specimens were dried in a vacuum

oven at 95�C for 4 h prior to testing.

RESULTS AND DISCUSSION

Oriented PVA/SCNF Films

Figure 1 shows a TEM image of the morphology of the SCNF

prepared by enzymatic pretreatment and mechanical refining.

Image analysis yielded estimates of the length and diameter of

294 6 95 and 13.6 6 3.2 nm, respectively. The aspect ratios of

about 15–28 were similar to that found for cellulose nanocrys-

tals (CNC) produced by sulfuric acid hydrolysis.1 Based on the

XRD pattern of the 100% cast SCNF film, the crystallinity of

the SCNF was determined to be 80%,22 which is comparable to

that of CNC.1,26 However, the SCNF have more available

hydroxyl groups than the sulfuric acid hydrolyzed CNC, in

which many of the hydroxyl groups are sulfated during its

preparation. This may result in an improved ability of the

SCNF to form hydrogen bonds with the PVA matrix. Further-

more, because of the short aspect ratios of SCNF, they can be

much easier to disperse in PVA solutions at high filler concen-

trations as compared to enzymatically pretreated cellulose

nanofibrils that have not been microfluidized and have higher

aspect ratios. This has been problematic in past research.22 For

example, higher aspect ratio CNF were unable to disperse uni-

formly in the PVA gel spinning dope and formed gels if the

CNF weight ratio was above 1%.22,32 Generally speaking, rela-

tively high filler weight ratios and good dispersion are critical

for improving the mechanical performance of polymeric

matrices.
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In this study, PVA/SCNF solutions with SCNF weight ratios of

1–12% were cast and then dried into thin films. The PVA/SCNF

strips cut from the cast films were hot drawn at 200�C to

improve PVA and SCNF orientation. The tensile properties and

micromorphologies of stretched neat PVA samples greatly

depend on chain extension and molecular orientation, which

are largely controlled by drawing.33,34 Since high temperatures

can increase the mobility of molecular chains as well as the

reinforcing fillers in the polymeric matrix, hot drawing is a pre-

ferred process for improving the mechanical performance of

PVA/SCNF composite films.

The consistently achievable maximum hot draw ratio (DR) for

neat PVA was 11.3, which decreased slightly as SCNF were

added (Table II). Apparently, the presence of SCNF filler inhib-

ited drawing of the filled PVA films due to the strong interfacial

bonding between the SCNF and the PVA matrix. As a compari-

son, 5 wt % CNC was reported to improve the drawability of

PVA fiber33 The reduced maximum draw ratio in this work was

attributed to stronger hydrogen bonds between the PVA and the

SCNF, as compared to that between the PVA and the CNC. To

investigate the effects of hot-drawing on PVA crystal orientation

and composite tensile properties, the PVA/SCNF samples with

another draw ratio were also chosen: draw ratio of 7.5—two-

thirds of the maximum hot draw ratio.

Crystal Orientation Analysis

Wide angle X-ray diffraction (WAXD) was used to probe PVA

crystal orientation, which depends on amount of drawing (Fig-

ure 2). The geometry of the X-ray experiment is shown in the

insert in Figure 2(a). The brightest broad arc in Figure 2(a) of

PVA/SCNF12 with no drawing indicates partial PVA (101/10�1)

crystal orientation. This partial orientation is likely formed due

to stresses developed during drying of the cast film. The equato-

rial bright spots in Figure 2(b), which are attributed to the

(101/10�1) and (200) planes, implied strong PVA crystal align-

ment in the hot drawn films along the stretching direction.

Some orientation of SCNF is also likely in the drawn films.

However, since little SCNF was added, and the characteristic

(101/10�1) plane diffraction patterns of PVA overlapped those of

SCNF’s, there were no discernible or isolated patterns that could

be attributed to SCNF. Thus, the X-ray diffraction patterns of

PVA/SCNF films were only employed to quantify the crystal ori-

entation of PVA.

Crystal orientation was calculated based on Herman’s orienta-

tion parameter (f) according to eqs. (1) and (2). Table II sum-

marizes the crystal orientation from the diffraction peaks for

the (101/10�1) planes of pure PVA and composites films with

various draw ratios (i.e., 1, 7.5, and the maximum draw ratio).

