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Abstract

Shape memory epoxy resins(SMEPs) with both high mechanical property and ideal shape memory performances were prepared
by constructing double network structure through employing two kinds of curing agents with different reactivity. Results show
that when the proportion of polyetheramine (D230) and diethyltoluenediamine (DETDA) are 40% and 60%, respectively, the
tensile modulus, tensile strength and toughness of SMEPs are simultaneously enhanced compared with that of the samples cured
with single curing agent. Meanwhile, shape memory properties still maintain at an ideal level when the proportion of D230 is
40%, while samples cured with pure DETDA show inferior shape memory property, especially at high tensile strain. DSC results
show that the formation of network of sample cured with mixed curing agents can be divided into two steps, which may lead to a
unique double network structure. Different network structures were characterized by DMA, TMA, and stress relaxation tests.
Results show that physical network in the double network structure endows the epoxy resin with both enhanced strength and

toughness while simultaneously maintained ideal shape memory performances.
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Introduction

Shape memory polymers (SMP) represent smart materials that
can fix into a temporary shape after deformation and subsequent-
ly recover to their permanent shape upon external stimulation
such as heat, pH, light, electricity, magnetic field or moisture
[1-10]. The special shape memorizing ability of SMPs makes
them an attractive and promising material meeting the require-
ments of different applications in various fields including textile
materials, acrospace material, medical supplies, etc. [11-13].
Thermosets are an important class of SMP. In most cases,
the reversible thermal transition of thermosets refers to the glass
transition, above which polymer chain conformation changes
and short range molecular mobility increases which provides a
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prerequisite for entropy changes. When the thermosets are heat-
ed above their glass transition temperature (1), a temporary
shape can be got by applying an external stress. Then, the
temporary deformation can be fixed by cooling below T, at
which temperature the glass state is obtained that stores elastic
energy and traps the entropy. When the stress is removed and
the thermoset is heated again above Ty, a rapid recovery of the
original shape is obtained as the entropy is released. Shape
memory epoxy resin (SMEP) is an important family of shape
memory thermosets. Because of the higher crosslinking density
providing robust structure, versatile chemistry of curing and
easy adjustability of preparing procedure, SMEPs are more
suitable for application under harsh conditions than many other
thermosets. Unfortunately, for SMEP, a contradiction between
high mechanical properties and ideal shape memory perfor-
mances is hard to avoid. According to L. Mat&jka, the shape
fixity scales with the expression (1 —G,/Gg), where G, and G
are moduli below and above Ty, respectively [14]. However,
high crosslinking density of SMEP usually leads to high mod-
ulus, especially G,, which will cause an inferior shape fixity.
What is worse, the low elongation of epoxy resin can also result
in a poor recoverable deformation, which will severely restrict
the application of the material. Generally, shape memory (SM)
performances of SMEP can be improved by decreasing the
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crosslinking density of the crosslinking network, like tuning the
proportion of the epoxy and the curing agent [15, 16].
However, this method will significantly decrease the stress
and the modulus of the SMEP, which will restrict the applica-
tion of the shape memory material [15, 16]. Polymer compos-
ites/nanocomposites, like polymer/nanoclay, polymer/fiber and
polymer/nanotubes, are also constructed as SM systems to im-
prove the SM performance of the polymer matrix [17, 18].
However, the difficulty in the design of cure schemes to guar-
antee a proper morphology of cured networks, and the poor
processibility resulted from the high viscosity of the polymer-
modifier blends furtherly restrained the application of these
phase separated epoxy materials, such as fiber-reinforced com-
posites and microelectronic applications [19].

Reinforcing of epoxy resin through design of intrinsic
crosslinked networks will be an effective way to produce
SMEPs with high mechanical properties. In the past few years,
double network (DN) systems have been widely exploited to
improve properties [20—-22]. This double network structure of-
ten generates interesting stress—strain and thermal properties,
which are highly correlated with shape memory performances.
Thus, it is possible for double network epoxies to show differ-
ent mechanical and shape memory performances. To the best of
our knowledge, shape memory performances and comprehen-
sive mechanical properties of epoxies with DN structure have
not been reported. In this work, SMEPs with double network
structure were prepared and mechanical and shape memory
performances were studied. It was found that the construction
of the double network structure can not only successfully im-
prove the mechanical properties of the SMEPs, but also main-
tain an ideal shape memory performance and keep good ther-
mal property, which may provide a new perspective for prepar-
ing SMEPs with high mechanical performance.

