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In this study, the triblock copolymer poly(methyl methacrylate)-b-poly(butyl acrylate)-b-poly(methyl

methacrylate) (MAM) was used to modify bisphenol A epoxy resin to improve its toughness. The effects

of MAM on the curing behaviors, mechanical properties, fracture morphology and thermal properties of

epoxy were carefully studied. The results of dissolution experiments show that MAM has good

compatibility with epoxy resin under certain conditions. FT-IR and DSC analyses show that adding MAM

to epoxy hinders the curing reaction of epoxy resin, without participating in the curing reaction and

changing the curing mechanism. The mechanical properties indicated by KIC and impact strength with

an MAM content of 10 phr for the toughened system increase by 91.5% and 83.5%, respectively,

compared to the situation without MAM, which may ascribed to the nanoparticles formed during the

process of MAM/epoxy blending. In the curing process of an epoxy resin, the typical phase structure that

occurs through the self-assembly process can be clearly observed in the MAM/epoxy blends. As the

MAM content increases, the amount of nanoparticles gradually increases. This work further confirms that

the toughness of the composite material was enhanced to a large extent without significantly decreasing

the glass transition temperature of the blends.
1. Introduction

Epoxy resin (EP) has been widely used in aerospace, rail trans-
portation, wind power, automobiles and other related elds
owing to its outstanding bonding performance, favorable
mechanical properties, low shrinkage and excellent chemical
stability.1–3 However, because of a high degree of cross-linking,
internal stress, great brittleness and poor impact resistance
aer curing, its application has been greatly hindered in many
areas, especially in high-tech elds. Therefore, an improvement
in the toughness of epoxy resin to broaden its applications has
attracted more and more attention in recent years.4–6

Quite a large number of studies in the literature have shown
that the addition of a toughening agent is a simple and effective
way to improve the toughness of epoxy resin. Among these
studies, reactive functionalized liquid rubber has made great
progress in the modication of epoxy resin. Conventionally
used reactive functionalized rubbers include carboxyl termi-
nated butadiene acrylonitrile (CTBN),4,7,8 amine terminated
butadiene acrylonitrile (ATBN),9,10 and epoxy terminated buta-
diene acrylonitrile (ETBN).11 However, the decrease in glass
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transition temperature andmodulus severely limits the range of
application of rubber-based epoxy resin.

In recent years, nanostructured thermosetting resins have
been obtained through blending a block copolymer (BCP) with
a ne structure with an epoxy resin. The notch toughness of the
resin has been greatly enhanced while the elastic modulus and
glass transition temperature remain unchanged.12–22

Frequently-used thermoplastics include poly(methyl methacry-
late)-b-poly(butyl acrylate)-b-poly(methyl methacrylate) (PMMA-
b-PnBA-b-PMMA, MAM),22 poly(ethylene oxide)-b-poly(ethyl
propylene) (PEO-PEP),21 and poly(ethylene oxide)-b-poly(3-cap-
rolactone) (PEO-b-PCL).20 BCPs, as amphiphilic molecules, can
form micellar structures via self-assembly and can be effectively
used as nano-tougheners for epoxy resins. The formation of
nanostructures of block copolymers in epoxy resins originates
from the difference in compatibility of the different building
blocks in the matrix, which requires a block copolymer with at
least one epoxy-miscible block and one epoxy-immiscible block
in the molecular structure. In epoxy resins, constructed micro/
nanostructures take the form of different morphologies, such as
spherical micelles, wormlike micelles or vesicles, depending on
the molecular weight, block length and composition of the
BCPs. With the addition of a relatively small amount of BCPs
(#5 phr), the fracture toughness of the resins can be signi-
cantly improved.13,16,18,21 Poly(methyl methacrylate)-b-poly(butyl
acrylate)-b-poly(methyl methacrylate) (MAM) is a typical
amphiphilic block copolymer, which has been used to research
RSC Adv., 2020, 10, 1603–1612 | 1603
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the relationship between the phase structure and toughness of
cured epoxy resin. Barsotti et al.31 compared the fracture
toughness improvement ability of a block copolymer and CTBN
in the same epoxy system but used another block copolymer:
MAM. These researchers reported that MAM modied epoxies
have a signicantly higher fracture toughness than CTBN
modied epoxies on addition of the same wt% loading. They
reported that, for example, in a dicyandiamide (DICY) cured
DGEBA epoxy, 5 wt%MAMmodied epoxy gave a value of KIC ¼
1.64 MPa m1/2 while a value of KIC ¼ 1.32 MPa m1/2 was
measured for a 5 wt% CTBN modied epoxy. Wang et al.30

