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EFFECT OF PARTICLE ALIGNMENT ON
MECHANICAL PROPERTIES OF NEAT CELLULOSE

NANOCRYSTAL FILMS

Shear-based film casting methods were used to cast neat films from wood-based cellulose nanocrystal (CNC) suspensions. The degree of
CNC alignment in dried films was characterized using the Hermans order parameter (S), and the film elastic modulus (E), ultimate tensile
strength (o, ), elongation at failure (g,), and work of fracture (WF) were measured with respect to casting direction and CNC alignment. The
degree of CNC alignment in dried films was found to increase with higher casting shear rates (0, 10-s™, and 100-s™") and at higher suspen-
sion pH (~3 versus ~7). The maximum orientation (S=0.53) was achieved for CNC suspensions having a neutral pH and sheared at a rate
of 100-s™. Elastic modulus of CNC films scaled with CNC alignment reached a maximum average of E= 30 GPa in the direction of CNC
, &, and WF did not scale with CNC alignment. Thermal treatments (85°C for 24 h) to CNC films had minimal influence on E,

INTRODUCTION

Cellulose nanomaterials (CN) are nanopar-
ticles extracted from various cellulose
sources (non-woody plants, trees, algae,
tunicates, and some species of bacteria)
and are being studied for uses in compos-
ites [1]. The morphology and properties
of the resulting CNs depend on cellulose
source and extraction method and will
have an impact on composite processing
and properties [1]. Bacterial cellulose (BC)
is made up of ribbon-like fibres (~6-50
nm in diameter, microns in length) in a
dense network mat called a pellicl, which
is subsequently mechanically or chemically
treated to modify the network structure
[1,2]. Mechanical extraction methods for
plant or tree cellulose source materials
typically produce fibrillar cellulose par-
ticles, one type of which is called cellulose
nanofibres (CNFs), which are typically
4-20 nm in diameter, microns in length,
and can have a branched structure. Chemi-
cal extraction methods from a given cel-
lulose source generally use sulphuric-acid
hydrolysis [1,3-5] and produce cellulose
nanocrystals (CNCs) that are in an aque-
ous colloidal suspension stabilized by

negatively charged sulphate ester groups
on the particle surface. The CNCs are
rod-like particles with a high aspect ratio
and are composed of a high fraction of
crystalline cellulose. Variations in the ex-
traction method (and the cellulose source
material) can alter CNC length, length
polydispersity, aspect ratio, and surface
charge, all of which affect suspension
rheology, pH, agglomeration, and meso-
phase formation behaviors [6—11]. For
example, CNCs from wood are typically

3-5 nm in diameter and 50-500 nm
in length, while CNCs from tunicates
are typically 8-20 nm in diameter and
100-4000 nm in length. The mechanical
properties of CNCs are anisotropic, being
higher in the direction parallel to the CNC
length (elastic modulus, E = 100-220
GPa [1,12] and ultimate tensile strength,
6, =7.5 GPa [13]), as compared to direc-
tions perpendicular to the CNC length
(E=3-50 GPa [1,12]). This property an-
isotropy results from the anisotropy of
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stacking of the cellulose chains that make
up the monoclinic crystalline structure of
cellulose, in which the cellulose chains run
parallel to the long axis of the CNC.

The excellent mechanical prop-
erties of crystalline cellulose, which are
better than those of Kevlar [1,3-5], have
prompted research into CN use in com-
posite manufacturing. Most of this re-
search has focused on low concentrations
of CNs (less than 30 wt%) to act as a tein-
forcement phase in polymer matrix com-
posites [1,3-5], while only a few studies
have investigated free-standing neat CN
films (100% CNs) that are self-supporting
[1]. Neat CN films are typically produced
by solution-casting techniques [1,14], re-
sulting in transparent films that are tens
of microns thick and have a random CNC
orientation within the film plane. The me-
chanical properties of neat CN films have
been measured for CNC extracted from
wood (E= 6 GPa) [14] and from tunicates
(E= 5-10 GPa, o, =40-70 MPa, strain
to failure g =0.5-5%, work of fracture
WF=2.8 MJ/m’ [15,16] and are compa-
rably lower than those of neat films pro-
duced by CNF (E= 6-15 GPa, o, =95-
312 MPa, g, =2-11%, WF=1-15 MJ/m’)
[1,17-21] and BC (E= 10-35 GPa, o,
=87-510 MPa, g =1.1-4.4%, WF=0.4—
12 MJ/m? [1,2,22-28]. The mechanical
properties of neat CN films are lower than
those of individual CN particles because
of several factors such as ineffective load
transfer caused by porosity and weak CN-
CN interfaces within the films.

