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a b s t r a c t

In this study, cellulose nanocrystals (CNCs) are incorporated into a waterborne epoxy resin following two
processing protocols that vary by order of addition. The processing protocols produce different levels of
CNC dispersion in the resulting composites. The more homogeneously dispersed composite has a higher
storage modulus and work of fracture at temperatures less than the glass transition temperature. Some
properties related to the component interactions, such as thermal degradation and moisture content, are
similar for both composite systems. The mechanism of dispersion is probed with electrophoretic mea-
surements and electron microscopy, and based on these results, it is hypothesized that CNC preaddition
facilitates the formation of a CNC-coated epoxy droplet, promoting CNC dispersion and giving the
epoxide droplets added electrostatic stability. The implication of these structural changes in polymer
network formation results in an extension of the epoxy and crosslinker mixture's pot life by three orders
of magnitude.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Cellulose nanocrystals (CNCs) extracted from renewable sources
such as trees, plants, bacteria, or tunicates [1] are attractive for
sustainable materials. Ninety billion tons of cellulose is produced
annually in the biosphere [2], and CNCs possess high specific
strength, high modulus, high crystallinity, low density, and optical
transparency [1]. These particles are being considered as fillers for
drug delivery, reinforcing fillers for polymer nanocomposites,
emulsion stabilizers, and fire retardants [3e10]. The rod-like fibers
have been incorporated into polymers including polyethylene,
polypropylene, poly(lactic acid), polyurethane, and epoxies [4e7].
Understanding and controlling the underlyingmechanisms of CNC-
polymer interactions to produce specific structure and function is
still at an early stage. However, developing this understanding is
critical to future engineering applications of CNC-polymer com-
posites as sustainable materials.
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One approach towards controlling the interactions of CNCs with
polymers is to take advantage of liquideliquid or liquidesolid in-
terfaces where CNCs may preferentially adsorb. CNCs contain both
hydrophobic and hydrophilic domains [9] and can adsorb at oil-
water interfaces to stabilize emulsions [11]. Several studies have
detailed the phenomenon of colloidal haloing [12,13] and a large
body of literature has defined and explored the broader field of
Pickering emulsions [8,11]. In Pickering emulsions, stabilization of a
liquid droplet involves particles that are strongly adsorbed to the
liquideliquid interface, which provide a mechanical barrier to
droplet coagulation. Colloidal haloing is the stabilization of large
drops or particles by much smaller particles, where the two par-
ticles have high charge asymmetry. The smaller particles are not
directly adsorbed on the larger particle interface, but maintain a
separation distance a few nanometers from the particle or drop
surface [13].

The adsorption or association of CNCs at interfaces offers
intriguing possibilities for control of CNC-polymer interactions by
changing the order of CNC addition, especially in multicomponent
systems. The current study examines the effect of CNC order of
addition on colloidal stability, CNC dispersion, and composite
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performance in a waterborne epoxy system. The particular resin
chosen for this study can be applied as original equipment
manufacturing protective coatings, as a sealer or paint, and as an
anticorrosive primer [14]. Additionally, a common issue encoun-
tered in the coatings industry is damp concrete, which can only be
effectively coated by waterborne resins [15]. Waterborne resins are
also desirable for reducing volatile organic content emissions. In
the commercial formulation we have selected for this study, the
epoxide precursor is present as a surfactant-stabilized particle
dispersion in water, to which a diamine crosslinker is added to
initiate curing prior to the coating. This two-stage addition process
is a practical challenge that requires extra time and equipment for
the user, relative to a ‘one-part’ type of formulation. Discovery of
ways to delay cure until the time of coating in a one-part formu-
lation would be a significant practical advantage in waterborne
epoxy coatings. A few publications have reported preparation of
CNC-epoxy composites from waterborne resins [6,16,17]. An
advantage of these systems is that the CNCs are water-dispersable,
reducing the need for surface functionalization. Herewe report that
a simple change in the order of CNC addition, involving adding the
CNCs either before or during the diamine addition, alters signifi-
cantly themanner inwhich the CNCs interact with the epoxide. The
formulations resulting from pre-addition of CNCs prior to diamine
have long pot lives, suggesting that theymay be candidates for one-
part coatings with long shelf-life (>1month instead of a few hours).

