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ABSTRACT: A series of low viscosity acrylate-based epoxy resin (AE)/glycol diglycidyl ether (GDE) systems were prepared. The effect

of GDE and low molecular weight polyamide (LPA) content on the rheological behavior, phase structure, damping, and mechanical

properties were studied by differential scanning calorimeter (DSC), viscometer, scanning electron microscopy (SEM), dynamic

mechanical thermal analysis (DMTA), and electro mechanical machine. The viscosity of the uncured AE systems decreased signifi-

cantly after the incorporation of GDE. The damping properties were found to decrease slightly with the increasing GDE and LPA

content. The tensile strength of the cured AE/GDE samples enhanced significantly after the incorporation of GDE with at least 150%

improvement for all the samples while it decreased slightly with increasing LPA content. The AE/GDE cured systems were intended

for future use as structural damping materials. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 42959.
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INTRODUCTION

Damping systems play an important role in the field of high

performance structural application on aerospace, marine, auto-

mobile and construction, etc.1,2 Epoxy resins are usually applied

as protective coating, adhesives, electronic-packaging materials,

and composites matrix for their excellent chemical resistance,

adhesion, dimensional stability, and mechanical properties.3,4

However, the drawbacks, such as poor damping properties and

brittleness, which was caused by the high crosslink density,

restricted their applications. For recent years, great efforts have

been done to modify the damping properties of epoxy resins.5–8

The most common method to enhance the damping of epoxy

resin was to add a second phase, such as rubbers,5,9,10 thermo-

plastic polymers,6,11,12 and inorganic fillers,7,13–15 which can

form a multiphase morphology or semi-interpenetrating poly-

mer network.8,16–18 The excess energy loss, attributing to phase

separation, plastic deformation, and interface fraction between

fillers and fillers or matrix, will improve the damping property

of epoxy resin system. Rheological behavior of uncured resin is

one important parameter for the processing of thermosetting

matrix in applications such as composite matrix. While, it will

lead to the increase in viscosity19,20 to incorporate rubbers, ther-

moplastic polymers, or inorganic fillers into epoxy resin matrix.

The improved viscosity may limit the application of the modi-

fied damping matrices.

Beside above mentioned, modification on resin structure, such

as incorporating flexible backbone structure, which can

decrease the crosslink density of a cured epoxy resin system,

will be also an effective method to improve its damping prop-

erties, which would not lead to significant phase separation

and increase in viscosity. Grant et al.21 used a viscoelastic RF-

69 as chain extension modifier (RF-69) to prepare intrinsic

epoxy resin damped composites, and the results showed that

the damped composite improved significantly. Wang et al.22,23

used amino-terminated polyether and amino-terminated poly-

urethane as curing agent to prepare flexible epoxy resin damp-

ing systems, and the results showed that the highest loss factor

had reached 1.57, indicating the epoxy resin system with pretty

damping properties. Ratna et al.24 used polyether amine hard-

eners with varying chain lengths of polyether as cure agent to

prepare flexible epoxy resin damping systems, and the results

showed that the highest loss factor was around 1.9, with ten-

sile strength from 14.8 to 0.5 MPa and elongation at break

from 50 to 210% when the chain length increases. However,

little researches about the rheological behavior of damping

epoxy resin matrices have been reported yet.

VC 2015 Wiley Periodicals, Inc.
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In this study, a low viscosity acrylate-based epoxy resin/GDE sys-

tem was prepared. The primary aim of this work was to evaluate

the effect of GDE and LPA content on the viscosity, cure behavior,

morphology, damping properties, and mechanical properties of

epoxy resin and its potentiality as a damping composite matrix.

The rheologic properties and cure behavior were evaluated through

viscosity and dynamic DSC measurements. The damping and

mechanical properties were studied to estimate the effect of various

GDE content, cure agent content, and post cure temperature on

the above properties. Microscopy was used to investigate fracture

surfaces of all cured sample prepared under various conditions.

EXPERIMENT

Materials

Acrylic-based epoxy resin (AE) was prepared in ourselves labora-

tory, whose structure was shown in Figure 1. Glycol diglycidyl

ether (GDE) was supplied by Changshu Hengrong commerce

and trade. Low molecular weight polyamide resin (LPA) supplied

by Shanghai Resin (China) was used as curing agent in a weight

ratio of 100/50, i.e. 50 phr (parts per hundred epoxy resin). All

of the agents were used as received without further purification.

Preparation of Samples

AE (100 g) and GDE (20 g) were charged in a beaker, and

stirred for 15 min at room temperature. Then LPA (250 g) was

Figure 1. Structure of acrylic-based epoxy resin.

