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Jie Chena and Xiaoan Nie*a

In this study, a modifier (CTMA) prepared by emulsion copolymerization of tung oil fatty acid, methyl esters

of tung oil fatty acid and acrylonitrile was used to toughen epoxy resins. The structural characterization of

the copolymer was carried out by Fourier transform infrared spectroscopy, 1H NMR spectroscopy and high-

temperature gel permeation chromatography. Mechanical testing, thermal characterization and scanning

electron microscopy were conducted to investigate the properties of epoxy resin modified by the

copolymer and further reveal its toughening mechanism. The results indicated that the newly

synthesized copolymer effectively toughened the epoxy resin because the elongation-at-break was

increased to 89.48%, the maximum toughness calculated by work before break was nearly 4.6 times that

of the neat epoxy resin, and apparent shear yields and plastic deformations were observed in the

morphology of the fractured surfaces. CTMA, which acts as a flexible cross-linker in the epoxy

thermoset, may decrease the cross-linking density.
Introduction

Epoxy resins are widely used in materials science, engineering
and industry because of their excellent mechanical properties,
low cure shrinkage, excellent cohesiveness and good chemical
resistance. However, the high cross-linking structure of epoxy
resins is responsible for their poor fracture toughness.1 To
overcome this drawback, modiers are incorporated into the
epoxy curing system.

Many kinds of modied resins, such as rubbers, thermo-
plastic particles, core–shell polymers and hyperbranched poly-
mers, have been used to improve the exibility of epoxy resins.
Acting as stress concentrators, the modiers in epoxy matrices
terminate cracks by different mechanisms such as multiple
crazing mechanism, multiple shear yielding mechanism,
multiple crazing with multiple shear yielding mechanism and
cavitation mechanism.2–5 However, because of the reaction-
induced mechanism, the generation of phase separation
depends on the choice of epoxy resin, curing agent and
oducts, CAF, National Engineering Lab for
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processing conditions. Therefore, a curing system toughened by
modied resins will not always induce phase separation.6–9

Among the rubbers used as modiers, the carboxyl-
terminated copolymer of acrylonitrile and butadiene (CTBN)
has been extensively used. The chemical reaction between
carboxyl and epoxy groups is able to improve the compatibility
between CTBN and epoxy resin, and the long exible chains
may toughen epoxy matrices by developing stress concentra-
tions under stress.10–12 Laura et al. have studied CTBN-modied
epoxy resin by laser confocal microscopy characterization and
found that the fracture toughness increases, whereas the glass
transition temperature and the tensile modulus decrease as the
size and phase volume of CTBN increase;13 Huang et al. have
prepared a exible and transparent epoxy resin with tunable
mechanical properties by the reaction between hydrazine
hydrate and the epoxy functional group diglycidyl ether of
bisphenol A (DGEBA). The curing systems incorporated with the
modied resin demonstrated excellent exibility; however, no
phase separation was observed.14 Day et al. have toughened
epoxy resin with a series of multilayer core–shell particles.
Compared to acrylic toughening particles (ATP) and CTBN
under the same conditions, the epoxy resin modied by these
multilayer core–shell particles improved the toughness, which
led to a signicant decrease in Young's modulus.15 Fei et al.
used hyperbranched polymers to toughen the epoxy resin that
were synthesized from the diglycidyl ether of bisphenol A,
succinic acid (SA) and 1,3,5-benzenetricarboxylic acid (BA). Aer
being cured by methylhexahydrophthalic anhydride (MeHHPA),
the modied epoxy thermosets exhibited better toughness as
the elongation-at-break of 5.25% could be achieved as
This journal is © The Royal Society of Chemistry 2019
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compared to 3% of the neat epoxy thermoset; in addition, the
glass transition temperatures of the modied epoxy thermosets
increased because of their hyperbranched structure.8

However, due to the growing concerns over sustainability
and environmental friendliness, the use of renewable materials
is necessary; therefore, traditional methods of toughening the
epoxy resin by petroleum-based modied resins are being
gradually replaced by those involving the use of renewable
materials. Thus, the synthesis of modiers partly or completely
from renewable feedstock is urgent.