When the draw ratio was 1, we performed no hot drawing and

the sample films had a Herman’s orientation parameter of

�0.58, indicating lower crystal orientation than in the highly

drawn films. The slight orientation of the unstretched film was

most likely due to the surface tension developed during drying.

The PVA crystal orientation increased as the draw ratio rose.

In addition to their impact on draw ratios, SCNF concentration

also influenced PVA crystal orientation during drawing. Small

amounts of SCNF fillers with weight ratios of 6% or less

appeared to facilitate orientation, increasing the Herman’s ori-

entation parameter (f). At higher SCNF contents, however, ori-

entation was reduced likely because SCNF network formation

hindered molecular alignment, which may have resulted as the

SCNF exceeded the percolation threshold. For rod-like nanopar-

ticles, the percolation threshold (Uc ) can be related to the

aspect ratio of the nanoparticles by the following equation:35

Figure 1. TEM image of SCNF; the scale bar is 200 nm.

Table II. Herman’s Orientation Parameter (f) of Pure PVA and PVA/SCNF Films with Various Draw Ratios (DR) Based on the Diffraction Peaks for the

(101/10) Planes

Sample DR1 DR7.5 DRmax Max hot draw ratio at 200�C

Pure PVA 0.58 0.80 0.90 11.3

PVA/SCNF1 0.58 0.83 0.91 11.0

PVA/SCNF2 0.59 0.85 0.92 11.0

PVA/SCNF3 0.59 0.86 0.94 10.9

PVA/SCNF6 0.59 0.85 0.91 10.9

PVA/SCNF9 0.58 0.81 0.91 10.7

PVA/SCNF12 0.57 0.81 0.91 10.5

DR1 corresponds to undrawn samples.
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Uc5
0:7

L=d
(3)

In eq. (3), L/d is the aspect ratio of the fiber filler, which

assumes a cylindrical shape. The calculated percolation thresh-

old based on the SCNF aspect ratio determined by TEM was

about 2.5–4.7%. Therefore, when the SCNF weight ratio exceeds

about 3%, a network can form, which could hinder PVA chain

mobility and, consequently, crystal orientation. As a result, add-

ing small amounts of SCNF filler will facilitate orientation, but

too high of a filler weight ratio became an obstacle to

orientation.

Tensile Properties

Tensile tests were performed to quantify SCNF reinforcement of

PVA films. Representative stress–strain curves of composite films

with various SCNF weight ratios are shown in Figure 3. The

ultimate strength and Young’s modulus of films with draw

ratios of 1.0 and 7.5 are listed in Table III. Adding SCNF to

PVA films generally yielded stronger, stiffer, and sometimes

tougher films. As shown in Figure 3(a), the tensile moduli of

undrawn composite PVA films increased proportionally with

the addition of SCNF. The ultimate strength of PVA/SCNF films

rose with SCNF content and then remained relatively constant

above an SCNF weight ratio of 6%. However, the strain-at-

break was negatively affected by the addition of SCNF. A similar

trend in tensile properties of filled PVA film with a higher draw

ratio of 7.5 is indicated in Figure 3(b). The values of the ulti-

mate strength and Young’s moduli were much higher compared

with their counterparts of the same composition but with a

draw ratio of 1.0 due to the polymer orientation (and possibly

SCNF orientation) as is evidenced by the measured PVA crystal

orientation. However, tensile properties of composite films at

maximum draw ratios were highly variable and are not pre-

sented. This large variability is likely due to being overdrawn,

resulting in damage development during drawing.

PVA crystal orientation in hot drawn films also crucially affects

the mechanical properties in addition to the reinforcement from

Figure 3. Stress–strain curves of pure PVA and PVA/SCNF nanocomposite

films: (a) draw ratio of 1.0 and (b) draw ratio of 7.5. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. X-ray diffraction intensity as a function of 2h: (a) PVA/SCNF12

with a draw ratio of 1.0 (i.e., unstretched), and (b) PVA/SCNF12 with a

draw ratio of 7.5. Inset in upper right corners are the WAXD patterns.

