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kers (CNWs) as a bio-based bio-
degradable reinforcement for epoxy: evaluation of
the impact of CNWs on the morphological,
fracture, mechanical, dynamic mechanical, and
thermal characteristics of DGEBA epoxy resin†

Muhammad A. S. Anwer,a Jintian Wang,a Aaron (Qi) Guanb and Hani E. Naguib *c

Chitin nano-whiskers (CNWs) are high performance nanomaterials that can be extracted from chitin, which

is one of the most widely available bio-resources. Herein we investigate the effect of CNWs on the

morphological, mechanical, dynamic mechanical and thermal properties of DGEBA epoxy. Optically

transparent, bulk epoxy nano-composites with 0.25 wt%, 0.5 wt% and 0.75 wt% CNWs were evaluated in

addition to neat epoxy. The composites were prepared based on a modified slurry compounding

method. CNWs appear to be well dispersed within the epoxy matrix with increasing tendency for

clustering as the CNW content is increased. The addition of 0.25 wt% CNWs to neat epoxy results in

a decrease in the glass transition temperature and an increase in the tensile strength, modulus, damping

and thermal degradation temperature. All the composites evaluated with CNWs showed distinct crack

arrest events upon initiation of the first major crack growth during fracture toughness testing.

Composites with 0.75 wt% CNWs showed the highest damping and an increase in the fracture

toughness and resilience over neat epoxy.
Introduction

Nowadays research on nanocomposite materials has evolved
into a rapidly developing stage for their demonstrated
improvement in several material characteristics. Much of the
improvements in nanocomposites compared to conventional
composites is a result of the much larger interfacial area of
interaction between the polymer matrix and the nanoller
reinforcement. Various types of nanobers, nanoparticles or
nanoplatelets have been used as nanoscale llers in composites
for enhancement of the characteristics. A wide rage of property
enhancements has been shown from mechanical, electrical,
and thermal, to barrier and other properties.1–6 However, it has
been reported that some of the most common nanoscale llers
such as carbon nanotubes and carbon nanobers employ
a highly energy intensive life cycle.7 Some studies have shown
that the life cycle energy costs required to produce a single kg of
ngineering, University of Toronto, 5 King's

an Court, Toronto, Canada

l Engineering, Department of Materials

materials and Biomedical Engineering,

reet, Toronto, Ontario, Canada. E-mail:

tion (ESI) available. See DOI:

hemistry 2019
SWCNTs is on the order of a few terajoules.8 In addition to this,
many of the nanoscale llers have long degradation times in the
environment, which negatively contributes to the already
growing issue of sustainability worldwide. Thus, while most of
these nanocomposites take advantage of nanollers for
performance enhancement, environmental and energy
concerns in their utilization is drawing increasing attention
towards bio-based materials, many of which are much less
energy intensive and more sustainable. As a result, a signicant
body of research interest is based on the substitution of nano-
llers in nanocomposites with those from more renewable and
sustainable resources, while maintaining comparable perfor-
mance enhancements.9–11

A large wealth of literature has been dedicated to the use of
cellulose nanobers, a crystalline form of cellulose, as rein-
forcement to polymer matrices. Cellulose nanobers can be
extracted from cellulose, which is the primary structural
component of the cell walls of plants and is the most abundant
bio-polymer. These nanobers posses high aspect ratio,
strength, stiffness and bio-degradability which has been shown
to impart enhancements on many of the composites reinforced
by them.12–14 Analogous to cellulose, chitin is also a primary
structural component of cell walls in fungi and the exoskeleton
of arthropods. Being the second most abundant natural poly-
mer aer cellulose, compared with which chitin possesses
similar polysaccharide structure but with replacement of the
RSC Adv., 2019, 9, 11063–11076 | 11063
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hydroxyl group with an acetyl amine group.15,16 The most
abundant resource for chitin extraction is from crustacean
shells. Enormous amounts of chitin are produced globally from
shell waste.17 As with cellulose, chemical methods employed
involve acid and alkaline treatments to remove the protein,
calcium carbonate and astaxanthin to have a pure chitin nano-
whisker suspension.18 The structure of the chitin molecule has
acetyl-glucosamine monomers connected by b-(1/4)-linkages
as repeating units to form crystalline whiskers.19 The form
“whisker” of chitin nanober is illustrated by its rod-like
structure with dimensions of 200–500 nm in length and 10–
20 nm in width depending on the source.20

Chitin nano-whiskers posses a high modulus of 200 GPa,
providing it great potential to be considered as an appropriate
substitution for conventional nanollers.21 The improvement of
mechanical properties has been demonstrated through evalu-
ation of various chitin nano-whisker composites. Lu's group
reported that chitin reinforced soybean isolate thermoplastic
has indicated an increase in both the tensile strength and
Young's modulus.22 Mitsuhiro's group reported a higher storage
modulus for SPE-Lys/CNF and SPE-Cys/CNF bio-composites
compared to those neat epoxy composites.23 Jirawat's group
reported a-chitin whisker-reinforced poly(vinyl alcohol) (PVA)
nanocomposite has Young's modulus higher by about 4–8 times
over that of the neat PVA mat.24