Vegetable oils (VOs) are excellent alternatives due to their
abundance, low price and biodegradability.16,17 Many studies
have been devoted towards the toughening of epoxy resin by
epoxidized vegetable oils.18,19 These epoxidized vegetable oils
are incorporated into epoxy thermosets as a exible cross-
linker, which toughen the epoxy resin by decreasing the cross-
linking density. Ratna et al. toughened DGEBA by epoxidized
soybean oil using an ambient-temperature hardener. When the
addition amount of the modier was increased from 5% to
30%, the maximum elongation-at-break obtained was 7.5%
(which was 3.2% for the sample without the modier); this led
to a signicant improvement in toughness;20 however, it still
could not satisfy the requirement for application in certain
special occasions.

Moreover, the conjugated structure in tung oil obtained via
the Diels–Alder reaction rather than epoxidization has received
signicant research interest. By the Diels–Alder reaction,
a number of tung oil-derived toughened epoxy resins have been
produced.21–24 As is well-known, the products obtained via the
Diels–Alder reaction contain a ring structure, which may reduce
the toughening effect. Hence, to avoid the formation of a ring
structure, an alternative strategy is to synthesize the tung oil-
based toughener via radical polymerization; however, only few
studies have been reported on the synthesis of an epoxy resin
toughener by the radical polymerization of tung oil or tung oil-
derives.

In this study, a renewable toughener was synthesized by the
emulsion polymerization of tung oil fatty acid (TOFA), methyl
esters of tung oil fatty acid (METOFA) and acrylonitrile. The
long exible aliphatic chains of tung oil-derives were able to
toughen the rigid epoxy matrix, and the carboxyl groups of
TOFA improved the compatibility of blends. Then, to study the
effect of the addition content of the synthesized resin on the
properties of the modied epoxy resin, the synthesized resin in
different contents was incorporated into the epoxy matrix by
a pre-reaction between the carboxyl groups and epoxy groups.
Aer curing, the mechanical properties and thermal charac-
terizations were investigated by mechanical testing, differential
scanning calorimetry (DSC), dynamic mechanical analysis
(DMA) and thermogravimetric analysis (TGA). In addition, the
fracture surfaces were observed by a scanning electron micro-
scope (SEM). The results of this study show that the synthesized
copolymer resin can effectively toughen the epoxy resin.
This journal is © The Royal Society of Chemistry 2019
Experimental
Material

Tung oil was obtained from the Institute of Chemical Industry
of Forestry Products. Diglycidyl ether of bisphenol A (epoxide
value: 0.48–0.54 equiv. (100 g)�1), Baling Petrochemical Branch
Company, PetroChina Co., Ltd, polyetherimide (D230, amine
value: 8.1–8.7 mequiv. g�1, Huntsman Chemical Co., Ltd), tri-
phenylphosphine (99.5%, Shanghai Lingfeng Chemical Reagent
Co., Ltd), acrylonitrile (98%, Sinopec Shanghai Petrochemical
Co., Ltd), potassium oleate (98%, Shanghai Macklin Biochem-
ical Co., Ltd), ammonium persulphate (98%, Shanghai Lingfeng
Chemical Reagent Co., Ltd), sodium chloride (Xilong Scientic
Co., Ltd), sodium hydroxide (Xilong Scientic Co., Ltd), potas-
sium hydroxide (Xilong Scientic Co., Ltd), methanol (99.5%,
Nanjing Chemical Reagent Co., Ltd), hydrochloric acid (36.0–
38.0%, Nanjing Chemical Reagent Co., Ltd) and epoxidized
soybean oil (epoxide value: 0.38 equiv. (100 g)�1, Shanghai
Aladdin Chemical Reagent Co., Ltd) were used as received.

Synthesis

Tung oil fatty acids (TOFA). Tung oil (180 g) and NaOH
solution (100 mL) prepared by dissolving 24 g of sodium
hydroxide in 100 mL water/ethanol (1 : 1 v/v) were taken in
a ask, followed by reuxing for 3 h at 75 �C. Aer decomposing
the soaps by hydrochloric acid, the water layer was removed.
The crude product was rinsed with water, and the trace amount
of water was removed by a rotary evaporator under vacuum at
70 �C. Then, 161 g of a light brown product was obtained, whose
acid value was 200.3 mg g�1 (theoretical: 201.8 mg g�1).

