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� Akadémiai Kiadó, Budapest, Hungary 2014

Abstract A diglycidylether of propoxylated bisphenol-A

with two oxypropylene units (DGEBAPO-2) was prepared,

and the structure was characterized by FTIR, 1H NMR, and

ESI–MS, and a flexible curing agent 2-methyl-1,5-pen-

tanediamine (MPDA) was used to obtain an intrinsically

toughened network for potential shape-memory applica-

tion. The curing kinetics of DGEBAPO-2/MPDA was

systematically investigated by using both non-isothermal

and isothermal DSC methods; in addition, the dynamic

mechanical property, mechanical property, and shape-

memory property were investigated by DMA, tensile

experiment, and quantitative shape-memory evaluation

method. The results showed that Šesták-Berggren model

and Kamal model were able to well describe the non-iso-

thermal curing reaction rate and isothermal curing reaction

rate, respectively. Tensile test at 49 �C indicated that the

cured DGEBAPO-2/MPDA combined a relatively large

elongation at break of 95.53 ± 2.27 % with a relatively

large tensile stress of 6.33 ± 0.11 MPa. Quantitative

shape-memory evaluation revealed good shape-memory

properties of cured DGEBAPO-2/MPDA with shape fixity

of 98.88 ± 0.04 % and shape recovery of 96.67 ± 6.91 %.

Keywords Toughened epoxy resin � DSC � Non-

isothermal curing � Isothermal curing � Shape-memory

property

Introduction

Epoxy resins possess many outstanding properties such as

high mechanical strength and bonding strength, excellent

corrosion resistance, good thermal stability, and low shrink-

age. As a class of very important thermosetting polymers,

epoxy resins have found wide applications in adhesives,

protective coatings, electronic encapsulations, advanced

composites, etc., [1, 2]. Recently, shape-memory epoxy resins

(SMEPs) [3], which are able to temporarily retain a second

shape after pre-deformation and recover their ‘memorized’

permanent shape upon an appropriate stimulus [4–6], are of

interest due to the easy tuning [7, 8] of thermal and thermo-

mechanical properties in large range by simply varying the

formulations and their excellent shape-memory properties

including rapid shape-memory response, high shape fixity,

and high shape recovery [9, 10]. However, because of the

relatively high crosslink density, traditional epoxy resins

often exhibit their brittle nature: their elongation at break is

usually low. Thus, enhancement in deformation ability of

epoxy resin is desirable to meet the requirement of shape-

memory applications. Feldkamp and Rousseau [8, 11]

reported that the elongation at break (eb) could be improved

significantly by simply deforming an SMEP at the onset

temperature of the glass transition zone (Tg
E’). Leonardi et al.

[12] prepared an SMEP network with chemical and physical

crosslinks and found that this SMEP exhibited relatively high

tensile elongation and recovery stress. Recently, we [13, 14]

investigated the properties of SMEPs based on intrinsically

toughened epoxy resins and found that these SMEPs showed a

relatively large elongation around Tg
E’.

Material design is an effective approach to improve the

deformation ability of epoxy network. In this work, a di-

glycidylether of propoxylated bisphenol-A containing two

oxypropylene units (DGEBAPO-2) was prepared, and then
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it was cured by 2-methyl-1,5-pentanediamine (MPDA).

The chemical structures of DGEBAPO-2 and MPDA are

shown in Scheme 1. DGEBAPO-2 has the characteristic of

connecting stiff unit and flexible units together with

covalent bonds, and MPDA is a flexible diamine. Thus, an

ordered intrinsically toughened network (see Scheme 2)

will be formed when DGEABPO-2 is crosslinked with

MPDA, and the resultant epoxy system may exhibit rela-

tively large eb when performed under proper conditions.

To achieve the desired properties, epoxy systems should

be cured into an insoluble and infusible crosslinked network.

Since the curing condition may affect the final properties of

the cured epoxy resins significantly, it is essential to learn

about their curing behaviors. In this aspect, DSC is an

effective approach to investigate the curing reaction of epoxy

resin systems [15–22]. In our study, non-isothermal and

isothermal DSC methods were used to study the curing

kinetics of this DGEBAPO-2/MPDA system. Furthermore,

the mechanical and thermomechanical properties of the

cured epoxy system were investigated by tensile test and

DMA, and the shape-memory property of the cured epoxy

system was also qualitatively evaluated.

