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Toughness improvement of epoxy thermosets
with cellulose nanocrystals
Xiulian Qin, Wenming Ge, Honggang Mei, Lei Li* and Sixun Zheng*

Abstract

We report the toughness improvement of epoxy thermosets by the use of cellulose nanocrystals (CNCs). Pristine CNCs were
functionalized via surface-initiated reversible addition–fragmentation chain transfer/macromolecular design via interchange
of xanthates (RAFT/MADIX) polymerization. The pristine CNCs were first surface-treated with 4-cyano-4-(isopropoxycarbo-
nothioylthio)pentanoic chloride and then poly(N-vinylpyrrolidone)-grafted CNCs (CNC-PVPy) were synthesized with the
xanthate-functionalized CNCs as chain transfer agent. Notably, the as-obtained CNC-PVPy can be dispersed into epoxy thermo-
sets in the form of single fibrous nano-objects, i.e. the nanocomposites of epoxy with CNCs were successfully obtained. The uni-
form dispersion of CNCs in epoxy matrix is attributable to the compatibilizing effect of PVPy chains. The introduction of CNCs
markedly improved the toughness of epoxy thermosets. When themass fraction of CNC-PVPywas 30 wt%, the nanocomposites
displayed the maximum critical stress intensity factor (K1C) and critical fracture energy (G1C) of 1.76 MN m−3/2 and 0.66 kJ m−2,
respectively. The toughening of epoxy thermosets is mainly attributed to the plastic deformation of epoxy matrix, which is ini-
tiated from CNCs.
© 2021 Society of Industrial Chemistry.

Supporting information may be found in the online version of this article.

Keywords: cellulose nanocrystals; surface radical polymerization; epoxy; nanocomposites; fracture toughness

INTRODUCTION
Epoxy polymers are a class of important thermosets and they
have widely been employed in a variety of fields owing to their
excellent chemical resistance, highmodulus and adhesive proper-
ties.1,2 However, epoxy thermosets are inherently brittle owing to
their highly crosslinked structures. Therefore, successful applica-
tion of epoxies requires improvement of toughness via structural
modification. It is recognized that epoxies can be toughened by
incorporating elastomers3–5 and thermoplastics.6,7 In these sys-
tems of modification, epoxy curing is generally started from the
initial homogeneous mixtures composed of epoxy precursors
and modifiers. As curing reactions proceed, the systems are grad-
ually transformed into heterogeneous morphologies, namely
reaction-induced phase separation (RIPS) occurs.8,9 In principle,
there are two driving forces for RIPS. The first is the decrease in
contribution of mixing entropy (ΔSm) to mixing free energy
(ΔGm) during the curing process. The second is the alteration in
inter-component interaction parameters (χ12) since epoxy mono-
mers are gradually transformed into crosslinked polymers with
the occurrence of curing reactions. It is the formation of phase-
separated morphologies that results in the improvement of frac-
ture toughness. RIPS generally occurs on micrometer scales
because the modifiers are homopolymers or random copolymers.
Depending on the type of modifier (e.g. elastomers or thermo-
plastics), the materials can be toughened via several mechanisms
such as shear band yielding,10 blunting of crack growth tips11 and
rupture of modifier phases.12 It has been recognized that thermo-
sets such as epoxies can be alternatively toughened via the
formation of nanostructures in the materials. In 1997, Bates and

co-workers13 reported that incorporating amphiphilic block
copolymers in epoxies would produce nanostructured epoxy
thermosets. The formation of a nanostructure follows self-assem-
bly13,14 or reaction-inducedmicrophase separation,15,16 which are
quite contingent on the miscibility of block copolymers with the
epoxy matrix after and before curing reactions. More importantly,
these nanostructured thermosets displayed enhanced fracture
toughness.17,18

Cellulose is one of the typical biopolymers with ⊎-D-
glucopyranosyls as the repeat units. Owing to some important
features such as biodegradability, high mechanical strength and
nontoxicity, cellulose has been applied in a variety of fields. Cellu-
lose nanocrystals (CNCs) are made from natural cellulose, being of
nanometric sizes.19–26 Owing to high ratios of length to diameter,
CNCs are a type of ideal nanofiller for preparing nanocomposites
with improved mechanical properties.27–30 Nonetheless, CNCs
inherently are apt to agglomerate in epoxies owing to the high
surface energy and specific area. It is a challenging task to achieve
fine dispersions of CNCs in thermosetting polymers. To suppress
the tendency of aggregation of CNCs, it is a requirement to form
efficient chemical linkages between the surface of the CNCs and
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the epoxy matrix. In the past years, there have been several
reports of the modification of epoxy thermosets with CNCs.31–43

