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Abstract Cellulose nanowhiskers (CNWSs) prepared
via TEMPO mediated oxidation are used as
biodegradable filler in an epoxy matrix. Since CNWs
are hydrophilic and epoxy is hydrophobic, amphiphi-
lic block copolymer surfactants are employed to
improve the interactions between the filler and the
matrix. The surfactants used are Pluronics, a family of
triblock copolymers containing two poly(ethylene
oxide) blocks and one poly(propylene oxide) block.
In this study, Pluronic L61 and L121 with molecular
weight of 2000 and 4400 g/mol and hydrophilic to
lipophilic balance of 3 and 1 respectively, are used and
their effect on the dispersion of CNWs in epoxy is
discussed. The hydrophilic tails of Pluronics interact
with the hydroxyl and carboxylic groups on the CNW
surface and then these surfactant-treated CNWSs are
directly incorporated into epoxy by high speed mixing.
The dispersion state of the surfactant-treated CNWs in
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epoxy is assessed by rheological measurements and
the mechanical properties of the resulting composites
are characterized by tensile test and dynamic mechan-
ical thermal analysis. The Pluronic L61 treated CNW/
epoxy composites show the highest storage modulus at
high temperatures (about 77 % increases) indicative
of improved interfacial interactions between the
CNWs and the epoxy matrix. Also, an increase of
around 10 °C in the glass—rubbery transition temper-
ature of the L61 treated CNW/epoxy composite leads
to potential application at higher service temperatures.
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Introduction

In the last years, the need for strong adhesives to be
used in different applications such as aerospace (Silva
and Campilho 2012), automotive industry (Grant et al.
2009) and offshore oil pipelines (Souza and Reis
2013) is continually increasing. In terms of structural
applications, the mechanical properties of selected
adhesives are strongly dependent on operating tem-
perature. Most of amorphous polymers and adhesives
show a significant decrease in mechanical properties at
the glass transition temperature (7,) and consequently,
the T, is usually the system limiting service
temperature.
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Epoxy is one of the most important polymers which
has been widely used as a transparent adhesive and
surface protective coating material (Li et al. 2006;
Tang et al. 2009; Souza and Reis 2013). As an
important adhesive material, epoxy has several advan-
tages such as low shrink during cure, excellent
moisture resistance, good electrical properties and
increased mechanical and fatigue strength. However,
epoxy resins are temperature sensitive and a signifi-
cant drop in mechanical properties is observed at high
temperatures (Souza and Reis 2013; Reis et al. 2015).
Therefore, increasing the T, of epoxy adhesives as
well as improving the mechanical properties above the
T, are crucial.

Nanoscaled crystalline cellulosic short fibers called
cellulose nanowhiskers (CNWs) are an interesting
material for developing bio-based nanocomposites
because of the abundance and renewability of cellu-
losic resources (Siqueira et al. 2010; Cao et al. 2012;
Xu et al. 2013).

Cellulose nanowhiskers can be extracted from
various sources such as wood (Beck-Candanedo et al.
2005; Abe et al. 2007), cotton (Qin et al. 2011;
Satyamurthy et al. 2011; Fan and Li 2012), sisal
(Moran et al. 2008) and tunicine (Elazzouzi-Hafraoui
et al. 2008; Sacui et al. 2014) which consist of both
crystalline and amorphous regions. To reach high
mechanical properties, it is important to extract the
crystalline parts from the cellulose sources by different
methods such as mechanical treatment (Alemdar and
Sain 2008), acid hydrolysis (Sadeghifaretal. 2011) and
TEMPO-mediated oxidation (Saito and Isogai 2008;
Lin et al. 2012). Moreover, the aspect ratio of cellulose
nanowhiskers is dependent on their sources and
preparation method, which lead to different mechan-
ical properties (Eichhorn et al. 2010). CNWs with high
aspect ratio have lower percolation threshold related to
the formation of a continuous 3D network.

TEMPO-mediated oxidation is a catalytic reaction
which converts primary hydroxyl groups in cellulose at
the C6 position to aldehyde and then into carboxylic
groups (Aspler et al. 2013). High yield, high reaction
rate, environmental friendly and low cost materials are
some advantages of this method (Isogai et al. 2011).
According to the  method, 2,2,6,6-tetram-
ethylpiperidine-1-oxyl radical (TEMPO), sodium bro-
mide and sodium hypochlorite are used to convert
polysaccharide fibers to polyuronic acid fibers (Saito
etal. 2006). Also, TEMPO molecules can penetrate into
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amorphous regions of the polyuronic acid fibers (Isogai
et al. 2011). The microsized fibers after TEMPO
mediated oxidation can be converted into nanosized
whiskers by using mild mechanical disintegration
treatment such as ultrasonication and mechanical
shearing (Chen et al. 2011).