2. Materials and methods

A solid epoxide suspension (D50 ¼ 0.5 mm) in water (diglycidyl
ether of bisphenol-A (DGEBA), Air Products and Chemicals, Inc.,
Ancarez AR555, epoxy equivalent weight (EEW)¼ 550) was used as
received. A water soluble amine crosslinker (polyoxypropylenedi-
amine, Air Products and Chemicals, Inc., Anquamine 401, amine
hydrogen equivalent weight (AHEW) ¼ 200) was diluted with
approximately equal weight of deionized water to reduce the vis-
cosity. The final solute content in the amine/water solution was
approximately 35 wt.%. An 8.75 wt.% aqueous CNC suspension was
provided by the U.S.D.A. Forest Products Laboratory, and the sus-
pension was prepared from mixed southern yellow pine dissolving
pulp via 64% sulfuric acid digestion as described elsewhere [18].
The resulting CNCs had sulfate functionality due to residual sulfate
esters on their surfaces. The CNCs were determined to contain
0.72 wt.% sulfur on a dry cellulose basis by inductively coupled
plasma/optical emission spectroscopy (ICP/OES). A sample of freeze
dried CNC material was also obtained from the U.S.D.A. Forest
Products Laboratory. These particles were determined to contain
0.96 wt.% sulfur on a dry cellulose basis by the same method. The
CNC/epoxy composite suspensions were cast onto treated silicon
wafers for the final curing step. A 95 wt.% octadecyltrichlorosilane
(OTS) solution was purchased from Acros Organics. Silicon wafers
(300 mm diameter, double-side polished) were purchased from
Silicon Valley Microelectronics, Inc.

2.1. Substrate treatment and film preparation

In order to prevent silanol groups (SieOH) on the surface of the
untreated silicon wafer from potentially reacting with the epoxide
groups, the silicon wafers were treated with OTS [19e24] by a
process described elsewhere [17]. This surface treatment rendered
the silicon substrate hydrophobic and allowed for easy removal of
the polymer film.

Film samples were prepared by two methods. In the first
method, the epoxide suspension, amine crosslinker, and aqueous
based CNCs were combined and magnetically stirred together at
medium speed (Corning PC-200 stirrer), referred to as ‘one-step
mixing’. In the second method, the epoxy suspension and aqueous
based CNCs were combined and magnetically stirred at medium
speed for 1 h prior to crosslinker addition, referred to as ‘two-step
mixing’. In both cases, stoichiometric amounts of epoxy and amine
were used, and mixing was carried out at room temperature.
Subsequent steps leading to film formation were the same for both
methods. The nanocomposite mixture was precured for 0.5e2 h at
room temperature until the viscosity of the mixture increased
enough to barely allow flow. Precuring times were determined by
visual inspection and increased with CNC concentration since
greater amounts of water, resulting from the CNC suspension, were
present thereby diluting the reactive epoxy. The mixture was then
cast onto the OTS treated silicon wafer substrate and dried at room
temperature for 1e3 h until the mixture was not able to flow. The
coated substrates were then transferred to an oven and cured for
2 h at 100 �C, or 120 �C (10 and 15 wt.% CNC samples only). Neat
epoxy samples were prepared using the same processing protocols
for comparison. As a control for the two-step mixing procedure, the
neat sample was prepared by first magnetically stirring the epoxy
suspension for 1 h followed by addition of the amine crosslinker
and additional mixing. The final thickness of the neat epoxy and
nanocomposite films was approximately 150e200 mm. Optical,
thermal, and mechanical characterization described below was
carried out on nanocomposite films made with the aqueous based
CNCs.

2.2. Transmission electron microscopy

To observe the morphology of the CNCs, the as-received CNC/
water suspension was diluted with DI water to a concentration of
0.1 wt.% and deposited onto a 400 mesh carbon grid with a Holey
carbon support film. In order to enhance contrast, the samples were
stained with a 2 wt.% aqueous solution of uranyl acetate. Samples
were then imaged using a Philips CM-100 TEM (FEI Company,
Hillsboro, OR) at an accelerating voltage of 80 kV. The CNCs di-
mensions were analyzed using the image analysis software Image J,
a total of 14 particles were measured and average values were
reported.

2.3. Polarized optical microscopy

The level of CNC dispersion achieved by the two processing
methods in the epoxy matrix was investigated qualitatively by the
observation of birefringence with an optical microscope (Olympus
BX51) equipped with two polarizers (Olympus U-AN360P). Images
were captured with an Olympus camera (U-CMAD3) and processed
with PictureFrame software. All films were imaged in transmission
mode with a 20� objective and at full extinction of the polarizers.

2.4. Fourier-transform infrared spectroscopy

The chemical structure of cured film samples was characterized
by Fourier transform infrared (FT-IR) spectroscopy using an atten-
uated total reflectance (ATR) accessory (Bruker Vertex 80 V,
equipped with Hyperion 20� ATR objective). The spectra were
corrected to subtract the background signals and flatten the base-
line. The wavenumber scan rangewas 4000 cm�1 to 600 cm�1 with
a resolution of 4 cm�1 and a total of 64 scans. The epoxy precursor
contains aromatic rings which were assumed to not participate in
the reaction. Aromatic rings absorb in the 1600e1470 cm�1 region,
specifically at 1600, 1580, 1470, and 1510 cm�1 [25]. All of these
peaks were present for both the epoxy precursor and the cured neat
polymer thus confirming that these functional groups do not react
in this system. The FTIR spectrawere normalized by the absorbance
at 1510 cm�1, a peak common to all samples and unaffected by the
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chemical reactions or interactions. All figures represent normalized
data.