Experimental

Materials

DGEBAPO-2 with epoxide equivalent weight of

233.5 g mol-1 was prepared by ourselves, and the curing

agent MPDA was obtained from Tianjin Heowns

Biochemical Technology Co., Ltd (Tianjin, China). In

present work, DGEBAPO-2 was cured with stoichiomet-

rically equivalent amount of MPDA.

Characterization of DGEBAPO-2

Figure 1 shows the FTIR spectra of propoxylated bisphenol-

A containing two oxypropylene units (BAPO-2) and

DGEBAPO-2 recorded on a Nicole Nexus 670 FTIR spec-

trometer in the 4,000–400 cm-1 range by using KBr pellets.

It can be seen that the broad absorption around 3,365 cm-1

(corresponding to the stretching vibration of hydroxyl

groups) almost disappears after the epoxidation reaction of

BAPO-2 and epichlorohydrin. Moreover, the absorption

peak at 907 cm-1 assigned to the asymmetrical stretching of

epoxy group [23] is observed for DGEBAPO-2, indicating

that the epoxy resin is successfully synthesized. 1H NMR

experiment was performed on a Bruker Avance 400 spec-

trometer (400 MHz), using CDCl3 as the solvent, and the 1H

NMR spectrum of DGEBAPO-2 with peak assignments is

presented in Fig. 2. In particular, d = 3.15 ppm corresponds

to the CH of epoxy group (2H), and d = 2.79 and 2.62 ppm

correspond to the CH2 of epoxy group (4H) [24, 25]. ESI–MS

(Waters Micromass-Quattro Premier XE Mass spectrome-

ter) data: [M ? 18]? = 474.4.

DSC measurements

The non-isothermal cure with varied heating rates of 5, 10,

15, 20, and 25 �C min-1 and isothermal cure at different
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temperatures of 90, 100, 110, 120, and 130 �C were

monitored by a TA Instruments Q20 DSC equipped with an

RCS 90 cooling system. All the thermal experiments were

carried out under the N2 atmosphere. Note here that to start

the isothermal experiment, the sample was heated to the

isothermal temperature by 90 �C min-1. After the first

isothermal run, the sample was cooled to -10 �C, and

immediately, a dynamic scan from -10 to 310 �C with

10 �C min-1 was performed to determine the residual

exothermic heat. Finally, the sample was once again cooled

to -10 �C at the maximum cooling rate, followed by a

second dynamic run with 10 �C min-1 to measure the

ultimate glass transition temperature (Tg?) of DGEBAPO-

2/MPDA.

DMA and tensile measurements

For DMA and tensile experiments, DGEBAPO-2 was

cured with stoichiometric amount of MPDA at 45 �C for

2 h, 100 �C for 3 h and 130 �C for 4 h. The width of the

specimens for DMA measurement is about 3.5 mm, and the

thickness is about 0.6–0.7 mm, and the dimensions of the

specimens for tensile test met the ASTM D638 requirement

(type IV). DMA measurement was carried out on a TA

Instruments Q800 DMA at a constant frequency of 1 Hz

using the film tension clamps from 0 to 80 �C with a

heating rate of 3 �C min-1. The storage modulus, loss

modulus, glass transition temperature (TgDMA, defined by

the tan d peaks), and onset temperature of the glass tran-

sition zone (Tg
E0, defined by the intersection temperature of

the two tangents to the E0-temperature curve at the glass

transition drop) were obtained from the DMA spectrum.

Uniaxial tensile test around Tg
E0 was performed on an In-

stron 1185 universal tester equipped with a thermostatic

chamber. The gage length (l0) between the clamps was set

at 40 mm, and the crosshead speed was fixed at

10 mm min-1. The specimens were equilibrated at the

experiment temperature for more than 5 min before pro-

gramming the tensile test. The value of eb can be deter-

mined by

e ¼ l� l0

l0
� 100 % ð1Þ

where (l - l0) is the displacement of the crosshead.