Because of the strongly axial propet-
ties and high particle aspect ratio of CNss,
preferentially aligning the particles within
a composite should increase the proper-
ties in the aligned direction. Several meth-
ods have been used to induce CN align-
ment within composites: magnetic fields
[29-34], electric fields [35-37], mechanical
shearing of CNC suspensions [29,38—40],
combined field and mechanical shearing
[41], drawing of as-cast CN films [22,42]
and cellulose-cellulose composites [43],
and wet-spinning of CN composite fibres
[44]. The magnetic fields do not otient in-
dividual CNCs uniaxially, but instead ori-
ent the chiral nematic domain axes of the
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CNC mesophase, with the CNCs orient-
ed perpendicular to magnetic field lines
[29]. Therefore, it may be challenging to
produce composites with complete CNC
alignment in a single direction (i.e., 1-D). In
AC electric fields, individual CNCs align in
the field direction, the extent of alignment
depending on CNC size, surface charge,
field strength, and frequency [35], which
offers the possibility of producing com-
posites with 1-D CNC alignment. Shear-
based methods for CNC suspensions
can orient individual CNCs uniaxially in
the direction of shear. However, retain-
ing the CNC alignment in the final dried
CNC films is challenging, A time- and rhe-
ology-dependent relaxation occurs once
shear is removed, and the uniaxial CNC
alignment dissipates [29]. To counter this
relaxation, Orts et al. demonstrated that
longer CNC particles could be used [29].
Alternatively, Nishiyama et al. cast CNC
films under constant rotational shearing
until the film was dried and achieved near-
complete uniaxial orientation (0.96 Her-
mans order parameter) [39]. However, the
resulting dried film was cylindrical, which
severely limits potential applications and
complicates mechanical-property charac-
terization. Neither study investigated the
role of CNC alignment on the resulting
mechanical properties of the dried films.
Bohn et al. used drawing methods to pull
semi-dry BC films into alignment and held
the strain during drying, resulting in up-
wards of ~80% BC alignment depending
on drawing strain and drying treatment
[22]. The mechanical properties increased
with BC alignment and resulted in more
than doubling of E (up to 25 GPa) and
o, (up to 581 MPa) in the BC aligned di-
rection. Similarly, Gindl and Keckes [43]
mechanically stretched solution-cast all-
cellulose composites and reported a three-
fold increase in E (up to 33 GPa) and a
doubling of o, (up to 430 MPa) in the
aligned direction. For wet-spinning, the
flow profiles resulted in CNC alignment
with the long axis along the length of the
spun fibre, with an orientation index of up
to 0.72 [44]. These studies suggest that by
developing CNC alignment in neat CNC
films, it may be possible to increase the
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mechanical properties in the aligned direc-
tion.

The objective of the current study is
to investigate the role of CNC alignment
on the resulting tensile properties (E, o, ¢,
and WF) of neat CNC films from wood-
based CNCs. A shear-based casting tech-
nique was used to induce CNC alignment
within the films, in which the influence of
casting shear rate and CNC suspension
pH on the resulting CNC alignment with-
in dried films was investigated.

MATERIALS AND METHODS

Preparation of Cellulose Nanocrys-
tal Suspensions

Cellulose Nanocrystal Extraction - The
CNC extraction process was carried out
at the USDA Forest Service-Forest Prod-
ucts Laboratory, Madison, WI. CNCs
were extracted through sulphuric-acid
hydrolysis of microcrystalline cellulose
(MCC) (FMC BioPolymer; Lattice® NT-
020) following procedures described by
Beck-Candanedo et al. [8]. The hydrolysis
(64% sulphuric acid, 8 to 1 acid to MCC
weight ratio, 45°C, 60 minutes) was fol-
lowed by quenching with deionized water,
centrifuge rinsing, washing, and then di-
alysis for approximately one week to re-
move the remaining acid. The suspension
was then ultrasonicated to disperse the
CNCs through mechanical agitation and
centrifuged a final time for macroparticle
removal. The resulting CNC suspension
was 1.3 wt% CNCs in water having a pH
of 2.9.