Epoxy resins are one of the most widely utilized polymers
due to their high resistance to chemical attack, easy process-
ability, high mechanical properties, thermal properties and
strong adhesion to substrates. As a result, it is widely utilized in
structural applications, such as resins for composites. Many of
the conventional aircra structural components are being
replaced with epoxy-carbon ber composites, where epoxy is
utilized as the resin.25,26 Therefore, a signicant amount of
academic and industrial research has been dedicated to
enhancement of the characteristics of epoxy.27–29 It has been
demonstrated that nano-ller addition to epoxy has resulted in
enhancement of the fracture, mechanical, thermal and elec-
trical characteristics. However, a signicant aspect of this
enhancement lies in overcoming the high inter-adhesion due to
van der Waals forces and dispersing the llers into the epoxy
matrix. Numerous studies have targeted the reduction of the
difference in surface polarity and surface tension between epoxy
matrix and llers to increase the effectiveness of transmission
of dispersive forces to the llers. Specically, chitin nano-
whiskers are highly hydrophilic and are usually obtained as
a dispersion in water. Since epoxies are generally insoluble in
water, specic methods are required to isolate chitin without
agglomeration/clustering rst before dispersion into epoxy.
Freeze drying has been commonly utilized to obtain chitin
powder, which can then be dispersed into the matrix resin.15,30,31

However, freeze drying is a time-consuming process and the
effective de-agglomeration is dependant on the rate of freezing,
which is difficult to control.32–34 Solvent exchange is another
process whereby the water can be gradually exchanged with
another solvent in which epoxy can be dissolved. This exchange
would facilitate a more gradual change in surface tension as the
water diffuses out and the solvent and epoxy diffuse into the
11064 | RSC Adv., 2019, 9, 11063–11076
domains. Wang et al. fabricated composites of chitin nano-
whiskers in epoxy through slurry compounding; rst re-
dispersing the CNWs from water into ethanol followed by
mixing of DGEBA with the CNWs-ethanol solution and heated
stirring to vaporize the ethanol. They found a signicant
increase in the tensile properties with the addition of 2.5 wt%
CNWs.35

Literature on the use of CNWs in epoxy is extremely limited.
To the best of our understanding, no investigation has been
performed evaluating the effect of CNWs on the fracture,
mechanical, thermal, and morphological characteristics of
DGEBA epoxy resin. In this study, chitin nano-whisker
suspension prepared by chemical methods has been pro-
cessed with epoxy resin using a slurry compounding-based
approach to fabricate optically transparent, bulk nano-
composites with different concentrations of CNWs. These
composites are characterized for their thermal degradation,
calorimetric, mechanical, dynamic mechanical and morpho-
logical characteristics for delineating a structure property rela-
tionship of the CNWs epoxy nanocomposites.
Materials and methods
Materials

Epoxy resin used for this study was a reaction product of
epichlorohydrin and bisphenol-A obtained from Hexion (Epon
828) (epoxide equivalent weight: 185). Triethylenetetramine
(TETA) also obtained from Hexion (EPIKURE 3234) (amine
value: 1410–1460) was used as the curing agent in the ratio
100 : 13 (resin : curing agent) parts by mass. Chitin nano-
whiskers were a commercial grade obtained from BOCO Bio-
Nanotechnologies in the form of an aqueous suspension. In
order to measure the concentration of CNWs in the solution,
TGA was utilized before using CNWs for composite fabrication
experiments.
Fabrication methodology

The chitin nano-whiskers (CNWs) used was in the form of
CNWs-water suspension (supplied by BOCO technology Inc.,
Canada). The morphology of the CNWs was conrmed by AFM
imaging during characterization and is presented in Fig. 1. The
concentration of CNWs in the water suspension was measured
using thermogravimetric analysis (TGA) to be around 3.57 wt%.
For this, the CNWs suspension is heated to 150 �C and kept
isothermally for 30 minutes to ensure water evaporation. The
concentration was determined from the average of the results
from different sections of the same batch.

A modied “slurry” compounding method was employed by
addition of ethanol to DGEBA in a ratio of 2.6 : 1 (etha-
nol : DEGBA) to the amount of epoxy resin to dissolve the chitin
suspension in the epoxy. Calculated amounts of CNWs solution
was added to the DGEBA–ethanol mixture to achieved the nal
desired weight content of CNWs in epoxy. The resulting solu-
tion of CNWs (and the associated water), DGEBA, and ethanol
were le for mechanical stirring at 60 �C to vaporize the ethanol
and water content. This was conrmed through TGA
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 AFM morphology of dried CNWs suspension; (A) 2D height map and (B) 3D height map. The scale drawn in (A) is 3 mm.
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characterization (less than 1% variance in the volatile content
with respect to DGEBA). Aer adding the TETA curing agent in
a ratio of 13 : 100 by weight (TETA : DGEBA), the solution was
stirred manually and degassed for 15 minutes to remove
entrapped air bubbles. The composites were casted in silicone
rubber molds and cured overnight, followed by post curing at
100 �C for 24 hours. The evolution of optical characteristics of
the suspension as it progressed through the various stages in
processing are presented in Fig. 2. Fig. 3 displays pictures of the
polished nal epoxy CNWs nanocomposites obtained aer post
curing. Table 1 summarizes the naming methodology for the
CNWs nano-composites fabricated for this study.
Morphological characterization