Materials and methods
Materials

DGEBF, with an epoxy equivalent weight of 170 g (equiv) ",
was purchased from Luohe Chemistry Co. Ltd., China. Curing
agent, diethyltoluenediamine (DETDA), was purchased from
Puyang Huicheng Electronic Material Co. Ltd., China.
Poly(propylene glycol) bis (2-aminopropyl)ether (Jeffamine
D230) and 2-ethyl-4-methylimidazole (EMI) were purchased
from Aladdin. The chemical structures of these three reactants
are shown in Scheme 1. All materials were used as received
without further purification.

Sample preparation

100-200 g of DGEBF and a certain amount of curing agent,
D230 and DETDA, were mixed (Cepoxy: Cnp = 1: 1). Then the
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Scheme 1 Schematic presentation of the chemical structures of
NPEF170, DETDA, Jeffamine D230 (n=2.5) and EMI

mixture was mechanically stirred for 15 min before it was
degassed in a vacuum oven at 60 °C for 1 h to remove air
bubbles. Afterward, the degassed mixture was poured into a
preheated PTFE mold and cured following the stepwise sched-
ule: 60 °C for2 h, 80 °C for 2 h, 130 °C for 2 h, 160 °C for 4 h,
200 °C for 4 h. The pure SMEP samples with the varying mole
ratio of DETDA and D230 are denoted as T-a-D-b, where “a”
and “b” are the molar contents of DETDA and D230 in the
whole curing agent mixture, respectively. For example, T-20-
D-80 means SMEP cured with 20% DETDA and 80% D230.
Samples cured by single curing agent (D230 or DETDA) is
denoted as T-0-D-100 or T-100-D-0. In addition, control sam-
ples cured with 60% DETDA and 40% D230 were prepared.
Specifically, DGEBF, 60% DETDA and 40% D230 were
mixed and stirred for 15 min. Then, 1 wt% EMI was mixed
into the curing system and stirred for 15 min. Afterward, the
degassed mixture was poured into a preheated PTFE mold and
cured following the stepwise schedule: 130 °C for 3 h, 160 °C
for 5 h. The control sample is denoted as S-T-60-D-40.

Characterization

Fourier transform infrared (FTIR) spectroscopy was per-
formed on a Thermo Scientific Nicolet 6700 spectrometer in
the range from 400 to 4000 cm ™' using KBr pellets. The dif-
ferential scanning calorimetry (DSC) measurements were
conducted under nitrogen using a DSC Q1000 (TA instru-
ments) at a heating rate of 5 °C min"'. The dynamic mechan-
ical analysis (DMA) experiments were conducted in a three-
point bending mode using a DMA Q800 (TA instruments). All
experiments were performed in the “multifrequency, strain”
mode at 1 Hz and a heating rate of 3 °C min™'. The tempera-
ture where the maximum of the loss factor tan & showed was
evaluated as the (7). Coefficients of linear thermal expansion
of different samples were measured using a TMA Q400 ther-
mal mechanical analysis (TA instruments) in the range of
220 °C to 40 °C at a cooling rate of 2 °C min™'. The specimen
was made into dumbbell shaped strip (150 x 10 x 4 mm?) and
the tensile measurement of mechanical property was conduct-
ed on a universal testing machine (Instron 5567, US). Tensile
measurements were conducted at room temperature and 7, of
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each sample, respectively. The tensile speeds of room-
temperature and high temperature are 1 mm min ' and
10 mm min ", respectively. The tensile fractured surfaces of
the SMEP and SMEP composites were examined by a scan-
ning electron microscopy (SEM) instrument with an acceler-
ation voltage of 15 kV. All the surfaces were sputtered with a
thin gold film before observation. Stress relaxation test was
conducted was conducted on a universal testing machine
(Instron 5567, US) at T, of each sample. The tensile strain
and relaxation time were set at 10% and 30 min, respectively.