Suspension Modification - To study the
effects of suspension pH on CNC film
processing, acid and base titrations were
used to alter the pH of the “as-received”
CNC suspension. A “neutral” pH CNC
suspension was produced by the addi-
tion of dilute KOH until a pH of 6.4 was
reached. The resulting suspension was dia-
lyzed against pure deionized water for 24
houts to remove excess ions from the sus-
pension. Unexpectedly, the pH decreased
from 6.4 to 4.3, suggesting that the CNCs
in suspension were inherently acidic, al-
though the reason for this is unclear. As




a result, more dilute KOH was added, in-
creasing the pH to 6.35, and excess ions
were not removed from the suspension.
The two suspensions used in the current
study are labelled as CNC-1 for low pH
(pH 2.9, 1.3 wt% CNCs), and CNC-n for
neutral pH (pH 6.4, 1.3 wt% CNCs).
Before shear casting, the suspensions
were concentrated to a viscous, gel-like
state using a Yamato RE500 rotary evapo-
rator at 38°C and 20 Torr. The critical
CNC concentration of the gel-like state
was qualitatively assessed as being the low-
est CNC concentration at which the CNC
gel would stick to the bottom of a 1 cm
diameter flask (as opposed to flowing into
the cap) after it was turned upside down.
The critical CNC concentration was 10.3
wt% and 7.5 wt% for the CNC-l and

CNC-n suspensions respectively.

Preparation of Neat Cellulose Nano-
crystal Films

Random Films - A film casting method
was used to produce CNC films with a
random in-plane CNC orientation (Fig. 1
(top)). CNC suspensions (1.3 wt% CNC)
were poured into flat polystyrene (PS) Pe-
tri dishes, uniformly filling the dishes half-
way, and were left to dry at ambient con-
ditions (27°C and 50% telative humidity,
RH) for several days. The CNC alignment
induced by pouring and spreading of the

suspensions was believed to have been
minimized by using suspensions with
CNC concentrations (e.g., 1.3 wt. % CNC)
that were well below the critical gel-like
concentration. Once dry, the resulting
films were carefully pried off the PS dish
with a razor blade. These unsheared films
contained no wrinkles or curvature. How-
ever, there was a thickness gradient, with
the thinnest portion (~10 um thick) along
the outer edge and the thickness increas-
ing uniformly towards the centre of the
film (~120 um thick). Testing strips were
therefore cut perpendicular to the film ra-
dii, resulting in the least possible thickness
variation.

Shear-Cast Films - A shear film-casting
method [45] was used to induce CNC
alignment within the final dried films (Fig.
1 (bottom)). The CNC suspensions wete
just below the critical CNC concentration
where the suspension transformed into a
viscous, gel-like state (10.3 wt% and 7.5
wt% for CNC-1 and CNC-n respectively).
It is assumed here that shear casting of
“high”-viscosity CNC suspensions re-
stricts CNC rotational diffusion (i.e., CNC
re-otientation) that may occur while the
as-cast suspension sits following shearing.
This helps to lock in the CNC alignment
induced by shearing and maintains this
alignment in the final dried film, yet still

Fig. 1 - Schematic of CNC film processing and configuration of the test samples extracted
as cast films for (top) unsheared and (bottom) shear casting. Processing without shear

produced films with minimal CNC alignment.

The shear-based processing produced films

with CNC alignment in the shear direction. Mechanical testing of the films was carried out
for two orthogonal cases, parallel to the direction of CNC alignment (axial samples), and
perpendicular to the CNC alignment (transverse sample).
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provides the fluidity necessary for wetting
to the surface and not being pulled off by
the blade. For shear casting, a standard
laboratory-scale tape-casting apparatus
(custom-built by EPH Engineering As-
sociates, Inc., with a Bug-O Systems Bug-
0343 motor) having an adjustable speed
control for the doctor blade (a stainless-
steel blade with a bottom edge defined by
a 45-degree taper to a fine edge) was used.
Shear rates were calculated from the speed
of the doctor blade and the casting-gap
depth. Shear-cast neat films (100% CNCs)
of uniform thickness were produced us-
ing an assembly that consisted of a glass
casting surface with two polyethylene
terephthalate (PET, 0.60 mm thick) strips
attached, spaced 30 mm apart, creating
a channel inside which to cast the films.
CNC suspensions (~1.2 mL) were pipet-
ted onto the glass substrate between the
PET strips. The doctor blade was bal-
anced evenly on the PET strips, spanning
the gap to produce an even casting level,
and the suspension between the strips was
sheared by the doctor blade at set casting
rates (10-s? and 100s™). After the initial
shearing, an additional ~1-2 mI. of CNC
suspension was pipetted on top of the
freshly cast film (between the PET strips),
and the shearing process was trepeated.
This process was repeated until a total of
six shearing passes had been completed.
The film was then allowed to sit at ambient
conditions (27°C and 50% RH) and once
sufficiently “dry” (~2 h), the film edges
in contact with the PET strips were cut
away and the film delaminated from the
glass surface. The resulting films were ~41
pum thick. One film was cast for each cast-
ing condition listed in Table 1. The CNC
alignment of each film was measured us-
ing X-ray diffraction, and the sample was
subsequently cut into smaller test samples
for tensile testing;

Heat Treatment - Additional test samples
were cut from the original CNC film cast
from the CNC-n at 100-s"' shear-rate con-
ditions and were heated in a drying oven at
85°C for 24 h. They wete then equilibrat-
ed at ambient conditions (27°C and 50%
RH) for at least 24 h before subsequent
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Fig. 2 - TEM images of CNC suspension
deposited on a TEM grid.

testing. The density of each sample was
measured before and after heat treatment.