Methyl esters of tung oil fatty acids (METOFA). Tung oil (200
g), methanol (54 g) and potassium hydroxide (3 g) were charged
into a three-necked ask tted with a mechanical stirrer and
reuxed at 70 �C for 1.5 h. Aer the excess methanol was
removed using a rotary evaporator under vacuum, the product
was easily separated from the reaction mixture. The purication
methods are the same as those used for TOFA, and 187 g of
a yellow product was obtained.

Copolymer of tung oil fatty acids, methyl esters of tung oil
fatty acids and acrylonitrile (CTMA). TOFA (15 g), METOFA (15
g), acrylonitrile (20 g), potassium oleate (0.5 g) and water (100 g)
were charged into a round-bottomed ask tted with
a magnetic stirrer and a condenser. Under a nitrogen atmo-
sphere, the reaction system was heated to 70 �C, and ammo-
nium persulphate (0.4 g ammonium persulphate was dissolved
in 20 g water beforehand) was added to the mixture. Aer stir-
ring at 70 �C for 10 h, the product was agglomerated by adding
NaCl (10 g). The crude product was puried by acetone and
water and dried under vacuum at 75 �C. Then, 36.8 g of a viscous
product was obtained.

The preparation method is shown in Fig. 1.

Preparation of the CTMA-toughened epoxy resin (E-CTMA)
and curing procedure

Epoxy resin and CTMA (in the mass ratios of 100 : 25, 100 : 35,
and 100 : 45) were charged into a ask. Aer catalysis by
RSC Adv., 2019, 9, 25880–25889 | 25881
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Fig. 1 Synthesis routes of CTMA.

Fig. 2 FTIR spectra of CTMA and materials.

Fig. 3 GPC spectrum of CTMA.
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triphenylphosphine (0.2 wt% of epoxy resin), the mixture was
stirred at 130 �C for 3 h. Aer the product was cooled down to
room temperature, polyetherimide was added (epoxy and
curing agent were in the 1 : 1 equivalent ratio). The mixture was
then charged into a stainless mold preheated at 80 �C. Curing
was performed at 40 �C for 24 h and at 80 �C for 3 h. These
samples were then coded as E-CTMA25, E-CTMA35 and E-
CTMA45. Epoxidized soybean oil (ESO) was blended with
epoxy resin in the mass ratio of 100 : 45 at room temperature,
and the sample was coded as E-ESO45, which was then used for
comparison purposes. Neat epoxy resin (EP) was also prepared
in the same way as a control group.
Characterization

Structural characterization. Fourier transform infrared
(FTIR) analysis was performed using the Thermo Scientic
Nicolet iS10 spectrometer in the wavenumber range of 600–
4000 cm�1. The 1H NMR spectra of tung oil-derives and CTMA
were obtained by the Bruker 400 MHz spectrometer at room
temperature using deuterated chloroform (CDCl3) as a solvent.
The number-average molecular weight (Mn) and dispersity (Đ)
were determined using the Viscotek model 350 high-
temperature gel permeation chromatograph (HTGPC) at 60 �C
with N,N-dimethylformamide (DMF) as the solvent. The ow
rate was 1 mL min�1, and the detector was right angle scattered
light, whose temperature was 60 �C.

Thermal characterization. Differential scanning calorim-
etry (DSC) was conducted using a Diamond DSC (PE)
instrument. The samples 5–10 mg in weight were placed in
aluminum pans under a nitrogen atmosphere. Aer being
heated from �50 �C to 180 �C at 10 �C min�1 and maintained
isothermally for 5 min to eliminate the thermal history, the
samples E-CTMAs and neat epoxy resin were cooled down to
�50 �C and reheated to 180 �C under the same conditions.
The operations for the sample CTMA were the same as those
used for E-CTMAs, except that the temperature range was
from �70 �C to 80 �C. Moreover, the curing behaviour was
studied by DSC, and all samples were scanned from 0 �C to
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 1H NMR spectra of TOFA and METOFA.
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250 �C at 10 �C min�1. Dynamic mechanical analysis (DMA)
of the samples was performed by DMA Q800 (TA Instruments)
in the dual cantilever mode with the oscillating frequency of
1 Hz. The temperature range from �50 �C to 150 �C at
Fig. 5 1H NMR spectrum of CTMA.

