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ABSTRACT

Homogeneous and toughened cellulose-epoxy polymers were made by modifying an anhydride-
cured epoxy with two green modifiers, microcrystalline cellulose (MCC) and cellulose nanocrystals
(CNC). Without silane treatment, the MCC and CNC particles sedimented in the epoxy resin and formed
either a gradient polymer or two distinct layers. This problem was resolved by the addition of (3-
glycidyloxypropyl)trimethoxysilane (GPTMS) during the three-roll mill process, which was able to act
as a coupling agent between the MCC or CNC and the epoxy, to give a modified epoxy containing
homogenously dispersed cellulose particles. The addition of MCC or CNC decreased the glass transition
temperature of the epoxy, but doubled the fracture energy. By comparison, the addition of 10 wt% of
nanosilica only gave a 57% increase in fracture energy. The toughening mechanisms of the MCC-epoxy
and CNC-epoxy were identified to be crack deflection, pull-out and debonding of the cellulose particles,
which was followed by plastic void growth. The modified Halpin-Tsai model was used to predict the
increase in modulus and showed good agreement with the experimental modulus values. Analytical
modelling of the fracture energies showed that particle debonding and particle pull-out contributed to
the increased toughness, but the main toughening contributions were due to plastic void growth for
CNC-epoxy and both plastic void growth and crack deflection for MCC-epoxy. In addition, plain-weave
long glass fibre (GF) composite was manufactured with MCC using resin infusion under flexible tooling
(RIFT). The interlaminar fracture energy of the composite was measured and it was found that the
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increase in toughness in the epoxy polymer was not translated to the composite. This was thought to be
due to the silane that was used to treat the MCC-epoxy system migrating to the glass fibre surface and
improved the fibre-matrix adhesion. This reduced the amount of fibre bridging and fibre pull-out, thus
reducing the mode | interlaminar fracture energy of the MCC-epoxy glass fibre composite.

1 INTRODUCTION

Nanocellulose is a promising modifier for composite materials due to its excellent properties, such
as a high stiffness and crystallinity, and it has the added advantage of being derived from a sustainable
source [1]. However, cellulose is incompatible with most polymer matrices, limiting the use of this
promising green modifier. Various cellulose surface treatment methods have been explored, and have
achieved a good dispersion for solvent-cast polymeric films such as polyurethane and epoxy [2-4].
However, although these methods are effective, the use of a solvent reduces the environmental
friendliness. They are also difficult to scale-up and complete removal of the solvent is extremely difficult
for composite parts. Thus, a novel and simple processing technique has been developed in this study, by
adding a silane during the processing of the cellulose/epoxy mixture in a three-roll mill.

In this study, microcrystalline cellulose and cellulose nanocrystals were dried and used to modify an
anhydride-cured epoxy polymer. Plates of bulk polymer were cast, and the thermal, mechanical and
fracture properties of these materials were measured. These results were benchmarked against the
properties of a nanosilica-modified epoxy, which has previously been shown to be an effective
toughening agent [5]. Since this cellulose treatment method could be readily translated to fibre
composite processing, a long glass fibre (GF) composite with MCC was manufactured using a resin
infusion under flexible tooling (RIFT) process. The interlaminar fracture energy of the composite was
measured and compared to the bulk fracture energy values to assess the effectiveness of the transfer of
the increases in the toughness of the matrix. In addition, the toughening mechanisms of both modified
polymers and composites were identified by microscopy of the fracture surfaces and of the deformation
zone around the crack tip. Analytical models were used to predict the increases in toughness for the
modified epoxy polymers and the predictions will be compared to the experimental results.

2 EXPERIMENTAL
2.1 Materials and manufacturing

The epoxy system used consisted of a stoichiometric ratio of standard diglycidyl ether of bisphenol
A (DGEBA) epoxy resin with an epoxide equivalent weight (EEW) of 185 g/eq (Huntsman, Araldite
LY556) and an accelerated methylhexahydrophtalic acid anhydride with an anhydride equivalent weight
(AEW) of 170 g/eq (Evonik, Albidur HE600). The nanosilica-modified resin used was a 40 wt%
masterbatch in DGEBA with an EEW of 295 g/eq (Evonik, Nanopox F400). Microcrystalline cellulose
(MCC) and (3-glycidyloxypropyDtrimethoxysilane (GPTMS) were purchased from Sigma Aldrich.
Freeze-dried cellulose nanocrystals (CNC) were provided by USDA Forest Service.