The inset in Figure 2(a) shows the geometry of the tests. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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the SCNF fillers. Figure 4 shows the ultimate tensile strengths of

PVA/SCNF films with respect to both SCNF weight ratios and

crystal orientations. Undrawn composite films with various

SCNF filler weight ratios had a similar orientation parameter of

about 0.58. Consequently, the strength increase was mainly a

result of SCNF reinforcement. At a draw ratio of 7.5, the ulti-

mate strength peaked at an SCNF weight ratio of about 3%.

Below the percolation threshold (likely 2.5–4.9% SCNF), the

strength increased with the addition of SCNF, as did the crystal

orientation of the PVA matrix. Despite reductions in PVA orien-

tation at higher loading levels, gains in strength were largely

maintained due to increased reinforcement from the additional

amount of SCNF [Table III and Figure 4(b)]. With consideration

of both SCNF reinforcement and PVA alignment effects, the ulti-

mate strength and modulus of PVA/SCNF3 were nearly 46 and

61% higher than that of neat PVA. Thus, to achieve the highest

tensile strength, crystal orientation, SCNF weight ratios and their

relationship need to be considered.

Based on our group’s previous work, the ultimate strength and

modulus of PVA/SCNF gel spun fiber with a SCNF weight ratio

of 6% were nearly 60 and 220% higher than that of neat PVA.22

Shifts in the Raman peak at �1095/cm, which was associated

with the CAOAC glycosidic bond of SCNF, indicated good

stress transfer between the SCNF and the PVA matrix likely due

to interfacial hydrogen bonding.22 The tensile improvements of

the films were lower than their fibrous counterparts because of

the smaller amount of PVA crystallinity due to the different

processing methods used. As mentioned previously, Uddin

et al.20 produced gel spun fibers from aqueous PVA solutions

with up to 30% CNC prepared by acid hydrolysis. Adding 5%

CNC increased the ultimate tensile strength by 20% compared

to neat PVA fibers. However, the tensile strength was reduced at

concentrations above 5% at least partly due to reduced PVA

molecular orientation. Because of the likely hydrogen bonding

Table III. Tensile Properties of Neat PVA and PVA/SCNF Composite Films with a Draw Ratio of 1.0 (Unstretched) and a Draw Ratio of 7.5

Samples Ultimate strength (MPa) Young’s modulus (GPa) Strain at break (mm/mm)

Draw Ratio of 1.0 Pure PVA 83.7 6 3.35 1.7 6 0.15 0.713 6 0.128

PVA/SCNF1 85.7 6 3.43 1.7 6 0.19 0.502 6 0.100

PVA/SCNF2 92.0 6 3.68 2.0 6 0.18 0.077 6 0.006

PVA/SCNF3 105.9 6 4.24 2.3 6 0.21 0.064 6 0.008

PVA/SCNF6 127.8 6 5.11 3.0 6 0.27 0.052 6 0.004

PVA/SCNF9 123.9 6 4.96 3.3 6 0.29 0.043 6 0.004

PVA/SCNF12 119.1 6 4.76 3.6 6 0.32 0.036 6 0.003

Draw Ratio of 7.5 Pure PVA 363.5 6 19.2 11.3 6 1.2 0.101 6 0.008

PVA/SCNF1 422.2 6 24.3 14.1 6 2.6 0.096 6 0.010

PVA/SCNF2 484.0 6 25.2 15.6 6 2.4 0.093 6 0.007

PVA/SCNF3 529.5 6 29.5 18.2 6 1.8 0.096 6 0.120

PVA/SCNF6 522.0 6 26.1 22.1 6 2.6 0.081 6 0.006

PVA/SCNF9 512.2 6 25.9 23.8 6 2.5 0.066 6 0.007

PVA/SCNF12 469.2 6 23.5 25.6 6 2.0 0.051 6 0.004

Figure 4. Comparisons of SCNF weight ratios and crystal orientation

effects on ultimate fiber strength: (a) draw ratio of 1.0 and (b) draw ratio

of 7.5. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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between the SCNF and PVA matrix, PVA/SCNF films achieved

improved ultimate strength and modulus simultaneously.

Young’s moduli, which were determined experimentally, were

compared with theoretical predictions based on the classic Rule

of Mixtures [eq. (4)], and the Percolation approach [eq.