Scanning electron microscopy (JEOL, JSM 1000) was used to
evaluate the morphological characteristics of the composites.
Exposed sections from the fracture surfaces of the SENB tested
specimens were used for imaging. The samples were sputter
coated for 120 seconds at around 5 mA with a gold ion current
for imaging. For AFM imaging, aqueous diluted CNWs solution
were casted onto glass covered, metallic examination slides and
Fig. 2 Epoxy/CNWs solutions through different stages of processing.
(A) Opaque CNWs-water suspension, (B) CNWs-water suspension,
epoxy (DGEBA) and ethanol mixture at room temperature. The inter-
face due to insolubility of epoxy with the rest of the solution is indi-
cated by the red arrow. (C) The solution in (B) heated above 60 �C and
stirred for a brief period. (D) Epoxy-CNWs solution post stirring and
after the evaporation of ethanol and water; the high degree of trans-
parency is visible.

This journal is © The Royal Society of Chemistry 2019
air-dried and mounted on the piezo-crystal for imaging
(Multimode 8). For transmission electron microscopy, 85 nm
thick sections were cut on a Leica EM UC7 ultramicrotome.
These samples were then stained with uranyl acetate and viewed
in an FEI Tecnai 20 TEM at 120 kV.
Fracture and tensile testing

For fracture testing, rectangular samples of dimensions (8 mm
� 16 mm � 76.2 mm) were fabricated for testing using the
ASTM D5045 standard. The notches were machined centrally
and perpendicular to the 76.2 mm length and parallel to the
8 mm side using a 45� chevron form mill. Prior to testing,
a sharp razor blade was slid over the notch to create the pre-
crack. The samples were placed on a three point bending test
setup and loaded at a rate of 1 mm min�1 perpendicular to the
notch. The plane strain fracture toughness, KIC, was calculated
using the following equations from ASTM D5045:

KQ ¼
 

PQ

BW
1
2

!
f ðxÞ

f ðxÞ ¼ 6x
1
2
½1:99� xð1� xÞð2:7x2 � 3:93xþ 2:15Þ�

ð1þ 2xÞð1� xÞ
3
2

where ð0\x\1Þ and x ¼ a=W
Fig. 3 Post cured and polished Epoxy/CNWs nanocomposites. (A)
Neat epoxy, (B) 0.25 wt% CNWs, (C) 0.5 wt% CNWs and (D) 0.75 wt%
CNWs. The optical transparency of the bulk nanocomposites is clear
despite the samples being several millimeters thick.

RSC Adv., 2019, 9, 11063–11076 | 11065
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Table 1 Designations of epoxy CNWs nanocomposites and associ-
ated compositions used in this study

Designation wt% CNWs wt% epoxy

Epon 828/epoxy — 100
0.25 wt% CNWs 0.25 99.75
0.5 wt% CNWs 0.5 99.5
0.75 wt% CNWs 0.75 99.25
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The parameters in the expressions are as indicated in the ASTM
D5045 standard. GIC of the nano-composites was also calculated
in accordance with the suggested methodology presented in the
ASTM D5045 standard.36

Tensile testing was performed on dog-bone shaped samples
fabricated according to ASTM D638 and loaded via screw action
side grips on a tensile micro-tester (Instron 5848). The loading
rate was set to 5 mm min�1.

For isothermal dynamic mechanical analysis, rectangular bars
of 76.2mm length, 16mmwidth and variable thickness were tested
in a dynamic mechanical analyzer (DMA Q800). These samples
were tested at room temperature at a strain of 0.03% in a frequency
sweep from 5–50 Hz. For temperature ramp dynamic mechanical
testing, rectangular bars of around 2 mm thickness, 15 mm width
and 60 mm length were heated in the DMA at a heating rate of
2 �C min�1 at a frequency of 1 Hz. The storage modulus, loss
modulus and tan delta variation with temperature were recorded.
Differential scanning calorimetry and thermogravimetric
analysis

DSC was used to characterize the glass transition behaviour of
the nanocomposites. Thin slices from cured samples for tensile
testing were extracted with a blade and placed in crimped
aluminum pans for testing on a heat–cool–heat cycle, in
a differential scanning calorimeter (DSC Q2000, TA Instru-
ments). A heating/cooling rate of 10 �C min�1 was applied to
heat the samples to 200 �C followed by a cooling to 0 �C, and
then heating again to 200 �C. The rst heating cycle was to
ensure the completion of any remaining cure reaction, before
the second heating cycle from where the glass transition
temperature was measured. For thermogravimetric testing, thin
slices were taken from the samples fabricated for tensile testing
and placed in tared platinum pans to be tested in a thermog-
ravimetric analyzer (TGA Q50, TA Instruments). Ramp tests
were performed under nitrogen purge by heating the samples at
a rate of 20 �Cmin�1. Pure chitin samples were also analyzed by
rst drying a small amount of the CNWs suspension in a TGA
followed by DSC & TGA testing in accordance with the proce-
dure for neat epoxy and CNWs nano-composites.
Results and discussions
Morphological characterization