The quantitative SME analysis was conducted on a DMA
Q800 (TA instruments) using force controlled mode. The
heating and cooling rates were both 5 °C min'. The sample
was first heated to 7, and stretched to a certain strain (3y044)-
Subsequently, the sample was cooled to 50 °C below T, under
a constant force. Then, after equilibrium for a few minutes, the
force was removed and an instantaneous recovery occurred.
The strain (3,) after this instantaneous recovery was recorded.
At last, the sample was reheated to 10 °C above Ty, to observe
the recovery process and the final strain (3,..) was recorded.
Shape recovery ratio (R,) and shape fixing ratio (R, were
calculated according to:

Rr: (3d[0ad - 3rec )/ SdIOCZd

Ry =34/3di0ad

Long-term shape fixity of each sample was tested by a
separate quantitative test without DMA tester. Samples in a
dog bone shape were stretched to a strain of 10% at T, and the
stretching was fixed by cooling. The deformed samples were
stored at room temperature and the shape fixity was
remeasured after 1 and 2 months.

The shape recovery speed of SMEP and SMEP composites
were investigated by a fold-deploy shape memory test performed
as follows: different rectangular samples with the dimensions of
80 x 10 x I mm’® were heated to T, ¢ in an oil bath. Then The
samples were bent into “V> shape. After the deformation, the
samples were cooled down to a temperature 50 °C below 7.
After the shape was fixed, the bent samples were reheated to
10 °C above their T,. The recovery process and the recovery
speed were recorded by a camera and a stopwatch, respectively.

Results and discussions
Properties of SMEPs cured with single curing agents

Epoxy resins cured with different curing agents possess dif-
ferent network structures, which will lead to varying proper-
ties. As is shown in Fig. la, the tensile modulus and tensile
strength of the resin cured by pure DETDA (T-100-D-0) are

2404.0 MPa and 64.7 MPa, respectively, which are much
higher than that of the SMEPs cured with D230 (T-0-D-
100), showing a high mechanical property. Epoxy resins cured
with DETDA (T-100-D-0) also shows better thermal proper-
ties. As is shown in Fig. 2a, b, the T}, of the epoxy resin cured
with pure DETDA (T-100-D-0) can be as high as 142 °C,
which is 52 °C higher than that of the epoxy resins cured with
D230 (T-0-D-100).

The ideal mechanical and thermal properties of T-100-D-0
are derived from the large amount of benzene rings provides
the crosslinking network with more rigid and compact struc-
ture, which decreases the mobility of the molecular chains. By
contrast, T-0-D-100 show inferior tensile modulus, strength
and thermal performances because of the long and flexible
chain of D230, resulting in a low crosslinking density of the
crosslinking network.

Quantitative shape memory effect (SME) analysis was con-
ducted on epoxy resins cured with different curing agents at
varying tensile strain. The thermal-mechanical tensile curves
and SME parameters are shown in Figs. 3 and 4, respectively.
The SM performance of T-100-D-0 decreases severely as the
strain increases. At low strain, the shape recovery ratio (R,)
and shape fixing ratio (R,) are 89.40% and 89.32%, respec-
tively. However, when the strain increases to 11%, the Rrand
R, decrease to 79.02% and 52.03 %, respectively. On the con-
trary, SMEP cured with D230 (T-0-D-100) shows superior
SM performances: the R, and R, of T-0-D-100 at low strain
are 94.78% and 94.82%, respectively. Although T-0-D-100
also shows relatively poorer SM properties under a higher
strain (Rrand R, are 95.43% and 91.63%, respectively), the
SM performance is much better than that of T-100-D-0, which
fully reflects the contradiction between mechanical property
and shape memory performance of epoxy resin.

Properties of SMEPs cured with mixed curing agents

SMEPs cured with both DETDA and D230 were prepared. An
increasing dosage of D230 was added into DGEBA-DETDA
system, while maintaining stoichiometry between the amine
and epoxide functionalities. Generally, flexible curing agent
will lead to a decrease in modulus and strength but improve
the tensile elongation. Interestingly, however, we can see that
a moderate dosage of D230 will not only improve the tensile
elongation but also enhance both modulus and strength. As is
shown in Fig. 1a, the tensile moduli of T-60-D-40 and T-80-D-
20 are 2547.6 MPa and 2471.9 MPa, respectively, which are
higher than that of the epoxy resin cured with pure DETDA
(T-100-D-0). Meanwhile, the tensile strengths of T-60-D-40
and T-80-D-20 are 66.6 MPa and 70.9 MPa, respectively,
which are 2.8% and 10.8% higher than that of the epoxy resin
cured with pure DETDA (T-100-D-0). As the proportion of
D230 furtherly increases, the tensile modulus and tensile
strength decrease stepwise.
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Fig. 1T Mechanical properties of SMEPs with varying ratio of D230 and DETDA: tensile modulus, tensile strength, elongation at break (a) and impact

strength (b)