mixed MAM and CSP as a toughening agent for epoxy resin.
Their results indicated that when 3 phr MAM and 5 phr CSP
were added, the fracture toughness of the MAM/CSP/epoxy resin
composites was increased by 91.4% while the mechanical
properties of the composites were not lost. However, a few
reports have emphasized the inuence of MAM on the curing
behavior of epoxy resin, which may lead to a change in phase
structure and mechanical properties aer curing.

In this work, modication of bisphenol A epoxy resin was
obtained with an MAM triblock copolymer as the toughening
agent. The curing kinetics of the MAM/epoxy blend system was
studied systematically, and the curing mechanism of the epoxy
resin blend system in the presence of MAM was analyzed. The
results show that the addition of MAM does not change the
curing reaction or curing mechanism of the epoxy resin. In the
epoxy system, the amphiphilic copolymer absorbs external
energy by different phase separation structures which were
constructed by self-assembly, which effectively improves the
mechanical properties of the resin. What is more, our research
also shows that MAM has little effect on the glass transition
temperature of the system under conditions which produce
a better toughening effect.
2. Experimental
2.1. Materials

Triblock copolymer MAM was purchased from Shanghai Huayu
NewMaterials Technology Co., Ltd. Bisphenol A epoxy resin (E51)
with an epoxy equivalent of 182–192 g mol�1, was obtained from
Nanya Plastics Industry Co., Ltd. The curing agent was dicyan-
diamide (DICY), supplied by the Shenzhen Jiadida New Material
Technology Co., Ltd. The accelerator was 1,10-(methylenebis(4,1-
phenylene))bis(3,3-dimethylurea) (UA23), which was purchased
from Shanghai Huayu New Materials Technology Co., Ltd.
Table 1 Weight ratio of E51/MAM/DICY/UA23 blends

Weight
ratio (%) 0 phr 5 phr 10 phr 15 phr 20 phr

E51 100 100 100 100 100
MAM 0 5 10 15 20
DICY 7 7 7 7 7
UA23 1.5 1.5 1.5 1.5 1.5
2.2. Preparation of the MAM/epoxy blends

Firstly, the MAM particles were dissolved in the epoxy resin at
150 �C until themixed system had completely claried. Aer the
temperature had decreased to 80 �C, the reaction system was
mixed with DICY and UA23 in a three-roller mill three times.
Finally, the mixture was defoamed in a vacuum oven at 100 �C
until the bubbles were completely discharged. The mixture was
transferred to a mold coated with a release agent and then the
model was kept at 120 �C for 2 h. Aer cooling and demolding,
the cured product of an MAM/epoxy composite was obtained.
1604 | RSC Adv., 2020, 10, 1603–1612
According to the different weight ratios of MAM to epoxy resin,
the samples were recorded as 0, 5, 10, 15, and 20 phr. Table 1
shows the chemical compositions and Fig. 1 shows a ow
diagram of preparing an epoxy resin sample.
2.3. Characterization

A hot stage polarizing microscope was used to observe the
dissolution of MAM in epoxy resin (LINKAM TMS94 hot stage
and Olympus BX5 optical microscope). Fourier transform
infrared spectroscopy (FT-IR) was applied to investigate the
curing reaction. The FT-IR spectra of the samples were recorded
with a Nicolet 6700 FT-IR spectrometer with a smart-ATR
attachment. The viscoelasticity of the MAM/epoxy blends was
tested using dynamic mechanical analysis (DMA, TA Q800).
Rectangular specimens of 60 mm � 13 mm � 3 mm were
prepared for DMA analysis, on a 3-point exural mode at
a frequency of 3 Hz and heated from 50 �C to 250 �C.