In these previous works, CNCs were generally surface-
functionalized viamercerization, oxidation, amination, acetylation
and alkalization to introduce reactive or functional groups to
improve the affinity of CNCs with epoxy matrix.44–49 In the mean-
time, there have been a few reports of the surface functionaliza-
tion of CNCs with polymer chains; these polymer-grafted CNCs
were then introduced into epoxies to afford nanocomposites.50–53

For instance, Zhao et al.51 reported the surface modification of
CNCs via grafting reaction of polyethyleneimine; the amino groups
of polyethyleneimine were utilized to generate chemical bonds
between CNCs and epoxy matrix so that the macroscopic aggrega-
tion of CNCs in the epoxy matrix was suppressed. The mechanical
strength as well as thermal conductivity of the modified thermo-
sets were significantly improved. More recently, Luo et al.50

reported that the surface of CNCs was first modified with hyper-
branched polyglycerol. The hyperbranched polyglycerol was
further reacted with 4,4-di(⊎-hydroxyethoxy)biphenyl and
toluene-2,4-diisocyanate to afford hyperbranched polymers
bearing many carbamate moieties to improve the compatibility
(or/and reactivity) of the functionalized CNCs with epoxy. It was
found that the epoxy composites containing such polymer-
functionalized CNCs displayed improved tensile strength,
impact strength and flexural modulus.
In this paper, we report a new functionalization of CNCs with

poly(N-vinylpyrrolidone) (PVPy) via a surface living radical poly-
merization approach. Such PVPy-grafted CNCs (denoted CNC-
PVPy) were then used as a modifier to toughen epoxy. Since PVPy
is fully miscible with epoxy,54 the PVPy chains grown from the sur-
face of CNCs would act as a compatibilizer to facilitate the disper-
sion of CNCs in the epoxy. It should be pointed out that the
dispersion of CNCs is based on the physical interaction of CNCs
with epoxy. This strategy is in marked contrast to those reported
in the literature51,52 in which the terminal groups of functiona-
lized CNCs reacted with the precursors of epoxy to facilitate the
dispersion of CNCs in epoxy. To the best of our knowledge, there
has been no previous report in this regard. The purpose of this
work was twofold. First, the surface-grafting polymerization of
N-vinylpyrrolidone (NVP) was carried out to obtain CNC-PVPy. Sec-
ond, the fracture toughness of nanocomposites of epoxy with
CNC-PVPy was investigated to establish the correlation of the
microstructure of the nanocomposites with mechanical
properties.

EXPERIMENTAL
Materials
CNCs were purchased from ScienceK Co., China. According to the
supplier, the CNCs were prepared through sulfuric acid hydrolysis
of softwood pulp. A morphological observation by means of
atomic force microscopy (AFM) showed that a single CNC crystal
had an average length of L = 150–230 nm and a diameter of
D = 5–15 nm. Diglycidyl ether of bisphenol A (DGEBA) was sup-
plied by Shanghai Resin Co., China and the quoted epoxide value
was 0.51. 4,40-Methylenebis(2-chloroaniline) (MOCA) was
obtained from Alfa Aesar Co., China. Isopropylxanthic disulfide
(DIP) was purchased from Shanghai Yuanye Bio-Tech Co., China;
it was purified by recrystallization from ethanol. NVP, 4,40-azobis
(4-cyanovalericacid) (ACVA) and 2,20-azobisisobutyronitrile
(AIBN) were purchased from Adamas Reagent Co., China. AIBN
was recrystallized from ethanol and NVP was passed through a

basic alumina column. The other reagents and solvents such as
thionyl chloride, magnesium sulfate, 1,4-dioxane, triethylamine
(TEA), toluene, tetrahydrofuran (THF), dichloromethane (DCM)
and diethyl ether were supplied by Sinopharm Chemical Reagent
Co., China.