The elongations of the samples show similar tendency:
the sample with 40% D230 proportion (T-60-D-40) instead
of the sample cured with pure D230 (T-0-D-100), which
possesses the most ductile structure, shows the maximum
value of elongation. Furthermore, T-60-D-40 also possesses
the greatest impact strength (Fig. 1b), which is 78% and
25% higher than that of T-100-D-0 and T-0-D-100, respec-
tively. The tensile fracture surfaces of the SMEP are show
in Fig. 5. The sample cured with pure DETDA shows a
smooth glassy fracture surface (Fig. 5a), which indicates
brittle fracture of the epoxy resin. However, the fracture
surface of T-0-D-100 shows some rougher fracture sections
with river-shaped lines (Fig. 5c), which is a characteristic
of ductile fracture, because of the higher flexibility of D230
compared with DETDA. For samples cured with mixed
curing agent (Fig. 5b), a large amount of river-shaped lines,
crazings, and a much rougher fracture surface can be ob-
served, which reflect the improved toughness of the epoxy
resin cured with mixed curing agent. These results indicate
that a moderate proportion of D230 will improve the tough-
ness and strength of the epoxy resins at the same time,
which is vital for a robust SMEP to achieve ideal recover-
able deformation.
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The SME parameters of SMEPs with varying D230 con-
tents are summarized in Fig. 4. For simplicity’s sake, only
thermal-mechanical tensile curves of T-60-D-40 is selected
and shown in Fig. 3. As the proportion of D230 increases,
the Rrand R, of the samples are enhanced significantly, espe-
cially at high strain. For example, the Ryand R, of T-60-D-40
at strain of 11% are 95.01% and 89.74%, respectively, which
is very close to that of T-0-D-100. Long term shape fixity
measurement was conducted and results are shown in Fig.S1
(supplementary material). When D230 content is higher than
20%, shape fixity of each sample barely changes after storage
for 2 months. However, for T-100-D-0 and T-80-D-20, shape
fixity decreases as the storage time increases. The shape mem-
ory process and shape recovery time of SMEPs with varying
D230 proportion are shown in Fig. 6. Different rectangular
samples were heated to corresponding glass-transition temper-
ature and bended into “V” shape. Then the samples were
heated to 10 °C above the glass-transition temperature and
the photographs were taken during the shape recovery pro-
cess. As is shown, the shape recovery becomes faster as the
content of D230 increases. It takes 16 s and 24 s for T-0-D-100
and T-100-D-0 to recover to the original shape, respectively.
Notably, the recovery speed of T-60-D-40 is almost the same
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Fig. 2 DMTA curves showing the storage modulus (a) and tand (b) during heating of SMEP with varying DETDA proportion
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Fig. 3 The thermal-mechanical tensile curves of samples with varying ratio of D230 and DETDA at varying strains: curves of T-100-D-0 at strains of
6% (a) and 11% (b), curves of T-60-D-40 at strains of 6% (¢) and 11% (d), curves of T-0-D-100 at strains of 6% (e) and 11% (f)

as that of the T-0-D-100, which is consistent with the results of
the quantitative SME analysis.

Characterization of network structures
Formation of the crosslinking network

Figure 7a gives the FTIR spectra of the SMEP with varying
proportion of D230. For the sake of simplicity, only three

samples’ FTIR spectra are given. As is shown, for each sam-
ple there is no characteristic stretching absorption peak of the
epoxy group (C —O) emerging at 915 cm ™. This result dem-
onstrates that all the epoxy groups in DGEBF have been con-
sumed during the curing reaction. The curing process was
studied by DSC. As is shown in Fig. 7b, since the reactive
activation energy of D230 is lower than that of DETDA, the
temperature where the exothermic peak shows up decreases as
the proportion of D230 increases. It is worth noting that for the
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Fig. 5 SEM photographs of the tensile fractured surfaces of (a) T-100-D-0 (b) T-60-D-40 (¢) T-0-D-100