The liquid nanocomposite mixture and individual components
in solution were analyzed using liquid ATR-FTIR with a Bruker
Platinum ATR accessory. The aqueous CNC dispersion was first
freeze dried for this experiment, to avoid the effects of additional
water from the CNC dispersion being added to the solution and thus
diluting the reactive amine and epoxide in the IR. The spectra were
corrected to flatten the baseline, and the same wavenumber scan
range, resolution, and number of scans were used. These spectra
were also normalized by the absorbance at 1510 cm�1.

2.5. Zeta potential

The epoxy suspension and aqueous CNC suspensionwere mixed
together for several hours and then diluted. The volume fraction of
epoxy was held constant while the volume fraction of CNC was
varied. The zeta potentials of neat CNCs and neat epoxy suspension
were also measured. The measurements were performed using a
Malvern Zetasizer Nano ZS 90. Measurements were performed in
triplicate at 25 �C, and the average values were reported. The same
instrument was used to measure the size of the epoxy particles in
light scattering mode.

2.6. Field emission scanning electron microscopy

To observe the component interactions in the two-step pro-
cessing method, the CNC/epoxy suspensionwere imaged with field
emission scanning electron microscopy (FE-SEM). To prepare the
sample, the epoxy suspension and aqueous CNC suspension were
mixed together for several hours and then diluted. The sample was
then lyophilized for suitable imaging. The resulting product of the
freeze drying process was adhered to carbon tape and sputter
coated with a thin layer of gold. The samples were imaged by FE-
SEM (Zeiss Ultra60). The morphology of cured polymer fracture
surfaces were also examined with FE-SEM (Hitachi SU8010). These
samples were not sputter coated and imaged at 0.9 kV.

2.7. Differential scanning calorimetry

The values of the glass transition temperature (Tg) for the fully
cured neat epoxy and composite films were measured by differ-
ential scanning calorimetry (DSC) (TA Instruments DSC Q200). In
the first step, samples were heated from 30 �C to 150 �C at a rate of
10 �C/min and then held at that temperature for 2 min. The samples
were then cooled to 0 �C, held for 2 min, and subsequently heated
to 150 �C at a rate of 10 �C/min. Data from the first and second
heating step were used to obtain the Tg of the sample. The value of
Tg was assigned as the midpoint of the transition region between
the glass and rubber line on the heat flow curve using TA Universal
Analysis Software. An exothermic/cure peak was not observed for
any of the samples tested here, only a broad evaporation peak
around 100 �C which was due to residual moisture left in the
samples. The moisture content of the samples was quantified with
thermogravimetric analysis (TGA). Measurements were performed
three times on fresh samples for each material composition, and
average data were reported.

2.8. Thermogravimetric analysis

Water absorption, thermal stability and changes in degradation
patterns associated with CNC addition and processing were
assessed with TGA (TA Instruments TGA Q5000). Samples were
heated from room temperature to 120 �C at a rate of 10 �C/min
under a flowing nitrogen atmosphere and then held at that
temperature for 20 min. In the final step, samples were heated to
600 �C at a rate of 10 �C/min. The water absorbed by samples was
measured as the weight loss during the first two steps. The thermal
stability and decomposition patterns of the samples were obtained
from the last step. The onset temperature and temperature at
maximumweight loss were determined with TA Universal Analysis
software. Measurements were repeated three times, and average
values were reported.

2.9. Dynamic mechanical analysis

The storage and loss moduli of the materials was determined
from dynamic mechanical analysis (DMA) experiments (Mettler
Toledo DMA/SDTA861). Samples were made by cutting films into
strips a few centimeters long and 2.5e3 mm wide. The sample
length was trimmed after the samples weremounted, resulting in a
testing length of 9 mm. Samples were tested in tensionmode in the
linear viscoelastic regime for the materials. The linear viscoelastic
regime was determined by strain sweep tests at the lowest and
highest temperatures to be used during the test. The tests were
conducted at a frequency of 1 Hz, over a temperature range of
30 �Ce150 �C, and at a heating rate of 2 �C/min. Measurements
were repeated three times, and average values were reported.
Additionally, Tg values were obtained from the peak of the loss
modulus curve.

2.10. Tensile testing

Uniaxial tensile testing was performed using an Instron 5842
testing frame equipped with a 100 N load cell. The samples were
prepared by die cutting the films with a dog bone template based
on the ASTM standard D1708-13. The specimens were strained at a
rate of 0.5 mm/min. Tensile strength, % elongation, and toughness
data were obtained. A minimum of four samples were tested for
each material composition, and the average values were reported.

3. Results and discussion

3.1. Morphology of CNC

The dimensions of individual CNC particles were observed using
TEM. Fig. 1 shows a representative TEM image of CNCs used in this
work. Literature has shown that wood based CNCs have a square
cross section [1] and thus, the CNC particles were assumed to have a
square cross section. From image analysis, the average length and
width of the CNCs were 138 ± 22 and 6.4 ± 0.6 nm, respectively,
similar to those reported in a previous study [17]. Based on these
average dimensions, the aspect ratio of the CNCs was estimated to
be 22. The rod-like/whisker morphology and the geometric di-
mensions were consistent with data reported in the literature for
CNCs obtained from wood [18,26,27].