Synthesis of chain transfer agent
DIP (80 g, 295.79 mmol), ACVA (128 g, 457.14 mmol) and
1,4-dioxane (500 mL) were added in a flask and the mixture was
bubbled with highly pure nitrogen for 30 min. After that, the flask
was transferred into an oil bath at 70 °C, and the reaction was
allowed to proceed at this temperature for 24 h. After reaction,
the majority of solvent was removed and the concentrated solu-
tion was added dropwise into petroleum ether. The precipitates
were collected and dried in vacuo at 40 °C for 24 h. 4-Cyano-
4-(isopropoxycarbonothioylthio)pentanoic acid (CIPA; 128.840 g)
was obtained and the yield was 79.1%. 1H NMR (CDCl3; ppm):
5.83 (m, 1H, ─OCH(CH3)2), 2.67 (t, 2H, HOOCCH2CH2─), 2.25–2.38
(m, 2H, HOOCCH2─), 1.77 (s, 3H, ─C(CN)CH3), 1.52 (d, 6H, ─OCH
(CH3)2).

13C NMR (CDCl3; ppm): 206.02 (─C─OCH(CH3)2), 177.22
(─COOH), 119.85 (─CN), 80.17 (─O─CH(CH3)2), 45.02 (─CHCH3),
33.45 (─C(CN)CH3), 29.32 (─CH2CH2COOH), 24.97 (─CH2COOH),
21.07 (─O─CH(CH3)2).

Surface RAFT/MADIX polymerization of CNCs
First, CIPA (48 g, 0.175 mol) was dissolved in DCM (100 mL) and
thionyl chloride (24 mL) was added dropwise to the solution.
The reaction was allowed to proceed at 45 °C for 3 h. After reac-
tion, the excess thionyl chloride was distilled off and the product
was dissolved in anhydrous THF (100 mL). The solution was added
dropwise into a THF/TEA suspension (400 mL of THF and 200 mL
of TEA) of CNCs (12 g) at 0 °C. The reaction was performed at 45 °C
for 24 h. After filtration, the solids were collected andwashedwith
water three times. After drying, the product (CNC-CTA; 16.600 g)
was obtained with a yield of 33.2%. FTIR (KBr window; cm−1):
3600–3000 (O─H), 2910 (─CH─), 1731 (─COO─), 1161–1031
(C─O─C), 897 (⊎-glycosidic linkages).
Second, CNC-CTA (10 g), NVP (20 g, 179.95 mmol), AIBN (2 mg)

and 1,4-dioxane (20 mL) were added into a 100 mL flask. The sys-
tem was bubbled with highly pure nitrogen for 30 min. On heat-
ing to 75 °C, the polymerization was performed for 24 h. After
polymerization, the mixture was added dropwise into diethyl
ether (200 mL). The precipitates were collected and dried in vacuo
at 40 °C for 24 h. The product (CNC-PVPy; 20.750 g) was obtained
and the conversion of NVP was 53.75%. FTIR (KBr; cm−1): 3600–
3000 (O─H), 2910 (─CH─), 1731 (─COO─), 1660 (─C═O), 1161–
1031 (C─O─C), 897 (⊎-glycosidic linkages).

Preparation of nanocomposites of epoxy with CNCs
The desired amount of CNC-PVPy was added to DGEBA. On heat-
ing to 110 °C, stoichiometric MOCA with respect to DGEBA was
added and the mixture was vigorously stirred. The mixture
was transferred into a Teflon mold and the curing reaction was
performed at 150 °C for 5 h. Composites of epoxy with CNC-PVPy
were obtained with a mass fraction of CNC-PVPy up to 40 wt%.

RESULTS AND DISCUSSION
Synthesis of CNC-PVPy
The synthesis route for CNC-PVPy is shown in Scheme 1. First, the sur-
face of CNCs was functionalized with xanthate via a surface esterifica-
tion reaction of CNCs with 4-cyano-4-(isopropoxycarbonothioylthio)
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pentanoic chloride. The latter was obtained via the reaction of CIPA
with thionyl chloride. Herein, CIPAwas synthesized via the atom trans-
fer radical reaction of DIP with ACVA. Second, CNC-PVPy was synthe-
sized with the xanthate-functionalized CNCs as chain transfer agent.
The successful synthesis of CIPA was confirmed by means of NMR
spectroscopy. Figure S1 (Appendix S1) shows the 1H NMR and 13C
NMR spectra of CIPA. The peak at 5.83 ppm was assignable to the
methineprotonswhereas those at 2.67 and2.31 ppmwere assignable
to the protons of methylene groups. The peaks at 1.77 and 1.52 ppm
were assignable toprotons of themethyl groups connected to quater-
nary and tertiary carbon, respectively. In the 13C NMR spectrum, the
signals at 206.02, 177.22 and 119.85 ppm are assigned to the carbon
nuclei of carbonyl, cyano and the carbon connected to sulfur atom,
respectively. The signals at 80.17, 33.45, 29.32, 24.97 and 21.07 ppm
are assigned to the tertiary, quaternary, secondary andprimary carbon
nuclei, respectively. Notably, a new peak at 45.02 ppm appeared,
which could result from the rearrangement of atom transfer radical
reaction products. It is proposed that the new resonance is attribut-
able to the nucleus of tertiary carbon in 4-cyanovaleric moiety after