This journal is © The Royal Society of Chemistry 2019
3 �C min�1 was used. Thermogravimetric analysis (TGA) was
performed using the TG209F1 TGA (Netzsch) instrument.
Each sample was scanned from 30 �C to 800 �C at 20 �C min�1

under a nitrogen atmosphere.
RSC Adv., 2019, 9, 25880–25889 | 25883
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Table 1 Calculation results obtained by the 1H NMR spectra

Part A B C

Peak area (relative to C) 1.75 14.28 1
Monomer AN METOFA TOFA
Mole fraction (%) 45.26 31.28 24.06
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Scanning electron microscopy characterization. Surface
morphology of the samples was determined using the 3400 NI
scanning electron microscope (Hitachi) at the acceleration
voltage of 15 kV. All samples were fractured aer being placed in
liquid nitrogen and coated with gold before examination.

Mechanical properties. Tensile tests were conducted using
the Instron 4201 machine equipped with a 30 kN electronic load
cell according to the Chinese standard GB13022-91. Moreover,
ve replicates for each sample were tested at the crosshead
speed of 5 mm min�1 at 25 �C.
Fig. 6 DSC curves of CTMA (a) and cured thermosets (b).

Fig. 7 DSC curves of the curing process: heat flow against tempera-
ture (a) and conversion against temperature (b).

25884 | RSC Adv., 2019, 9, 25880–25889
Results and discussion
Structure determinations

As shown in Fig. 2, functional group conversion can be detected
by comparing the infrared spectra. In the CTMA spectrum,
a weaker peak of ]C–H appeared at 3012 cm�1 as compared to
that of tung oil-derives, which indicated the polymerization of
Table 2 Curing parameters and viscosity of samples

Sample To
a (�C) Tp

b (�C) DH (J g�1) Viscosityc (kPa s)

EP 89.17 126.18 379.65 12.36
E-CTMA25 78.37 119.43 297.89 19.16
E-CTMA35 77.89 119.25 292.83 27.08
E-CTMA45 74.43 116.78 244.34 51.22

a To is the initial curing temperature. b Tp is the temperature at which
the curing rate is maximum. c Viscosity is measured at room
temperature.

This journal is © The Royal Society of Chemistry 2019
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the double bond. Furthermore, the peaks of –COOCH3 at
1739 cm�1, –COOH at 1707 cm�1 and –CN at 2228 cm�1 were
observed in the CTMA spectrum, indicating that CTMA con-
tained these three monomer units. Due to the reaction between
the carboxyl groups and the epoxy groups, the peak of –COOH at
1707 cm�1 disappeared in the spectrum of E-CTMA45.

Fig. 3 shows the GPC spectrum of CTMA. Only one peak was
observed in the spectrum, which conrmed that the main
product was the copolymer of the three monomer units. The
number-average molecular weight is about 28 740 g mol�1, and
the Đ value is 5.43. The high Đ value may be attributed to the
different monomer activities of acrylonitrile and tung oil-
derives. Furthermore, the simultaneous addition of monomers
contributed to high Đ value.

Fig. 4 and 5 show the 1H NMR spectra of tung oil-derives and
CTMA, which have been used to determine the copolymer
composition. In the 1H NMR spectrum of CTMA, the proton
resonances of –COOCH3 (3.69 ppm) in METOFA and –CH3 (0.91
ppm) in TOFA and METOFA are well separated, whereas those
Fig. 8 Storage modulus (a) and tan d (b) of the neat epoxy resin and E-
CTMA thermosets.