The AFM 2D and 3D height images of air-dried CNWs from
suspension are presented in Fig. 1. As a result of the large
amount of pendant hydroxyl groups on chitin, drying of CNWs
results in irreversible clustering (agglomeration) due to
11066 | RSC Adv., 2019, 9, 11063–11076
hydrogen bonding and cross-linking. These clusters can be seen
in the AFM image where individual CNWs pack together to form
elongated stacks. The approximate diameter and length of the
individual CNWs within these clusters is 20–30 nm and 200–
400 nm respectively. This provides an aspect ratio close to 10,
which is in agreement with our previous morphological inves-
tigations of these CNWs.37 Fig. 4 shows the internal morphology
of the epoxy CNWs nanocomposites with 0.25 wt%, 0.5 wt% and
0.75 wt% CNWs. The fracture surface of neat epoxy displays
a mirror like surface which is characteristic of brittle failure.
This is a result of crack propagation, with very little resistance,
in the plane perpendicular to the mode I tensile stresses
generated during testing. The presence of CNWs on the fracture
morphology can be clearly seen as highlighted in Fig. 4. With
the addition of CNWs, the fracture surface displays consider-
ably greater roughness, primarily as a result of crack deection,
where the crack deects along planes not perpendicular to the
direction of the applied stresses. This is a result of variation of
the material strength and stiffness along the interfaces and
interphases between the CNWs and epoxy matrix, resulting in
generation of localized off axis stresses. However, the density of
ridges at 0.5 wt% CNWs is less than that of 0.25 wt% and
0.75 wt% CNWs. Studies have indicated that changes in the
amount and dispersion level of the nanollers can disrupt the
uniformity of the ridges.38 The presence of CNWs as individu-
alized whiskers and in the form of clusters is also highlighted in
Fig. 4. As a result of the low aspect ratio of CNWs, signicant
pullout effect is not observed, and the CNWs appear as high
contrast points on the SEM images of the fractographs. Clusters
of CNWs are more evident on the fractographs as closely spaced
points, in addition to regions with a brous texture which
appears due to the crack deecting along the edges of the CNWs
and the CNWs-epoxy interfaces. These clustered regions appear
as stacks of the CNWs, which is also seen in the AFM scan in
Fig. 1. With increasing content of CNWs from 0.25–0.75 wt%,
the cluster density of the CNWs increases and the dispersion
reduces. An important feature in the micrographs of all the
CNWs epoxy nanocomposites is the high amount of adhesion
between the CNWs and the epoxy matrix. This is evident from
the absence of any apparent gaps in the ller–matrix interface.
Fig. 5 presents the TEM images of the epoxy-CNWs nano-
composites. The TEM images also conrm the presence of
distinct CNWs clusters within the epoxy matrix. These clusters
appear similar inmorphology to the AFM images of dried CNWs
in Fig. 1. However, in general, the clusters of CNWs appear well
incorporated into the epoxy matrix as can be seen through the
largely continuous interfaces between the CNWs and epoxy. The
cluster sizes appear variable with domains ranging from a few
nano-meters to a 100 nm or more in size. The cluster size
increases with increase in weight percent of the CNWs from
0.25 wt% to 0.75 wt%, indicating greater difficulty in dispersion
of the nanollers. The size of the nano-llers also affects nano-
composite transparency. As seen in Fig. 3, the high trans-
parency of the nano-composites despite the thickness of the
samples shown is evident, especially at 0.25 wt%. High trans-
parency is a result of two primary factors: (1) size of the nano-
ller inclusions and (2) refractive index matching between the
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra00769e


Fig. 4 SEM fractographs of epoxy CNWs nanocomposites from SENB testing. (A) Neat epoxy, (B & E) 0.25 wt% CNWs, (C & F) 0.5 wt% CNWs, (D &
G) 0.75 wt% CNWs. The red circles highlight CNWs clusters.
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ller and the matrix.39 In order for visible light photons to
bypass the ller inclusions without scattering, the size of the
inclusions must be below 100 nm. From the TEM images in
This journal is © The Royal Society of Chemistry 2019
Fig. 5, the inclusion sizes increase with increasing weight
percentage of the llers. Despite this, the high transparency of
the nanocomposites even at 0.75 wt% CNWs is indicative of also
RSC Adv., 2019, 9, 11063–11076 | 11067
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Fig. 5 TEM micrographs of epoxy CNWs nanocomposites: (A & B) 0.25 wt% CNWs, (C & D) 0.5 wt% CNWs, and (E & F) 0.75 wt% CNWs. The
sections were negatively stained with uranyl acetate.
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good index of refraction matching between of neat epoxy and
CNWs.
Fracture, mechanical and dynamic mechanical characteristics