a cyan group was lost in the reaction of arrangement. A similar phe-
nomenon was found in the products of reaction of DIP with AIBN.55

The functionalization of CNCs with xanthate and/or PVPy chains
was readily confirmed with solubility tests and by the use of Fou-
rier transform infrared (FTIR) spectroscopy. The pristine CNCs
were highly hydrophilic and readily dispersed in water due to
the existence of a great number of hydroxyl groups at the surface
(Fig. 1(A)). After reacting with 4-cyano-4-(isopropoxycarbo-
nothioylthio)pentanoic chloride, the product was poorly dis-
persed in aqueous media (Fig. 1(B)) since many of the surface
hydroxyl groups were esterified into xanthate moieties, i.e. CNC-
CTA was obtained. However, the solubility was further improved
after water-soluble polymer chains (i.e. PVPy) were grafted from
these xanthate sites via reversible addition–fragmentation chain
transfer/macromolecular design via interchange of xanthates
(RAFT/MADIX) polymerization (Fig. 1(C)). The surface-
functionalized CNCs were subjected to FTIR spectroscopy
(Fig. S2, Appendix S1). For pristine CNCs, the strong band at
3400 cm−1 is assignable to the stretching vibration of hydroxyl
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Scheme 1. Functionalization of CNCs and synthesis of PVPy-grafted CNCs.

www.soci.org X Qin et al.

wileyonlinelibrary.com/journal/pi © 2021 Society of Industrial Chemistry. Polym Int 2021; 70: 1640–1648

1642

http://wileyonlinelibrary.com/journal/pi


groups. The band centered at ca 1100 cm−1 is attributable to the
stretching vibration of ether bond (C─O─C linkage)27 and that at
893 cm−1 is assigned to ⊎-glucosidic linkage.33 On esterification
with 4-cyano-4-(isopropoxycarbonothioylthio)pentanoic chloride,
a shoulder band at 1731 cm−1 appeared, attributable to the
stretching vibration of ester carbonyl groups. This result revealed
that the esterification had been successfully carried out. After the
RAFT/MADIX polymerization, a strong band at 1660 cm−1

appeared, which was assignable to carbonyl groups of pyrroli-
done rings. To determine the mass fraction of PVPy chains in
CNC-PVPy, the sample was used for elemental analysis. The over-
all content of nitrogen element was measured to be 6.55 wt%. By
using the content of nitrogen element, the mass fraction of PVPy
chains was calculated to be 51.9 wt%.

Nanocomposites of epoxy with CNC-PVPy
CNC-PVPy obtained as described above was incorporated into
epoxy to prepare the nanocomposites (Scheme 2.). Notably,
CNC-PVPy was readily dispersed in the precursors of epoxy ther-
moset (i.e. DGEBA + MOCA), which was in sharp contrast to the
case of the pristine CNCs. The improvement in dispersion is attrib-
utable to the grafting of PVPy onto the surfaces of CNCs. It is pro-
posed that the grafted PVPy chains acted as a compatibilizer for
the blends of CNCs with epoxy precursors. After curing, the ther-
mosets were homogeneous and no macroscopic aggregation of
CNCs was observed, implying that the CNCs were well dispersed
into the thermosetting matrices of epoxy (Fig. 2). For comparison,
we also prepared a composite of epoxy with 9.62 wt% of pristine
CNCs; the mass fraction of CNCs was controlled to equal that in
the composite of epoxy with 20 wt% of CNC-PVPy. It is noted that
the composite of epoxy with pristine CNCs was heterogeneous,
and the CNCs were precipitated at one side of the sample
(Fig. 2). In contrast, all the composites of epoxy with CNC-PVPy
were homogeneous and transparent. This result indicates that
the PVPy chains grafted onto the surface of CNCs can efficiently
act as a compatibilizer to facilitate the dispersion of CNCs in
epoxy.