Table I. Recipe of AE/GDE/LPA Samples

Sample no. AE (g) GDE (g) LPA (g)
Cure
process (g)

GDE-0 100 0 50 Cure 2

GDE-10 100 10 50 Cure 2

GDE-20
(LPA-50, cure-2)

100 20 50 Cure 2

GDE-30 100 30 50 Cure 2

GDE-40 100 40 50 Cure 2

GDE-50 100 50 50 Cure 2

LPA-40 100 20 40 Cure 2

LPA-60 100 20 60 Cure 2

LPA-70 100 20 70 Cure 2

cure-1 100 20 50 Cure 1

cure-3 100 20 50 Cure 3

Cure 1: 708C/1 h11008C/3 h; Cure 2: 708C/1h11008C/1h11308C/2h;
cure 3: 708C/1 h11008C/1 h11308C/1 h11808C/1 h.

Figure 2. Effect of GDE content on the rheological behavior of AE-40/LPA systems (a) 408C; (b) 508C; (c) 808C; (d) 20 phr GDE content. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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added and stirred for another 15 min at room temperature. The

epoxy/LPA blends was degassed in vacuum drying chamber for

30 min and then poured into a preheated mold, followed by

being cured at 708C for 1 h, 1008C for 1 h, and 1308C for 2 h,

then cooling down to room temperature. The rest samples were

prepared following recipes in Table I.

Characterization

Rheological Behavior. The rheologic tests were performed on a

Brookfield Programmalbe DV-II Viscometer. The isothermal vis-

cosity was taken during 40–808C with 108C one stage.

Differential Scanning Calorimeter. A differential scanning calo-

rimeter (Metteler Toledo DSC 1 Stare System) was used for

dynamic DSC measurements under N2 atmosphere. Dynamic

DSC measurements were carried out at 5, 10, 15, 208C min21

for the AE-20, AE-30, and AE-40/PLA uncured systems.

Dynamic Mechanical Thermal Analysis (DMTA). Dynamic

mechanical thermal analysis (DMTA) was carried out using a

DMTA VA4000 (Metravib R.D.S.) by using a tensile clamp and

the testing method of temperature step-frequency sweep with a

temperature step of 28C and a frequency range between 10 and

100 Hz. The testing was carried out according to ISO 4664-1-

2005. The sample dimensions were 20-mm long, 6-mm wide,

and 2-mm thick. The storage modulus E0, the loss modulus E00,

and the loss factor (tan d) could be obtained from the testing,

and the peak temperature of tan d is taken as the glass transi-

tion temperature.

Mechanical Testing. The tensile tests were carried out on an

electro-mechanical machine (Sintech65/G, MTS), using dumb-

bell shaped type sample according to ISO 7619-1-2004. Five

samples were tested per material. The hardness was performed

on a Shore A durometer according to ISO 48-2010. All samples

were evaluated without any condition.

Figure 3. DSC curves of AE-40/PLA systems with (a) various GDE content at 158C min21; (b) 20 phr. DEG at various heating rate. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 4. Reaction mechanisms of AE/GDE blends. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Scanning Electron Microscopy. Morphology of cured AE sam-

ples was performed on a scanning electron microscope with an

acceleration voltage of 20 KV. The samples were fractured in liq-

uid nitrogen. Before examination, all the fracture surfaces were

sputtered-coated with gold.

RESULTS AND DISCUSSION

Rheological Behavior

Isothermal viscosity measurements were performed on a viscome-

ter, and the corresponding results were shown in Figure 2(a–d),

respectively. The isothermal viscosity curves of AE/LPA system

with various GDE content at 40, 50, and 808C were illustrated in

Figure 2(a–c), and it was clear that the viscosity of AE/LPA sys-

tems with the increasing GDE content from 0 to 50 phr, showed

a significant decrease attributing to the flowability of GDE. The

initial viscosity decreased significantly while the cure rate was

accelerated with GDE content increasing from 0 to 50 phr, espe-

cially at higher temperature. Incorporation of GED or improving

temperature will expand the “free volume” of the AE molecular

and weaken the reaction between macromolecular chains, which

may result in the decrease of viscosity. At the same time, an

interesting phenomenon was that the isothermal viscosity rising

rate showed an inverse trend at higher temperature [Figure 2(c)]

and lower temperature [Figure 2(a)]. For this result, it might be

attributed to the two aspects of temperature and crosslink den-

sity.25,26 With increasing temperature, the viscosity decreases, on

the contrary, the reaction rate is accelerated, which will lead to

viscosity increase, due to increase in crosslink density caused by

reaction. At lower temperature, the temperature is the main fac-

tor; while the crosslink density takes the major place on the vis-

cosity increase. This can explain why the inverse trends happened

at various testing temperature. The viscosity curves of AE/LPA

system with 20 phr GDE at various temperatures were shown in

Figure 2(d), which confirm the results above discussed.

