
A New Method to Improve the Stability, Tensile Strength, and Heat
Resistant Properties of Shape-Memory Epoxy Resins: Two-Stages
Curing

He Sun,1 Yuyan Liu,1 Huifeng Tan,2 Xingwen Du2

1School of Chemical Engineering and Technology, Harbin Institute of Technology, Harbin 150001, China
2School of Astronautics, Harbin Institute of Technology, Harbin 150001, China
Correspondence to: Y. Liu (E - mail: liuyy@hit.edu.cn)

ABSTRACT: In this article, we design a new thermal curing method: two-stage curing. The purpose of using this approach is to main-

tain the excellent shape-memory property of epoxy resin system after first stage curing, and the material can be folded in small size

to storage or transportation and recovery its original shape commodiously by heating temperature. Then, after second stage curing,

the stability, glass transition temperature(Tg), and tensile strength of material can be improved effectively. For this aim, a series of

mixtures have been prepared. Differential scanning calorimetry (DSC), Fourier transform infrared spectroscopy (FTIR), tensile test,

scanning electron microscope (SEM), dynamic mechanical analysis (DMA), and fold-deploy shape-memory test have been used to

characterize the feasibility of two-stage curing process, curing degree, tensile strength, morphology, thermodynamic properties, and

shape-memory performance of these polymers. DSC results show that two independent curing stages can be achieved successfully.

Tensile tests and DMA results suggest that tensile strength and heat resistance have been improved after the second curing stage. SEM

results reveal that the addition of latent curing agent do not change the fracture mechanism. Furthermore, the fold-deploy shape-

memory tests prove that the composites after first stage curing possess eximious shape-memory property. VC 2013 Wiley Periodicals, Inc.

J. Appl. Polym. Sci. 2014, 131, 39882.

KEYWORDS: epoxy resins; shape-memory; two-stage curing

Received 9 June 2013; accepted 22 August 2013
DOI: 10.1002/app.39882

INTRODUCTION

Shape-memory polymers (SMPs) represent an advanced class of

stimuli-responsive materials, which can be deformed or fixed

into a temporary shape and recover their original permanent

shapes only upon appropriate external stimulus,1–4 such as ther-

mal treatment, light, electricity and vapor.5–8 Although above

various forms of external stimuli may be utilized as the recovery

trigger, the thermally induced shape-memory effect is most typ-

ical where the recovery takes place with respect to a certain crit-

ical temperature. Here, thermoset shape-memory epoxy resins

have attracted considerable attention because they hold a num-

ber of advantages, including lower cost, easy tunability in

shape-memory characteristics, low density, high shape recover-

ability (up to 100%), and simple process ability.9–12 However,

there are two shortcomings for shape-memory materials. Firstly,

SMPs have two-way shape memory reversibility, generally

speaking, due to their permanent networks (net points) and

reversible phase structures (switch segments).13–16 It means that

when the temperature is higher than the glass transition tem-

perature (Tg), the materials will either deform to a different

shape or restore to their original shapes. If the materials have

been impacted by external force in high temperature, they

would change their shapes. So the stability of the materials will

be greatly affected by temperature. Second, SMPs have low

crosslink density as a result of their inherent structures,17,18

hence, mechanical strength and heat resistance are not very

well. The objective of the present investigation is to overcome

these two disadvantages by designing a new thermal curing

method, two-stage curing process.

The two-stage curing method is different from conventional

multistep curing or post-curing,19–21 because it utilizes two dif-

ferent curing agents which trigger first-stage and second-stage

curing independently (please note that two different hardeners

rarely have reciprocity). The two-stage curing method can be

plotted, as shown in Figure 1 and described as follows: (1) Two

different curing agents, room temperature curing agent and

latent curing agent, are added into the epoxy resin matrix syn-

chronously. First-stage curing is triggered at room temperature,

and the polymers form materials I with the desired spatial

structure. During this curing period, the latent curing agent will
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not be triggered by controlling the curing conditions. (2) If the

spatial structure has big size, it is not convenient for storage or

transportation, its can be folded into small size by heating tem-

perature to making it becomes soft, such as tube, rectangle and

so on. Materials I have the unique feature is that they possess

shape memory effect (SME). Hence, the folded components can

recovery to their original shapes by heating temperature to

above Tg. In other words, the spatial structure can be fold-

deploy for many times. It is useful and convenient for materials

to test in different places. (3) Elevating heating temperature

causes second stage curing if the components are used, and

materials II are formed. After second-stage curing, the stability,

heat resistance and mechanical strength of materials will be sig-

nificantly improved. These kinds of materials can be utilized in

fold-deploy structure, such supporting tube or space antenna,

having a smaller store volume with preferable stability, mechan-

ical and thermodynamic properties.