To examine the crystallization behavior of CNCs in the epoxy,
XRD measurements were performed. Figure 3 shows the XRD
curves of the pristine CNCs and the nanocomposite containing
40 wt% of CNC-PVPy. For pristine CNCs, there were four diffrac-
tion peaks at 2⊔ = 14.7°, 16.4°, 22.6° and 35.2°, assignable to
reflections of (10 �1), (101), (002) and (040) planes, respectively.
The crystallization index (Xc) of the pristine CNCs can be calcu-
lated using the following equation56,57:

Xc=
Ac

Ac +Aa
×100% ð1Þ

where Ac is the integral area of the crystalline component and Aa is
the integral area of the amorphous component. For the nanocom-
posite, these diffraction peaks were still discernable but their
intensity was significantly decreased. The XRD results revealed
that the crystal structure of CNCs did not change, namely cellulose
still existed in the form of microcrystals.The morphologies of the
composites of epoxy with CNCs were observed using AFM. Before
the measurements, the samples were sliced using an ultrathin
microtome and the sections were used for morphological obser-
vations. For comparison, the morphology of CNCs was also
observed using AFM. Figure 4 shows the AFM image of pristine
CNCs. It is seen that the average length and diameter of a single
CNC were 150–230 and 5–15 nm, respectively. Figure 5 shows
the AFM images of nanocomposites containing 20 and 40 wt%
of CNC-PVPy. Inhomogeneous morphologies at the nanometric
scale were obtained for the samples. Notably, the fibrous nano-
objects were uniformly dispersed in the continuous matrices. In
terms of the difference in viscoelasticity between the CNCs and
epoxy matrix, the fibrous nano-objects are attributable to CNCs
and the continuous matrix to epoxy. The CNCs were dispersed
into the epoxy matrix in the form of single nano-objects. The fact
that no macroscopic aggregates of CNCs were formed indicated

Figure 1. Suspensions of (A) CNCs, (B) CNC-CTA and (C) CNC-PVPy in
water.

Scheme 2. Formation of nanocomposites of epoxy with CNCs.
Figure 2. Photographs of: (A) plain epoxy and nanocomposites contain-
ing (B) 10, (C) 20, (D) 30 and (E) 40 wt% of CNC-PVPy (top); and cured blend
of epoxy with 9.62 wt% of pristine CNCs (bottom).
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that the PVPy chains on the surface of the CNCs were capable of
compatibilizing the thermosetting blends of epoxy with CNC. This
judgment was further confirmed using dynamic mechanical ther-
mal analysis (DMTA).
Figure 6 shows the DMTA curves of plain epoxy and the nano-

composites. For the plain epoxy, a major peak at 159 °C was dis-
played in the plot of tan ⊐ versus temperature, which was
assignable to the glass transition of the thermoset. In addition,
there were two secondary transitions at ca 75 and−65 °C, respec-
tively. The former (denoted T⊎1) is attributable to diphenyl-
methane structural units (─C6H4─C(CH3)2─C6H4─) whereas the
latter (denoted T⊎2) to hydroxyether linkages (─O─CH2─CH
(OH)─CH2─O─) in the epoxy backbone. Upon introducing CNC-
PVPy, notably, the glass transition temperature (Tg) shifted to