This journal is © The Royal Society of Chemistry 2019
for methylene protons and methine protons (1–2.5 ppm) are
overlapped. Hence, their relative peak areas can be used to
calculate the mole fraction of the monomer by the following
formulas,

FðANÞ ¼

�
B� A

3
� 22

��
3

A

3
þ
�
B� A

3
� 22

��
3

(1)

FðMETOFAÞ ¼ C=3

A

3
þ
�
B� A

3
� 22

��
3

(2)

FðTOFAÞ ¼ ðA� CÞ=3
A

3
þ
�
B� A

3
� 22

��
3

(3)

where A and C are the peak areas for the proton resonances of
–CH3 and –COOCH3, respectively. B is the peak area for all the
methylene proton and methine proton resonances, which
include those of the tung oil derive and acrylonitrile. F (AN), F
(METOFA) and F (TOFA) correspond to the mole fraction of AN,
METOFA and TOFA, respectively. The calculation results are
presented in Table 1.

Differential scanning calorimetry

Fig. 6 shows the results of DSC. In Fig. 6(a), we can observe
a melting peak and a crystallization peak, which illustrates the
crystallizability of CTMA. Moreover, the approximate enthalpy
values conrm the corresponding melt crystallization process.
As observed in the CTMA structure shown in Fig. 1, the exi-
bility of the long aliphatic chain causes the molecules to align;
this leads to crystallization. Furthermore, the induction forces
induced by the cyano groups were able to stabilize the crystal-
lization. Note that via both the heating curve and the cooling
curve, the glass transition temperature of CTMA can be detec-
ted, which is around �26.76 �C.

However, no melting or crystallization peaks were observed
in the curves of E-CTMA, and only one glass transition
temperature could be detected, which indicated that no phase
separation occurred. This was because the epoxy resin incor-
porated CTMA by the reaction between the carboxyl groups and
the epoxy groups; this contributed to the molecular-level
compatibility.

As exible cross-linkers, many long exible aliphatic chains
were incorporated into E-CTMA thermosets. Segment
Table 3 DMA results of the neat epoxy resin and E-CTMA thermosets

Sample code Tg (�C) Half-peak width (�C) E0a ve (10
�3 mol cm�3)

EP 90.15 11.12 12.86 1.31
E-CTMA25 55.75 16.27 5.10 0.57
E-CTMA35 47.38 16.88 4.53 0.52
E-CTMA45 43.77 19.93 3.36 0.39

a Storage modulus at Tg + 30 �C.

RSC Adv., 2019, 9, 25880–25889 | 25885
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movement in exible aliphatic chains can be easily induced by
increasing the temperature, which will contribute to a lower
glass transition temperature; furthermore, the high cross-
linking network system will be destroyed, and the less restric-
tion from covalent bonds contributes to segment movement,
which will also contribute to a lower glass transition tempera-
ture. All these results are in accordance with the decreasing Tg
value shown in Fig. 6(b); moreover, further explanation about
this point has been provided in the discussion of DMA.

Furthermore, the curing behavior was studied by DSC. In
Fig. 7(a), all samples show a similar curing behavior, and only
one curing process has been determined. The accurate param-
eters of the curing process are presented in Table 2. Obviously,
the To and Tp values of E-CTMAs are signicantly lower than
that of the neat epoxy resin, and a decreasing tendency is
observed as the content of CTMA is increased. Previous studies
have demonstrated that the existence of strong hydrogen
bonding species, such as acids and alcohols, is able to accel-
erate the epoxy–amine reaction.25 In the blending process, the
carboxyl groups in CTMA react with the epoxy groups, and the
same amount of hydroxyls are simultaneously produced.
Therefore, the curing process is accelerated, which is in agree-
ment with the decreased values of To and Tp. Furthermore, this
positive effect on the curing process is shown in Fig. 7(b) in
which it is observed that CTMA enhances the conversion at
a specic temperature; however, higher content of CTMA results
in lower enthalpy (DH). This is because the addition of CTMA
reduces the content of epoxy groups and curing agent; this leads
Fig. 9 SEM images of the frozen fracture morphology for the thermose

25886 | RSC Adv., 2019, 9, 25880–25889
to fewer reactions. Moreover, the incorporation of CTMA
increases the viscosity of epoxy resin (Table 2), which is attrib-
uted to the much higher molecular weight of CTMA. Further-
more, the pre-reaction between the carboxyl and the epoxy
groups may produce hydroxyls, which may form hydrogen
bonds with other polar groups and further increase the
viscosity. Similar results have been obtained in previous
studies, in which rubber and other oil-based polymers have
been used to toughen the epoxy resin.12,21,26 The increased
viscosity may restrict themovement of reaction groups and then
reduce the enthalpy.
Dynamic mechanical analysis

Fig. 8 shows the temperature dependence of storage
modulus and tan d of the neat epoxy resin and E-CTMA
thermosets. The accurate statistics of thermal properties
are presented in Table 3.