Transmission Electron Microscopy

A Philips CM-100 transmission electron
microscope (TEM) at 100kV, spot 3, 200
um condenser aperture, and 50 um ob-
jective aperture, calibrated using a rep-
lica grating, was used to characterize the
morphology of individual CNC particles.
CNC particles were deposited on a TEM
grid (400 mesh Formvat/carbon filmed
grid prepared by blow dischatrge) by float-
ing the grid on CNC suspension droplets

(~0.05 wt% concentrations) for ~2 min-
utes, then rinsing through 2% aqueous
uranyl acetate, staining, and blotting dry.
The length and width of 225 particles
were measured using Image] of TEM im-
ages (with contrast enhanced to identify
CNC edges cleatly). Only cleatly identifi-
able individual crystals wete measured.
The measured CNC particle size (Fig. 2)
had an average length of 129 nm (1 stan-
dard deviation, SD = 76 nm), a width of
7.9 nm (SD = 2.5 nm) and an aspect ratio
of 22 (SD = 13 nm).

Zeta Potential

Zeta potential measurements were com-
pleted using a Malvern Zetasizer Nano-Z.
The as-teceived CNC suspension was di-
luted to 0.1 wt% CNC by adding nano-
pure water, producing a suspension that
was transparent, homogeneous, and had
a pH=5.1. This “initial” suspension was
then equally divided into two smaller
batches to produce a range of solutions
having pH values from 1 to 15. One of the
batches was used to prepare 50 ml solu-
tions with adjusted pH values from 5 to 1
by adding HCI, while the other batch was
used to prepare 50 ml solutions with pH
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values from pH 5 to 14 by adding NaOH.
For each of these solutions, 20 ml was
used for surface charge analysis.

Orientation Quantification

The CNC alignment in the dried films was
characterized by two-dimensional (2D)
wide-angle X-ray diffraction (WAXD,
Bruker GADDS X-Ray Diffractometer,
Cu K(alpha) source, with a three-circle
goniometer and a 2D HiStar area detec-
tor, 30 kV accelerating voltage, 40 mA
current, 0.5 mm pinhole collimator / 546
nm wavelength monochromator). Scans
were taken for 1800 seconds each at a dis-
tance of 6.080 cm from the detector, with
films mounted perpendicular to the X-ray
beam. WAXD measures the diffracting X-
rays off a given sample as a function of
the diffraction angle (20) with respect to
the direction of the primatry X-ray beam.
The resulting 2D diffraction pattern con-
sists of Debey-Scherrer rings, which gives
the azimuthal intensity distribution for
each 20 diffraction peak. Diffracted X-
ray intensities were measured with respect
to the shearing direction used in casting
the films. Based on methods conducted
by Nishiyama et al. [39], the intensity

TABLE 1 CNC neat film properties.
Suspension Film
Samples Concentration Density E o & WF
(Wt%) (9/em®) (GPa) (MPa) (%) (MJ/m?)
A T A T A T A T
CNC-I
Unsheared 1.3 0.04 1.43 14.9 - 70 - 0.6 - 0.26 -
(0.11) (1.4) (29) (0.3) (0.19)
10 s 10.3 0.27 XX 216 8.5 61 45 03 07 0.13 0.18
(02) (1.4) | (21) (12) | (0.1) (0.2) |(0.09) (0.11)
100 s 10.3 0.36 1.55 23 7.2 49 46 04 09 0.10 0.21
(0.02) (2.1) (0.7) (8) (11) | (0.4) (0.3) [(0.04) (0.11)
CNC-n
100 s 7.5 0.53 1.55 207 6.7 77 48 03 09 0.12 0.23
(0.02) (1.2) (0.2) | (10) (2) (0.1) (0.2) |(0.04) (0.04)
CNC-n
w/ heat 7.5 0.53 1.55 315 7.0 70 36 02 06 0.09 0.18
100 s (0.02) (0.5) (0.8) (6) (13) [(0.03) (0.3) |(0.01) (0.04)

S= Hermans Order Parameter.