Here, the feasibility of two-stage curing technology, the control

of curing conditions, shape memory property, stability, tensile

strength, microstructure, and heat resistant of materials are

examined respectively.

EXPERIMENTAL

Materials

The polymer matrix used in the current study was bisphenol A

glycidyl ether epoxy resin E-51(WSE618), with epoxy value

0.5 6 0.01 (epoxy equivalent weight 196–204 g/eq). The epoxy

resin possessed excellent shape-memory function, as shown in

our previous researches.22,23 The room temperature curing agent

was a modified amine, 593; it was a transparent liquid and had

long-chain structures, the amine value was 678.6 mg KOH/g,

and the viscosity was 80–100 mPa�s (25�C). The latent curing

agent was b, b0- dimethylamino ethoxy-1, 3, 6, 2-dioxin boron

(594). All materials were used without further refinement. The

chemical structures of reactants are shown in Figure 2.

Preparation of Mixtures

For the first-stage curing, the theory mass of curing agent can

be calculated from formula (1) due to 593 being an aliphatic

amine:

Y 5
M

n2H

� �
3K (1)

where Y is the mass of curing agent used in 100 g epoxy resin,

M is the molecular weight of amine, n-H is the number of active

hydrogen in an amine molecular, here, n-H is 4, and K is the

average epoxy value of E-51 (0.51).

For the second-stage curing, the theory mass of curing agent

594 is 12 wt % of the remaining uncured epoxy resin, the

theory mass is obtained from FTIR test. Specific method is as

follows: the theory mass of curing agent 594 in 9, 10, 11, 12,

13, and 14 wt % with the remaining uncured epoxy resin have

been prepared. After curing, the products have been tested by

FTIR technology. The FTIR results show that it can be still

observed epoxy groups in 908–930 cm21 in the theory mass

curing agent 594 in 9, 10, and 11 wt % systems, and not

observed epoxy groups in 12, 13, and 14 wt % mixtures, indi-

cating that the epoxy groups have been consumed completely

when the theory mass of 594 exceeds 12 wt %.

Based on the above theoretical calculations, mixtures of 70, 80,

90, and 100% theory curing degree22 were prepared. The theory

curing degree was specific to first-stage curing, due, we suppose,

to the fact that second stage curing was not triggered at the

Figure 1. The two-stage curing method.

Figure 2. Chemical structures of epoxy resin and curing agents.
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lower temperature. Serial numbers of different mixtures are

listed in Table I.

For the various curing systems, two different curing schedules were

used: (1) The mixtures of EP and EP I were cured at room temper-

ature for 24 h, followed by curing in air oven at 80�C for 2 h, and

then allowed to cool slowly to room temperature; (2) The mixtures

of EP II were cured based on (1) first, then second-stage curing

was performed at 130�C for 2 h, and curing at 170�C for 3 h,

followed again by slow cooling to room temperature.

The cured EP and EP I systems were translucent; in addition,

cured EP II mixtures were light yellow in color.

Characterization Methods

Non-isothermal DSC (Differential Scanning Calorimetry) measure-

ments were performed with TA Instruments Q200 for data acquisi-

tion. DSC was calibrated with high purity indium, and

experiments were conducted under a nitrogen flow of 20 cm3/min.

In DSC experiments, all the samples were subjected to a dynamic

DSC scan from 20 to 400�C/min at a heating rate of 10�C/min.

FTIR (Nicolet750 FTIR Spectrometer) was used to detect the

epoxy absorption peaks in different mixtures. The specimens

were prepared using the KBr pellet technique. The scanning

scope was from 650 to 4000 cm21.

Tensile testing was done using a tensile tester (Instron 5500R)

to evaluate the mechanical properties of materials. Samples

were dumbbell-shape, the width of effective part was 4 mm,

and thickness was 2 mm. These specimens were elongated at

the rate of 5 mm/min at room temperature.

The fracture surfaces of the notched impact samples were

observed by scanning electron microcopy (SEM) using

QUANTA 200FEI microscope. The fracture surfaces of speci-

mens were coated with a gold layer prior to observation; the

multiple of magnification was 1000.

Thermodynamic properties including the Tg and storage mod-

ules of the composites were examined using a dynamic mechan-

ical thermal analyzer (American, TA Q800) DMA, performed in

a nitrogen atmosphere from 25 to 300�C under a three-point

bending mode. The heating rate was set at 3�C/min, and the

resonance frequency was adjusted to 1 Hz. The sample size was

25 mm 3 5 mm 3 1 mm.