Tg decreases with an increase in the CTMA content; this is in
accordance with the abovementioned DSC results provided in
the DSC section. Furthermore, the explanation of the
decreasing Tg can be conrmed by the results of half-peak width
(HPW) in tan d curves, which is related to structural unifor-
mity.27 The neat epoxy resin has the lowest HPW value, whereas
E-CTMA45 has the highest HPW value of E-CTMA. This is
because CTMA acts as a exible crosslinker, which increases the
molecular weight between cross-linking points. Furthermore,
the random carboxyl distribution of CTMA extends the
ts: neat epoxy, E-CTMA25, E-CTMA35 and E-CTMA45.

This journal is © The Royal Society of Chemistry 2019
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dispersity of molecular weight between cross-linking points.
However, every tan d curve of E-CTMAs and neat epoxy resin has
only one peak, which illustrates that the uniform network
structure is unable to lead to phase separation.28,29

Based on the theory of rubber elasticity, the cross-linking
density ve can be calculated from the storage modulus in the
rubbery region:

ve ¼ E 0

3RT
(4)

where E0 is the storage modulus at Tg + 30 �C, R is the gas
constant, and T is the absolute temperature at Tg + 30 �C.14,24

The value of ve decreases with the increasing content of
CTMA; this indicates lower cross-linking density. With fewer
cross-linking points, chain segments move more easily; this
contributes to a lower glass transition temperature. Thus, the
decreasing glass transition temperatures are presented as Tg
value in Table 3.
Fig. 10 Thermogravimetric plots of the curing system: TG curves (a)
and DTG curves (b).
Morphology of the fractured surfaces

In the SEM images shown in Fig. 9, we can observe that the
fracture surface of neat epoxy samples is very smooth, whereas
that of the CTMA-modied epoxy samples is rather rough. No
cavity was observed on the fracture surfaces; this indicated that
no phase separation occurred.14,30 This result is in line with the
results of DSC and DMA. Furthermore, massive shear yields and
plastic deformations observed on the E-CTMA fracture surfaces
indicate a typical toughness character.

When CTMA was added as a modier, the carboxyl groups
reacted with the epoxy groups; this led to molecular level
incorporation instead of phase separation. This phenomenon
has also been observed by other researchers.31–34 Because of the
long aliphatic chains of CTMA, external stresses can be redis-
tributed, and plastic deformations will be induced by the ex-
ible cross-linker. This is the reason why the fracture surfaces
become rougher.
Table 4 Thermal properties of the neat epoxy resin and E-CTMA
thermosets

Sample code T5%
a (�C) T10%

a (�C) Tm
b (�C)

EP 372.06 378.92 392.7
E-CTMA25 286.11 368.04 394.0
E-CTMA35 285.91 365.29 400.2
E-CTMA45 279.49 355.32 393.8
CTMA 204.94 227.84 263.9

a T5% and T10% are the temperatures of 5% and 10% weight loss,
respectively. b Tm is the temperature at which the degradation rate is
maximum.
Thermogravimetric analysis

The thermal stability of CTMA and the neat epoxy resin and E-
CTMA thermosets was examined, as shown in Fig. 10. We can
observe that E-CTMAs tend to decompose at lower tempera-
tures, T5% and T10% presented in Table 4; this is attributed to
the decomposition of small molecules (carbonyl and ester) in
CTMA. Consequently, a subtle peak at 250 �C appears in the
derivative curves with an increase in CTMA content, which has
been magnied in the inset of Fig. 10(b). The peak around
395 �C in the derivative curves demonstrates the main decom-
position process, which is considered to be caused by the
degradation of the cross-linked epoxy resin networks.35,36