lower values. For the nanocomposite containing 40 wt% of CNC-
PVPy, Tg was decreased to 111 °C. A similar phenomenon of a shift
to lower temperature was also found for the secondary transitions
(T⊎1 and T⊎2). This phenomenon can be explained on the basis of
the intimate mixing of the epoxy network with the PVPy chains
grafted from the surface of CNCs. In other words, the epoxy net-
work was plasticized by a lower-Tg component (i.e. PVPy). The
speculation that the PVPy chains grafted from the surface of CNCs
had a lower Tg is readily confirmed using DSC. Figure 7 shows the
DSC curves of control epoxy and CNC-PVPy. In both cases, single
Tg values were exhibited. For CNC-PVPy, the single Tg is only
ascribed to PVPy chains since CNCs are highly crystalline or Tg
was too high to be detected. Tg of the PVPy chains was measured
to be only 97 °C, which was significantly lower than that of the
control epoxy (i.e. 141 °C). The glass transition behavior indicates
that the PVPy chains grafted from the surface of CNCs intimately
mixed with the epoxy network on the segmental scale. The com-
plete miscibility of epoxy with PVPy is attributed to the intermole-
cular hydrogen bonding interactions between hydroxyl groups of
epoxy matrix and carbonyl groups of PVPy.54 It is this full miscibil-
ity that suppresses the aggregation of CNCs in the epoxy matrix,
namely the nanocomposites were successfully obtained. In the
nanocomposites, the fine dispersion of CNCs would significantly
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reinforce the epoxy matrix, which was readily proved by the
enhancement in modulus of the materials. From Fig. 6, the stor-
age moduli of the nanocomposites in the glass states were much
higher than that of the control epoxy. The higher the mass frac-
tions of CNC-PVPy, the higher are the storage moduli of the nano-
composites. The enhanced storage moduli resulted from the
nanoreinforcement effect of the CNCs on the epoxy matrix, which
can be further evidenced with mechanical tests.
The mechanical properties of the nanocomposites were investi-

gated by tensile measurements. Figure 8 shows the strain–stress

curves of control epoxy and the nanocomposites at a loading rate
of 50 mm min−1. The mechanical properties of the nanocompo-
sites are also summarized in Table 1. All the samples displayed
the behavior of brittle fracture. For the control epoxy, the tensile
strength, elongation at break and Young's modulus were
62.07 MPa, 2.18% and 3.0 GPa, respectively. Upon introducing
CNC-PVPy, the mechanical properties were slightly enhanced.
When the mass fraction of CNC-PVPy was 40 wt%, the tensile
strength, elongation at break and Young's modulus increased to
70.39 MPa, 2.38% and 3.28 GPa, respectively. The increased
Young's moduli are assignable to the nanoreinforcement of CNCs.
The increased tensile strength is a result of the introductions of
fibrous nano-objects (i.e. CNCs) which had much stronger interac-
tions with the epoxy matrix. The enhanced interactions between
CNCs and epoxy resulted from the full miscibility of PVPy chains
which were grafted from the surface of the CNCs. The increased
elongation at break suggests that the ductility of the epoxy matri-
ces of the nanocomposites was significantly increased owing to
the intimate mixing of PVPy chains with the epoxy network. This
finding was further corroborated by the toughening improve-
ment of the nanocomposites compared to control epoxy.

Toughening of epoxy thermosets
To investigate the fracture toughness, control epoxy and the
nanocomposites were subjected to three-point bending tests to
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Table 1. Mechanical parameters of nanocomposites of epoxy and
CNC-PVPy

CNC-PVPy
(wt%)

Tensile
strength (MPa)

Young's
modulus (GPa)

Elongation at
break (%)

0 62.07 ± 2.18 2.99 ± 0.05 2.17 ± 0.04
10 63.79 ± 2.45 3.05 ± 0.06 2.25 ± 0.03
20 66.43 ± 2.30 3.10 ± 0.06 2.31 ± 0.04
30 70.19 ± 2.35 3.21 ± 0.05 2.34 ± 0.05
40 70.39 ± 2.36 3.28 ± 0.07 2.37 ± 0.05
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measure their critical stress intensity factors (K1C) and critical frac-
ture energy (G1C) (Scheme S1, Appendix S1). The plots of K1C and
G1C as functions of the mass fraction of CNC-PVPy are shown in
Fig. 9. For the control epoxy, the value of K1C was measured to
be 0.75 MN m−3/2. Notably, all the nanocomposites displayed
increased K1C, indicating that the introduction of CNC-PVPy
resulted in a significant improvement in fracture toughness. Nota-
bly, the nanocomposite containing 30 wt% of CNC-PVPy dis-
played the maximum in K1C (i.e. K1C = 1.76 MN m−3/2), which
was 2.35 times that of the control epoxy. According to the values
of K1C and flexural moduli (E), the fracture energy release rates
(G1C) were calculated, as also shown in Fig. 9. The K1C and G1C

results indicate that the toughness of epoxy has been significantly
improved with the incorporation of CNCs. The toughening effect
was also evidenced with the change in surface morphologies of
fracture ends of the samples. The fracture ends from the mechan-
ical tests described above were used for morphological observa-
tion using field emission SEM. Figure 10 shows the SEM
micrographs of control epoxy and nanocomposites containing
20 and 40 wt% of CNC-PVPy. For the control epoxy, a great num-
ber of cracks were generated at the fracture surfaces and these
cracks were parallel with each other, suggesting that the cracks
were easily developed and that the growth of these cracks was
less hindered. This behavior is indicative of brittle fracture of ther-
mosets. However, for the nanocomposites, there were fewer
cracks at the fracture surface. Furthermore, the growth directions