The cellulose modifiers were premixed with epoxy resin and GPTMS (ratio of GPTMS to modifier
was 1:10) (but GPTMS was not added to the nanosilica-epoxy mixture) before being dispersed
uniformly in the epoxy resin using a three-roll mill (Exakt Technologies, Exakt 80E). Three passes was
used with a front roller speed of 180 rpm, gap size of 5 pm, and roller temperature of 22°C. For the
modified bulk polymers, the CNC or MCC or nanosilica mixture was then mixed with HE600, degassed
and cast into release-coated metal moulds. The epoxies were cured at 120 °C for 2 hours, followed by a
post-cure of 160 °C for 2 hours. For the fibre composites, the MCC mixture or the unmodified resin was
mixed with HE600, degassed and infused at 50 °C into the plain-weave glass fibre layup (Gurit,
RE210D) via the RIFT process. The composites were cured at 100 °C for 2 hours, followed by a post-
cure of 150 °C for 10 hours.
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2.2 Thermal and mechanical characterisation

The glass transition temperature, Tg, values of the epoxy polymers were measured using a dynamic
mechanical analyser (TA Instruments, Q800) in dual cantilever mode and in accordance with ISO 6721-
1 [6]. At least three specimens of 60 mm by 10 mm by 3 mm were tested for each polymer using a ramp
rate of 2 °C per minute from 30 °C to 200 °C and at 1 Hz. The T4 was determined to be the temperature
corresponding to the tan o peak.

The tensile properties of the epoxy were determined through uniaxial tensile testing in accordance
with 1ISO 527 [7] (Instron, 3369) using a clip-on extensometer to measure the strain in the gauge length
(Instron, 2620-601). At least five specimens of size 1BA [8] were tested for each sample at a loading
rate of 1 mm/min and the modulus was calculated over an interval of 0.05-0.25% strain. The fracture
toughness and fracture energy (Kc and Gc¢) were obtained from single edge notched beam (SENB) tests
performed in accordance with ISO 13586 (Instron, 3366). At least five specimens of 60 mm by 12 mm
by 6 mm were tested for each system and the sharp pre-crack was made by tapping a liquid nitrogen
chilled razor blade into a machined notch. The specimens were loaded at 1 mm/min. The yield behaviour
of epoxy was analysed using plane strain compression (PSC) tests [9]. Polished specimens of size 40
mm by 40 mm by 3 mm were loaded between 12 mm wide parallel dies at a displacement rate of 0.1
mm/min. The results were corrected for machine and test rig compliance.

The tensile properties of the composites were determined by uniaxial tensile testing in accordance
with ASTM3039 [10] (Instron, 5585) using a clip-on extensometer (Instron, 2620-601). At least five
specimens of 150 mm by 15 mm by 4 mm, which were reinforced using adhesively-bonded glass fibre
composite end tabs, were tested for each system at a loading rate of 2 mm per min. The mode |
interlaminar fracture energy was obtained from double cantilever beam (DCB) tests in accordance with
1SO15024 [11] (Instron, 5584). At least five specimens of 140 mm by 20 mm by 4 mm were tested for
each sample and the specimens were pre-cracked and tested at a rate of 1 mm/min.

2.3 Imaging studies

A field-emission gun scanning electron microscope (FEGSEM) (Carl Zeiss, Sigma 300) was used to
observe the fracture surfaces of the SENB samples (unmodified and modified epoxy polymers), and a
SEM (Hitachi, S-3400N) was used to image the fracture surface of the DCB samples (unmodified and
modified epoxy composites). The samples for FEGSEM and SEM were coated with a 10 nm thick layer
of chromium or gold to prevent charging, and an accelerating voltage of 5 kV was used.

The plane-strain compression samples were loaded to just beyond the yield point and then unloaded.
The unloaded samples were sectioned and polished to a thickness of 0.1 mm and were observed under
crossed polarisers. Birefringence patterns would be observed for samples which exhibit shear yielding.