A= axial — parallel to the direction of shear, T= transverse — perpendicular to the direction of shear.
Numbers in brackets () are 1 standard deviation
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distribution after background subtraction
of the (200) plane diffraction (at 20 = 21°
for the monoclinic cellulose unit cell as de-
scribed by Wada et al. [46]) was used for
calculation of a Hermans order param-
eter, S, for each film, using the equation

5=106{cos $}-1), )

where

@

in which ¢ is the azimuthal angle with re-
spect to the film-shearing direction at ¢
= 0 and I(¢) is the (200) plane diffracted
intensity at ¢.

Density

The density of each tensile specimen was
measured. Tensile specimens were stored
at, and all measurements (mass and di-
mensions) were completed under, ambi-
ent conditions (27°C and 50% RH). Film
masses were measured using a microbal-
ance with +1 pg resolution, while the di-
mensions were measured with a microm-
eter and averaged. The film thicknesses
were measured four to six times across
each film with 1 pm precision and aver-
aged. Film widths were measured three or
four times across each film with 5 um
precision and averaged. Film lengths were

only measured once with £10 um preci-
sion.

Tensile Testing

Tensile stress-strain tests were conducted
using a TA Instruments Q800 Dynamic
Mechanical Analyzer (DMA) used in con-
trolled force mode, by which E, o, and
e, of the CNC films were determined.
The atea under the stress-strain curves
was integrated and used to estimate WE
The tensile tests were performed at 27°C
and 50% RH using a 1.0 N/min load rate
and an initial pre-load of 0.005 N. Each
sheared film was sectioned into axial (part-
allel to the shear direction) and transverse
(perpendicular to the shear direction) ten-
sile specimens approximately 2 mm wide
and 15-20 mm long. The film strips were
then carefully mounted onto a thin steel-
foil (80 um thick) frame as shown in Fig,
3a. Superglue (Loctite®, control gel) was
used to bond the tensile strip ends to the
steel-frame assembly and left to cure for
24 h before testing. The gauge lengths for
determining strain were measured with
calipers as the distance between the steel
tabs. Once mounted in the DMA, the steel
assembly was cut (Fig. 3b) so that it was
no longer a continuous strip between the
grips and thus did not interfere with the
tensile test. Five tensile specimens were
tested. Samples failing at the tensile grip

I N/min
loading

Steel tab
Assembly

Cut once
mounted

DMA Tensile Grip

Fig. 3 - Mounted CNC films as DMA tensile testing specimens (a) and tensile test schematic
(b). The CNC film (outlined by boxes) is super-glued between steel tabs and the steel support
structure at the ends. Once mounted, the steel mount is cut along the dotted line, freeing the
film for testing.
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were not included in the data analysis;
the results shown in Table 1 are averages
based on three to five samples.

RESULTS AND DISCUSSION

Suspension Characterization

CNC Surface Charge and Sulphur
Content - The “as-received” CNC sus-
pension was characterized by zeta poten-
tial as a function of pH. At low pH (~2),
a ~-30 mV potential was measured, and
with increasing pH, the potential became
more negative until it reached ~-60 mV
and then stayed constant from a pH of
~3 to ~8.5. Additional increases in pH
resulted in the potential becoming less
negative monotonically to ~-30 mV at pH
12, giving the pH vs. zeta potential curve
a “bathtub” shape. The more positive po-
tentials at low pH may be explained by
protonation of the sulphate ester groups.
However, the cause of the more positive
potentials at basic conditions is unclear,
but they may be due to sulphate ester hy-
drolysis under base catalysis or an ionic
strength effect due to added ions. Regard-
less, at the casting pH, both CNC-1 and
CNC-nn had similar potentials of ~-50 to
-60 mV respectively. As well, the CNC had

a 0.92% surface sulphate content.

CNC Alignment Within Films

The X-ray diffraction-area detector scans
demonstrated that the shear casting tech-
nique used in the current study resulted in
CNC alignment with the dried film (Fig.
4). The unsheared CNC films exhibited a
uniform diffraction pattern, with constant
intensity at all azimuthal ¢ angles for any
given 20 peak, which is representative of a
random CNC orientation within the plane
of the film. For shear-cast films, the (200)
planes diffracted more X-rays in azimuth-
al ¢ angles perpendicular to the shearing
direction than in ¢ angles parallel to the
shear direction, which is representative
of in-film CNC alignment with the CNC
long axis oriented parallel to the shear
direction. The resulting values of Her-
mans order parameter, S, for these results
are given in Table 1. The results demon-
strate that the CNC alignment within the
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shear-casting direction of the film could
be increased by increased casting shear
rate and higher suspension pH. The 2D
WAXD technique used in the current
study measures the average CNC align-
ment throughout the film thickness, and
therefore it is unclear whether there is a
distribution of CNC alignment as a func-
tion of position through the film thick-
ness. It is unclear what effect, if any, such
variations in orientation through the film
thickness would have on the properties.
Regardless, changes in mechanical prop-
erties as a function of average otientation
will still indicate to what degtree orienta-
tion affects the properties.