The tensile and exural properties of the blends were tested
according to the ASTM D638-10 and D5045-14 standards,
respectively. For a typical exural strength and modulus test,
the specimen dimensions were 127 mm � 12.7 mm � 3.2 mm.
The fracture toughness of the MAM/epoxy blends was deter-
mined by a single-edge notched 3-point exural test (SENB)
according to ASTM D5045-14. Rectangular specimens of 44 mm
� 10 mm � 5 mm with a 5 mm long notch were prepared for
measurement. A WANCE 203 B-TS micro computer controlled
electromechanical universal testing system was applied to
perform these measurements.

The critical stress intensity factor (KIC) was adopted to
inquire into the mechanical interfacial properties or the frac-
ture toughness of the epoxy/MAM blends. The value of KIC is
determined based on the ASTM D5045-14 standard as follows:

KIC ¼
�

P

Bw1=2

�
f ðxÞ

where P is the loading weight, B is the thickness of the spec-
imen, w is the depth (width) of the specimen, a is the crack
length, x is the ratio of the crack length to the depth of spec-
imen, a/w, and f(x) is the calibration factor, which is represented
as follows:

f ðxÞ ¼ 6x1=2 ½1:99� xð1� xÞð2:15� 3:93xþ 2:7x2Þ�
ð1� 2xÞð1� xÞ3=2

Izod pendulum impact tests (JINYANG XJJUD-50Q) were
performed based on ASTM D256-10 standard under an impact
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 The flow diagram of preparing an epoxy resin sample.
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speed and impact energy of 3.5 m s�1 and 5.5 J, respectively. The
sample sizes was 63.5 mm � 12.7 mm � 6.35 mm and each
sample had a constant notch.

The fractured surfaces of the cured MAM/epoxy blends were
analyzed in detail by a Hitachi SU8010 scanning electron
microscope (SEM) system and an Atomic Force Microscope
(AFM).

The thermal stability of the cured MAM/epoxy blends was
studied with a Netzsch TG 209 F1 Iris thermogravimetric
analyzer. The samples were heated from room temperature to
800 �C at a heating rate of 10 �C min�1 in a nitrogen
atmosphere.

3. Result and discussion
3.1. Solubility

The compatibility of toughened materials with resins has
a signicant impact on the processing of the resins. In order to
study the compatibility of the epoxy resin and MAM, a hot stage
polarizing microscope was used to observe the dissolution of
MAM in the resin, and the results are shown in Fig. 2. It can be
observed that MAM was completely dissolved within 15 min at
150 �C. In addition, the dissolution system was completely
transparent and no other impurities were produced. These
phenomena indicate that MAM can achieve good stability in
epoxy resin in a very short time.

3.2. Curing kinetics of MAM/epoxy resin blends

The performance of the cured epoxy resin was highly dependent
on the crosslinked network structure of the epoxy resin. The
formation of the crosslinked network structure of the thermo-
setting resin was closely related to the curing reaction kinetics.
Therefore, DSC was used to analyze the effect of MAM on the
curing behavior of epoxy resin, as shown in Fig. 3. The curing of
epoxy resin is an exothermic process. Fig. 2 indicates that the
MAM/epoxy resin system has a distinct curing exothermic peak
between 100 �C and 220 �C for blending with the same MAM
content. The peak temperature (Tp) of the solidication curve
gradually increases as the heating rate in an MAM/epoxy resin
system increases. Moreover, the shape of the exothermic peak
gradually becomes sharp. The blended systems show a similar
trend with the addition of different contents of MAM. The main
This journal is © The Royal Society of Chemistry 2020
reason is that the exothermic hysteresis of the curing reaction
gradually increases and the temperature difference generated
by the reaction becomes larger as the heating rate increases.
Therefore, the peak of the exothermic heat of the curing reac-
tion moves toward high temperature.