The fibre volume fractions of the composites were determined by analysing optical micrographs of
polished cross-sections of the composites. These were prepared by casting the cross-sections of the
composites into a cold-mount epoxy polymer, followed by grinding and polishing (Struers, LaboPol-
21). Bright field micrographs of these polished specimens were taken using an optical microscope (Carl
Zeiss, Axio Scope) and processed using GIMP software before being analysed using Image J software.

3 CELLULOSE EPOXY POLYMERS

The addition of cellulose was found to decrease the glass transition temperature of the epoxy, see
Table 1, due to the diluent effect from both the silane and the moisture in MCC and CNC. The decreases
agreed well with predictions using the Ts of the individual components in the Fox equation [12]:

1 w4 Wy
— =% " 1
Tg Tga Tg2 @)
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where w; and w. are the weight fractions of components 1 and 2 respectively and Tg,, and Tg, » are the
glass transition temperatures of components 1 and 2 respectively. In this study, component 1 is the
untreated epoxy and component 2 is the cellulose modifier or the silane.

However, this decrease did not compromise the fracture properties. Comparing the fracture energy
values in Table 1, the addition of 10 wt% of nanosilica increased the value of G¢ of the unmodified
epoxy from 90 J/m? to 140 J/m?, whereas 10 wt% of CNC and 10 wt% of MCC increased the fracture
energy of the modified epoxy to 216 J/m? and 264 J/m? respectively. The fracture surfaces of 10 wt%
CNC-epoxy and 10 wt% MCC-epoxy were rougher than those of the unmodified epoxy polymer, and
from Figure 1, the cracks grew around the particles, the particles were pulled out from the matrix and
there was a gap between the particles and the matrix. In addition, there were also holes on the fracture
surfaces, which were left behind by debonded particles. Therefore, the toughening mechanisms were
identified to be crack deflection, particle pull-out, and particle debonding, followed by plastic void
growth of the epoxy.

T4 (°C) Young’s Tensile strength Kc Ge
¢ modulus (GPa) (MPa) (MPa m*2) (I/m?)
U”e”;%‘j(';'ed 1572403  2.87+0.05 84.4+0.2 0544009  89.6+283
Epoxy with GPTMS ~ 1502+0.3  2.96+0.07 84.1+2.6 0.56 + 0.02 9334738
10 W% silica-epoxy ~ 155.6+0.3  3.04+0.14 858+ 1.2 0704007 1407 +28.8
10 Wt% CNC-epoxy ~ 1365+12  3.89+0.13 55.2 4 2.9 0984005 2156233
10 Wt% MCC-epoxy ~ 147.0+05  3.39+0.04 665+ 2.6 101+005  264.0+26.6

Table 1: Thermal, mechanical and fracture properties for unmodified and modified bulk epoxy
polymers. (Mean + SD shown.)

1pm EHT= 500V Signal A= InLens Date 10 Nov 2016 1pm EHT= 5,00 kV Signal A= InLens Date 10 Nov 2016

ZEISS|
WD= 6.6 mm Mag= 20.00KX Time :16:29:51 WD= 62mm Mag= 20.00KX Time :16:52:34

Figure 1: FEGSEM images of fracture surfaces of (a) 10 wt% MCC-epoxy and (b) 10 wt% CNC-
epoxy.

The plane strain compression (PSC) results (see Figure 2) showed that strain softening was not
observed for either the MCC-epoxy and CNC-epoxy polymers, which implied that the MCC and CNC
particles apparently restricted the movement of the epoxy polymer chains and did not allow the matrix
to deform and form shear bands [13]. Furthermore, birefringence patterns were observed for the neat
epoxy and 10 wt% nanosilica-epoxy PSC samples but birefringence patterns were not observed for the
MCC-epoxy and CNC-epoxy PSC samples (see Figure 3). Therefore, shear yielding did not contribute
to the toughening effect observed in MCC-epoxy and CNC-epoxy polymers. This is consistent with the
observations by Hsieh, whereby rod-like nanoparticles in the modified epoxy prevented the polymer
from undergoing strain softening, and hence, did not allow the matrix to undergo shear yielding [14].