Fig. 6 presents the tensile characteristics of the epoxy CNWs
nano-composites. With the addition of CNWs, the modulus and
tensile strength increase upto amaximum of 23% and 12% with
respect to neat epoxy, with the addition of just 0.25 wt% CNWs.
This is a result of the signicantly higher stiffness and strength
of the added CNWs as compared to the epoxy matrix. Upon the
addition of CNWs content greater that 0.25 wt%, both the
modulus and the tensile strength continue to drop with the
lowest being at 0.75 wt% CNWs, amongst the CNWs reinforced
epoxy nanocomposites. This is a result of the increased
tendency for clustering at higher CNWs content as seen in the
SEM and TEM images in Fig. 4 and 5. The tensile strain to
failure as seen in Fig. 6C displays an opposite trend with the
addition of CNWs as compared with the modulus and the
strength. The strain to failure initially drops with the addition of
0.25 wt% CNWs followed by an increase with further addition,
with the maximum observed at 0.75 wt% CNWs content. The
clustering at higher CNWs contents, as observed, has the
potential to undergo relative sliding at higher stresses. This
sliding would result in “pseudo-ductility” and an increase in the
strain to failure as observed. As a consequence of the larger
strain to failure, the average energy to failure of epoxy with
0.75 wt% CNWs is the highest amongst the evaluated compo-
sitions as seen in Fig. 6D.

Fig. 7A presents the load deection curves from the fracture
toughness testing of the CNWs epoxy nanocomposites. All the
load–displacement curves display an almost linear behaviour
upto rst initiation of fracture at maximum load. For neat
epoxy, the load increases to a maximum followed by sudden
drop in load corresponding to catastrophic crack growth and
11068 | RSC Adv., 2019, 9, 11063–11076
failure. However, with the addition of just 0.25 wt% CNWs in
the epoxy nanocomposites, multiple crack arrest events can be
observed aer the initial onset of crack propagation at
maximum load. These crack arrest events are due to greater
reduction in the crack propagation velocity (crack deceleration)
as compared with the rate of increase in the applied load above
critical stress. Since the applied displacement rate was the same
for all the compositions evaluated, the larger amount of crack
arrest events in the CNWs reinforced composites was a result of
rapid reduction in stress intensity factor to below critical levels;
at-least at a rate greater than the rate of applied load.37 This
rapid reduction in the stress intensity factor to below critical
levels is a result the multiple crack deection, crack bridging
and crack pinning events by the presence of CNWs as already
seen in the SEM images as explained in the proceeding
discussion. Fig. 7B plots the KIC, critical stress intensity factor,
of the epoxy CNWs nano-composites based on the maximum
load obtained before onset of catastrophic crack growth (neat
epoxy) or rst major crack growth event (epoxy CNWs nano-
composite). From the KIC data, the addition of CNWs to neat
epoxy does not signicantly change the critical stress intensity
factor, except for 0.75 wt% CNWs, which shows around an 8%
increase in the KIC over neat epoxy. From the rough surface of
the SEM images and the multiple crack arrest events shown in
Fig. 7A, it would be expected that, KIC would also show a notable
increase with the addition of CNWs. However, in-order for
CNWs induced extrinsic reinforcement mechanisms to operate
effectively, the size scale of the reinforcement needs to be on the
same order as that of the crack tip. As seen from the SEM and
TEM micrographs (Fig. 4 and 5), the CNWs formed extremely
small nanometer sized clusters (�100 nm) within the epoxy
matrix. This indicates that CNWs can only participate in sub-
micron crack tip process zones. During the initial stages of
loading, the stresses at the crack tip build upto critical stress
intensity before the onset of the rst major crack growth. This
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Tensile characteristics of epoxy CNWs nanocomposites: (A) tensile modulus, (B) tensile strength, (C) tensile strain at failure, and (D) energy
to tensile failure.
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provides a window of time for viscoelastic-plastic processes to
operate at the crack tip, resulting in crack tip blunting. It is
believed due to this blunting during the initial part of the
loading, and their relatively small size, the CNWs are unable to
participate in extrinsic processes which operate ahead of the
crack tip such as crack bridging and pullout. In this case, the
fracture toughness would depend more on the resilience (bulk
energy to failure) of the material within the blunted crack tip as
compared to potential for extrinsic reinforcement. Once the
crack starts propagating, it accelerates towards the local speed
of sound. As a result, large increases in strain rates are
encountered within the materials in the vicinity of the crack tip;
the viscoelastic deformation in the dynamically moving crack
tip is reduced, resulting in reduced crack blunting and size of
the moving crack tip. If the reduction in the size of the
dynamically moving crack tip is lower than the reinforcement,
extrinsic reinforcement mechanisms be allowed to operate
ahead of the crack tip. It is believed that this is the reason that
the addition of CNWs to epoxy results in notable fracture
This journal is © The Royal Society of Chemistry 2019
reinforcement aer the initial major crack propagation, as seen
from themultiple crack arrest events. The proposedmechanism
is summarized in Fig. 8.