3.2. Epoxy/CNC films

Composites up to 15 wt.% CNC were produced, and across all
concentrations tested and for both mixing procedures, the mate-
rials retained a similar level of transparency to the neat matrix.
Fig. 2 highlights this result, showing that films made by the one-
step and two-step mixing methods were colored but transparent.

The dispersion level of the CNCs within the cured epoxy matrix
for both processing methods was assessed with polarized optical
microscopy. The images are given in Fig. 3. The neat material dis-
played limited birefringence, so birefringent domains observed in
the composites were attributed to CNC aggregates. Composites
with CNC loadings up to 15 wt.% showed varying degrees of



Fig. 1. TEM image of wood derived CNCs used in this work.

Fig. 2. Image of neat epoxy and nanocomposite films following curing. The films made by both methods appear transparent but colored. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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birefringence and different domain sizes for the birefringent re-
gions. These differences in birefringence were related to the pro-
cessingmethod and the CNC loading. For the samples made by one-
stepmixing, the size of the CNC domains was on the order of tens of
microns. Larger aggregates were present in lower concentration
Fig. 3. Polarized light microscopy images of epoxy/CNC compo
samples compared to higher concentration samples. This effect was
attributed to the longer mixing times used to prepare the 10 and
15 wt.% samples. Since more water was introduced into these
samples with CNC addition, longer mixing times were required to
attain the viscosity needed for proper precuring. The longer mixing
times resulted in a better level of CNC dispersion. For films made by
the two-step process, the CNCs had improved dispersion at all
loadings testedwith respect to those made by the one-step process.
The 2 wt.% composite produced by the two-step method displayed
almost no birefringence while higher loadings contained CNC do-
mains. These domains were smaller in size and their brightness was
less intense than the domains seen in composites made by one-step
mixing.

Although domains of CNCs larger than the length of visible light
were observed in polarized light, all composites had a similar level
of transparency with respect to the neat epoxy as shown in Fig. 2.
This attribute was due to refractive index matching of the epoxy
and CNCs. Landry et al. reported that the refractive index of sulfuric
acid hydrolyzed cellulose was 1.499 [28] and Cranston et al. re-
ported the refractive index of cotton-derived CNCs to be between
1.51 and 1.55, depending on the measurement method and number
of bilayers of alternating cellulose and poly(allylamine hydrochlo-
ride) [29]. Epoxy polymers typically have a refractive index ranging
from 1.515 to 1.565 [30]. Thus, it is expected that the refractive
index of this epoxy polymer is within this range and similar to that
of the CNCs.

To assess the degree of cure and understand the chemical
structure of the nanocomposites, FTIR spectra were measured for
the nanocomposite components and the nanocomposites. For the
sites. Top: one-step mixing, bottom: two-step mixing [17].
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epoxy prepolymer, the absorption band at 912 cm�1 was associated
with the unreacted epoxide group [33]. The disappearance of this
band in the neat epoxy and all composites tested here indicated
that all of the epoxide groups reacted during the curing cycle.

CNCs have the potential to react with the epoxide group. If this
event does occur, an ether bond will form, a hydroxyl group from
cellulose will be consumed and a different hydroxyl group will be
created, linking the epoxide monomer to the CNC surface. Addi-
tionally, the hydroxyl groups from cellulose can form hydrogen
bonds with the epoxide group.

Differences in the FTIR spectra were observed for films made
by the one-step and two-step methods. Portions of the spectra
highlighting these differences are shown in Fig. 4. First, an in-
crease in intensity was observed in the 3200e3600 cm�1 region
for the composites produced by the two-step method. The com-
posites with improved CNC dispersion will inevitably have more
interfacial area with the polymer matrix, and the exposed CNC
surface hydroxyls likely have different infrared absorption char-
acteristics (extinction coefficient, shift in wavenumber) than hy-
droxyls that are buried within CNC aggregates. For example, in
addition to the increased intensity, a shift in the peak maximum
was observed from 3400 cm�1 for the one-step method to
3330 cm�1 for the two-step mixed. A peak shift towards lower
wavenumbers could indicate the presence of increased hydrogen
bonding between CNCs and the polymer matrix in the two-step
samples, which appears to correspond with the enhanced CNC
dispersion [34].