The apparent activation energy (DE) and reaction order (n)
are important kinetic parameters in the curing of epoxy resin,
and also are the theoretical basis for the formulation of process
parameters and process control of epoxy resin curing. DE
directly reects the difficulty of the curing reaction, and can be
calculated according to the Kissinger method,23 as shown in
formula (1). The reaction order (n) reects the complexity of the
reaction and can be used to estimate the curing reaction
mechanism, which can be based on the Crane equation24

calculated as shown in formula (2).

d
�
ln b

.
Tp

2
�

d
�
1
�
Tp

� ¼ �DE

R
(1)

dðln bÞ
d
�
1
�
Tp

� ¼ �DE

nR
þ 2Tp (2)

where b is the heating rate, Tp is the peak temperature, R is the
ideal gas constant which is 8.314 J (mol�1 K�1), and DE is the
activation energy, and n is the order of the reaction.

According to the Kissinger and Crane equations, the peak
temperature (Tp) of the MAM/epoxy system with different MAM
contents at different heating rates b was substituted into
formulas (1) and (2). Aer that, ln(b/Tp

2) and ln b were plotted as
a function of 1000/Tp, as shown in Fig. 4(a) and (b), respectively.
The slope of each tted line is obtained by the linear regression
method. The complex correlation coefficients R2 of the two linear
ttings all reach 0.99 or higher, indicating an excellent t.

The values of DE and n are calculated based on eqn (1) and
(2), as shown in Table 2. It was found that the values of DE have
two different stages with an increase in MAM content in the
blended system. The activation energy of the reaction of the
blended system will not change when the content of MAM is
less than 10 phr, but the activation energy of the blend increases
sharply when it reaches 10 phr. However, with the addition of
MAM, the activation energy of the resin system remains stable.
A lower content of MAM in the blended system has little effect
on the viscosity. Nevertheless, the viscosity of the system
increases sharply when the MAM content of the blended system
is over 10 phr. The probability of the epoxy resin reacting with
the curing agent was hindered by the MAM polymer chain.
Difficulty in the reaction of the blended system leads to
a decrease in the rate of the curing reaction, which was man-
ifested by an increase in apparent activation energy. Moreover,
as evident from Table 1, the reaction order (n) of each system is
stable between 0.92 and 0.93, demonstrating that the addition
of MAM will not change the curing reaction mechanism of the
epoxy resin.

3.3. FT-IR analysis

Various outstanding properties of epoxy resins are obtained
through their fully crosslinked structures. Therefore, in order to
RSC Adv., 2020, 10, 1603–1612 | 1605
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Fig. 2 The dissolution process of MAM particles in epoxy resin at 150 �C, followed by optical microscopy (a) 0 min, (b) 3 min, (c) 6 min, (d) 9 min,
(e) 12 min, (f) 15 min.
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study the inuence of MAM on the chemical structure of cured
epoxy resin, FT-IR analysis was conducted to study the
completion of the curing reaction. Fig. 5 shows the infrared
spectra of the MAM/epoxy blends. The epoxy absorption peak at
915 cm�1 completely disappears aer curing, indicating that
the epoxy resin curing reaction was complete. This phenom-
enon indicates that the addition of MAM would not affect the
curing reaction of epoxy resin.
Fig. 3 DSC curves of MAM/epoxy systems at different heating rates of t

1606 | RSC Adv., 2020, 10, 1603–1612
3.4. Mechanical properties

In order to study the effect of the addition of MAM on the
mechanical properties of the blends, the tensile strength, tensile
modulus, exural loudness, exural modulus, fracture toughness
and impact strength were studied. The results are shown in Fig. 6–8.
Fig. 6(a–c) shows the tensile properties of blends with differentMAM
contents. Unfortunately, both tensile strength and tensile modulus
he sample (a) 0 phr, (b) 5 phr, (c) 10 phr, (d) 15 phr, and (e) 20 phr.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Plots for determining the activation energy of the curing reaction by Kissinger equation (a) ln(b/Tp
2) vs. 1000/Tp, (b) ln b vs. 1000/Tp.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ja

nu
ar

y 
20

20
. D

ow
nl

oa
de

d 
on

 1
/2

0/
20

26
 1

0:
12

:0
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
decrease with the addition of MAM, and the tensile strength
decreases signicantly. When the addition amount is 20 phr, the
tensile strength and modulus decrease by about 24.6% and 20.2%,
respectively. In contrast, the elongation at break of the blended
system increases signicantly with an increase in the MAM content.