of cracks were easily changed, which is typical of tough fracture
behavior of thermosets. Notably, when the mass fraction of
CNC-PVPy was 40 wt%, the parallel cracks were almost invisible,
and the growth direction of the cracks were random. The mor-
phologies of fracture ends indicate that the epoxy thermoset
was indeed toughened with the introduction of CNCs.
For the nanocomposites of epoxy with CNCs, the improvement

of toughness is attributable to: (i) the formation of nanostructured
thermosets (i.e. CNCs were finely dispersed in the epoxy matrix)
and (ii) the introduction of rigid and fibrous nanoreinforcement

Figure 10. Field emission SEM images of tensile fracture surface of
(A) control epoxy and nanocomposites containing (B) 20 wt% and
(C) 40 wt% of CNC-PVPy.
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(B) nanocomposite containing 40 wt% of CNC-PVPy at variable loading
rates.
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(i.e. CNCs). Various researchers58–60 have investigated the tough-
ening mechanisms in nanostructured thermosets containing
block copolymers. It was found that depending on the viscoelas-
ticity of nanodomains dispersed in continuous thermosetting
matrices, debonding, nanocavitation and plastic deformation of
thermosetting matrix around the nanodomains would be
involved in the toughness improvement of thermosets. In the pre-
sent case, the nanofillers (i.e. CNCs) were quite rigid and thus
nanocavitation could not be a major toughening mechanism
due to the inability of CNCs to deform. In addition, interfacial
debonding of CNCs from the thermosetting matrix was not
expected since CNCs had quite strong adhesion to the epoxy
matrix through the strong hydrogen bonding between PVPy
chains and the epoxy networks.61 The introduction of CNCs would
disrupt the continuity of epoxy the network in the vicinity of CNC
microdomains and could lead to the initiation of matrix shear
yielding. It is proposed that the short PVPy chains on the surface
of CNCs having a lower Tg (ca 97 °C) increased the segmental
mobility of the epoxy matrix, which would result in the shear yielding
of the matrix around CNC microdomains. To confirm the possible
toughening mechanisms, we investigated the stress–strain behavior
of control epoxy and the nanocomposites. Figure 11 shows the
stress–strain curves of control epoxy and the nanocomposite contain-
ing 40 wt% of CNC-PVPy at variable loading rates. For the control
epoxy, no yield points were exhibited in the stress–strain curves
although the stretching ratewas reduced as low as 2 mm min−1, indi-
cating that the sample was inherently brittle, i.e. the fracture was in a
brittlemanner. Inmarked contrast to this observation, therewere clear
yield points in the stress–strain curves of the nanocomposite. The
appearance of yield points indicates that there was a behavior of plas-
tic deformation of the thermosettingmatrix in the tensile tests, i.e. the
sample displayed the behavior of tough fracture. The stress–strain
results suggest that there was indeed a yielding behavior of matrix
deformation. It should be pointed out that the toughness improve-
ment could be additionally ascribed to the blunting behavior of crack
growth tips by the fibrous nano-objects (i.e. CNCs).62, 63

CONCLUSIONS
CNCs were functionalized via surface-initiated RAFT/MADIX poly-
merization. The pristine CNCs were first treated with 4-cyano-
4-(isopropoxycarbonothioylthio) pentanoic chloride and the
resulting xanthate-functionalized CNCs were used to mediate
the radical polymerization of NVP. CNC-PVPy was successfully
obtained with a mass fraction of PVPy of 51.9 wt%. It was found
that CNC-PVPy can be well dispersed into epoxy thermosets,
i.e. nanocomposites of epoxy with CNCs were successfully
obtained. The fine dispersion of CNCs in the epoxy matrix is
responsible for the intimate mixing of PVPy chains with epoxy
networks. Results of mechanical tests indicate that epoxy thermo-
sets can be significantly toughened with the introduction of CNCs
with a dispersion in the form of single fibrous nano-objects. The
toughening of epoxy thermosets is mainly attributed to the plas-
tic deformation of the epoxy matrix which was initiated with the
fine dispersion of CNCs.
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