Second, a new peak was observed at 1060 cm�1 for the two-step
mixed samples. This band appears to be evidence of a new ether
bond. Two other possible assignments for this band include a pri-
mary aliphatic alcohol, which would be present in this system
before and after an epoxy/cellulose reaction, or the glycosidic bond
in cellulose, which is sometimes obscured in the infrared spectrum
[25]. The evolution of this band as a function of timewasmonitored
with liquid ATR-FTIR, and it was found that the intensity increased
as reaction time increased. This observation indicates higher con-
centrations of this bond as the reaction progressed. This absorption
was not present for the neat sample tested under the same con-
ditions thus indicating that the presence of CNCs was responsible
for these changes. While these changes are obvious, it is difficult to
discern the functional group(s) responsible since absorbance in this
region of the spectrum is likely due to a number of functional
groups present in the cured composites.
Fig. 4. ATR-FTIR spectra of films made by one-step (e � e � e) and two-step (d) m
Chemical analysis of this CNC/epoxy systemwas not trivial since
most of the absorbances present in the reactants were also present
in the final cured composite, and similar functional groups were
present in all components. Nevertheless, the possibility of
hydroxyl-containing CNC particles reacting with the epoxide group
was ruled out when no change in the intensity of the oxirane vi-
bration at 912 cm�1 was observed before and after heating the
epoxy-CNC suspension at 100 �C for1 hour. Therefore, an altered
stoichiometry is not responsible for the changes reflected in the
composites made by the two processing methods, the effect is
purely a physical one.

3.3. Size and charge measurements

The zeta potential of a 0.01 wt.% CNC suspension was measured
to be �71 mV, indicating that the CNCs were well-dispersed in
water and largely isolated from one another. The negative charge
was expected due to the sulfate ester functionality present on the
CNC surface, leading to double-layer repulsion between particles.
Due to the high magnitude of the zeta potential for the CNC sus-
pension, a highly stable suspension was expected. The zeta po-
tential of a 0.05 wt.% aqueous epoxy prepolymer suspension was
measured to be �20 mV, a low charge that indicated a significantly
lower kinetic stability than the �71 mV measured for the CNCs,
and �68 mV for the VCNC ¼ 1 � 10�4 CNC-containing epoxy
droplets. Additionally, the size of the epoxy drop was measured
with this instrument, indicating that the average diameter was
484 ± 63 nm, in agreement with the manufacturer's data.

The zeta potential of the aqueous suspension consisting of the
epoxy prepolymer with varying amounts of CNC is shown in Fig. 5.
The volume fraction of epoxy remained constant at 5 � 10�5, while
the CNC volume fraction was varied. At low volume fraction of
CNCs, the zeta potential of the binary mixture remained close to the
zeta potential of neat epoxy. As the CNC concentration increased,
the zeta potential also increased, approaching the value for neat
CNCs when the CNC volume fraction was 1 � 10�4. This result
indicated that the CNC particles shielded the epoxy particles
through either nanoparticle adsorption (Pickering emulsion) or a
nanoparticle haloing effect. Since electrophoretic mobility is inde-
pendent of size, this result implied that the epoxy particles and the
CNCsmoved in unison in response to the applied voltage, indicating
that the twowere associated [12]. This result supports the previous
hypothesis that the CNCs associate around the epoxide droplet to
ixing for a 5 wt.% cured composite, (a) 3100e3600 cm�1 (b) 1000e1100 cm�1.



Fig. 5. Zeta potential curve for epoxy precursor and CNC dispersions as a function of
volume fraction of CNC (vf. CNC).

Fig. 6. FE-SEM image of an epoxy particle coated with CNCs. Scale bar is 100 nm.

Fig. 7. FE-SEM images of a 5 wt.% composite fracture surface. Top: one-step mixing
Bottom: two-step mixing, scale bar is 1 mm.
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hinder particle coalescence. Based on this information, it was also
concluded that the CNCs imparted additional stability to the epoxy
suspension. Similar results have been reported for silica micro-
spheres stabilized by zirconia nanospheres [12], a poly(-
butylmethacrylate) emulsion stabilized with cellulose whiskers
[31], and CaCO3 nanoparticles stabilized by sodium dodecyl sul-
fate [32]. Two possible explanations are colloidal haloing or nano-
particle adsorption directly at the epoxide-water interface (as in a
Pickering emulsion), which are known to create the same behavior
in zeta potential found to occur in the two-step samples.

It is important to note that while this result indicated that CNCs
and epoxy precursors certainly had some interactions, it is difficult
to specify those interactions for this system. This epoxy formulation
is proprietary and thus some chemical information about the
components is unknown. The molecular formula for the surfactant
used to emulsify the epoxy is not given, so it is important to clarify
that the CNCs may be interacting with the epoxy itself, the sur-
factant, or both.

3.4. Polymer morphology

The morphology of this CNC/epoxide configuration was further
investigated with FE-SEM. Amixture of CNCs, epoxy, andwater was
mixed together for several hours, freeze dried, and imaged. This
result is given in Fig. 6. The imaging indicated that a sphere
consistent in size with the epoxy precursor was coated with a layer
of CNCs. This result support the hypothesis that the CNC/epoxy
premixing step leads to improved dispersion due to a more inti-
mate association between the CNC and surfactant coated-epoxy
particle.