Fig. 7 show the exural strength and exural modules of
MAM/epoxy blends. Regrettably, like tensile properties, both
exural strength and exural modulus are reduced with the
addition of MAM. It is clear that both the exural properties of
the cured MAM/epoxy blends are slightly reduced with an
increase inMAM ratio. When the amount added reaches 20 phr,
the exural strength and exural modulus have decreased by
about 11.3% and 23.9%, respectively.

Fig. 8(a) and (b) shows the critical stress intensity factor and
impact properties of MAM/epoxy blends. Interestingly, in
contrast to the tensile and exural properties, the addition of
MAM does not reduce but improves the critical stress intensity
and impact properties of the epoxy resin as the MAM content
increases. Compared with pure epoxy resin, the fracture
toughness and impact strength of all blended samples are
signicantly improved. When the MAM content was below 10%
and the content of MAM was increased, the fracture toughness
and impact strength of the blended system showed a large
increase. However, at high MAM concentrations (15 phr and 20
phr), the toughness of the system was not signicantly
improved relative to the 10% content system.
3.5. Phase structures of the MAM/epoxy blends

The fracture morphology of the blended systems was observed
by SEM to reveal the relationship between mechanical
Table 2 Cure kinetic parameters and R2 of MAM/epoxy systems with
different MAM contents

Sample 0 phr 5 phr 10 phr 15 phr 20 phr

DE (kJ mol�1) 81.228 80.06 89.708 88.463 90.623
R1

2 0.9936 0.9929 0.0046 0.0048 0.9947
n 0.923 0.921 0.928 0.927 0.930
R2

2 0.9938 0.9915 0.9960 0.9953 0.9947

This journal is © The Royal Society of Chemistry 2020
properties and internal structure, as shown in Fig. 9. In
a micrograph of the 0 phr MAM/epoxy blend (Fig. 9(a)), the
fracture surface of the epoxy resin appears as a smooth plane, as
predicted, with no obvious defects, unfolding obvious brittle
characteristics. In contrast, with the addition of MAM block
copolymer into the epoxy resin, the morphology of the fracture
surface of the epoxy resin blended system begins to roughen
and the roughness increases with an increase in the content of
MAM. Compared with the cured neat epoxy resin, the rough
structure of these fracture faces was produced by the dispersed
phase of the MAM modied epoxy resin blend. The 15–20 phr
MAMmodied cured blend [Fig. 9(d) and (e)] was found to have
submicron-sized cavities. For all of the samples, as the triblock
copolymer MAM content increased from 5 phr to 20 phr, the
size of the inclusions increased.

AFM photographs of the cured blends in Fig. 6 clearly reveal
the differences in surface fracture morphology. We note that
there is only one phase in the pure epoxy (0 phr) with a smooth
surface, as shown in Fig. 10(a). However, aer the addition of
MAM to the epoxy resin, an elliptical granular material
Fig. 5 FT-IR spectrum of epoxy resin (E51) before curing, the MAM/
epoxy blends after curing with different MAM contents, MAM, DICY
and UA23.

RSC Adv., 2020, 10, 1603–1612 | 1607
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Fig. 6 The tensile modulus (a), tensile strength (b) and stress-elongation at break curves (c) of cured MAM/epoxy blends.

Fig. 7 The flexural strength (a) and flexural modulus (b) of cured MAM/epoxy blends.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ja

nu
ar

y 
20

20
. D

ow
nl

oa
de

d 
on

 1
/2

0/
20

26
 1

0:
12

:0
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
appeared, as shown in Fig. 10(b) and (c), and the size and
distribution density of the elliptical particles increased with an
increase in the MAM content, and these particles represent part
of the MAM. The epoxy block is such that the cured epoxy/MAM
forms a two-phase structure. However, as the MAM content is
increased to 15 phr, the epoxy-blocks are bonded to each other,
exhibiting a bicontinuous phase, as shown in Fig. 10(d). With
a further increase in the content of MAM to 20 phr, the elliptical
particulate matter disappears and the surface becomes rela-
tively smooth. This structure is shown in Fig. 10(e).
Fig. 8 The fracture toughness in terms of critical stress intensity factor (K
content.