To investigate the shape-memory performances of the compo-

sites, a bending fold-deploy shape-memory test was performed.

Bending deformation was widely employed for evaluating

shape-memory properties of polymer materials due to a large

deflection being easily obtained in the range of small strain

through bending.24 The test was done as follows22,23: first, a

cured sample [size: 150 mm 3 (20 6 1.5) mm 3 (2 6 0.2)

mm] was heated to its glass transition temperature (Tg) (or

Tg 1 10�C, Tg 1 20�C, Tg 1 30�C) obtaining from DMA test,

and then bent into a “U” shape encircling a central axis, with a

radius of 6 mm; second, the U-shaped sample was cooled down

to room temperature under a constant external force for several

minutes, until the specimen became cool and rigid; finally, the

system was reheated to recover its original shape at the previous

temperature, and the recovery time recorded when the recovery

angle was 30�, 60�, 90�, 120�, 150� and 180�.

RESULTS AND DISCUSSION

Feasibility Analysis

In our experimental, we hope that the second-stage curing is

not be triggered during the first curing stage. Therefore, we are

validating the feasibility of two different curing stages. Non-

isothermal DSC is utilized to investigate the curing process of

various mixtures. The DSC curves are shown in Figure 3, and

the peak temperatures and reaction heat enthalpies are listed in

Table II.

From Figure 3(a), showing the DSC curve of E-51/593 mixture,

it can be seen that the peak temperature is 94.4�C, then, in Fig-

ure 3(b), revealing the curing curve of E-51/594 system, the

peak temperature is quite high (218.3�C). The difference

between the peak temperatures of the E-51/593 and E-51/594

system is about 120�C. The relatively large temperature differ-

ence is favoring to two-step independent curing, as we antici-

pates. Figure 3(c) presents two mutual independent curing

peaks, suggesting that a two-step curing process has been imple-

mented successfully in the E-51/593/594 mixtures. However, the

temperature of the second curing peak (182.6�C) in Figure 3(c)

is lower than that in Figure 3(b). This can be explained by the

fact that the test process of non-isothermal DSC is a continuous

heating mode, which is different from the curing schedules (2)

Table I. Serial Numbers of Different Mixtures

Theory curing
degree (%) 70 80 90 100

E-51/593 EP70 EP80 EP90 EP100

E-51/593/594a

(Materials I)
EP70 I EP80 I EP90 I –

E-51/593/594b

(Materials II)
EP70 II EP80 II EP90 II –

a Second stage curing had not been triggered.
b Second stage curing had been triggered.

Figure 3. DSC curves of various mixtures in 10�C/min heating rate. (a)

E-51/593; (b) E-51/594; (c) E-51/593/594 continuous heating; (d) E-51/

593/594 cooling for 2 h.
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and leads to a greater reaction heat in the mixtures. This reac-

tion heat can not dissipate fast enough, so the second stage cur-

ing step has been triggered in advance, resulting in a lower peak

temperature (182.6�C), as shows in Figure 3(c). The phenom-

enon has been also reflected in the reaction heat enthalpies. The

reaction heat enthalpies of Figure 3(c)-peak two is lower than

Figure 3(b) base on same proportion systems, indicating that

the chemical reaction between latent curing agent and E-51 has

been triggered during the non-isothermal DSC test.

In order to solve this problem, we modify the test method as

follows: first, the E-51/593/594 system is tested by non-

isothermal DSC in 10�C/min from 20 to 130�C Second, we stop

the test and allow the mixture to cool slowly until room tem-

perature. Then it stays for 2 h at room temperature. Finally, the

system is heated again from 20 to 380�C in 10�C/min heating

rate. From Figure 3(d) the curve presents only a second stage

curing peak, and there is no curing exothermic peak between

20�C and 150�C, indicating that first stage curing is complete.

This peak temperature (221.6�C) of this second stage curing is

near to the peak temperature (218.3�C) in Figure 3(b), and the

reaction heat enthalpy (170.6 J/g) is similar to E-51/594 mixture

(164.1 J/g) too. It manifests that the first curing stage hardly

influences the second curing stage.

The DSC test results prove that the two different curing stages

are implemented successfully, and the effect between the two

step curing is rare, they can occur independently.