Many studies have explored the use of CNWs as
reinforcement in polymeric materials (Grunert and
Winter 2002; Petersson and Oksman 2006; Dong et al.
2012). Nanocomposite properties are strongly affected
by the state of nanofiller dispersion and filler-matrix
interfacial interaction. Therefore, how to improve the
dispersion of hydrophilic cellulose fibers (with three
hydroxylic groups per repeating unit) into hydropho-
bic polymeric matrices has been a subject of many
studies (Favier et al. 1995; Kim et al. 2009; Yang et al.
2013). Surface modification including physical and
chemical methods is a particular way to improve the
compatibility of incompatible systems. Stretching
(Wang et al. 1994), calendaring (Semsarzadeh et al.
1984) and corona discharge (Bledzki et al. 1996) are
some examples of physical modification methods;
polymer grafting and esterification are some examples
of chemical surface modification methods in which
diverse functional groups are grafted on the surface of
CNWs. Except for two surface modification methods
mentioned heretofore, using surfactant in incompati-
ble systems is another popular and much simpler
method, usually referred to as non-covalent surface
chemical modification (Habibi et al. 2010). Ljungberg
et al. (2005) used surfactant treated cellulose whiskers
in a polypropylene matrix and obtained improved filler
dispersion due to weakening the interactions between
whiskers. Bondeson (Bondeson and Oksman 2007)
used an anionic surfactant at different concentrations
to disperse CNWs in polylactic acid. Increasing the
amount of surfactant resulted in improved filler
dispersion. The results of mechanical testing showed
a maximum in tensile modulus for a 1:1 surfactant to
filler ratio at 5 wt% CNW loading.

Triblock copolymers of poly(ethylene oxide)
(PEO) and poly(propylene oxide) (PPO) are widely
used to compatibilize various fillers into bio-based
polymeric matrices due to their low toxicity and high
biodegradability (Singh et al. 2013; Tercjak et al.
2015). For the surfactants, poly(ethylene oxide) is the
hydrophilic tails and poly(propylene oxide) is the
hydrophobic middle block (Li et al. 2011). A wide
range of molecular weight and PEO/PPO ratio are
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available leading to different properties such as
aqueous solubility, association behavior viscosity,
surface tension and cloud point (Alexandridis and
Hatton 1995).

The main objectives of this research are to evaluate the
use of triblock copolymers as non-covalent surfactants in
the dispersion of CNWs synthesized via TEMPO-
mediated oxidation reaction in epoxy. The relationship
between the state of dispersion and composite properties
enhancement, especially at higher temperatures, is eval-
uated and a rationale for the surfactant characteristics
affecting dispersion is proposed. The results of this
research may suggest the criteria for right surfactant
selection in CNW/polymer nanocomposites.

Experimental
Materials

Epoxy used in this study was a modified diglycidyl
ether of bisphenol-A (DGEBA, L135i, Hexion) with
an amine hardener (RIMH 1366, Hexion) supplied by
Momentive Specialty Chemicals. TEMPO (2,2,6,6-
tetramethylpiperidine-1-oxyl radical), sodium bro-
mide (NaBr), sodium hydroxide and sodium
hypochlorite (NaClO) solutions (available chlorine
10-15 %) were purchased from Sigma-Aldrich (St.
Louis, USA). All chemicals are laboratory grade and
used as received. Microcrystalline cellulose (MCC)
purchased from Sigma-Aldrich was used as cellulose
source. The amphiphilic surfactants Pluronic L61 and
L121 which are triblock copolymers of poly(ethylene
oxide) (PEO) and poly(propylene oxide) (PPO) with
different molecular weights were also obtained from
Sigma-Aldrich. The main properties of the surfactants
are presented in Table 1. Chemical structures of all
materials used in this study are shown in Scheme 1.

Table 1 Characteristic properties of the used surfactants

Preparation of CNW and surfactant-treated CNWs

CNWs were prepared by TEMPO-mediated oxidation
method (Saito et al. 2007). Briefly, MCC (2 g) was
dispersed in 200 mL deionized water containing
dissolved TEMPO (32 mg) and NaBr (200 mg) under
mild magnetic stirring. The reaction was initiated by
dropwise adding NaClO solution (4 mmol NaClO per
gram of MCC). The pH of the reaction system was
kept at 10 for 4 h by adding 0.5 M NaOH aqueous
solution. Then, the oxidized MCC was thoroughly
washed with deionized water by centrifugation for
three times. The oxidized MCC aqueous suspension
was sonicated continuously by an ultrasonic processor
(Sonics Materials Vibra Cell VCX500) for 30 min at
40 % amplitude with a 13 mm diameter tip to break
the micro-sized oxidized MCC from bundles of
nanowhiskers into individual CNWs. Finally, the
CNW suspensions were freeze-dried by a lyophilizer
(VirTis BenchTop 4 K model) for 3 days and dry
samples were stored in a desiccator at room temper-
ature for further use. To prepare surfactant-treated
CNWs, desired amount of surfactant was added to the
oxidized MCC aqueous suspension (Scheme 2) at an
oxidized MCC/surfactant weight ratio of 1:1. The
surfactant to filler ratio was chosen based on several
reports in literature (Bondeson and Oksman 2007,
Kim et al. 2009). The aqueous suspension was
sonicated for 30 min at the same conditions as
described earlier and then freeze-dried and stored
similar to the untreated CNWs.