(5)].36,37

E5Er Xr1EmXm (4)

E5
122w1Xrð ÞEmEr1ð12XrÞwE2

r

12Xrð ÞEr1ðXr2wÞEm

(5)

Parameter E is the predicted nanocomposite modulus, Er is the

SCNF modulus of 138 GPa,7 Em is the PVA matrix film modu-

lus, and X is the volume fraction. In the calculation, Em of neat

PVA film with draw ratio of 1.0 and 7.5 are 1.7 and 11.3 GPa,

respectively (Table III). The percolation volume fraction, w, is

given by

w5
Xr2Xc

12Xc

� �b

(6)

where Xc is the percolation threshold, and b is the critical per-

colation exponent of 0.4 for a three-dimensional system.35

As shown in Figure 5, theoretical modeling based on the Perco-

lation approach was in good agreement with the experimental

data for undrawn PVA/SCNF films, especially at low SCNF

weight ratios. Deviations at higher SCNF content may have

resulted from overestimation of the value for SCNF modulus,

which varies widely in the literature and was not measured

directly. The rule of mixtures assumes continuous, unidirec-

tional reinforcement, and strong adhesion between filler and

matrix37,38 and represents an upper bound for our composites.

Given that the undrawn films contain partially oriented, discon-

tinuous fibers, it is not surprising that our experimental values

are significantly lower than those predicted. For drawn films,

the rule of mixtures predicted the modulus surprisingly well,

except at intermediate SCNF contents, where the experimental

Figure 5. Comparison of experimental data to models: PVA/SCNF com-

posite film with a draw ratio of (a) 1.0 and (b) 7.5. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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values exceeded those predicted. However, the rule of mixtures

does not consider the reinforcement’s effects on the matrix. In

our case, the SCNF facilitated matrix orientation over the same

range where the predicted values were exceeded (c.f. Table II

and Figure 5). While the differences in Herman’s orientation

parameters were not large, mechanical properties are very sensi-

tive to orientation in highly aligned polymers and composites.39

Thermal Properties

The thermal behavior was investigated by DSC to understand

the impacts of SCNF on composite films with drawing ratios of

1.0 and 7.5. Since the entire drawing process took about 4 min

to complete, undrawn PVA/SCNF composite films were first

heat treated for 4 min at 200�C before scanning in the DSC so

that both the drawn and undrawn had similar heat histories.

Table IV shows the melting temperature (Tm), heat of fusion

(DHf), and crystallinity (vc) as determined by DSC. The melting

temperatures of PVA composite films at both draw ratios

decreased with increasing SCNF weight ratios suggesting a

smaller or less perfect PVA crystal structure when SCNF was

added.40 PVA crystal size was determined using the Scherrer

equation41 and the (101) planes, which are summarized in Table

Figure 7. SEM images of the tensile fracture surfaces of (a) neat PVA and (b) PVA/SCNF12 films with a draw ratio of 1.0 (no stretching); (c) neat PVA

and (d) PVA/SCNF12 films with a draw ratio of 7.5. The black circles highlight the SCNF located on PVA broken fibrils.

Figure 6. SEM images of cryogenic fracture surfaces of (a) pure PVA and (b) PVA/SCNF12 drawn films with a draw ratio of 7.5.
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IV. The values for crystal size are reduced with addition of

SCNF, which correlates well with the shift in the PVA melting

point.

The crystallinity of PVA varies with draw ratio and SCNF

weight ratio. Undrawn PVA composite films with 1 or 2%

SCNF have a crystallinity of about 42.4%, slightly higher than

that (39.0%) of the neat PVA. Further addition of SCNF

decreased the crystallinity. Although the SCNF served as a mild

nucleating agent for all PVA/SCNF composite films, increased

SCNF content hindered crystallinity in undrawn films. Note

that the crystallinity of PVA composite films with a draw ratio

of 7.5 is much higher than their undrawn counterparts, as

chains align in the drawing direction, facilitating crystallization.