Shear-Rate Influence - The CNC align-
ment in the final films increased as the
shear rate was increased. For the CNC-1
unsheared sample, the CNC alignment
was effectively 2D random with S= 0.04.
By using shear casting, the CNC align-
ment was increased to S=0.27 with a shear
rate of 10 s and S=0.36 with a shear rate
of 100 s. This result is similar to that re-
ported by Orts et al., who showed that the
CNC order parameter increased lineatly
with the log,  of shear rate until reaching a
plateau near 100-s [29].

Suspension pH Influence - The cur-
rent study has shown that increasing the
pH from approximately 2.5 to 6.5 (ie.,
“neutral” pH) resulted in stronger CNC
alighment in the final dried film. The

mechanism for this improved alignment

is considered to involve changes in CNC-
CNC interaction caused by changes in
suspension pH. In general, suspension
pH can modify the zeta potential between
particles, which alters the electrostatic
particle-particle interactions in accordance
with DLVO theory (a theory named after
Detjaguin, Landau, Verwey, and Over-
beek that uses the combined effect of
van der Waals and double-layer forces to
describe the interaction between charged
surfaces through a liquid medium) [47].
These changes in particle-particle interac-
tions can then affect the suspension rheo-
logical properties. In the current study,
the CNCs have a negative surface charge
as a result of the remnant sulphate ester
groups from sulphuric-acid hydrolysis.
The surface charge should decrease as pH
decreases because the increasing numbers
of protons from the acid neutralize the
negative charges. This reduction in charge
was observed experimentally for the CNC
suspensions; at a pH of ~7, the zeta po-
tential was -60mV, while at a pH of 2, the
zeta potential was -30mv. Note that the
CNC suspensions at either pH (2 or 7)
were stable colloidal dispersions. Changes
to the CNC particle-particle charge inter-
actions should subsequently change the
rheological behavior of the CNCs within
the suspension (eg, by rotational mobil-
ity of individual CNC particles facilitat-
ing their alignment to the shear flows) as
well as orientation retention after shear
ceases (e.g., rotational diffusion). However,

during casting, both CNC-1 (pH=3 ) and

Fig. 4 - XRD area scans of CNC films showing the Debey-Scherrer rings. The (200) plane
reflection is the most intense and varies with respect to CNC alignment within the film and
with film orientation. (a) unsheared, (b) sheared at 100-s*! with a low suspension pH, and (c)
sheared at 100-s-1 with a neutral suspension pH. The shear casting direction is from right to

left with respect to the scans.
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Fig. 5 - Optical micrographs of dried CNC
sheared film (100 s™'), taken in transmission
mode through crossed polarizers. The
cross-hatch pattern observed indicates
the presence of a “birefringent glassy”
phase of CNCs dominated by surface
charge repulsion between crystals.

CNC-n (pH=0.5) suspensions had similar
potentials of ~-50 to -60 mV respectively,
which means that the observed orienta-
tion differences may be dominated by
other factors. It is also unclear why the
slightly more negatively charged CNC-n
surface has a higher gel-point concentra-
tion. Nonetheless, it is assumed hete that
the CNC rotational diffusion after shear
was restricted by the increased suspension
viscosity that occurred at the gel-like criti-
cal CNC concentration. Research by Araki
et al. identified the formation of a new
CNC suspension phase, beyond the lig-
uid crystalline mesophases, in which CNC
surface-charge repulsion led to a “birefrin-
gent glassy phase” in which CNCs were
“frozen” into position, forming a viscous
gel-like state with no coagulation [48]. The
birefringent glassy phase was identified
by the formation of a crosshatch pattern
when viewed through crossed polarizers,
as opposed to the typical Schlieren finger-
print texture observed for chiral nematic
CNC mesophases. Both the CNC films
exhibited a cross-hatched pattern when
viewed through crossed polarizers (Fig; 5).
We surmise that, when these suspensions
were sheared, the glassy “frozen” micro-
structure was broken up and allowed the
CNCs to orient with the shear direction.
Once shear ceased, the order was once
again “frozen” into position, preventing
or limiting the relaxation identified by
Orts et al. and allowing our films to dry




while retaining more of their shear-in-
duced orientation.