21% International Conference on Composite Materials
Xi’an, 20-25" August 2017

300 Neat epoxy
ﬁ 10 wt% CNC-epoxy
= —— 10 wt% MCC-epoxy
3 ——— 10 wt% nanosilica-epoxy
= 200
i Strain-softening region
S 2
: /
o 100
[
2
'_

0 0.2 0.4 0.6 0.8 1
True compressive strain (mm/mm)

Figure 2: Plane strain compression results of bulk epoxy polymers.

Figure 3: Crossed polariser images of PSC samples loaded just beyond the yield point for (a) neat
epoxy, (b) 10 wt% nanosilica-epoxy, (c) 10 wt% MCC-epoxy and (d) 10 wt% CNC-epoxy.

4 CELLULOSE EPOXY COMPOSITES

To assess the effectiveness of the transfer of the increase in the toughness of the matrix to fibre
composites, a continuous glass-fibre composite with MCC was manufactured using a resin infusion
under flexible tooling (RIFT) process. The tensile and interlaminar fracture energy results from the glass
fibre composites are summarised in Table 2. The addition of 10 wt% MCC did not alter the Young’s
modulus of the composite, which was as expected since the stiffness properties of composites are fibre-
dominated [15]. However, there was a slight decrease in tensile strength due to the presence of some
large particles, which was consistent with the bulk polymer results (see Table 1), and the fibre volume
fraction of the 10 wt% MCC-epoxy composite was lower than the unmodified epoxy composite.

Fibre volume Young’s Tensile Initiation Gc  Propagation
fraction modulus (GPa)  strength (MPa) (3/m?) Ge (J/m?)
DAl CtE Oy N AP N0l06 193+0.9 261 + 16 508 + 85 738 + 74
glass fibre composite
0, -
10 wt% MCC-epoxy 4 35, ( g 193+1.1 226+ 8 393+ 72 552 + 34

glass fibre composite

Table 2: Fibre volume fraction, mechanical and fracture properties for the unmodified and MCC-
epoxy fibre composites. (Mean *+ SD shown.)

The Gc values were much larger than the bulk epoxy values (see Table 1 and Table 2), which was
expected to be due to the additional fibre toughening mechanisms that were not present in the bulk epoxy
[16]. The fracture surfaces of the DCB specimens had either fibres sticking out of plane or epoxy
surfaces that were left behind by pulled out fibres, see Figure 4(a) and 4(b), and fibre bridging was also
observed during DCB testing. Hence, the toughening mechanisms identified for the unmodified epoxy
composite and the 10 wt% MCC-epoxy composite were fibre bridging and fibre pull-out. In addition,
the decrease in the interlaminar fracture toughness observed in 10 wt% MCC-epoxy glass fibre
composite compared to the unmodified epoxy composite, see Table 2, could be attributed to the
improved interfacial adhesion between the glass fibre and the epoxy matrix as shown in Figure 4(b).
The fibres in the unmodified epoxy composite had little polymer residue on them, which indicated that
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the adhesion between the glass fibre and the epoxy matrix was poor (see Figure 4(a)). On the other hand,
in the process of manufacturing 10 wt% MCC-epoxy glass fibre composite, GPTMS was added to
improve the adhesion between MCC and epoxy, which resolved the sedimentation issue that was
observed in untreated MCC-epoxy. However, it is possible that GPTMS migrated to the surface of the
glass fibres, and thus increased the interfacial adhesion between the fibres and the epoxy matrix. It was
clear that there were fewer fibres sticking out of the fracture surface for the 10 wt% MCC-epoxy
composite compared to the unmodified epoxy composite, which indicated that the improved adhesion
between the glass fibre and epoxy matrix made it more difficult for fibre bridging and fibre pull-out to
occur. Therefore, the interlaminar fracture toughness of the 10 wt% MCC-epoxy composite was reduced
as compared to the unmodified epoxy composite.