samples of T-80-D-20, T-60-D-40 and T-40-D-60 two obvious
peaks appear as the temperature increases. This is due to the
difference in the reactivity of DETDA and D230. For T-80-D-
20, T-60-D-40 and T-40-D-60, a fraction of epoxy groups
reacted with the D230 at lower temperature in the first place
because of the higher reactivity of D230. As the temperature
increases, the residual epoxy groups were consumed by
DETDA and the reaction heat released resulted in the emer-
gence of the second exothermic peak. What is more, the peak
derived from the exothermic reaction of the epoxy and
DETDA, seems to shift leftward compared with the peak of
T-100-D-0. In other words, the temperature at which the reac-
tion between epoxy and DETDA begins decreases in the pres-
ence of D230. The phenomena may be attributed to an accel-
eration effect of the tertiary amine which is produced by the
reaction of epoxy and D230 taking place at the first curing
stage [23]. According to Andrew T. Detwiler, the successive
crosslinking reaction of the epoxy with two kinds of
crosslinking agent leads to two reaction stages and thus double
network (DN) structures forms [24]. As is shown in Scheme 2,
during the formation of the DN structure, D230 reacts firstly
with the epoxy at the low temperature stage and a network
with relatively low crosslinking density forms. As the temper-
ature rises, the residual epoxy groups, including those at the
end of the chains in the first network, those at the end of the

Fig. 6 The shape recovery
process of SMEPs with varying

DETDA proportion T-0-D-100

T-60-D-40
T-100-D-0

@ Springer

free short chains and those on the unreacted DGEBF, start to
react with the amino groups on DETDA and a second network
forms. DSC peak fitting curves of each sample with mixed
curing agents are shown in Fig. 7c-f. The theoretical fraction
values of epoxy groups reacted in the first and second stage
are calculated as:

S1=581/S720-p-100
S2=82/87-100-D0

where S; and S, are the DSC peak areas in the first (red curve)
and second (blue curve) reaction stage; S7.¢.p. ;00 and Sz ;00-p-
o are the DSC peak areas of T-0-D-100 and T-100-D-0. The
values of f; and f> are shown in Table 1. As is shown, the ratio
between f; and f5 is proportional to the ratio between D230
and DETDA, indicating that the first and second reaction
stages are relatively independent. It is necessary to be pointed
out that this model is a simplified one. Considering the sec-
ondary amine in D230 and DETDA, the curing model can be
complicated. In fact, there are four stages of reaction among
the epoxy group and primary amine in D230, secondary amine
in D230, primary amine in DETDA, secondary amine in
DETDA. When one kind of curing agent is much more than
the other, the simplified model fits the DSC curve quite well.
However, when the ratio of DETDA and D230 is close to 1:1,
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Fig. 7 FTIR spectra (a) and DSC
thermographs (b) showing heat
flow during heating of SMEP
with varying loading of D230 (c-
) DSC peak fitting curves of each
sample with mixed curing agents

Scheme 2 Schematic diagram of
the formation of the DN structure
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Table 1 Results of DSC

peak fitting of samples Sample Ji S

with varying D230

contents T-20-D-80 0.73 0.18
T-40-D-60 0.53 0.36
T-60-D-40 0.26 0.72
T-80-D-20 0.15 0.83

the reactivity difference between different primary and sec-
ondary amines can not be ignored. As a result, in the case of
T-60-D-40, one can see 3 peaks and obvious deviation be-
tween the fitting and experimental curves. This result is due
to the fact that this simplified model is no longer applicable for
this four-stage reaction system.

Dynamic mechanical analysis

DMA test was conducted to investigate network structures of
different samples. In Fig. 2a, b, we can see that for each sam-
ple, only one peak of tand appears, which means there is no
phase separation even though two crosslinking networks have
formed successively during the curing process. Crosslinking
densities of samples are studied by the DMA results. From the
classical theory of rubber elasticity, apparent crosslinking den-
sity of each sample can be calculated from the following equa-
tion [25]:

— Er
~ 3RT

Ve

where E, is the rubbery storage modulus taken 20 °C above
T, R is the universal gas constant (8.314 J K molfl), and T
is the temperature at which the storage modulus is measured.
As is shown in Table 2, as the proportion of D230 increases,
the apparent crosslinking density decreases stepwise because
of the longer molecular chain of D230 than that of the
DETDA. Meanwhile, the storage modulus below 7, decreases
stepwise as the proportion of D230 increases, suggesting the
decreasing restriction of short-range molecular motions [26,
27]. Tt is worth noting that a sharp decrease of the apparent