FTIR Analysis

FTIR spectra of various mixtures are shown in Figure 4. We use

the FTIR test to detect the epoxy absorption peaks in different

composites. Generally speaking, the characteristic absorption

peak of epoxy group is 908�930 cm21, so the wavenumber

from 700 to 1000 cm21 has been magnified in Figure 4(b). In

the EP70, EP80, EP90, EP70 I, EP80 I, and EP90 I systems, the

characteristic absorption peaks of epoxy groups are observed in

the range of 910�928 cm21. Furthermore, the area of peaks

reduces as the curing degree decreasing, illustrating that the

epoxy groups reacts with curing agents appropriately. On the

other hand, in the EP II mixtures, the characteristic absorption

peaks of epoxy groups are hardly noticeable. It presents that

remaining epoxy groups have reacted with the latent curing

agent; in other words, the second curing has been triggered,

and the reaction is complete.

The FTIR test results reveal that second curing can be achieved

using cure schedule (2) successfully; in addition, the latent cur-

ing agent reacts completely with the remainder of the epoxy

resin.

Shape-Memory Performance

In this research, we use EP70 and EP70 I systems as examples to

discuss the shape memory effect of materials I by above fold-

deploy shape-memory test method. Figure 5 shows the shape

recovery ratio of EP70 and EP70 I mixtures at different tempera-

tures. The results show that all mixtures can recover to their orig-

inal shapes (180� return angle) within 1.5 min, so the shape

recovery ratio is 100%. It suggests that the materials possess

excellent shape-memory properties. Comparing Figure 5(a) and

(b), the shape recovery time is similar under their respective Tg,

Tg 1 10�C, Tg 1 20�C, and Tg 1 30�C, indicating that the addi-

tion of latent curing agent has little effect on the shape-memory

recovery properties. Meanwhile, the shape recovery time reduces

with increase of temperature. It can be explained as follows:

when the temperature increases, the segments are given a greater

free volume and larger room to move, allowing an increase in

thermal motion of molecules and molecular chains; therefore,

friction between the chains is reduced, and the samples do a

faster recovery of their original shape. Furthermore, the recovery

speed of 0–120� return angle is faster then 120–180� return angle.

Because of the inner stress leading shape recovery releases fast at

the beginning, and then releases slower gradually with inner

stress reduction. Finally, the inner stress is almost running out,

so the recovery speed is slow. The EP70 and EP70 I systems can

be fold-deploy for ten times circulation without fracture.

For EP70 II, EP80 II and EP90 II mixtures, rigidity prevents

them to bending into a “U” shape under 300�C, hence, we

believe that the materials II have better stability, it cannot be

deformed easily by external force though the temperature is high.

Tensile Strength Analysis

In this research, the tensile test has been done to discuss the

mechanical properties of materials. Figure 6 shows the tensile

Table II. Peak Temperatures and Reaction Heat Enthalpies of the DSC

Curves

Peak temperature
(�C)

Reaction heat
enthalpy (J/g)

System Peak one Peak two Peak one Peak two

E-51/593 94.4 – 160.8 –

E-51/594 – 218.3 – 164.1

E-51/593/594
continuous heating

94.0 182.6 176.3 73.3

E-51/593/594
cooling for 2 h

– 221.6 – 170.6

Figure 4. FTIR spectra of various mixtures. From above to below these

are: EP70, EP80, EP90, EP70 I, EP80 I, EP90 I, EP70 II, EP80 II, and

EP90 II.
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strength of EP, EP I, and EP II mixtures at 60, 70, 80, and 90%

theoretical curing degree, respectively. It can be seen that the

tensile strength has been enhanced with the theoretical curing

degree increase. Due to the higher theoretical curing degree

have higher crosslink-density, more crosslink nets can be

formed to resist external tensile. Moreover, compare with EP

and EP I composites, the tensile strength of EP 60 I and EP70 I

is same to EP 60 and EP70, meanwhile, EP 80 I and EP 90 I is

lower than EP80 and EP90 systems. It can be explained as fol-

lows: the latent curing agent has bulky molecular structure [Fig-

ure 2(c)], in addition, it is not react with matrix resins during

first stage curing, thus the molecule lead to steric hindrance

influence. The steric hindrance effect reduces the crosslink den-

sity as well as decreases crosslink nets to resist external tensile.

And that, the space steric effect with the increase of cure degree

is more obvious. Furthermore, the tensile strength of EP II mix-

tures increases 12.9–19.0% compared with the EP system, sug-

gesting that the tensile strength has improved significantly. Due

to second curing stage has been triggered under schedule (2)

condition, the unreacted epoxy groups have reacted with the

latent curing agent to form more crosslink nets.