KIC is a measure of the stress concentration at the crack tip
before the rst major crack growth. In contrast, GIC is a measure
of the energy absorbed to the rst major crack growth. The GIC

results of the polymer CNWs nano-composites are presented in
Fig. 7C. From this, we see that the GIC initially drops with the
addition of 0.25 wt% CNWs, followed by an increase with
increasing weight content of CNWs upto 0.75 wt%. Two
possible ways that CNWs can inuence the region ahead of the
crack tip is by: (1) stiffening due to the addition of the CNWs
particles themselves and (2) “plasticity” due to CNWs bril
sliding. The former inuence prevents crack blunting, while the
latter promotes blunting and energy distribution at the crack
tip. As the CNWs content is increased from 0.25 wt% to
0.75 wt%, the CNWs cluster density and size clearly increase as
seen in the TEM images (Fig. 5). The result of this is greater
intra-cluster CNWs bril sliding, resulting in more energy
RSC Adv., 2019, 9, 11063–11076 | 11069
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Fig. 7 (A) Flexure load–extension curves from SENB testing. Crack arrest upon initiation of first major fracture is clearly seen in composites of
epoxy with CNWs. (B) KIC and (C) GIC.

Fig. 8 Proposed mechanism of CNWs toughening against fracture.
As the load increases towards crack initiation, the crack tip blunts
due to local viscoelastic-plasticity. The size of CNWs inclusions is
small, preventing significant crack tip bridging at this stage. Upon
dynamic crack propagation and acceleration, the crack tip becomes
small thus allowing extrinsic reinforcement effects by CNWs to take
place.

11070 | RSC Adv., 2019, 9, 11063–11076
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dissipation and increase in GIC at 0.75 wt% CNWs. This
behaviour in GIC with different CNWs content agrees with the
resilience data obtained from tensile testing (Fig. 6). Indeed,
both these quantities fundamentally measure energy absorp-
tion to a characteristic failure onset point, and hence the
similarity.

The mechanical and fracture enhancements imparted to
neat epoxy by CNWs, as obtained in the current study, compare
favourably with that of other zero-dimensional (spherical), 1-
dimensional and 2-dimensional nanollers such as nano-
rubbers, CNTs, and graphene respectively. Nano-rubbers have
been shown to reinforce crack tips by promoting gross plastic
deformation ahead of the crack tip.40,41 In contrast, CNTs and
Graphenes have been shown to reinforce through mechanisms
like crack bridging behind the crack tip.42–46 The aspect ratio of
CNWs is between that of spherical nanoparticles and carbon
nanotubes. This results in the possibility of hybridizing the
reinforcement effects from both these types of nanoparticles
(promotion of matrix plastic deformation and crack bridging)
through the addition of CNWs. In addition to this, intra cluster
CNWs bril sliding provides another form of energy
This journal is © The Royal Society of Chemistry 2019
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dissipation, especially at higher weight percentages like
0.75 wt%, where larger CNWs cluster are clearly visible from the
TEM images (Fig. 5). A description on the possible toughening
mechanisms has already been presented in the preceding
discussion and in Fig. 8.

Fig. 9 shows the isothermal dynamic mechanical character-
istics of neat epoxy and the epoxy CNWs nano-composites.
These characteristics were obtained at a single frequency
during an isothermal frequency sweep of the composites. Upon
application of a sinusoidal stress, purely elastic materials
display a sinusoidal strain response exactly in phase and purely
viscous materials display a sinusoidal strain response 90� out of
phase. Most materials however are viscoelastic and display
a response out of phase between 0� and 90�, to an applied stress
signal. The storage modulus and loss modulus represent the
amount of energy stored in elastic deformation or lost to viscous
ow respectively per unit deformation per unit time. Tan delta
is the ratio of the loss modulus to the storage modulus. In the
current work, the Kelvin–Voigt model was used to obtain the
storage modulus, loss modulus and tan delta. In this model, the
storage modulus is related to the Young's modulus and the loss
Fig. 9 Isothermal dynamic mechanical characteristics of epoxy CNWs n
loss modulus and (C) tan delta.

This journal is © The Royal Society of Chemistry 2019
modulus is related to the viscosity of the out of phase defor-
mation component.

In accordance with the trends observed for the tensile
modulus, the storage modulus increases with increasing CNWs
content upto a maximum at 0.25 wt% CNWs, followed by
subsequent decrease with the addition of 0.5 wt% and 0.75 wt%
CNWs. As with the young's modulus, the increase in the storage
modulus is a result of the greater stiffness of the added CNWs as
compared with the epoxy matrix. The loss modulus in general
shows a slight increase with increase in the CNWs content in
epoxy, with the highest average loss modulus being at 0.75 wt%.
The average tan delta of neat epoxy reduces with the addition of
0.25 wt% CNWs followed by subsequent increases with the
addition of 0.5 wt% and 0.75 wt% CNWs, with the highest tan
delta obtained for 0.75 wt% CNWs. Generally, it is expected that
stiffer materials display higher loss moduli as a result of greater
stresses required per unit viscous strain per unit time. However,
other factors can effect this general behaviour, one being
interfacial sliding whereby sliding at the interfaces between the
particles and the matrix require large out of phase stress
components resulting in higher loss modulus and tan delta.47,48
anocomposites obtained at 10 Hz frequency: (A) storage modulus, (B)