Composite samples preparation

Desired amount of filler (CNWs or surfactant-treated
CNWs) in epoxy was mixed by an overhead mechan-
ical mixer (IKA mixer) for 2 h at room temperature at
a2 wt% CNW loading based on the amount of epoxy.

Chemical structure Mw (g/mol)

%Ethylene oxide

CMC? (%wt) HLB®

Pluronic L61
Pluronic L121

(PEO),(PPO);3(PEO), 2000
(PEO)4(PPO)6o(PEO),4 4400

10 (Alexandridis and Hatton 1995) 0.02° 3¢
10 (Alexandridis and Hatton 1995)

0.0004° 14

* The critical micelle concentration (CMC) is based on dispersion of copolymer in water

® Hydrophilic lipophilic balance

¢ The CMC values are reported by Evers et al. (2000) and Batrakova et al. (2003) for Pluronic L61 and L121, respectively

4 The HLB values are reported by Oh et al. (2004)
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Scheme 1 Chemical
structure of materials used in

the study Epoxy

Cellulose nanowhiskers

Pluronic L61

Pluronic L121

PEO-PPO-PEO
block copolymer

TEMPO-oxidized
Cellulose nanowhiskers

Plumnky

Scheme 2 Schematics for modification of TEMPO-oxidized
cellulose nanowhiskers during sonication using different block
copolymer surfactants

The mixtures were kept in a vacuum desiccator for
12 h for degassing and then they were sonicated in a
pulse mode (5 s. on, 10 s. off) for 30 min at room
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temperature. Certain amount of hardener was added
according to an epoxy/hardener weight ratio of 10:3
and the mixture was gently stirred for 5 min to
uniformly mix the hardener with the epoxy while
avoiding the trap of bubbles. After 5 min degassing in
vacuum the mixture was poured into silicone molds
for curing and shaping. The samples were cured at
room temperature for 24 h and post-cured at 60 °C for
18 h. The cured samples were further polished
according to the requirements on tensile testing

sample dimensions.
Characterization
Atomic force microscopy (AFM)

CNWs were analyzed using an atomic force micro-
scope (Veeco diMultiMode V, Veeco Instruments Inc,
USA). One drop of diluted CNW aqueous suspension
was dried on a silicon wafer. The equipment was
operated in tapping mode using an antimony doped
silicon probe (Bruker AFM probe, model TESP)



Cellulose (2015) 22:3161-3176

3165

which has a resonant frequency and spring constant of
366—401 kHz and 20-80 N/m, respectively.

Thermal gravimetric analysis (TGA)

Thermogravimetric analysis of nanowhiskers and
CNW/epoxy composites were carried out with a
TGA instrument (TA Instruments Q500). About
7 mg of sample was put in a clean platinum pan and
heated from room temperature to 600 °C at a rate of
10 °C/min under nitrogen atmosphere.

Tensile testing

Tensile properties of the composites were measured
according to ASTM 638-03 standard using an Instron
1011 universal tensile tester at a crosshead speed of
1 mm/min at room temperature. The reported results
are the average of seven measurements.

Rheology

Rheological properties of the CNW/epoxy suspension
before curing were measured by a Thermo Scientific
Haake Mars III theometer at 27 °C. Experiments were
carried out in both oscillatory and rotational shear
modes with parallel plate geometry of 35 mm diam-
eter and 1 mm measuring gap at 27 °C. A constant
stress 0.1 Pa was used for oscillatory measurements,
which was proved to be in the linear viscoelastic limit.
Moreover, based on at least 3 repeating measurements
the average error was found to be <15 %.

Dynamic mechanical thermal analyses (DMTA)

DMTA measurements were carried out with a TA
Instruments DMA Q800 on rectangular samples with a
size of 30 mm x ~47 mm x ~1.5 mm (length x
width x thickness) in single cantilever mode with an
oscillation frequency of 1 Hz and an oscillation ampli-
tude of 15.0 pum. Measurements were carried out at a
heating rate of 3 °C/min from room temperature up to
150 °C.

Scanning electron microscopy (SEM)
Tensile fracture surfaces of the composite samples

were observed by a scanning electron microscope
(JEOL JSM-6510LV) with an operating voltage of

30 kV. The fracture surfaces were sputter coated with
gold.

Optical microscopy

The dispersion of different CNWs in epoxy matrix was
observed using an Olympus BX51 optical microscope
in different modes. Cross polarized images were used
for better detection of the crystalline structure of
cellulose nanowhiskers in epoxy.