Imperial 5.00kV 4.7mm x100 SE 500um [ Imperial 5.00kV 4.9mm x100 SE . ' 500um

Figure 4: SEM images of fracture surface of the crack propagation region of (a) unmodified epoxy
glass fibre composite and (b) 10 wt% MCC-epoxy glass fibre composite.
(Note: Fibres sticking out of plane are identified using white arrows)

5. ANALYTICAL MODELLING
5.1 Analytical modelling of the modulus

The Halpin-Tsai model is commonly used to predict modulus for particulate filled polymers and
composites. A shape factor, &, was introduced and it was suggested to be twice the aspect ratio of the
particles. The aspect ratio (A) is calculated by dividing the particle length (lp) by twice of the particle
radius (rp) in Table 3. The modulus is given by [17]:

_ 1+névy
E=Em ( 1-nvg ) @
5,
E
n=x (3)
B

where E, is the modulus of the particles, En is the modulus of the matrix, and v is the volume fraction
of the particles.

Particle Nanosilica MCC CNC
Particle radius (nm) , rp 10 2500 12
Particle length (nm), Ip 20 20000 200
Young’s modulus (GPa) 70 [18] 25[19] 114 [20]

Table 3: Parameters used in the Halpin-Tsai prediction of the Young’s modulus of the modified
bulk epoxy polymers.

In the present study the particles are not aligned to the loading direction, therefore the moduli are
expected to be lower than the Halpin-Tsai predictions. Using laminate theory, Van Es [21] showed that
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the modulus of modified epoxy with rod-like particles with a random orientation in the Halpin-Tsai
model is given by:

E =0.184E, + 0.816 Er (4)

where the parallel, E;, and transverse, Er, moduli are calculated using Equation 2 with & = 2 for Er and
& = 2AJ3 for E;. This will be referred to as the modified Halpin-Tsai model.

Since the moduli of the particles were larger than the modulus of the epoxy, the moduli of the
modified epoxy were expected to increase [22]. Indeed, both of the analytical models predicted that the
modulus would increase when these modifiers were added to epoxy but only the modified Halpin-Tsali
model agreed well with the experimental values for the MCC-epoxy and CNC-epoxy (see Figure 6).
CNC and MCC are rod-like particles and were likely to be randomly orientated in the modified epoxy
systems, which was confirmed by the close agreement between the predicted and experimental modulus
results.

Experimental CIHalpin-Tsai AModified Halpin-Tsai

ol

o
-4

Modulus (GPa)
N w

[EEN

o

10 wt% nanosilica-epoxy 10 wt% MCC-epoxy 10 wt% CNC-epoxy

Figure 5: Experimental and predicted modulus values of modified bulk epoxy.

5.2 Analytical modelling of the fracture energy
5.2.1 The basic approach
Huang and Kinloch [23] proposed a model to predict the fracture energy of any modified epoxy from

the sum of the fracture energy of the unmodified epoxy and the toughening contributions from the
modifiers:

GC = GCU + v (5)

where Ggy is the fracture energy of the unmodified epoxy, and W is the sum of the fracture energy
contributions from the toughening mechanisms. The toughening mechanisms that will be discussed are
shear band yielding, plastic void growth, crack deflection, particle debonding and pull-out.

The fracture energy contribution from shear band yielding, AGs, is given by [23]:
AGs = 0.5v¢0,.y¢F' (1) (6)

where v is the volume fraction of the modifier, oy and yr are the true compressive yield stress and true
failure strain of the modified epoxy measured from the plane-strain compression test, and F’(ry) is
defined as [24]:

1 5 7
2

= 3 = 2
' - ANy ) _8(1_T) () _16(T)? _ _ 16
)= () (-2 -2(1-2) () - ) -2 -2

()
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where r, is the radius of the particles, and ry is the radius of the plastic zone of the modified epoxy.
The value of ry is given by:

y =K; ( - %)2 (ryu) 8

where um is a pressure-dependent yield stress material constant which is taken to be 0.2 [25] and ryy is
the radius of the plane strain plastic zone of unmodified epoxy at fracture, which is given by [26]:

= = (1) ©

2
Oyt

where Kcu is the fracture toughness of the unmodified epoxy and oy is the tensile yield strength of the
unmodified epoxy.