RSC Adv., 2019, 9, 11063–11076 | 11071
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Thus it is believed that the lower storage modulus and higher
loss modulus & tan delta of 0.75 wt% CNWs in comparison with
the other CNWs epoxy nanocomposites is a result of sliding and
energy dissipation between the adjacent CNWs nano-whiskers.
This also follows from the preceding discussion where the
morphology of 0.75 wt% CNWs displayed the largest clustered
stacks and the highest fracture toughness and resilience.

Fig. 10 shows the temperature ramp dynamic mechanical
characteristics of the epoxy CNWs nanocomposites. As
compared to neat epoxy, the storage modulus of epoxy CNWs
nanocomposites before the onset of glass transition is clearly
higher with the addition of CNWs as compared with neat epoxy.
This is a result of the stiffening affect of the CNWs nano-
particles as discussed above in the results of the isothermal DSC
scans.49 The glass transition temperature in many polymers is
associated with the release of additional degrees of freedom and
local relaxation of polymer chains. In epoxies and other ther-
moset materials, the glass transition temperature itself depends
signicantly on the degree of cure, as greater degree of cure (or
Fig. 10 Temperature ramp dynamic mechanical characteristics of epoxy
tan delta. The ramp was set to 2 �C min�1 at a frequency of 1 Hz.

11072 | RSC Adv., 2019, 9, 11063–11076
conversion) results in higher molar mass. During the initial
stages of cure through gelation, the rate of curing depends on
the rate of chemical reaction since the characteristic timescale
related to the local mobility of functional groups is still much
shorter than the characteristic timescale for producing chem-
ical reactions. Upon vitrication, the glass transition tempera-
ture increases to above the reaction temperature and the further
crosslinking becomes signicantly more limited by the rate of
diffusion of functional groups rather than the rate of chemical
reaction itself. The addition of nanoparticles to this cross-
linking medium inuences chemical conversion by: (i)
providing a surface as a catalyst for increasing the degree of cure
and (ii) restriction diffusion of functional groups. The former
inuence tends to speed up chemical conversion before vitri-
cation and the latter tends to restrict further conversion beyond
vitrication. Besides these two methods of inuence, nano-
particles can also create a zone of inuence around their surface
known as interphase which restricts the mobility of the matrix
within this phase. This restricted mobility can also contribute
CNWs nanocomposites: (A) storage modulus, (B) loss modulus and (C)

This journal is © The Royal Society of Chemistry 2019
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towards higher glass transition temperatures, especially since
nanoparticles posses large surface areas. As a result of the above
competing factors, many studies have shown that the addition
of nanoparticles like CNTs to epoxy results in either a reduction,
increase or unaffected glass transition.50

From the DMA results in Fig. 10, there are only slight
changes in the glass transition temperature with the addition of
CNWs. However, it is interesting to note that the addition of
0.25 wt% CNWs to neat epoxy reduces the glass transition
temperature by 1.83 �C; while the addition of 0.5 wt% and
0.75 wt% CNWs to neat epoxy raises the glass transition again to
1.94 �C and 0.01 �C above neat epoxy. Furthermore, there is
a possibility that the pendant amine groups on chitin would
react with the epoxide groups on DGEBA, resulting in stoi-
chiometric imbalance between these two groups. However,
FTIR spectra of the epoxy CNWs nanocomposites indicates no
signicant difference in the cross linking with the addition of
CNWs (ESI Fig. S1†). This indicates that CNWs addition does
not signicantly imbalance epoxy stoichiometry. The reduction
in glass transition temperature with the addition of 0.25 wt%
CNWs specically, is also displayed in the results from the DSC
analysis, as discussed in the proceeding section.

Differential calorimetric and thermal degradation analysis

Fig. 11 presents the data from the thermal calorimetric analysis
of the epoxy CNWs nanocomposites, neat epoxy and pure chitin.
Pure CNWs does not show any signicant glass transition
temperature except for a slight drop in the baseline between
100 �C and 105 �C. Neat epoxy and all the epoxy CNWs nano-
composites show a noticeable glass transition temperature
occurring as a knee in the heat ow curve. The addition of
0.25 wt% CNWs in the nanocomposites results in a decrease in
the glass transition temperature from 132.2 �C to 123.7 �C. This
is then followed by an increase to 130.6 �C and 130.9 �C at
0.5 wt% and 1 wt% CNWs content in epoxy respectively. The
Fig. 11 Thermal calorimetric characteristics of epoxy CNWs nanocom
obtained from the thermograms (heat flow vs. temperature) in (B).