Thermogravimetric analysis (TGA) was used to investigate the

effects of SCNF on the thermal stability of the films. Tonset is

the decomposition temperature at a 5 wt % weight loss, while

Td is the temperature of the maximum weight loss rate taken as

the temperature corresponding to the peak of the derivative

degradation endotherm. Given SCNF’s relatively low Tonset of

198�C as measured by TGA, it is not surprising that the compo-

sites’ Tonset values decreased with the addition of SCNF filler.

However, the Td of the composites shifted toward higher tem-

peratures with increased amounts of SCNF. In addition, the res-

idues at 800�C corresponded to the char yield from the PVA

and SCNF.

Cryogenic and Tensile Fracture Morphologies

In order to examine SCNF dispersion in the PVA matrix, the

cryogenic and tensile fracture surfaces of neat PVA and PVA/

SCNF films were characterized by SEM. Figure 6 shows images

of the cross sections of cryogenically fractured neat PVA and

PVA/SCNF12 films with a draw ratio of 7.5. Figure 7 shows

images of the tensile fracture morphologies and SCNF disper-

sions of filled PVA films at various draw ratios.

The uniformly dispersed spots in Figure 6(b) are likely SCNF

given that their diameters are similar to those of SCNF (Figure

1) and that they are not present in the neat PVA image in Fig-

ure 6(a). Similar features are found in the tensile fracture

images in Figure 7 as well. Overall, the SCNF appear well-

dispersed and the absence of any fiber pullout suggests good

SCNF–PVA adhesion.

The drawn films [Figures 7(c) and (d)] showed a more fibrillar

structure—regardless of whether SCNF was added—undoubt-

edly as a result of greater molecular alignment. This fracture

morphology appears similar to that described by Elices and

Llorca42 for PVA fibers, in which the fracture was initiated by

transverse cracking in the skin layer, followed by single fibril

separation.

CONCLUSIONS

Discrete, highly crystalline SCNF were prepared from enzymati-

cally pretreated cellulose via mechanical isolation. Hot drawn

and undrawn PVA/SCNF composite films were produced using

SCNF as a reinforcement. SCNF was effective in improving the

tensile performance of the PVA matrix but depended on the

SCNF weight ratio, PVA crystal orientation, and hot draw ratio.

Hot drawing increased PVA crystal orientation along the film

axis direction. Adding small amounts (less than 3%) increased

the orientation of the crystalline PVA fraction at high draw

ratios. However, further addition of SCNF began to reduce the

orientation, probably as a result of SCNF network formation,

which limited molecular alignment. Improvements in tensile

strength appeared to be due to a combination of increased ori-

entation (at low SCNF weight ratios) and SCNF reinforcement.

Further increases in tensile strength at SCNF levels more than

9% were prevented by reductions in orientation. However, the

modulus increased with additional SCNF content which is less

than 3% and the values maintained constant over 3%. Drawn

PVA/SCNF films with additional SCNF possessed increased

crystallinity, which was a combination of thermal-induced crys-

tallinity and stress-induced crystallinity. Drawn PVA/SCNF films

with a draw ratio of 7.5 possessed comparable Young’s moduli

of drawn composite film were predicted surprisingly well by the

rule of mixtures except at intermediate levels of SCNF where

the increased orientation of the matrix was not considered in

the model. Examination of cryogenically fractured specimens

and fracture surfaces from tensile testing of the composite films

indicated that SCNF had a uniform dispersion in the PVA

matrix, which is critical to enhancing mechanical performance.

Ultimately, effective use of nanocellulose in polymers will

require an understanding of how preparation methods and

resulting morphologies and functionalities of nanocelluloses

affect their ability to be processed with polymers as well as the

end performance and the economics of the resulting compo-

sites. Our SCNF had similar aspect ratios but different chemical

functionalities than wood-derived CNCs prepared by sulfuric

acid hydrolysis. The SCNF could be added to PVA at higher lev-

els than was reportedly possible with more conventional CNF

prepared by TEMPO-mediated oxidation.21 An optimal level

was found for the simultaneous improvement of tensile strength

and modulus in oriented composites, where significant rein-

forcement was achieved and facilitation of orientation was

maximized. However, less energy intensive preparation of SCNF

(e.g., with more optimized enzymatic pretreatment) would

improve economic feasibility and is an ongoing area of research.
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