Quantitative evaluation of thermally activated shape-

memory property

The shape-memory property of DGEBAPO-2/MPDA was

quantitatively characterized by using the Q800 DMA under
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the controlled force mode. The procedures were slightly

different from those previously reported for the quantitative

evaluation of the shape-memory properties [8, 11, 26], and

following steps were programmed in present work: the

sample was firstly equilibrated at Tg
E0 for 5 min, and then a

force ramp of 1 N min-1 was applied, until a stress of about

2 MPa was reached. Secondly, maintained the force applied,

the sample was cooled to Tg
E0 -30 �C with a cooling rate of

3 �C min-1. Thirdly, the force was subsequently released,

and then the sample was maintained at Tg
E0 -30 �C for 5 min.

Finally, the sample was reheated to Tg
E0 ? 20 �C at a rate of

3 �C min-1 and followed by equilibrating at Tg
E0 for 5 min to

start the next shape-memory cycle. Figure 3 shows a typical

stress-strain-temperature diagram for one shape-memory

cycle and the shape fixity (Rf) and shape recovery (Rr) can be

calculated by the following equations:

Shape fixity: RfðNÞ ¼
euðNÞ
emðNÞ

� 100 % ð2Þ

Shape recovery: RrðNÞ ¼
emðNÞ � efðNÞ

emðNÞ � efðN � 1Þ � 100 %

ð3Þ

where em represents the strain before releasing the force, eu

represents the fixed strain of the unloaded sample [26] and

stabilized at Tg
E’ -30 �C for 5 min, and ef represents the

final strain of the sample in the shape-memory cycle.

Results and discussion

Non-isothermal curing reactions of DGEBAPO-2/MPDA

The non-isothermal DSC curves of DGEBAPO-2/MPDA

system at the heating rates of 5, 10, 15, 20, and

25 �C min-1 are shown in Fig. 4. It can be observed that

the peak temperature increases as the heating rate

increases; this result is attributed to the fact that at a high

heating rate, there is not enough time for curing, and thus

the DSC curve will shift to a high temperature to com-

pensate for the reduced time [27]. In the DSC measure-

ment, the reaction exotherms are assumed to be directly

proportional to the fractional conversion (a) of the reac-

tive groups; thus, the dependency of a on the temperature

can be determined, and the curing reaction rate can be

described by Eq. ( 4) [15, 28].

da
dt
¼ dH=dt

DH0

¼ kðTÞf ðaÞ ð4Þ

where a represents the fractional conversion; t presents

the reaction time; da/dt presents the reaction rate; H pre-

sents the reaction exotherm; DH0 presents the total reaction

exotherm; f(a) presents the function of a and is associated

with the reaction mechanism; k(T) presents the tempera-

ture-dependent reaction rate constant and is generally

assumed [29] to follow the Arrhenius law:

kðTÞ ¼ A exp � Ea

RT

� �
ð5Þ

where A is the pre-exponential factor; Ea is the apparent

activation energy; R is the universal gas constant; T is the

absolute temperature.

The kinetic parameter Ea can be calculated by using

various methods. In our study, the advanced isoconver-

sional kinetic analysis method [30–32] developed by Vy-

azovkin was used to reveal the dependency of activation

energy on fractional conversion, and then the average

activation energy value was obtained. The analytic

expressions can be written as

U Eað Þ ¼
Xn

i¼1

Xn

j 6¼1

J Ea; Ti tað Þ½ �
J Ea; Tj tað Þ
� � ¼ min ð6Þ

J½Ea; TiðtaÞ� �
Zta

ta�Da

exp
�Ea

RTiðtÞ

� �
dt ð7Þ

where the subscripts i and j present the ordinal numbers of

the different thermal experiments performed under varied

thermal programs, Da presents the small increment of a,

and J presents the temperature integral. Note here that the

temperature integral was numerically evaluated with a

trapezoid rule in the present work.