CNC Film Properties

The measured E, 6,, ¢, and WF as a func-
tion of Hermans order parameter, S, of
solution-cast neat CNC films are shown
in Fig. 6. The tensile properties are influ-
enced by several factors, including, but not
limited to, film density, CNC properties,
CNC length, CNC-CNC interface prop-
erties, moisture content, and CNC align-
ment. The focus of the current study and
the subsequent discussion will be on the
role of CNC alignment on tensile prop-
erties. CNC alignment influences film
properties because of the property an-
isotropy of the individual CNC particles
themselves. The highly ordered parallel
stacking of cellulose chains in the direc-
tion of the CNC particle length results in
higher mechanical properties in this direc-
tion (E= 100-220 GPa) as compared to
the orthogonal directions (E=3-50 GPa)

[1]. The results of the current study show
that the degree of CNC alignment influ-
enced E, but did not appear to influence
G, ¢, or WE The elastic-property anisot-
ropy between the axial (parallel to the
shear direction), E , and transverse (pet-
pendicular to the shear direction), B, film
directions are studied and discussed.

Film Density - The density of the neat
CNC films produced by solution cast-
ing approached the theoretical density
of crystalline cellulose (1.60 g/cm?). The
small particle size and strong surface in-
teractions of individual CNCs enable the
formation of a dense mat during solution
casting. The unsheared films had densi-
ties (standard deviations) of 1.43 (0.11) g/
cm’, while the sheared films (100-s) had
densities of ~ 1.55 (0.02) g/cm’. The re-
sults suggest that the dried film density in-
creased as CNCs become more oriented,
which may be a consequence of the higher
packing efficiency of highly anisotropic

Fig. 6 - Tensile properties verse Hermans order parameter for CNC neat films: a) elastic
moduli, b) ultimate tensile strength, c) strain to failure, and d) work of fracture. Sheared films
were tested in the axial (open symbols) and transverse (closed symbols) directions with
respect to the shearing direction. Unsheared CNC neat films are also tested (filled squares).

Error bars are 1 standard deviation.
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particles.

Elastic Modulus - The measured values
of E as a function of S are shown in Fig.
6a. Unsheared films, with a nearly random
in-plane CNC orientation (5=0.04), had
an elastic modulus of E=14.9 GPa. This
value is much lower than the E=100-220
GPa of individual CNC crystals (in the
axial direction), which is considered to be
a result of the contributions of both axial
and transverse moduli of individual CNCs
[49], poor load transfer between CNC par-
ticles, and porosity within the film. Shear
casting increased the CNC alighment
within the direction of the shear (§= 0.27—
0.53) and resulted in higher values of E
(.e., in the ditection of CNC alignhment)
and greater anisotropy within the film (E,
greater than E , which is in the direction
transverse to the CNC alignment). The
magnitudes of E, and E. and the extent
of anisotropy (i.c.,, E, /E..) scaled with S
at $=0.04 (E=14.9), $=0.27 (E,=21.5, E
/B =2.5), $=0.36(E,=23, E, /E =3.2),
and $=0.53 (E,=29.7, E, /E =4.4).

The E=15 GPa for 2D randomly
otiented CNC neat films measured in the
current study is higher than previously re-
ported for CNC neat films (wood CNCs,
E=06 GPa; tunicate CNCs, E=5-10 GPa)
[14-16]. There are several possible causes
for the higher E measured in the current
study, of which two will be commented on
here: film density, and RH during testing,
It is assumed here that films with higher
density and tested at lower RH will have a
higher measured E. In the current study,
the film densities were of the order of
~1.4 g/cm’, which was higher than the
1.2 g/cm’ used in the Ljungberg et al. [16]
study (the other two studies did not re-
port the density of their films). The RH
during testing of the current study was
~50%, which was lower than the 65%
used by Noiskiki et al. [15] and higher
than the ~25% used by Helbert et al. [14]
(the other study did not report the RH of
testing). Interestingly, the E<15 GPa of
CNC neat films was comparable to val-
ues for most BC [1,2,22,24.26] and CNF
[17-21,42] neat films with random particle
orientation. This is significant because it is
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assumed that the longer BC and CNF
particles can produce stronger networks,
which then result in stiffer materials.