The von Mises stress concentration factor around a rigid particle, Kp, is defined as [18]:
K, = 0.59v¢ + 1.65 (10)

The plastic void growth contribution to the fracture energy can be calculated using [23]:

2
8G, = (1=22) (vpy — v)0ycTyukim (11)

where oy is the compressive yield strength of the unmodified epoxy respectively, and Kym is the von
Mises stress concentration factor for a void, which varies linearly with volume fractions and the value
is 2.11 for the volume fraction studied [27]. Assuming that there will be void growth for all particles
and all the particles will undergo the full extent of void growth,

= (1+v)m (12)
L= (1+y)l, (13)

where r, is the radius of the particle, Iy is the length of a void, |, is the radius of a void, ry. The volume
fraction of voids, vy, is given by:

'va - 'Uf = Uf [(1 + }/f)3 - 1] (14)

The equation for the volume fraction of the voids was found to be the same for spherical and rod-
like particles. The fracture toughness and fracture energy of the unmodified epoxy was determined from
the SENB tests to be 0.54 MPa mY2and 90 J/m? respectively. The tensile yield strength of the unmodified
epoxy was calculated from plane strain compression tests and was found to be 81.9 MPa [23]. These
values agree well with those in the literature [28]. The true failure strain of the unmodified epoxy was
taken to be 0.62 [14].

5.2.2 Additional toughening contributions for rod-like particles

CNC and MCC are rod-like particles and their toughening effect could also be due to crack
deflection, pull-out and debonding of the particles [14].

The energy contribution from particle debonding is [15]:

AGgy = J,* 221, x*Gyp dx (15)
d
v
b= 3 (16)

p

where lq is the debonded particle length, which is half of the particle length and Gjs is the interfacial
fracture energy and is taken to be 3.62 J/m? [29] since the interfacial fracture energy for epoxy/cellulose
particles is similar to polylactic acid/cellulose particles. . Thus, Equation 15 becomes:
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l
AGdb = ivf(;lf (17)

The fracture energy contribution from the MCC/CNC pull-out mechanism is given by [15]:
2 Np 2
AGpo = [ —Enryxtt; dx (18)
14
where I, and rp are the particle length and radius respectively, N, is the number of particles per unit area
as defined in Equation 16 and 7 is the interfacial shear strength.

It was observed that majority of the MCC/CNC particles split into finer fibre bundles and thus, the
effective pull-out length could not be determined from the FEGSEM images of the fracture surface (see
Figure 1). Hence, the maximum possible pull-out length, which was half of the particle length was used
to determine the energy contribution from the particle pull-out mechanism. Thus, Equation 18 becomes:

l
_ (@)

AG,, = S (19)
where 7; is the interfacial shear strength. Asadi et al. [30] measured the interfacial shear strength of CNC-
coated glass fibre epoxy composite and the highest CNC loading used was 5 wt%, which gave an
interfacial shear strength of 16 MPa, and this value was used to calculate the pull-out fracture energy
contribution for both MCC and CNC as they have similar surface chemistry.

The fracture energy contribution from the crack deflection mechanism (AGcq) is described by the
Faber and Evans model. The deflection of the crack front when it hits a particle is mixed mode, requiring
more energy to move a longer distance, and the toughening effect and the full equations are described
by Faber and Evans [31].

5.2.3. Predicting fracture energy for modified epoxy polymers

Different modifiers exhibit different fracture mechanisms and even when they do exhibit a certain
fracture mechanism, not all of the paritlces will exhibit that particular fracture mechanism. Hsieh
accounted for this by the product of the theoretical fracture energy contribution from the mechanisms
and the volume fraction for particles observed experimentally to be exhibiting these mechanisms [14].
In the case of nanosilica-epoxy, although the crack growth originates from particle debonding, the
fracture contribution from particle debonding was <1% of the fracture energy and only 5 % of the
particles were found to have debonded. Therefore, the contribution from debonding was negligible and
subsequent matrix shear yielding and plastic void growth was found to be the main toughening
contributors for nanosilica-epoxy [5, 32, 33]. This was consistent with literature but Hsieh found that
15 % of the nanosilica particles debonded and exhibited plastic void growth [14]. Hence, the upper limit
and lower limit of the fracture energy predictions for nanosilica-epoxy was set to be for the case with
15 % and 5 % of debonded nanosilica particles respectively. In the case of MCC-epoxy and CNC-epoxy,
the upper limit of the fracture energy predictions was set to be when all the particles are assumed to have
reached the full extent of plastic void growth and the lower limit was set to be when all the particles
reached the actual average measured void growth (see Figure 6). The actual average measured void
growth for MCC-epoxy and CNC-epoxy were 1.37 r, and 1.43 r, respectively. The compressive yield
stress values used in fracture energy predictions of nanosilica-epoxy, MCC-epoxy and CNC-epoxy were
105 MPa, 93 MPa and 102 MPa respectively. In addition, crack deflection was not considered for CNC-
epoxy as the particle sizes are not large enough for the crack deflection mechanism to occur [34].