1608 | RSC Adv., 2020, 10, 1603–1612
The nanostructured epoxy resin system is the result of
a combination of self-assembly mechanisms.25 Studies have
shown that in the MAM-containing triblock copolymer system,
the PBA sub-chain was rst self-organized into a sphere
according to the concentration of the triblock copolymer before
the curing reaction. With an increase in the MAM content, the
spherical size and number of PBA sub-chains formed by self-
assembly gradually increased. However, the PMMA sub-chain
was always compatible with the epoxy before and aer curing.
The formation process of the structure is shown in Fig. 11.
IC) and impact strength of the MAM/epoxy blends as a function of MAM

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 SEM images of the fractured surfaces of the MAM/epoxy blends: (a) 0 phr, (b) 5 phr, (c) 10 phr, (d)15 phr, and (e) 20 phr.
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According to the results shown in Fig. 6–8, some might
speculate that the mechanical properties of the epoxy/MAM
blend should correspond to the phase structure of the blend
and the properties of the modied particles. The decrease in the
tensile strength and modulus, and exural strength and
modulus with the introduction of MAM content, as shown in
Fig. 6 and 7, might be the result of the tensile and exural
property being mainly inuenced by the interaction between
the epoxy networks, the crosslinking densities and the defects
in the resin.26 The addition of MAM reduces the crosslinking
density of the epoxy resin and causes certain defects in the
epoxy resin, regardless of the phase structure. On the other
Fig. 10 AFM images of the fractured surfaces of the MAM/epoxy blends

This journal is © The Royal Society of Chemistry 2020
hand, the addition of MAM reduces the strong rigidity and
internal friction of the network. The combination of the two
causes the tensile bending property of the epoxy resin to
decrease.

As shown in Fig. 10(b) and (c), the uniform dispersion of the
MAM domains was considered to improve the fracture tough-
ness, and the impact properties of the blend are improved by
the bridging effect and the crack pinning effect.27 Various
toughening mechanisms, such as crack path deection and
matrix plastic deformation, can also be used to account for the
increase in toughness of the blend.28,29 The cured mixture of
nanospheres and vesicles containing 5 phr and 10 phr MAM
: (a) 0 phr, (b) 5 phr, (c) 10 phr, (d)15 phr, and (e) 20 phr.
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Fig. 11 Schematic diagram of BCP self-assembly during resin curing.

Fig. 12 Curves of (a) storage modulus E0 and (b) tan d with temperature of MAM/epoxy cured products containing different MAM contents.
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increased KIC by 29.6% and 91.5%, respectively. However, at
high MAM concentrations (15 phr and 20 phr), complex inclu-
sions did not produce a signicant improvement in toughness.
Larger particles act as defects, which can lead to premature
failure of the matrix, thus reducing the overall toughness. These
defects create some toughness. Therefore, it was observed that
KIC was only slightly increased by adding MAM contents of 10
phr and 20 phr.
Fig. 13 DSC curves of MAM/epoxy cured products with different MAM
contents.
3.6. Thermal properties

3.6.1. Dynamic mechanical thermal analysis. Dynamic
mechanical thermal analysis (DMA) gives more insight into the
viscoelastic properties and the morphologies of MAM/epoxy
blends. The effect of temperature on the storage modulus of
the cured MAM/epoxy blend is shown in Fig. 12(a). The results
show that the storage modulus of the blend decreases with an
increase in MAM content. The tan d values of the MAM/epoxy
blends are plotted against temperature in Fig. 12(b). The
results present only one peak, which means that the blended
1610 | RSC Adv., 2020, 10, 1603–1612
system has only one glass transition temperature (Tg), and we
also notice that Tg decreases as the content of MAM increases.
The possible reason for these phenomena is that the storage
This journal is © The Royal Society of Chemistry 2020
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Fig. 14 Curves of thermogravimetric (a) and DTG (b) of MAM/epoxy cured products with different MAM contents.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ja

nu
ar

y 
20

20
. D

ow
nl

oa
de

d 
on

 1
/2

0/
20

26
 1

0:
12

:0
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
modulus and glass transition temperature of the exible block
copolymer are lower than those of the pure epoxy resin system;
in addition, the added MAM reducing the curing degree of the
epoxy resin results in a decrease in the storage modulus and Tg
of MAM/epoxy blends. However, the extent of the reduction in
glass transition temperature of the blended system was not
large, indicating that the block copolymer has little effect on the
thermal properties of the blended system.