Table 2  Parameters of EP networks summarized and calculated from
DMA

sample T, (°C) Peak FWHM (°C) E,(MPa) v, x 10> (mol/cm®)
T-100-D-0 1422 17.8 13.1 1.20

T-80-D-20 119.5 20.6 6.9 0.70

T-60-D-40 1123 22.6 6.7 0.69

T-40-D-60 100.6 16.4 6.3 0.67

T-20-D-80 94.8 153 59 0.64

T-0-D-100 90.1 134 43 0.47

@ Springer

crosslinking density shows up as the proportion of D230 in-
creases from 0% to 20%, while as the proportion of D230
increases furtherly the apparent crosslinking density decreases
gradually. This is probably because the integrity of the rigid
crosslinking network is damaged by the addition of D230,
which leads to an abrupt decrease of crosslinking density.
According to N. Tian [28], the structure of the amine-cured
epoxy system is composed of numerous gelled clusters of
higher crosslinking density. These clusters are connected at
the boundary, where the crosslinking density is relatively
low, forming the final network. Because of the higher reactiv-
ity, most of the D230 molecules participated in the formation
of the clusters rather than the connection between clusters,
which has more negative influence on the overall crosslinking
density of the crosslinking network.

The network homogeneity is reflected by the breadth of the
tand peak [29, 30]. Full width at half maximum (FWHM) for
the glass transitions of samples with varying D230 propor-
tions are displayed in Table 2. As shown, the maximum value
of FWHM is observed for the T-60-D-40, exhibiting the
greatest heterogeneity. According to Bair HE [31, 32], the
glass transition is caused by the cooperative motions of at least
10-20 atoms in the molecular chains. When epoxy resin is
cured with two different kinds of curing agents, different com-
binations of topological connectivity will cause a higher het-
erogeneity of the network structure [33]. During the curing
process, the aliphatic amine components all react in the first
stage, forming large clusters of aliphatic amine-rich regions,
while DETDA and DGEBF still remain unreacted. In the sec-
ond stage, the aromatic amine reacts with the residual
DGEBEF. In this process, some aromatic amine-rich clusters
will chemically connect with those aliphatic-rich clusters,
resulting in different combinations of topology connectivity.
Meanwhile, some amine-rich clusters permeate those aliphatic
amine-rich clusters, leading to the formation of a local IPN or
semi-IPN structure, in which large amounts of interpenetration
among polymer chains or gelled clusters exist (as shown in
Scheme 2). The difference in the combinations of topology
connectivity and interpenetration both contribute to the in-
creased heterogeneity of the network [24]. When the molar
ratio of DETDA to D230 is close to 1:1, approximately equal
amount of DGEFF is consumed during the formation of the
DN structure, ensuring the integrity of the first and second
network. Thus, T-60-D-40 and T-40-D-60 show much higher
heterogeneity than any other samples because of the highest
degree of topological variety.

Thermomechanical analysis

According to X. Miao et al. [34-36], the fractional free vol-
ume (f7) can be expressed as f7=f, + Aa (T-Ty), where A is
the difference between the volumetric coefficients of thermal
expansion (CTE) in the rubbery and glassy states,
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respectively, and f, is the fractional free volume “frozen” at
T,. Thus, Acv is directly proportional to fractional free volume
[37]. Results of TMA test are shown in Table 3. A« of T-0-D-
100 is much higher than that of T-100-D-0, while A« of
samples cured with mixed curing agents is much higher than
that of T-0-D-100, indicating that samples cured with mixed
curing agents have higher fractional free volume than that
cured with single curing agent. The fractional free volume is
affected by both crosslinking density and network structure.
The lower crosslinking density of T-0-D-100 leads to a rela-
tively loose network, which creates a much higher free vol-
ume than that of T-100-D-0. As for samples cured with mixed
curing agents, though the crosslinking density are higher than
that of T-0-D-100, fractional free volume still increases be-
cause of the physical network, where interpenetrations pro-
duce larger volume than chemical crosslinking do. T-60-D-
40 shows the highest value of A, indicating the highest
fractional free volume, because the molar ratio of DETDA
to D230 is close to 1:1, ensuring the integrity of the first and
second network.