Figure 5 shows the variation of Ea with a for non-iso-

thermal curing reactions of DGEBAPO-2/MPDA system. It

should be pointed out that the ultimate glass transition

temperature Tg? of this DGEBAPO-2/MPDA system was

46.3 ± 0.3 �C; thus, the vitrification was avoided during

the non-isothermal cure.
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At the beginning of the non-isothermal curing reaction,

the value of Ea decreases from 55.1 to about 51 kJ mol-1.

This result may be attributed to the decrease in the viscosity

[33] of the DGEBAPO-2/MPDA system as the temperature

increases gradually. As the non-isothermal curing reaction

progresses continuously, the molecular weight increases

rapidly; thus, the steric hindrance increases; the increase of

steric hindrance will lead to the increase of the activation

energy. On the other hand, the secondary hydroxyl groups,

which are considered to catalyze the remaining epoxy-amine

reaction [17, 34, 35], produce gradually. Thus, the appear-

ance of a plateau stage for 0.21 B a B 0.81 with Ea ranging

from 50 to 51 kJ mol-1 may be due to dynamic compen-

sating balance among the increased molecular weight, ele-

vated temperature, and reinforced autocatalytic effect. When

a[ 0.81, Ea increases rapidly from about 51 to about

74 kJ mol-1, and this result indicates that the rapidly

increased molecular weight at the end of the non-isothermal

curing reaction may play a more influential role to determine

the overall energetic barrier. The average value of the acti-

vation energy of DGEBAPO-2/MPDA calculated from the

whole Ea–a dependency (see Fig. 5) is 52.2 kJ mol-1.

In order to choose an appropriate kinetic model and

further to calculate the kinetic parameters, Málek method

[28, 36] was used in our study. According to the Málek

method, two special functions y(a) and z(a) can be used to

determine a kinetic model and then to estimate the kinetic

parameters:

y að Þ ¼ da
dt

� �
exp vð Þ ð8Þ

z að Þ ¼ p vð Þ da
dt

� �
t

b
ð9Þ

where v equals to Ea/RT, and p(v) is the integration of

temperature. By a 4th-order rational equation of Senum and

Yang [37], we can calculated the value of p(v)

approximately.

p vð Þ � v3 þ 18v2 þ 88vþ 96

v4 þ 20v3 þ 120v2 þ 240vþ 120
ð10Þ

According to the experimental data and the average

value of the activation energy, we can determine the var-

iation of da/dt, normalized y(a), and normalized z(a) versus

a for DGEBAPO-2/MPDA from Málek method. As an

example, the variation of da/dt, normalized y(a), and nor-

malized z(a) versus a with the heating rate of 10 �C min-1

is shown in Fig. 6. The peak values of da/dt–a, y(a)–a and

z(a)–a curves are, respectively, denoted by ap, aM, and ap
?,

and the results are summarized in Table 1. From this table,

we can clearly observe that 0 \ aM \ ap
? and

ap
?

= 0.632; thus, according to the judging standard of the

Málek method, the two-parameter Šesták–Berggren model

[28, 29, 36], SB(m, n), can be used to fit the non-isothermal

curing kinetic of DGEBAPO-2/MPDA system.

The SB(m, n) model can be expressed by the following

equation:

da
dt
¼ A exp �vð Þam 1� að Þn ð11Þ

where m and n represent the reaction orders. By logarith-

mic transformation, Eq. (11) can be transferred to

In
da
dt

� �
exp vð Þ

� �
¼ In A þ n In am=n 1� að Þ

h i
ð12Þ

where m/n can be replaced by aM/(1–aM) [28], and then the

kinetic parameters (n, lnA and m) can be obtained. For

instance, the variation of ln[(da/dt) exp (v)] versus

ln[am/n(1 - a)] for 0.1 B a B 0.9 with the heating rate of

10 �C min-1 is shown in Fig. 7. The values of n and

lnA can be, respectively, determined from the slope and

intercept of the fitted lines, and then the value of m can be

obtained by multiplying n and aM/(1 - aM) together. These

results for varied heating rates are also presented in

Table 1.

Substitution of the calculated kinetic parameters into Eq.