Toughening mechanisms were identified in nanosilica-epoxy, CNC-epoxy and MCC-epoxy through
fractography and are summarised in Equations 20-22. The predicted and experimental fracture energies
of the modified epoxy polymers are shown in Figure 6.
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Gnanosilica—epoxy = Gcy + Phanositica = Geu +AGs + AG, (20)
Gmcc-epoxy = Geu + Wuce = Gey + AGeq + AGy, + AGgy, + AG, (21)
Gene—epoxy = Geu + Wene = Gey +AGy, + AGgy + AG, (22)

500

Experimental
© Predicted (lower limit)
Predicted (upper limit)

Gc (I/m2)
—

77777

7%

%

10 wt% nanosilica-epoxy 10 wt% MCC-epoxy 10 wt% CNC-epoxy

Figure 6: Fracture energy predictions and experimental results for the modified epoxy polymers.

In general, the predicted fracture energies of the modified epoxy polymers were reasonably close to
the experimental values, except for 10 wt% MCC-epoxy polymer. The fracture energy prediction
agreement for the 10 wt% MCC-epoxy polymer was relatively poor because the Faber and Evans model
over-predicts the fracture energy contribution by the crack deflection mechanism, which is consistent
with the literature [22]. In addition, the predicted fracture energy was closer to the lower limit for 10
wt% CNC-epoxy polymer, which showed that CNC particles did not undergo full extent of void growth
and the actual void growth was close to the average measured void growth from FEGSEM images.
Furthermore, the energy contributions from the particle debonding and pull-out mechanisms were small
for the CNC-epoxy and MCC-epoxy, and thus, the main toughening contribution for CNC-epoxy was
only due to plastic void growth of the matrix around the particles and the main toughening contributions
for the MCC-epoxy were crack deflection and plastic void growth of the matrix around the particles.

6 CONCLUSIONS

Microcrystalline cellulose (MCC) and cellulose nanocrystals (CNC) were successfully used to
modify an anhydride-cured epoxy, and the sedimentation issue of MCC and CNC in epoxy was resolved
by the addition of silane during the three-roll mill process. Although the addition of cellulose decreased
the T4 of the epoxy, the fracture energy of the 10 wt% modified epoxy increased by more than 100 %
compared to unmodified epoxy, whereas 10 wt% of nanosilica only gave a 57 % increase in fracture
energy. The main toughening mechanisms identified by fractography were crack deflection, particle
debonding and pull-out, followed by plastic void growth of the epoxy. In addition, glass fibre composites
were fabricated via a RIFT process and fibre bridging and fibre pull-out were identified to be the main
toughening mechanisms. The interlaminar fracture toughness of 10 wt% MCC-epoxy glass fibre
composite was lower than the unmodified epoxy glass fibre composite, which was attributed to silane
migration to the glass fibre surface, which improved the interface between the glass fibre and epoxy,
impeding fibre bridging and fibre pull-out. The modified Halpin-Tsai model showed good agreement
with the experimental moduli results and the analytical models showed reasonably good agreement with
the experimental fracture energy of the modified polymers, except for 10wt% MCC-epoxy. This was
due to over-prediction of the crack deflection contribution by the Faber and Evans model. Furthermore,
the models showed that particle debonding and particle pull-out contributed to the toughening increment
but the main toughening contribution was due to plastic void growth for the CNC-epoxy, and the main
toughening contributions were due to both crack deflection and plastic void growth for the MCC-epoxy.
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