Hence, the maximum degradation rate temperatures of E-CTMA
and neat epoxy resin thermosets are approximate. Similar
results have been reported by other researches.35,37–39 Kumar
et al. toughened the epoxy resin using ESO in different contents,
and the results show that T5% decreases from 341 �C to 283 �C
when the mass ratio between epoxy resin and ESO is 80/20;38

however, CTMA leads to a greater weight loss; this may be
This journal is © The Royal Society of Chemistry 2019
explained in terms of the cross-linking density. As is well-
known, higher cross-linking density contributes to higher
thermal stability.38 The incorporation of CTMA results in a great
loss in the cross-linking density, which may account for the loss
in thermal stability. However, the epoxide equivalent weight of
RSC Adv., 2019, 9, 25880–25889 | 25887
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Fig. 11 Mechanical properties of the neat epoxy resin and E-CTMA thermosets.
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commercial ESO is about 260 g mol�1. In other words, each ESO
molecule contains more than 3 epoxy groups on an average,
which may react with the curing agent and avoid a sharp
decrement in the cross-linking density. Therefore, the reduction
of thermal stability is less.35
Mechanical properties

The mechanical properties of all thermosets are shown in
Fig. 11. As can be seen, the elongation-at-break, which indicates
the toughness of the material, has increased dramatically from
5.6% to 104.5%; this suggests that CTMA can effectively
toughen the epoxy curing system. This is owing to the exibility
of the modier, which may restrict crack extension and induce
crazes.40 Compared with other tung oil-based products synthe-
sized by the Diels–Alder reaction, whose elongation-at-break is
less than 5%, E-CTMAs show higher toughness.21,23,24 However,
an increase in the content of CTMA decreases the tensile
strength and Young's modulus. Because the addition of CTMA
reduces the cross-linking density and enhances ductility, the
modied samples are less sensitive to deformation; this leads to
lower Young's modulus.41,42 In addition, due to the presence of
less covalent bonds, the samples are unable to withstand high
stress; this accounts for the decrement of tensile strength.
Furthermore, toughness can be indicated in terms of fracture
energy. The increasing toughness, calculated by integrating the
25888 | RSC Adv., 2019, 9, 25880–25889
area under stress–strain curves,43 demonstrates that CTMA can
effectively toughen the epoxy curing system as well.

The sample E-ESO45 was used for comparison. Obviously,
although E-ESO45 has higher tensile strength and Young's
modulus, its toughness value is much lower than that of E-
CTMA45; this is mainly attributed to its low elongation-at-
break. Moreover, many studies on the toughening of epoxy
resin with ESO have been reported, which indicate that ESO
shows limited improvement in the elongation-at-break.20,35,38,39

Hence, in terms of elongation-at-break and toughness value,
CTMA exhibits excellent toughening ability, which is better than
ESO. Moreover, the mechanical properties suggest that the
epoxy resin modied by CTMA is a potential material that can
be used as a coating, pouring sealant and other casting material
and has higher requirement for toughness but less demand for
strength.44 However, owing to the higher viscosity of some
formulations, some solvents should be used to reduce the
viscosity for applications.
Conclusions

Epoxy resin modied by CTMA shows a great improvement in
toughness when compared with the neat epoxy resin and the
sample modied by ESO. By acting as a exible cross-linker,
CTMA reduces the cross-linking density of epoxy resin, simul-
taneously increasing the elongation-at-break and toughness
This journal is © The Royal Society of Chemistry 2019
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value. However, the incorporation of exible aliphatic chains
decreases the tensile strength, Young's modulus and Tg value;
this is similar to the results of rubber-modied epoxy resin. Due
to the reaction between the carboxyl groups and the epoxy
groups, no phase separation has been detected by thermal
characterization and SEM. Based on these characteristics, the
epoxy resin modied by CTMA is a potential material for
application as a coating, pouring sealant and casting material;
moreover, the results demonstrate that the modied resins
obtained from renewable feedstock, such as tung oil, will be
potential alternatives to petroleum-based modied resins in the
future.
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X. Ramis, React. Funct. Polym., 2010, 70, 798–806.

7 M. Flores, X. Fernández-Francos, F. Ferrando, X. Ramis and
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