3.6.2. Glass transition temperature of MAM/epoxy cured
product. In order to study the effect of MAM on the thermal
properties of epoxy resin, DSC was used to analyze the glass
transition temperature (Tg) of MAM/epoxy cured products with
different MAM contents. As shown in Fig. 13, the addition of
MAM did not increase but decreased the Tg of the epoxy resin.
Generally, the Tg of cured epoxy depends on its chain exibility,
crosslinked structure and the intermolecular hydrogen bonding
interaction of the composites. With the addition of MAM, the
exible segments would soen the crosslinked structure, so the
Tg of modied epoxy resins would decrease. At the same time, the
addition of MAM increases the viscosity of the system, resulting
in incomplete curing reactions. Therefore, the Tg of the MAM/
epoxy composite is lower than the Tg of pure epoxy. The results
of the DSC curves are very consistent with the DMA results.

3.6.3. Thermogravimetric analysis. The thermal stability of
the curedMAM/epoxy blends was analyzed by thermogravimetric
analysis. The thermogravimetric results are shown in Fig. 14.
Only one decomposition step of the MAM/epoxy resin blends was
found in the range from 200–600 �C, indicating that MAM and
epoxy resin have good compatibility. Observing the DTG curves in
Fig. 14(b), we can see that with an increase in BCP content, the
maximum decomposition rate of the blended system moves in
the low-temperature direction. By analyzing the starting point Td5
of the thermal decomposition temperature of ve different BCP
additions, we found that the decomposition starting temperature
of the epoxy resin composites is within the range 345–365 �C, and
the decomposition starting temperature gradually decreases with
a gradual increase in BCP content, so the initial temperature is
reduced by 17.3% compared to that of pure epoxy resin. It can be
speculated that a possible reason is that the crosslinking density
of the epoxy resin may decrease due to the addition of MAM,
This journal is © The Royal Society of Chemistry 2020
resulting in a decrease in the thermal decomposition tempera-
ture of blended system. Through an analysis of the amount of
residual carbon, we found that the amount of residual carbon
produced in the nal stage of the decomposition of the blendwas
10 phr, and the overall results show an increasing trend. The
ratios for 10 and 15 phr had decreased, which may be related to
the phase structure of the material.
4. Conclusions

In general, an amphiphilic block copolymer MAM was incor-
porated to improve the toughness of epoxy resin. The solubility
of MAM in epoxy resin and the effect of MAM on the curing
reaction of epoxy resin, mechanical properties, phase structure
and thermal properties were studied. Dissolution experiments
showed that MAM has good solubility in epoxy resin and can be
well dissolved in it to prepare MAM/epoxy blends. The DSC
results showed that the addition of MAM does not change the
curing mechanism but hinders the curing of the epoxy resin.
FT-IR studies showed that the addition of MAM does not affect
the structure of the cured epoxy. The mechanical properties of
the blended system were studied systematically. The results
demonstrated that the KIC and impact strength at an MAM
content of 10 phr for a toughened system increased by 91.5%
and 83.5%, respectively, compared to those without MAM. But
the tensile properties and exural properties are reduced to
some extent. The reason for the increase in fracture toughness
and impact strength may be attributed to the nanophase
structure obtained by self-assembly during the curing process.
In addition, the toughness of the epoxy resin can be increased
without signicantly reducing the glass transition temperature.
Therefore, amphiphilic block copolymer MAM could be used as
an effective modier to improve the mechanical properties of
the epoxy resin without signicantly reducing its thermal
properties.
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