SEM Analysis

SEM micrographs for various tensile fracture of composites are

shown in Figure 7. Among all, the fracture surface of the neat

matrix is smooth in Figure 7(a), suggesting a brittle rupture.

With the addition of latent curing agent, the fracture surface

becomes a little ragged and feather-like, which indicates that

toughness has a little enhanced in Figure 7(b). This result is

consistent with tensile strength analysis, the addition of latent

curing agent reduces crosslink-density. Moreover, Figure 7(c–e)

all shows striated fracture surfaces, illustrating that the fracture

mechanism and surface structure of EP II are similar after

second-stage curing. In other words, the curing reaction

between the remainder epoxy resin and latent curing agent is

completed, as proved by FTIR analysis.

The above analysis demonstrates that the addition of latent cur-

ing agent barely changes the fracture mechanism; all the frac-

tured surfaces exhibits brittle rupture. Moreover, second-stage

curing can be triggered to react completely.

DMA Analysis

Figure 8 shows the glass transition temperature (Tg) of different

systems. From Figure 8(a), it can be seen that the Tg of EP70 II

mixture is much higher than EP70 and EP70 I, as a result of

the triggering of the second curing which leads to an increase in

crosslink-density. It proves that the heat resistance of material

has been enhanced effectively by the second curing stage. In

addition, Tg of EP70 I mixture is lower than the EP70 system.

This can be explained by the bulky molecular structure of the

latent curing agent [Figure 2(c)] causing steric hindrance and

reduced crosslink-density, when it mixes with matrix resin with-

out reaction to any of the groups. It is consistent with tensile

strength analysis. Generally speaking, crosslink-density is one of

most important influencing factors for Tg. Hence, the lower

crosslink-density would lead to a lower Tg. Furthermore, the

peak height of tan d curves can characterize the damping prop-

erties of materials. This can be explained as follows: with the

increases of crosslink-density, more crosslink nets can be

formed. These crosslink nets limit the free movement of many

Figure 6. The tensile strength of EP, EP I, and EP II mixtures at 60, 70,

80, and 90% theoretical curing degree.

Figure 5. The effect of temperature on the shape recovery ratio: (a) EP70;

(b) EP70 I.
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chains, so the internal friction decreases as well as damping;

hence, the reduction of peak height.

Figure 8(b) presents Tg in different curing degree mixtures

which have resulted from second stage curing. Among the tan d
curves of EP II, it is noted that the broad peaks appeared in the

left shoulder, suggesting that EP II may be occurred as a phase

separation. It is consistent with the observed phenomenon in

experiments: the cured EP and EP I systems are translucent,

and cured EP II mixtures are light yellow in color. However, the

phase separation can not be observed in SEM micrographs,

because the two phases are all cured epoxy curing groups that

possess a similar color. On the other hand, the curves show that

the Tg is near among EP II systems, suggesting that the curing

degree has reached nearly 100%. It indicates that the latent

Figure 7. SEM micrographs of the fracture surface for varies mixtures. (a) EP70, (b) EP70 I, (c) EP70 II, (d) EP80 II, and (e) EP90 II.
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curing has been triggered successfully and the remaining

uncured epoxy groups in the first curing stage react completely

with latent curing agent. Here, the mixtures rarely contain

active groups, such as epoxy groups, primary amine, secondary

amine, and so on.

The DMA test results demonstrate that the second curing stage

has been triggered successfully under cure schedule (2), while

the curing reaction goes to completion; in addition, heat resist-

ant properties has been improved, and Tg has been enhanced

from 84.0 to 130.0�C.

CONCLUSION

In this article, we used the new two-stage curing method to pre-

pare a series of mixtures. The results of DSC tests showed that

the two different curing stages could be implemented independ-

ently, and the interaction between the two different curing stage

was little. Moreover, the fold-deploy shape-memory tests proved

that EP70 and EP70 I possessed excellence shape-memory prop-

erties. They could be deformed into different shapes, then

recover fully to their original shape within 1.5 min at Tg, the

shape recovery ratio could reach 100%, and could be fold-

deploy for 10 times. The stability of EP II polymers had been

reinforced by second stage curing due to they could not be

deformed at 300�C. Tensile tests results suggested that the ten-

sile strength had been enhanced about 12.9–19.0% after the sec-

ond curing stage. SEM results revealed that the addition of

latent curing agent did not change the fracture mechanism; all

the surface fractures were brittle. Furthermore, DMA results

presented that Tg had been boosted from 84.0 to 130.0�C, indi-

cating that the heat resistance of materials had been improved

significantly after second curing stage.
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