Stress relaxation test

As shown in Fig. 8, the almost “ideal elastic” network of T-0-
D-100 shows very small viscoelastic effect. In contrast, sam-
ples cured with mixed curing agents show significant visco-
elastic effects. Stress relaxation test was also conducted for S-
T-60-D-40. As is mentioned above, the successive
crosslinking reaction of the epoxy with two kinds of
crosslinking agent will leads to DN structure. However, for
S-T-60-D-40, D230 and DETDA participate in the reaction
almost simultaneously because of the acceleration effect of
EMI. Thus, only one exothermic peak shows up as the tem-
perature increases (supplementary material Fig. S2), indicat-
ing that a single network structure forms in S-T-60-D-40. As
shown in Fig. S3 (supplementary material), S-T-60-D-40 ex-
hibits slight viscoelastic effect, while T-60-D-40 exhibits ob-
vious relaxation effect. For this reason, the significant differ-
ence in viscoelastic behavior is believed to be caused by the
dissociation of the physical network in the T-60-D-40
crosslinking network. The viscoelastic behavior and

Table 3  Linear coefficients of thermal expansion of different samples
sample g (x10°K™" . (x10°K™) Aa (x10°K™)
T-100-D-0 76.0 2137 137.7
T-80-D-20 73.1 215.9 142.8
T-60-D-40 69.8 229.7 159.9
T-40-D-60 624 2184 156.0
T-20-D-80 56.6 210.0 153.4
T-0-D-100 50.2 201.3 151.1
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Fig. 8 Stress relaxation curves of SMEPs with varying D230 proportion

relaxation of samples with varying D230 proportion are char-
acterized in Table 4. For simplicity, the viscoelasticity effect is
expressed as Aoyg = (0y— 0,)/oy, where o, and o, are the
initial (at = 0) and equilibrium stress at deformation, respec-
tively, while 7., refers to the time of relaxation up to equi-
librium of stress. As is shown, when the D230 proportion was
40% (T-60-D-40), Aoy and T, reach the maximum value,
0.55 and 9.6 min, respectively. For T-60-D-40, the greatest
viscoelastic behavior indicates the maximum integrity of the
physical network is achieved, which is consistent with the
result of DMA and TMA. Under this condition, when samples
are subjected to tension loading, breaking of the physical net-
work will happen before the breakage of chemical bond.

Relationship between network structures
and properties

As the proportion of D230 increases, all the mechanical prop-
erty parameters of SMEPs, including tensile modulus, tensile
strength and elongation at break, show the same trend: first
increase and then decrease. When the proportion of D230
increases to 40%, the SMEP shows the highest strength and
toughness. It can be deduced that it is the DN structure that
brings about enhanced mechanical performances. As is
discussed above, the maximum value of FWHM is observed

Table 4 The viscoelastic

behavior and relaxation sample Tetax (min) Abyg

of SMEPs
T-100-D-0 4.5 0.13
T-80-D-20 8.3 0.45
T-60-D-40 9.6 0.55
T-40-D-60 5.6 0.42
T-20-D-80 5. 0.32
T-0-D-100 0 0

@ Springer
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for the T-60-D-40, exhibiting the greatest heterogeneity. On
the other hand, the FWHM also reflects the network’s ability
to dissipate energy [37, 38]. The physical network in the DN
network leads to higher energy dissipation and higher free
volume, which can endow the sample with higher toughness.
On the other hand, physical network in the DN structure
also makes contribution to the strength of the network. To
better investigate the effect of DN structure on the mechanical
strength, high-temperature tensile test was conducted at each
sample’s T,. As is shown in Fig. 9, T-100-D-0 shows the
poorest elongation of 20.8% because of the higher
crosslinking density of the rigid network. As for the samples
cured with mixed cured agents, the elongation increases sig-
nificantly because of the reduced crosslinking density and
larger space for configuration adjustment. When the propor-
tion of D230 reaches 40% instead of 100%, the elongation of
the sample shows the highest value (47.8%). What is more,
the stress of T-60-D-40 is 3.75 MPa, which is the highest value
among all the samples. Under tensile strength, when the inter-
penetrating chains get to an extreme, the tense chains will
provide strength for the network. That is why T-60-D-40,
which possesses high integrity of the first and second network,
shows the highest strength and modulus either at room tem-
perature or at 7. The reinforcing effect of the DN structure is
more significant when compared with chemical crosslinking
systems along with physical entanglements. For example, in
the work of A.B. Leonardi et al. [39], an SMEP with pendant
alkyl chains undergoing tail-to-tail entanglement was de-
signed to improve the shape memory property. When
stretched to a strain of 45% at T, the stress was 2.4 Mpa,
which was much lower than that of T-60-D-40 (3.75 MPa).
The SM performance of a SMEP is determined by the
network structure. The poor Rrand R, of T-100-D-0, especial-
ly at a relatively high strain, can be correlated to the high
crosslinking density and stiffness of the network, which are
revealed by the high value of v, and low elongation at the
deformation temperature. As is shown in Fig. 9, the maximum
tensile strain of T-100-D-0 at T, is 20%. When the tensile
strain increased to 10%, the large deformation causes irrevers-
ible structure changes (which results in the fast decrease of the