Results and discussion
Synthesis and modification of CNWs

Figure 1 shows the AFM images of the CNWs
prepared by TEMPO-mediated oxidation method.
The dimensions of the nanowhiskers are determined
based on 240 particles identified on multiple AFM
height images (Fig. 1b). The average length and
height of the prepared CNWs are 242.5 + 48.3 and
4.2 £ 1.6 nm, respectively, corresponding to an aver-
age aspect ratio of 57.7. It is worth mentioning that
TEMPO mediated oxidation causes defects in the
amorphous phase of the MCC particles, which leads to
the easy breakdown of the MCC particles into
nanosized whiskers with mild mechanical treatment
(Isogai et al. 2011). However, the dimensions and
aspect ratio of our CNWs are similar to those values
reported in literature for cellulose nanowhiskers
extracted from wood (Kalia et al. 2011). Critical
percolation volume fraction (®c) of rod-like cellulose
nanowhiskers can be calculated by ¢. = 0.7/ where
n = Il/d is the aspect ratio of the filler and / and d are
the average length and height of the filler, respectively
(Tang and Weder 2010). Thus, in this case the critical
percolation threshold of the CNWs is calculated to be
1.2 vol%. CNW concentration of all composite sam-
ples in this study (2 wt% equivalent to 1.5 vol%
considering 1.14 g/cm® for epoxy density and 1.46 g/
cm® for the density of crystalline cellulose nano-
whiskers as reported by Sun (2005) and Capadona
et al. (2009)) is above the calculated percolation
threshold.

Figure 2 shows the TGA curves of the CNWs and
surfactant-treated CNWs, while the inset graph dis-
plays the curves in the range from room temperature to
250 °C. The surfactant-treated CNWs have two clear

@ Springer



3166

Cellulose (2015) 22:3161-3176

Fig. 1 AFM images of cellulose nanowhiskers prepared by TEMPO-mediated oxidation, a amplitude image and b height image
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Fig. 2 Thermogravimetric curves for untreated and surfactant
treated CNWs

weight loss steps: the first one is attributed to the
decomposition of the cellulose and the other one is
from the decomposition of the surfactants. By com-
paring the temperature in which sample degradation
starts, it is obvious that L61 treated CNW has higher
degradation temperature, indicative of better surfac-
tant coverage of the filler preventing their fast
degradation. The thermographs of the CNWs and
surfactant-treated CNWs have been used to calculate
the amount of surfactants (Pluronic L61 and L121) in
the surfactant-treated CNWs (Table 2). In the inset
graph, mass losses at the beginning of the TGA curves
related to the evaporation of water are observed (Li
et al. 2009). Due to the covering of CNW with
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Table 2 Moisture and surfactant contents for CNWs and
surfactant-treated CNWs

Filler Moisture Surfactant
adsorbed (wt%) content (wt%)

Neat CNWs 8.04 0

Pluronic L121- 3.55 44.14
treated CNWs

Pluronic L61-treated CNWs  2.54 48.87

surfactant the amount of adsorbed water in the
modified CNWs significantly decreased, as shown in
Table 2. Interaction of carboxylic and hydroxyl
groups of the cellulose nanowhiskers with the
hydrophilic part (ethylene oxide moieties) of the
surfactant results in less moisture adsorption by
hydrogen bonding of these functional groups with
environmental water molecules. Moreover, the
hydrophobic part of the surfactant/block copolymer
can also cover the CNWs surface and suppresses the
interaction with water molecules, preventing moisture
adsorption. As shown in Table 2, the amount of the
adsorbed moisture in the CNW sample treated with
L61 block copolymer is lower than that of the sample
treated with L121 block copolymer suggestive of
better interaction of the L61 with CNWs.

Dispersion state of CNWSs in epoxy suspensions

Figure 3 shows the optical micrographs and corre-
sponding cross polarized images for dispersions of
different CNWs in epoxy matrix before addition of the
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P

Fig. 3 Optical micrographs BPRET,
and corresponding cross | (a)
polarized images of epoxy

suspensions containing

different CNWs, a, d non

treated CNW, b, e L121

treated CNW and ¢, f L61

treated CNW (the optical ¢
and polarized micrographs
were taken at the same
magnification)

curing agent. Due to limited magnification of the
optical instruments, optical micrographs cannot detect
individual or small bundles of dispersed CNWs, but
can be used to characterize the state of aggregation and
network formation. Moreover, due to the crystalline
structure of cellulose nanowhiskers, cross polarized
images are more sensitive in distinguishing the state of
dispersion.

While a network of large and dense CNWs
aggregates is observed in the cross polarized image
of the untreated CNW/epoxy suspension (Fig. 3d), a
more uniform dispersion of small CNWs bundles can
be detected in the L61 treated CNWSs containing
sample (Fig. 3f). The state of dispersion in the L121
treated CNWs suspension (Fig. 3e), is more similar to
the untreated CNW/epoxy suspension showing the
presence of the large aggregates and coarse dispersion.
The optical and polarized micrographs of different
samples demonstrate potential benefits of using the
surfactant Pluronic L61 in improving CNW dispersion
in epoxy.