The morphology of the composite interface was also investi-
gated with FE-SEM. The samples were fractured in ambient con-
ditions, below Tg for the cured epoxy. Fig. 7 shows the fracture
surfaces of 5 wt.% composites made by one-step and two-step
mixing. The interface of the composite made by one-step mixing
appeared smooth and represented that of a typical polymer surface
which experienced brittle fracture. It should be noted that the
micron-sized CNC domains did not appear in these images. The
contrast observed between the CNCs and the epoxy resin with
electron microscopy was low due to their similar electron density.
The interface of the composite made by two-step mixing showed
some noteworthy features. First, the two-step mixed sample was
rougher than the one-step mixed sample. Second, this surface
appeared to feature spherical particles. These particles were
consistent in size with that of the epoxy precursor. Thus, for the
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two-step mixing case, the CNC particles appear to have preserved
the epoxy as a separate phase rather than becoming a homoge-
neous matrix upon reaction with the amine. We hypothesize that
the CNCs are the cause of this effect with the likely mechanism
being their surrounding the epoxy particle to form a barrier to
epoxy droplet coalescence until the water has evaporated, preser-
ving the shape of the original droplet. Another difference between
these two interfacial morphologies was that the fracture surface of
the sample produced by one-step mixing was relatively homoge-
neous throughout the observed area, whereas the fracture surface
of the sample produced by two-step mixing was inhomogeneous
with some areas containing spherical features while other areas are
consistent with the sample produced by one-step mixing. This
blend of morphologies is indicative of a transitional or intermediate
state where most but not all of the epoxy particles have strong
interactions with CNC prior to cure.
Fig. 8. Onset temperature of thermal degradation as a function of CNC concentration
[15]. Two-step mixing (A), one-step mixing (-), rule of mixtures (:).
3.5. Thermal properties of the CNC/epoxy films

The values of Tg for composites made by the two processing
protocols were determined with DSC experiments, and the results
are shown in Table 1. The values of the Tg observed during the first
heating cycle for all concentrations and processing methods were
similar when considering confidence intervals. Thus, it was
concluded that the mixing method and CNC content did not
significantly affect the Tg of the samples following preparation.
However, the measured Tg value obtained from a second heating
cycle was affected by CNC content for samples prepared by the one-
step mixing method. Similar to data reported previously by the
authors [17], Tg increased by approximately 7 �C at a CNC loading of
10wt.% after being heated to 150 �C during the first heating cycle. In
contrast, the Tg values obtained for the samples produced by the
two step mixing method were not appreciably affected by CNC
content, though these values were higher than those measured
from the first heating cycle. These differences are difficult to
interpret precisely because of the larger confidence intervals for the
materials produced by the 2-step method.

The thermal stability of the composites was tested with TGA,
and the results are shown in Fig. 8. The onset temperature of
thermal degradation was reduced with increasing CNC concentra-
tion. The bounding thermal degradation temperatures were
established by the composite components. Neat epoxy began
degrading at 297 �C, and neat CNC began degrading at 208 �C. There
were no differences in degradation between composites made by
one-step and two-step mixing. Compared to neat samples, while
the CNCs did affect the initial degradation profile, the extent of the
impact was not as great as expected at the higher CNC loadings.
Employing rule of mixtures model, it was found that the onset
degradation temperatures for the composites containing lower CNC
loadings (<10 wt.%) were consistent with the prediction; however,
this model predicted that the composites containing 10 and 15 wt.%
CNC would have a lower onset degradation temperature than the
experimentally measured value. This departure from the rule of
mixtures suggested that the CNCs were integratedwithin the epoxy
matrix, possibly through chemical bonds, for both processing
scenarios.
Table 1
Glass transition temperature values with varied CNC concentration and processing meth

0 wt.% CNC 5 wt.%

1-step 2-step 1-step

First Heat 48.6 ± 5.9 46.7 ± 0.7 46.1 ±
Second heat 63.0 ± 1.8 60.6 ± 4.2 63.6 ±
The thermal degradation patterns of composites and neat epoxy
occurred in two major steps, with the temperatures at maximum
weight loss rates occurring at 335 �C and 385 �C. Processing con-
ditions as well as CNC content had little to no effect on the
degradation patterns observed here. These two factors also had
little to no effect on the water content of the samples, which was
measured to be about 3 wt.% for all concentrations and processing
methods tested here.

3.6. Mechanical properties of the CNC/epoxy films

The thermomechanical performance of composites made by the
two processing strategies was tested with DMA. The samples were
tested in tension mode below and above Tg. Storage modulus (E0)
data are shown for samples made by one- and two-step mixing in
Fig. 9. These data suggested that the composites made by two-step
mixing were reinforced more effectively than composites made by
one-step mixing in the glassy region of the storage modulus curve,
with improvements of 49% for the 5 wt.% composite and 30% for the
10 wt.% composite at 40 �C. Comparing the composites to the neat
matrix at 40 �C, the 5 wt.% sample made by one-step mixing had an
increase in the storage modulus of 47% while the sample made by
the two-step mixing method had an increase of 91%. Similarly, the
10 wt.% sample was increased by 60% for the one-step mixing case
and 86% for the two-step mixing case when compared to the neat
matrix at 40 �C. Therewere no significant differences in the rubbery
modulus for composites made by either method. It is well known
that CNCs can have profound effects on modulus, especially at
temperatures greater than Tg [35e37]. Other work in CNC/epoxy
composites has shown dramatic increases in storage modulus
above Tg with respect to the neat polymer due to the formation of a
network of mechanically percolated nanofibers. The ability of a fi-
ber to form a percolated network and thus have substantial impacts
od.