stress in the stress relaxation test), leading to a low R,.
Meanwhile, the high modulus of the sample in rubber state
results in a low Ry On the contrary, it is easy for SMEP with a
flexible network to fix and recover shape because of the high
elongation and low modulus at the deformation temperature.
That is why T-0-D-100 shows the highest Ryand R,. Whereas
for samples cured with mixed curing agents, for example,
T-60-D-40, a higher elongation at the deformation tempera-
ture and a longer relaxation time (Fig. 8 and Fig. 9) are both in
favor of shape fixity and shape recovery. During the tensile
process in the SM test, the stress is removed before the break-
ing of the physical network, leading to only short-range de-
formation of the network, which is easy to be fixed and recov-
er. Also, the tensile strain in the SM test (11%) is much lower
than the extreme elongation at the deformation temperature
(47.8%). Thus, Rrand R, of T-60-D-40 still maintained at a
high level. Similarly, the rigid network structure and higher
crosslinking density of T-100-D-0 bring about a much larger
steric hindrance during the recovery process, which means it
will take more time for the molecular chains to recover to its
original state to release entropy, while T-60-D-40 and T-0-D-
100 have much faster recovery speed owing to the ductile
crosslinking network and improved toughness. Though the
existence of DETDA still impairs the recovery speed to some
extent, a proper ratio of DETDA and D230 can guarantee an
ideal recovery speed owing to the adjustability of the physical
network in the DN structure.

Conclusion

To solve the contradiction between high strength mechanical
properties and ideal shape memory performances, shape
memory epoxy resins(SMEPs) with both high mechanical
property and ideal shape memory performances were prepared
by constructing double network structure through employing
two kinds of curing agents with different reactivity.: poly(pro-
pylene glycol)bis(2-aminopropyl) ether(D230) and
diethyltoluenediamine (DETDA). When the proportions of
D230 is 40%, tensile modulus at room temperature reaches

Fig. 9 High—tempe.rature tensile 41— T-0-D-100 gy s0lb
curves (a) and tensile strength and -- T-20-D-80 R 14 =
elongation (b) of SMEPs with ) e _‘r':g‘g'jg S —_— g
varying D230 proportion ~ |- = 180020 e Z a0 ~—— =
& {— T-100.0:0 o z =)
= E 138
" T =
j=2d
g 5 ® 2
5 w 2
n " ﬂ
20+ ]
0k T T T T T T T T T T
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2547.6 MPa, tensile stress reaches 66.6 MPa and strain at
break is above 6%, which are all enhanced compared with
that of the sample cured with single curing agent. The shape
memory test shows that the shape fixing ratio, shape recovery
ratio and shape recovery speed still maintain at an ideal level
when the proportion of D230 is 40%, while sample cured with
pure DETDA shows inferior shape memory property, espe-
cially at high tensile strain, because of the steric hindrance and
immobilization effect. DSC results show that the formation of
network of sample cured with mixed curing agents can be
divided into two steps because of the different reactivity of
the curing agents, which may lead to a unique double network
structure. The double network structure was characterized by
DMA, TMA, and stress relaxation tests. It is found that the
physical network in the double network structure can improve
the strength and toughness simultaneously. Meanwhile, the
increased elongation and low modulus in rubbery state endow
the SMEPs with ideal shape memory properties. All these
results show that an appropriate amount of D230 will lead to
a DN network structure which can enhance the mechanical
property of epoxy resin without compromising the shape
memory property. This finding may provide a new perspective
for preparing high performance shape memory epoxies.
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