(11) yields an explicit rate equation for predicting the non-

isothermal curing reaction of DGEBAPO-2/MPDA system:

da
dt
¼ 3:942� 106 exp

�52200

RT

� �
a0:493ð1� aÞ1:752 ð13Þ

In the present work, an ordinary differential equation

solver program based on the 4th-order Runge–Kutta

Method was used to simulate the model predicted curves.

Note here that the initial condition for solving Eq. (13) was

set as a = 0.005 when T = 273.15 K. The model-simu-

lated curves and the experimental curves are compared in

Fig. 8; furthermore, the values of peak reacting rate
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(da/dt)p together with the corresponding conversion frac-

tion (ap) and temperature (Tp) were determined from the

experimental curves, and the simulated curves at different

heating rates are summarized in Table 2. From Fig. 8 and

Table 2, we may draw a conclusion that Eq. (13) can

appropriately describe the non-isothermal reaction of

DGEBAPO-2/MPDA system.

Isothermal curing reactions of DGEBAPO-2/MPDA

The isothermal DSC curves of DGEBAPO-2/MPDA sys-

tem at five different temperatures are shown in Fig. 9.

From this figure, one can observe that a main exothermic

peak of the curing reaction appears at t [ 0; thus, the

autocatalytic Kamal model [38], as shown in Eq. (14), may

be used to describe the isothermal curing reaction of

DGEBAPO-2/MPDA system.
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Table 1 The peak values of da/dt, y(a), and z(a), along with the

calculated kinetic parameters (n, m and lnA) for non-isothermal cure

of DGEBAPO-2/MPDA system with different heating rates

Heating

rate/oC min-1
ap aM ap

? n m lnA

5 0.488 0.232 0.504 0.544 1.804 15.296

10 0.483 0.226 0.494 0.516 1.771 15.220

15 0.476 0.212 0.491 0.462 1.720 15.142

20 0.471 0.209 0.492 0.454 1.724 15.116

25 0.473 0.219 0.497 0.488 1.740 15.163

Mean 0.493 1.752 15.187
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da
dt
¼ ðk1 þ k2a

mkÞð1� aÞnk ð14Þ

where k1 represents the non-autocatalyzed rate constant, k2

represents the autocatalyzed rate constant, and mk and nk

are the reaction orders. The relationship between the

absolute curing degree and time can be determined by

aabsolute ¼
DHt

DHiso þ DHres

ð15Þ

where DHt represents the cumulative heat at time t, DHiso

represents the isothermal reaction heat, and DHres repre-

sents the residual reaction heat. It should be pointed out

that in our study, the curing reaction temperatures are well

above Tg? of DGEBAPO-2/MPDA system and DHres

(\ 3 J g-1) � DHiso; thus, the values of absolute curing

degree and relative curing degree are numerically indis-

tinguishable. Thus, relative curing degree was used, and the

relationship between a and time at different temperatures is

presented in Fig. 10.

Figure 11 displays the variation of da/dt versus a at

different temperatures. By a nonlinear least-square fitting

procedure, we can obtain the isothermal kinetic parameters

Table 2 The peak values of da/dt together with the corresponding ap and Tp determined from experimental curves and SB(m, n) model at

different heating rates

Heating rate/oC min-1 Experimental data Calculated data from SB(m, n) model

Tp/oC ap Peak value of da/dt/min-1 Tp/oC ap Peak value of da/dt/min-1

5 118.4 0.488 0.098 117.4 0.458 0.096

10 134.3 0.483 0.179 132.9 0.456 0.177

15 143.3 0.476 0.253 142.6 0.456 0.254

20 150.4 0.471 0.323 149.7 0.456 0.329

25 156.5 0.473 0.402 155.4 0.455 0.400

The initial condition is set as a = 0.005 when T = 273.15 K
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for the Kamal model. The results are summarized in

Table 3, and the simulated plots are also shown in Fig. 11.

From Table 3, we can observe that k2 is much greater than

k1, indicating that the rate of autocatalytic reaction is

greater than that of non-autocatalytic reaction. As shown in

Fig. 11, the calculated data are in good agreement with the

experimental results.