CNC 10 wt.% CNC

2-step 1-step 2-step

3.4 45.9 ± 3.5 50.6 ± 2.4 49.2 ± 1.8
1.5 62.0 ± 5.4 69.8 ± 1.1 61.9 ± 5.5



Fig. 9. Storage modulus of (a) 5 wt.% and (b) 10 wt.% CNC composite made by one- (C) and two- (:) step mixing. 0 wt.% CNC for comparison (-) [17].
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on rubberymodulus is a function of the aspect ratio and the volume
fraction. Generally, the critical volume fraction required to form a
percolated network is given by: Xc ¼ 0.7/AR [38]. Results presented
by Tang et al. showed a 69� increase in the rubbery storage
modulus for CNCs extracted from tunicate (AR ¼ 84) and a 12�
increase for CNCs extracted from cotton fibers (AR ¼ 10) in epoxy
composites at a 15 wt.% loading (12 vol.%), a CNC loading above the
critical volume fraction of 0.8 vol.% for the tunicate CNCs and 7 vol.%
for the cotton CNCs [36]. In the results presented here, much
smaller gains in reinforcement were seen above Tg with respect to
the neat polymer as compared to Tang et al. The different ther-
momechanical reinforcement trends were ascribed to differences
in CNC network formation. In this work, a waterborne epoxy was
used, and discrete birefringent domains of CNCs were observed in
the composites. These results suggest large scale connectivity of
individual nanofibers did not occur in these composites, even
though the CNC loadings used were above the critical volume
fraction.

While the processing method impacted the glassy mechanical
properties preferentially, CNC addition had an effect on the storage
modulus in the glassy and rubbery region when comparing the
composites to the neat epoxy. As the temperature increased, the
storage moduli for samples at different compositions began to
deviate in the transition region at 50 �C, and this deviation
continued into the rubbery region. The difference in the storage
modulus values of the composites produced by both methods and
the neat epoxy was greater with increasing CNC concentration, and
these changes in rubbery storage modulus were similar for both
mixing methods at a given CNC loading. For example, at a 5 wt.%
CNC loading, the rubbery storage modulus was increased by 30% at
120 �C, and for a 10 wt.% CNC loading, the rubbery storage modulus
was increased by 70% at 120 �C.

The loss modulus (E00) data comparing the two methods of
preparation for a 5 and 10 wt.% composite are given in Fig. 10.
Generally, the value of loss modulus increased with increasing CNC
content, and the value of the loss modulus was similar for the
composites of the same composition produced by the twomethods,
though there was some change in the magnitude of the loss
modulus in the vicinity of the peak. However, these curves do not
show significant differences in terms of peak shifts towards higher
Tg with CNC content or processing method. The Tg values from DMA
data would be most comparable to those obtained during the first
heating cycle of the DSC measurements, where Tg was not different
with processing or CNC concentration. Similar to the DSC data,
there was a larger confidence interval in the measured value of the
Tg for the samples made by the two-step mixing method.

To understand more fully what these data trends indicated
about the reinforcement mechanism provided by the CNCs, the
ratio of the loss and storage moduli, tan delta, was also examined.
The values of tan delta were similar for composites containing the
same amount of CNCs (data not shown). Since tan delta, and as a
result the phase angle, were similar, the reinforcement seen was
largely a result of increased CNC dispersion. While the FT-IR data
suggest that there is an association between the CNCs and the
matrix when the two-step mixing processing method is used, it
does not appear to affect macroscale properties more than the
differences in CNC dispersion since disproportionate changes in
storage and loss modulus were not observed as a function of pro-
cessing method.

Tensile testing also provided insight into the reinforcing effect of
CNCs as well as the effect processing had on mechanical properties.
The tensile strength and toughness fromwork of fracture data for 0,
5, and 10 CNCwt.% samples made by the two processingmethods is
given in Fig. 11. The elongation at break was similar for all samples
tested; therefore, the data are not shown. All samples experienced
brittle fracture with an average elongation at break of about 4%.

Processing method was not found to affect the properties of the
neat epoxy. Therefore, the delay in amine addition necessary for the
CNC premixing step was not responsible for the changes observed
in the composite samples, but rather the differences inmorphology,
level of CNC dispersion, and CNC-matrix interactions brought about
by premixing the CNCs with the epoxy droplets before amine
addition. The tensile strengths of the 5 and 10 wt.% CNC composites
produced by one-step mixing were 47.7 ± 5.6 and 35.8 ± 2.4,
respectively. The tensile strengths of the 5 and 10 wt.% CNC com-
posites produced by two-step mixing were 44.9 ± 8.5 and
48.0 ± 10.6, respectively. These values were greater than those
obtained for the neat epoxy produced by one-step and two-step
mixing, 27.9 ± 10.2 and 27.1 ± 4.1, respectively. The data showed
that CNC addition improved tensile strength at both loadings and
with both processing methods studied in this work, but the dif-
ferences between the tensile strengths for the composite samples
were not statistically significant when considering the calculated
confidence intervals. The effect of processing was more evident
when considering the work of fracture data. In general, the samples
made by the one-step mixing method and the neat epoxy samples