The state of dispersion of different CNWs in
epoxy was also investigated by rheological measure-
ments in different modes. Rheological measurements
in rotational and oscillatory shear modes can be used
for assessment of filler dispersion state at nanoscale
and network formation in polymeric suspensions,
respectively (Pircheraghi et al. 2015). Figure 4 shows

S o) 1)

100 micron

the dependence of complex viscosity (n*), storage
modulus (G) and fan J on the oscillatory frequency
(o) for different samples. Neat epoxy behaves like a
Newtonian fluid as the m* is independent of oscil-
latory frequency. The addition of Pluronic surfactants
slightly affects the n* and clearly decreases the G’.
Addition of untreated CNWs increases both complex
viscosity and storage modulus whereas the surfactant
treated CNWs suspensions show lower storage mod-
ulus and complex viscosity than the CNW/epoxy
sample, with the Pluronic L61 treated CNWs
exhibiting higher values than the Pluronic L121/
CNW sample. Moreover the tan & values for the
L121 treated CNW/epoxy suspension is above 1,
whereas this value for the L61 treated CNW/epoxy
suspension is lower than 1 in a wide range of
frequencies indicating the formation of a 3D network
of CNW fillers in this sample. Based on the
oscillatory rheological measurements, as well as
optical and polarized micrographs shown in Fig. 3,
it seems that in the suspension sample containing
untreated CNWs there is a more developed 3D filler
network. However, the quality and strength of this
network should be mainly affected by the state of
CNW dispersion. In order to better understand and
evaluate the effect of dispersion state on filler
network strength/quality, rotational shear rheology
was performed on these samples.
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Fig. 4 Oscillatory measurement results for neat epoxy and
cellulose nanowhisker/epoxy suspensions. a complex viscosity,
b storage modulus and c¢ tan § versus frequency graphs

Literature reports indicate that rotational shear
rheological measurements are more sensitive to
nanoscale dispersion and the amount of individually

@ Springer

"
a
m u @neat epoxy
g’ -
; " " x CNW/epoxy
2
@ x; s
3 A [
2 Xyn - AL121/epoxy
s xXx A, LI
5 X 4 4 LI
2 XX xxxxyl
5 X N X : 4 ; [ OL61/epoxy
(X J A
...............‘.“lL61(reated
B r R EQEIRE R EEEEEE | CNWepoxy
AL121 treated
CNW/epoxy
0.3

0.1 1 10 100
Shear rate (1/s)

Fig. 5 Rotational shear data for neat epoxy and cellulose
nanowhisker/epoxy suspensions

dispersed nanofillers (Fan and Advani 2007; Pircher-
aghi et al. 2015) because a fragile network of filler can
be easily destroyed by applied shear in these exper-
iments (Fan and Advani 2007). Figure 5 shows shear
viscosity dependence on shear rate for different
suspension samples. Neat epoxy and samples contain-
ing surfactants without filler behave as Newtonian
fluids. Addition of CNWs changed the shear charac-
teristics of the samples. The L61 treated CNW/epoxy
suspension sample shows the highest shear viscosity,
whereas the untreated and L121 treated CNW sus-
pensions display similar characteristics. These results
point out to improved nanoscale dispersion in the L61
treated CNW suspension, whereas the L121 modified
CNW/epoxy and the untreated CNW/epoxy suspen-
sions are very similar. In other words, the amount of
individually dispersed CNWs mostly responsible for
the flow resistance in these samples is similar,
indicating that Pluronic L121 could not act as an
effective surfactant in this system.

The rotational shear data can be fitted by a power
law model, T = k)", with k the consistency index and
n the power law index and the results are shown in
Table 3.

The power-law index is around 1 for neat epoxy and
samples containing Pluronic surfactants without filler,
indicating Newtonian behavior. This behavior is
changed to shear thinning in the suspension samples.
However, the consistency and power law index are
strongly dependent on filler loading and state of
dispersion. While the CNW/epoxy sample showed the
highest storage modulus in oscillatory rheology, its
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Table 3 Flow parameters for neat epoxy and cellulose nano-
whisker/epoxy suspensions

Samples n k R?
Neat epoxy 0.98 0.73 0.99
L121/epoxy 0.98 0.57 0.99
L61/epoxy 0.98 0.58 1
CNW/epoxy 0.89 1.45 0.99
L121 treated CNW/epoxy 0.79 1.70 0.99
L61 treated CNW/epoxy 0.68 3.20 0.98