Using the advanced isoconversional kinetic analysis

method developed by Vyazovkin, we can also determine

the Ea-a dependency of the isothermal curing reaction of

DGEBAPO-2/MPDA. As shown in Fig. 12, the isothermal

Ea-a dependency is quite different from the corresponding

non-isothermal Ea-a dependency, indicating that the curing

reaction is very complex. Note here that the isothermal

reaction temperatures are all much higher than Tg? of the

cured epoxy resin; thus, the vitrification of the epoxy resin

system is avoided, and the vitrification-induced diffusion-

controlled cure will not occur during the isothermal cure.

As a increases, Ea of isothermal cure decreases gradually.

The decrease in Ea may be associated with the increase in

hydroxyl groups formed during the curing reaction of

DGEBAPO-2/MPDA [17, 34, 35].

Dynamic mechanical and mechanical properties

The DMA curves of the cured DGEBAPO-2/MPDA sys-

tem are displayed in Fig. 13. The storage modulus depends

heavily on temperature: with rising of temperature, a large

and sharp drop of storage modulus in the glass-to-rubber

transition zone can be observed. The E’ in glass state is

over 2 orders of magnitude larger than E’ in rubber state,

suggesting that the cured epoxy resin may possess good

shape-memory performance. Tg
E0 of the cured DGEBAPO-

2/MPDA is 48.5 �C, according to the DMA, and tensile

experiment was performed around Tg
E0 (in our study, the

temperature for tensile test was set at 49 �C). A combi-

nation of relatively large tensile stress (6.33 ± 0.11 MPa)

and elongation at break (95.53 ± 2.27 %), which may be

Table 3 Kinetic parameters of Kamal model for isothermal cure of

DGEBAPO-2/D230 system

Temperature/oC k1/min-1 k2/min-1 mk nk

90 0.036 0.119 0.832 1.527

100 0.055 0.198 0.757 1.600

110 0.078 0.265 0.687 1.618

120 0.115 0.368 0.713 1.638

130 0.154 0.533 0.546 1.625

DGEBAPO–2/MPDA

Isothermal cure

0.0 0.2 0.4 0.6 0.8 1.0

α

20

40

60

80

E α
/k

J 
m
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Fig. 12 Ea-a dependency for isothermal curing reactions of DGEB-

APO-2/MPDA system
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necessary for shape-memory applications, can be observed

from the tensile experiment.

Shape-memory properties

Figure 14 shows the stress–strain-temperature diagram for

consecutive shape-memory cycles of cured DGEBAPO-2/

MPDA. A close inspection of the three-dimensional dia-

gram reveals that the first shape-memory cycle is a little

different from the subsequent curves. This difference may

be caused by the plastic deformation arising from molec-

ular rearrangement of the network chains [11]. The values

of Rf and Rr during four consecutive shape-memory cycles

are, respectively, 98.88 ± 0.04 and 96.67 ± 6.91 %,

indicating good shape fixity and shape recovery of

DGEBAPO-2/MPDA system.

Conclusions

An intrinsically toughened network for potential shape-

memory application was prepared by curing DGEBAPO-2

and MPDA. The non-isothermal and isothermal curing

kinetics of DGEBAPO-2/MPDA were systematically

investigated by DSC, and the thermal mechanical property,

mechanical property, and shape-memory property of the

cured material were characterized by DMA, tensile tester,

and quantitative shape-memory evaluation method. The

curing reaction studies indicated that Šesták-Berggren

model and Kamal model were able to, respectively, stim-

ulate the non-isothermal curing reaction rate and isother-

mal curing reaction rate. The Ea–a dependencies between

non-isothermal cure and isothermal cure were different,

indicating complex curing kinetics of DGEBAPO-2/

MPDA. The DMA disclosed that this SMEP showed a

large variation (more than 2 orders of magnitude) in E0

during its glass transition. Tg
E0 of the SMEP was 48.5 �C,

and the tensile experiment around Tg
E0 showed that this

SMEP exhibited a combination of relatively large elonga-

tion at break (95.53 ± 2.27 %) and tensile stress

(6.33 ± 0.11 MPa). Quantitative shape-memory evalua-

tion revealed that this SMEP possessed good shape-mem-

ory properties with shape fixity of 98.88 ± 0.04 % and

shape recovery of 96.67 ± 6.91 %.
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