Fig. 10. Loss modulus of (a) 5 wt.% and (b) 10 wt.% CNC composite made by one- (A) and two- (-) step mixing [15].
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had similar values for the work of fracture, with no differences
observed with increasing CNC concentration. Conversely, the CNC/
epoxy composites made by the two-step method exhibited in-
creases in work of fracture of 93% and 67% compared to the sample
made by the one-stepmethod at the same concentration for a 5 and
10 wt.% composite, respectively. The difference in toughness be-
tween the samples produced by the two methods likely resulted
from better CNC dispersion in samples produced by the two-step
processing method. However, it is important to note here that the
confidence interval was large. In general, the error range was larger
for samples made by the two step method. As mentioned earlier, a
hypothesis for the larger variations in the data is the inhomoge-
neous fracture morphologies observed in SEM for the samples
made by the two-step method.

3.7. Pot life extension

One potential application of the CNC-stabilized epoxide droplets
was explored. In industrial applications, a practical concern is the
large amount of water present in the CNC aqueous suspension.
Addition of CNCs as a dry powder would be advantageous for
practical reasons such as the avoidance of post-cure drying and
reduced shipping costs for dry material. When 5 wt.% of the freeze
Fig. 11. (a) Tensile strength and (b) work of fracture for 0, 5, and
dried CNC material was added to the epoxide suspension followed
by amine addition, the pot life of the nanocomposite mixture was
extended by three orders of magnitude when compared to that of
the neat epoxy-aminemixture (1 month versus 2 h). A substantially
increased pot life enables the possibility of formulating one part
waterborne epoxy coatings where the components are premixed
and remain uncured for long periods of time until applied as a
coating.

In this scenario, the presence of the CNC particles that were
premixed with the epoxide suspension appears to prevent the
aggregation of the epoxide particles, even though the epoxide and
amine reaction was occurring within them (confirmed by liquid
ATR-FTIR indicating a decrease in 912 cm�1 peak, data not shown).
The extension of the gel time (pot life) to 30þ days may be a
physical phenomenon resulting from the electrostatic stabilization
conferred by the adsorbed CNCs. To explore this idea, we added
NaCl to the CNC-stabilized epoxide/amine suspension. NaCl was
added at 0.2 M to a stable mixture of freeze dried CNC, epoxide
suspension and amine crosslinker prepared by the two-step
mixture. Although the suspension was stable prior to salt addi-
tion, the system showed an immediate increase in viscosity (noted
qualitatively) and eventually gelled after salt addition. These ob-
servations indicate flocculation of both CNCs and CNC-coated
10 wt.% CNC samples made by one- and two-step mixing.
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epoxy particles upon screening of the electrostatic charge imparted
by the CNC particles to the epoxy particles.

While the pot life extension was certainly intriguing, it is yet
unclear how the mechanical properties of the freeze-dried CNC-
stabilized suspension would perform relative to the neat matrix.
Thus, further research is merited, and understanding this phe-
nomenon is a focus of ongoing work.

4. Conclusion

In these CNC/epoxy composites, improved nanoparticle disper-
sion was achieved by a two-step procedure in which CNCs were
premixed with the epoxy precursor, compared to the one-step
mixing of the epoxy precursor, amine crosslinker, and CNCs. The
stability of the waterborne system and resulting structure and
properties are significantly improved by the pre-addition of CNCs.
Improved dispersion was attributed to a more intimate association
of CNC particles with the surfactant-stabilized epoxy precursor
droplets allowed by the premixing step, similar to stabilization
mechanisms observed in colloidal haloing systems or Pickering
emulsions. Evidence of the improved stability was supported by
changes in the ATR-FTIR spectrum and zeta potential measure-
ments of a CNC/epoxy mixture at various CNC concentrations. A
change in the interfacial polymer morphology was observed with
FE-SEM, with the improved dispersion composite featuring sphere-
like structures consistent in size with the epoxy particles. The
improved CNC dispersion observed in this study led to better me-
chanical performance in the glassy region of the storage modulus
curve, increased work of fracture, and no changes in thermal sta-
bility. The CNC colloidal stabilization mechanismwas also explored
for freeze dried CNCs added to the epoxy/crosslinker formulation,
resulting in an extension of the pot life by three orders of magni-
tude compared to the neat system; a result that could potentially
enable the formulation of one part epoxies. Based on this study, the
authors believe that this work would be generally applicable to
systems consisting of two reactive phases where one phase has
both dispersing hydrophilic groups for CNC coordination and
reactive groups, such as urethanes and acrylates. Overall, these
results highlight the importance of understanding processing-
structure-property relationships in CNC-containing nano-
composites as they are considered for higher volume applications
and provide a path forward for further processing optimization.
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