(@) 59;/ r'
/ $

) RR,

FZ}% ﬁ?» V[ =%
/ -

Fig. 6 Schematic behavior for CNW/epoxy sample a before
shear and b after applying shear (order of 10 s~') and for the
L61 treated CNW/epoxy sample ¢ before shear and d after
applying shear (order of 100 s7h

consistency index is much lower than the L61 treated
CNW/epoxy sample and is comparable with that of the
L121 treated CNW/epoxy suspension. These results
indicate less resistance against flow in these samples
mainly due to poor nanoscale dispersion. On the other
hand the lowest power law index in the L61 treated
CNW suspension may correspond to more orientation
ability of the well dispersed CNWs which results in
enhanced shear thinning behavior (Bercea and Navard
2000; Eberle et al. 2008). These results reveal the role
of the right surfactant selection in improving the CNW
dispersion state and preventing re-aggregation (Ghor-
abi et al. 2012). Considering the optical microscopy
and rheological measurement results, Fig. 6 illustrates
a postulated schematic microstructure of the CNW/

epoxy and L61 treated CNW/epoxy during oscillatory
and shear measurements. The network consisting of
large and fragile CNW aggregates in the CNW/epoxy
sample, as revealed in the oscillatory rheology, can be
easily destroyed under shear stress in rotational
rheology, while the structure formed by small aggre-
gates and well dispersed individual CNWs in the L61
treated CNW/epoxy suspension requires higher shear
stress to destroy the network and orient the fillers.

Mechanical properties of CNW/epoxy composites
below T,

Mechanical properties of CNW epoxy composites are
strongly affected by the formation of a 3D filler
network above the percolation threshold (Tang and
Weder 2010).

Figure 7 shows the tensile modulus, tensile strength
and elongation at break of the neat epoxy and CNW/
epoxy composites. Also shown are the tensile prop-
erties of the epoxy containing only surfactant. The
tensile strength and elongation at break are lower for
the surfactant containing epoxy samples, while the
modulus remains similar with the neat epoxy. The
addition of CNWs increases the tensile modulus in the
untreated CNW/epoxy sample due to the rigidity of the
rod-like CNWs but reduces the elongation at break and
the tensile strength mainly because of uneven disper-
sion of the fillers and poor interfacial interactions
between the highly hydrophilic CNW nanofillers and
the epoxy matrix.

In the sample containing L121 treated CNWs the
tensile modulus value is similar to the CNW/epoxy
composite, while its tensile strength and elongation at
break are slightly higher. The mechanical properties
are highly improved in the L61 treated CNW/epoxy
nanocomposites, mainly in terms of modulus and
toughness, most likely due to improved dispersion and
enhanced interfacial interaction between the block
copolymer wrapped CNWs and the epoxy matrix. The
hydrophilic tails of the surfactant hydrogen bond with
the hydroxyl and carboxylic groups of the CNWs
whereas the hydrophobic part can interact with the
epoxy, which results in better interfacial interactions
between the filler and the matrix. However, the
magnitude of property enhancement is strongly
affected by the state of CNW dispersion and strength
of interaction between nanofiller and epoxy matrix via
right selection of the block copolymer.
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«Fig. 7 Tensile properties of the neat epoxy, epoxy with
surfactant and different CNW/epoxy nanocomposites: a tensile
modulus, b tensile strength and ¢ elongation at break

It is noticeable that the trend in mechanical
properties improvement in epoxy composites is in
line with the shear rotational rheological properties, as
shown in Fig. 5 and Table 3. This result points out to
the role of individual or small bundles of CNWs
dispersed at nanoscale in mechanical properties
enhancement at room temperature, below the T, of
the epoxy matrix.

The tensile properties results may be also corre-
lated with the CNW state of dispersion in the epoxy
matrix. Due to strong intermolecular forces, mainly
hydrogen bonding, CNWs usually form bundles of
several whiskers or aggregates with an effective
aspect ratio lower than the individually dispersed
whiskers, especially when they are mixed in a
hydrophobic matrix (Kim et al. 2009; Siqueira
et al. 2010). The Young modulus results can be used
to approximate filler effective aspect ratio in the
composite by using an appropriate micromechanical
model. The Halpin—Tsai model has been used
successfully to calculate the modulus of different
nanofiller reinforced polymer composites (Loos et al.
2012). For randomly oriented nanofiller in a polymer
matrix, the modulus of the composite is given by the
following equation:

E. 3 {1 + 2(l/d)‘PLVf] n 5 [1 + ZTTVf}
8

(1)

E, 8 1 -V, 1 -YrVy
where
(Ef/Em) —
Y= (2)
(Ef/En) +2(1/d)

_ (Ef/Em) —1
¥ =5 JE) 12

Here, E., E,, E; are the elastic moduli of the
composite, matrix and cellulose nanowhiskers, respec-
tively, Vyis the CNW volume fraction and //d is the
effective aspect ratio of CNWs in the composite
sample. Considering the measured values of the
Young modulus for the different samples and taking

(3)
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Table 4 Values of the elastic moduli of the composites and calculated effective aspect ratios

Sample code E., (GPa) E. (GPa) Calculated effective
aspect ratio (//d)

CNW?/epoxy 1.19 1.3 6

L121 treated CNW/epoxy 1.19 1.34 10

L61 treated CNW/epoxy 1.19 1.66 70

# Aspect ratio (I/d) of CNWs as calculated from AFM is 57.7

the value of elastic modulus of individually dispersed
cellulose nanowhiskers to be 143 GPa (Tang and
Weder 2010; Loos and Manas-Zloczower 2013), the
filler effective aspect ratio in different samples can be
calculated and the results are reported in Table 4. The
CNW volume fraction is 1.5 % for all samples.