Curing Behavior

The curing behavior of AE/PLA blends with various GDE content

was conducted with various heating rates of 5, 10, 15, and

208C min21. The dynamic DSC curves of AE/PLA blends with

various GDE content were shown in Figure 3(a), and the DSC

curves of AE/PLA blends with 20 phr GDE under various heating

rates were shown in Figure 3(b), and the cure mechanism was

shown in Figure 4. From Figure 3(a,b), it was clear that two exo-

thermic peaks were noted in the DSC curves, the stronger one

appearing at lower temperature and the other one at higher

Figure 5. DMTA plots of AE with various GDE content at 10 Hz. [Color figure can be viewed in the online issue, which is available at wileyonline

library.com.]
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position. It was also found that both the exothermal peaks shifted

toward higher temperature side with the increasing heating rate.

It is well known that exothermic peaks are associated with the

curing reaction in the epoxy resin system.27 As it can be seen

from the Figure 3, the stronger exothermic peaks at lower tem-

perature were corresponding to the main curing reaction between

epoxy groups and cure agent, and the weaker one at higher tem-

perature might be associated with the reaction between epoxy

groups and hydroxy groups, which was consonance with the

reference.28

Dynamic Mechanical Thermal Analysis

The dynamic mechanical properties of AE were determined by

dynamic mechanical thermal analysis. The plots of E0, E00, and tan d
for AE cured samples, prepared under various conditions, were listed

in Figures 5–8, and the corresponding data collected in Table II.

Effect of GDE Content on the Dynamic Mechanical

Properties. Figure 5 showed the temperature dependence of E0,
E00, and tan d for cured AE with various GDE content. As

shown in Figure 5(a), the E0 increased from 1800 to 2270 MPa

when GDE content increased from 10 to 30 phr, and then

Figure 6. Frozen fracture morphology from AE cured samples with (a) 0 phr GDE content; (b) 10 phr GDE content; (c) 20 phr GDE content; (d) 30

phr GDE content; (e) 40 phr GDE content; (f) 50 phr GDE content.
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decreased to 1900 MPa. As shown in Figure 5(c), the value of

tan d exhibited a decrease during the rubber region with the

increasing GDE content from 0 to 50 phr, while both the Tg

value and storage modulus in glassy region showed a trend of

first increase followed by decrease with the GDE content

increase. The Tg increased from 39 to 478C when GDE 10 phr

content was incorporated, and then gradually decreased to 428C

when GDE content further increased to 50 phr. The main rea-

son for this phenomenon may be attributed to the following

reasons. First, GDE, with short flexible molecular chain seg-

ments, participated in the crosslink of AE/LPA systems, which

will significantly improve the crosslink density. Second, the

increasing GDE content may also improve the crosslink density,

which could increase the E0 of AE/LPA samples, too. Third, the

short molecular chain segment of GDE, filled in the voids of

the large AE molecular, can also improve the E0 during glassy

region. On the contrary, at higher temperature, the small

molecular will improve the motion ability of polymer chains

segments, which explain the decrease in E0 and Tg with increas-

ing GDE content.

The fracture morphology micrographs of AE cured samples

with various GDE content were illustrated in Figure 6. The fro-

zen fracture surface micrograph of sample without GDE was

illustrated in Figure 6(a), showing a clear homogeneous phase.

With the increasing GDE content from 10 to 50 phr, the frac-

ture surface micrographs were shown in Figure 6(b–f), which

exhibited typical toughed fracture with significant shear yield-

ing. As shown in Figure 6(b–f), cellular phase structures were

observed with significant shear yielding and corresponding

holes without significant phase separation. The curves of loss

factor dependant on temperature, with only one peak, implied a

homogenous phase structure for the samples, which confirmed

the results of fracture surface micrographs. The cured AE sys-

tem was comprised of soft chain segments and hard chain seg-

ments, which might result in the splitting of loss modulus

curves. This might be attributed to the quasi co-continuous

phase structure comprised of matrix and GDE rich phase, just

as described in earlier reference.29,30

Effect of LPA Content on the Dynamic Mechanical

Properties. Figure 7 shows the temperature dependence of E0,

E00, and tan d for cured GDE-20 content with various LPA con-

tent. From the Figure 7(a), it was clear that the E0 of the cured

GDE-20, with the increasing LPA content, decreased gradually

during glassy region. While the “valley” in the curves of E00 dis-

appeared with the increasing LPA content as shown in Figure

7(b). The tan d results from Figure 7(b) indicated that the Tg

shifted to lower temperature with the increasing LPA content.

The main reason for these results can be attributed to the fol-

lowing aspects. With increasing LPA content from 40 to 70 phr,

the LPA may be excessive, which can decrease the crosslink den-

sity and lead to the improvement of molecular chain motion

ability. The above results could be confirmed by the fracture

morphology micrographs shown in Figure 8.