To the authors’ knowledge, the mea-
sured E,=30GPa for the CNC aligned
film (§=0.53) is the highest value reported
for wood-based CNC neat films. This
value is also compatable to the highest re-
ported value for all CN neat films (Wata-
nabe et al. [28], BC films, E=28-33 GPa;
Nishi et al. [23], BC films, E=30 GPa; and
Bohn et al. [22], BC films, E,=25). In ad-
dition, previous studies on CN alignment
effects on film mechanical properties did
not report the resulting decrease in prop-
erties in directions transverse to the CNC
alighment direction. In the current study,
for the film with §S=0.53, the property in
the axial direction was B =30 GPa, but in
the transverse direction, it was E, =7 GPa,
which is half of that measured for the ran-
domly oriented CNC films (E=15 GPa).

Tensile Strength, Strain at Failure, and
Work of Fracture - The measured, G, ¢,
and WF as functions of S are shown in
Figs. 6b, 6c, and 6d respectively. The o, =
70 MPa for the unsheared CNC neat films
is at the upper end of previously reported
studies on CNC neat films (wood CNCs
have not been measured previously; only
tunicate CNCs films have been measured,
o, =40-70 MPa) [14-16]. As discussed in
the previous section, the films tested in the
current study had a higher density, which
is one likely reason for the higher o, In-
cidentally, the 6, of CNC films are lower
than that reported for BC [2,19—24] and
CNF [17-21] neat films with random par-
ticle orientation and may result from the
longer BC and CNF particles producing
stronger networks (e.g., more entangle-
ment and particle-particle bonding sites).
The value, ¢=0.6%, was within the range
observed by previously reported studies.
CNC alignment is expected to alter
C, ¢, and WF because of the influence
of the rod-like particles on the deforma-
tion mechanisms of the system. Studies by
Bohn et al. [22] and Gindl and Keckes [43]
were able to demonstrate that both 6, and
e, depend on the degree of CN alignment.
In the current study, the role of CNC
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alignment on &, ¢, and WF could not
be assessed because of the scatter in the
data. One exception may be for the CNC-
n sample sheared at 100 s™, in which the
lower scatter in the data, combined with
the size of the anisotropy within &, ¢,and
WF in the axial versus transverse direc-
tions, indicates that the high CNC align-

ment (§=0.53) might be the cause.

Heat Treatment and Film Mechani-
cal Properties

Mechanical properties of CN films typi-
cally vary with humidity and thermal his-
tory. It was assumed here that residual
water alters CNC-CNC interaction within
the film and modifies the film mechanical
properties. With this in mind, a low-tem-
perature heating step (85°C for 24 h) was
used to remove residual water that might
be trapped at CNC-CNC interfaces, and
the influence of the thermal treatment
on properties was then examined. In this
case, the thermal treatments of CNC films
had minimal influence on E, o, , ¢, and
WE. However, the heat treatment did alter
the CNC film transparency of the low-pH
CNCs by browning the films. The neutral-
pH CNC films remained relatively unaf-
fected. It is assumed here that the low-pH
films turned dark brown as a result of
the increased remnant sulphuric acid fur-
ther within the films. Sulphuric acid will
not evaporate, and therefore any residual
amount will concentrate upon drying of
the films and break down and dehydrate
cellulose.

CONCLUSIONS

The effect of CNC alignment on the re-
sulting mechanical properties (elastic mod-
ulus, B, ultimate tensile strength, G,, strain
to failure, ¢, and work of fracture, WF) in
neat CNC films from wood-based CNCs
was investigated. A shear-based solution-
casting technique was used to align CNC
particles preferentially in the direction
of shear within the final dried neat film.
The degree of CNC alignment in dried
films was found to increase with increas-
ing casting shear rate (0, 10-s, and 100-s™)
and higher suspension pH (~3 versus ~7).

SPECIAL NANOTECHNOLOGY ISSUE

The highest CNC alignment (§=0.53) was
achieved for CNC suspensions with neu-
tral pH at a shear rate of 100-s. The influ-
ence of CNC alignment was observed on
E, but not for 6, ¢, and WE.

Neat CNC films cast without shear
had a random 2D CNC orientation with-
in the plane of the film. The measured
properties (E=15 GPa and o, = 70 MPa)
wetre higher those previously reported for
CNC neat films (wood CNCs, E=6 GPa,
o, =N/A; tunicate CNCs, E=5-10 GPa,
6, =40-70 MPa) and were comparable to
most BC and CNF neat films with ran-
dom particle orientation. The maximum
E average value measured (E=30 GPa)
was obtained for the neat CNC film with
the highest degree of CNC alignment
(§=0.53) when measured in the direction
of CNC alignment; however, when E was
measuted in the direction perpendicular to
CNC alignment, a much lower value was
measured, Ex7 GPa. Thermal treatment
(85°C for 24 h) of CNC films altered film
transparency, but had minimal influence
on tensile properties (E, 6,, &, and WF).
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