The calculated effective aspect ratio for the L61
treated CNW/epoxy composite is in good agreement
with the value obtained from AFM image analysis
pointing out to the good dispersion of CNWs, mainly
as individual whiskers in this sample. Thus, right
surfactant selection resulted in nanoscale dispersion of
CNWs and a nanocomposite with enhanced properties
at low filler concentration.

Fracture surface morphology

Tensile fracture surface morphology of the composites
was investigated by scanning electron microscopy
(SEM) and the results are shown in Fig. 8. In the
untreated CNW/epoxy composites, some aggregates
in the range of 50 micron are observed, as indicated by
the circles in Fig. 8a. These large aggregates with
weak interfacial interaction/adhesion to the epoxy
matrix can act as stress concentrating points and result
in the formation and quick propagation of large cracks,
as shown with arrows in Fig. 8b, and finally generate
brittle fracture of the sample with decreased tensile
strength under tensile load. Improved CNW dispersion
can be achieved by using Pluronic L121 treated
CNWs, but a CNW aggregate in the range of 10
micron is still observed as indicated by the circle in
Fig. 8d. The fracture surface of this sample is rough
and uneven (Fig. 8c), by comparison with the
untreated CNW composite (Fig. 8a). However, in this
sample the dispersion state is still not well improved
and the interfacial interactions seem weak as evi-
denced by the formation of large cracks and voids
under tensile load, as observed in Fig. 8d.

The composite containing Pluronic L61 treated
CNWs shows the best CNW dispersion as indicated by
less aggregates in the SEM images (Fig. 8e, f). Also,
there is no evidence of voids and large cracks in this
sample suggesting enhanced interfacial interaction/
adhesion between L61 treated CNWs and epoxy
matrix. Moreover, the fracture surface of this sample
is very rough and uneven compared to the other
samples and shows lots of microcrack formation and
propagation, as indicated by the small arrows in
Fig. 8e. This composite shows increased tensile
toughness and the highest tensile strength among the
composite samples.

These results reveal the important role of CNWs
surface modification with the correctly selected sur-
factant in improving the CNWs dispersion state in
polymeric matrices resulting in enhanced mechanical
properties. Comparing the molecular characteristics of
the two amphiphilic block copolymers used as
surfactants in this work, it seems that the higher
hydrophilic-lipophilic balance (HLB) of the L6l
Pluronic surfactant can facilitate its interaction with
the highly polar surface of the CNWs (as shown in
Scheme 1), while its lower molecular weight prevents
micelle formation at low concentration (Alexandridis
and Hatton 1995) and may improve surfactant pene-
tration inside the CNWs aggregates allowing surface
modification and resulting in better dispersion in the
epoxy matrix.

Mechanical properties of CNW/epoxy composites
above T,

Figure 9a shows flexural storage modulus (E') as a
function of temperature for the neat epoxy and
different composites. The glassy state of the compos-
ites is reflected by the plateau regime at low temper-
atures; by increasing temperature to 7,, the storage
modulus decreases significantly followed by a rubbery
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Fig. 8 SEM micrograph of a, b CNW/epoxy nanocomposite, ¢, d Pluronic L121 treated CNW/epoxy nanocomposite and e, f Pluronic

L61 treated CNW/epoxy nanocomposite

plateau at high temperature. It should be mentioned
that the response of the material in flexural mode is
different than the tensile mode. Therefore, the storage
modulus obtained from the DMTA measurements in
flexural mode should not be compared with tensile
modulus results reported earlier.

It is obvious that below the glass transition
temperature the flexural storage modulus of the
composite samples are almost identical, as shown in
Table 5. Generally, because of the very similar elastic
properties of the filler and epoxy polymer matrix in the
glassy state, the presence of nanowhiskers does not
affect the composite storage modulus to a great extent

@ Springer

(Loos and Manas-Zloczower 2013). However, when
adding untreated or Pluronic L61-treated CNWs to the
neat epoxy the flexural storage modulus at 130 °C
increases from 11.57 MPa for the neat epoxy to 15.5
and 20.63 MPa for the untreated and L61 treated
CNW/epoxy composites, respectively, corresponding
to about 34 and 78 % improvement. Several factors
may contribute to the increased rubbery plateau
modulus including: reinforcing effect by the CNWs,
increased crosslink density and restricted mobility
from enhanced polymer/whisker interactions. By
contrast, the L121 treated CNW/epoxy composites
shows a decrease in flexural storage modulus at
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Fig. 9 a DMTA data of neat epoxy and cellulose nanowhisker/
epoxy nanocomposites, b loss factor (tan §) of neat epoxy and
CNW/epoxy nanocomposites versus temperature

temperatures above the 7, of the epoxy matrix.
Considering the higher affinity of the L121 surfactant
towards the epoxy matrix due to its lower HLB and