This journal is © The Royal Society of Chemistry 2019
magnitude of the changes and exact glass transition tempera-
ture as obtained from the DSC differ from that of the DMA as
discussed above. While both these techniques probe thermo-
dynamic changes (release of molecular degrees of freedom)
occurring at glass transition, they measure fundamentally
different quantities. Specically, the DMA measures time
dependant mechanical response as captured by the loading
frequency. This time dependence plays a signicant role in the
activation of co-operative chain motion, which is an essential
component of soening at the glass transition. In contrast with
the DMA, the DSC is not particularly well suited for measuring
glass transition temperature of highly crosslinked polymers
such as epoxies. The reason for this is due to the small changes
in heat capacity as the temperature crosses the glass transition
for these types of polymer systems. Hence high heating rates are
required in the DSC to obtain heat capacity differences holding
signicance. At high heating rates, the possibility of non-
uniform temperature distribution within the polymer system
is higher. In contrast, the DMA testing through the glass tran-
sition results in several orders of magnitude change in the
storage modulus, loss modulus and tan delta occurs. As the
result, the DMA can be run at much lower heating rates. In the
current study, the samples were heated at 10 �C min�1 in the
DSC vs. 2 �C min�1 in the DMA. However, even with these
differences, both the DMA and DSC results indicate that the
glass transition temperature reduces at 0.25 wt% CNWs content
followed by an increase at higher weight percentages of CNWs.
From the TEM micrographs (Fig. 5), 0.25 wt% CNWs compos-
ites appear to have noticeably smaller CNWs clusters as
compared to 0.5 wt% and 0.75 wt% CNWs composites. This
reduction in cluster size is believed to have an affect on co-
operative chain motion, thus displaying a uniquely different
behaviour of the glass transition temperature at 0.25 wt% CNWs
compared to other CNWs contents.
posites as measured by the DSC: (A) glass transition temperatures as

RSC Adv., 2019, 9, 11063–11076 | 11073
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Fig. 12 Thermal degradation characteristics of epoxy CNWs nanocomposites from TGA testing: (A) degradation temperature as obtained from
the thermograms (weight% vs. temperature) in (B). The degradation onset point was calculated as the intersection of the dotted lines repre-
senting the two slopes as shown in the figure. There is some weight loss for pure chitin before 200 �C, corresponding to the loss of tightly
bonded water molecules.
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Fig. 12 presents the thermal degradation behaviour of the
epoxy CNWs nano-composites along with neat epoxy and chitin
nano-whiskers. For pure CNWs, initial weight loss and degra-
dation upto 200 �C corresponds to loss of adsorbed water
molecules and other volatiles from within the CNWs structure.
This is followed by a second major degradation event between
312 �C and 447 �C, resulting in a loss of more than 65 wt% of the
initial mass. This corresponds to the elimination of side groups
and degradation of the polymer backbone.51 In the case of neat
epoxy, a single step degradation occurs between 364 �C and
472 �C resulting in the loss of 89% of the initial mass of epoxy.
With the addition of 0.25 wt% CNWs, the degradation
temperature of neat epoxy increases from 369.1 �C to 379.4 �C.
However, the degradation temperature drops to 374.5 �C and
371 �C with the addition of 0.5 wt% and 0.75 wt% CNWs in
epoxy respectively. As with the change in the observed glass
transition temperature, there is a notable increase in the
degradation temperature at 0.25 wt% CNWs followed by
a decrease at higher CNWs contents. Despite the lower degra-
dation temperature of both neat epoxy and CNWs. This is
indicative of microstructural/chemical modication of the
epoxy due to the size scale of CNWs dispersion at 0.25 wt%.
Conclusions

In this study, we used a slurry compounding based method to
develop optically transparent chitin nano-whiskers (CNWs)-
epoxy nano-composites followed by characterization of their
morphological, mechanical, dynamic mechanical, calorimetric
and thermal degradation properties. The composite
morphology contains increasingly larger clusters at higher
weight contents of CNWs. From our investigation, composites
with 0.25 wt% CNWs show the highest enhancement in the
11074 | RSC Adv., 2019, 9, 11063–11076
young's modulus and tensile strength whereas the highest KIC

and GIC is obtained for composites with 0.75 wt% CNWs. All the
composites of epoxy with CNWs showed crack arrest tendency
aer rst major crack propagation, whereas neat epoxy showed
glassy fracture without any crack arrest. The highest resilience
(energy to tensile failure) and strain to break is also obtained for
composites with 0.75 wt% CNWs. It is believed that the higher
resilience is one of the primary reasons for increase in the crack
tip ductility and the fracture toughness with the addition of
0.75 wt% CNWs. The SEM and TEM morphologies revealed
larger clustered regions of CNWs in the case of epoxy with
0.75 wt% CNWs; a possible mechanism for increase in the
fracture resistance and resilience is the inter-bril sliding
within the CNWs clusters. Dynamic mechanical analysis also
shows the greatest damping for epoxy with 0.75 wt% CNWs as
compared to the other compositions. The glass transition (Tg)
and thermal degradation temperature show an increase and
decrease respectively with the addition of 0.25 wt% CNWs to
neat epoxy.
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