higher molecular weight by comparison with the L61
surfactant, it can be hypothesized that a significant
portion of the L.121 surfactant was not adsorbed by the
CNWs but rather dispersed in the matrix. Also,
considering the lower CMC of this surfactant
(Table 1), micelle formation inside the epoxy matrix
is possible (Ruiz-Pérez et al. 2008; Martin-Gallego
et al. 2015). Such structures may act as toughening
domains during tensile testing at room temperature in
which the epoxy matrix is in its glassy state (Ruiz-
Pérez et al. 2008). However, the dispersed surfactant
chains or micelles inside the epoxy at temperatures
above the T, are very mobile and can acts as
plasticizers facilitating the deformation and relaxation
of the epoxy segments during dynamic flexural
loading. This effect will compromise the reinforcing
effect of rigid small CNW aggregates and conse-
quently the storage modulus of the composite is
reduced significantly. A comparison of the flexural
storage moduli of all composites at low and high
temperatures can be seen in Table 5.

Figure 9b shows tan ¢ as a function of temperature
for the neat epoxy and the composites. A single peak is
observed for both neat epoxy and the untreated CNW/
epoxy composite and the temperature at the peak
position is defined as the glass transition temperature
(Tg). The incorporation of CNWs slightly increases the
T,, which can be related to weak filler/matrix inter-
actions (Tang and Weder 2010) due to the low
interfacial area of relatively large/micron sized aggre-
gates as well as weak interfacial forces. The L121
treated CNWs in the composite shift the tan 6 peak to a
lower temperature, most likely due to possible
surfactant micelle formation inside the matrix as well
as low filler surface coverage, not facilitating effective
matrix/filler interactions.

Mostly interesting the composite containing L61
treated CNWs shows two tan ¢ peaks: the first peak
located at the same temperature as the neat epoxy (see
Table 5), and the second peak at a temperature

Table 5 Glass transition temperature (7,) and storage modulus (£') at low (35 °C) and high (130 °C) temperatures of neat epoxy and

different CNW/epoxy nanocomposites based on DMTA results

Samples E' (MPa) @ 35 °C T, (°C) E' (MPa) @ 130 °C
Neat epoxy 2667 83.5 11.6
CNW/epoxy composite 2534.7 85.3 15.5
L121 treated CNW/epoxy composite 2603.2 80.5 7.2
L61 treated CNW/epoxy composite 2656.6 83.3-94.1 20.6
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Fig. 10 a TGA data and b DTG curves for the neat epoxy and
the CNW/epoxy nanocomposites containing treated and non-
treated CNWs

10.6 °C higher than the T, of the neat epoxy sample,
which could be due to the restricted relaxation of some
parts of the epoxy chains and network in the vicinity of
the surfactant treated CN'Ws. These results confirm the
higher efficiency of the Pluronic L61 surfactant in
modifying the hydrophilic CNWs, shown in
Scheme 2, and allowing for their better dispersion
inside the lipophilic matrix with improved interfacial
interactions. Similar behavior has been observed in a

@ Springer

CNW/epoxy system modified with a nonylphenol
ethoxylate nonionic surfactant (Cross et al. 2013).

Figure 10 shows the thermal degradation behavior
of the neat epoxy and the composites. Since the
decomposition of both the neat epoxy and the CNW/
epoxy composites starts at 396 °C, the addition of
2 wt% of CNWs does not have any significant effect
on the system thermal stability. In the derivative
thermogravimetric (DTG) graph (Fig. 10b), the com-
posites containing Pluronic L121 and L61 show a
shoulder and a peak (around 360 °C) before the
decomposition peak of the neat epoxy (400 °C),
corresponding to the decomposition of CNWs. By
contrast, the untreated CNW/epoxy composite does
not show any shoulder or peak before the decompo-
sition of the epoxy matrix. This result can be explained
in terms of the presence of individual or small
aggregates of CNWs in the surfactant treated CNW
composites which can degrade easier than large
agglomerates. The decomposition peak and shoulder
are more pronounced in the L61 treated CNW
composites, indicative of more individual and small
aggregate units present in this sample. Thus TGA
results also confirm the higher efficiency of the
Pluronic L61 surfactant in dispersing CNWs in single
or small aggregate units in epoxy.

Conclusions

Poor dispersion and low interfacial interactions
between cellulose nanowhiskers (hydrophilic filler)
and epoxy (hydrophobic matrix) have been observed
in CNW/epoxy composites. PPO-PEO block copoly-
mer surfactants (Pluronic L121 and Pluronic L61) are
used in CNW/epoxy systems. Pluronic L61 treated
CNW/epoxy composites show better mechanical and
thermal properties than other composites, which can
be attributed to the surfactant low molecular weight
and high HLB allowing better filler coverage and
enhanced filler/matrix interactions. The reinforcement
effect of the Pluronic L61 treated CNWs in epoxy
significantly increases at high temperatures, improv-
ing the potential applications of such composites in
high temperature environment.
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