The fracture morphology micrographs of AE cured samples

with various LPA content were illustrated in Figure 8. From the

micrographs in Figure 8, massive shear yielding was observed,

revealing a typical toughness character, while the fracture

became smooth gradually, with the increasing LPA content,

attributing to the compatibility modification of LPA. The result

Figure 7. DMTA plots of AE with various LPA content at 10 Hz. [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]
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was corresponding to the plots of E’’ vs. temperature, that the

hollowness was flatted with the increasing LPA content.31

Effect of Post Cure Temperature on the Dynamic Mechanical

Properties. Figure 9 showed the temperature dependence of E0,

E00, and tan d for cured AE with various post cure temperature.

From Figure 9(a), it was clear that the E0 enhanced significantly

when samples cured at higher temperature. The plots of E00

dependant on temperature were illustrated in Figure 9(b). From

Figure 9(b), it revealed that a secondary peak emerged gradually

and the viscoelastic region shifted to higher temperature with

increasing post cure temperature. As shown in Figure 9(c), the

Tg of the cured AE systems shifted to higher temperature, while

the value of tan d decreased gradually with the increasing post

cure temperature. The tan d values of the cured samples were

1.75, 1.61, and 1.46, when the post cure temperature increased

from 130 to 1808C. The Tg values of the cured AE systems, with

increasing post curing temperature, were determined to be 39.8,

43.9, and 49.58C, respectively. An increase about 108C in the

glass transition temperature was achieved with the higher post

cure procedure.

This could be explained by the contribution of crosslink density

of the cured AE systems. It was noteworthy that undergoing post

curing treatment at higher temperature mainly had an effect on

the crosslinking density of the cured AE systems through the

contribution of the etherification reaction at elevated tempera-

ture, which was consonance with the reference.32,33

The fracture morphology micrographs of AE cured samples at

various post cure temperature were illustrated in Figure 10. As

shown in Figure 10, massive of shear yielding, comprised of

“ridges” and “valleys,” was observed, exhibiting a quasi co-

continuous phase structure, corresponding to the two E’’ peaks

while single loss factor peak. At higher post cure temperature,

Table II. Dynamic Mechanical Properties Cured AE-40 Systems

Samples
tan
dmax

Tg

(8C)

Temp. range
of tan d > 0.3
(8C)

�Ttan d > 0.3

(8C)

GDE-0 1.84 39.7 26.0–100 >74.0

GDE-10 1.63 45.7 29.0–78.3 49.3

GDE-20
(LPA-50,
cure-2)

1.61 43.9 25.9–73.2 47.3

GDE-30 1.56 41.8 23.4–68.6 45.2

GDE-40 1.46 43.6 27.3–67.0 49.7

GDE-50 1.46 41.2 25.2–64.6 39.4

LPA-40 1.67 42.4 24.3–71.5 47.2

LPA-60 1.63 41.8 23.4–74.1 50.7

LPA-70 1.64 39.7 19.6–73.6 54.0

Cure-1 1.74 40.1 22.6–71.6 49.0

Cure-3 1.45 49.5 28.8–79.4 50.6

Figure 8. Frozen fracture morphology from AE cured samples with (a) 40 phr LPA content; (b) 50 phr LPA content; (c) 60 phr LPA content; (d) 70 phr

LPA content.
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the shear yielding became more concentrated than those pre-

pared at lower temperature, which was attributed to the

decrease in motion of chain segments caused by the crosslink

density improvement.

Effect of Testing Frequency on the Dynamic Mechanical

Properties. The temperature dependence of tan d for cured AE/

LPA with 20 phr GDE (GDE-20) at different frequencies was

given in Figure 11. It can be seen in the curves, there was a sin-

gle glass transition peak for the samples at around 368C, which

shifted to higher temperature with the increasing testing fre-

quency. This phenomenon can be explained by time-

temperature superposition (TTS) principle,34,35 which con-

firmed the results reported in references.8,18

Mechanical Properties

The mechanical properties of cured AE systems, including ten-

sile strength, elongation at break and hardness, were determined

by tensile tester and Shore durometer. The effects of GDE con-

tent, LPA content, and post cure temperature were investigated.

The results were collected in Table III. The mechanical proper-

ties of AE cured system depended on the rigidity of molecular

Figure 9. DMTA plots of cured AE with various post cure temperature at

10 Hz. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 10. Frozen fracture morphology from AE cured samples at (a) cure

1; (b) cure 2; (c) cure 3.
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chains and the crosslink density. Generally, flexible additives

will decrease the mechanical properties of cured AE samples;

however, improve the motion of polymer chain segment.

Effect of GDE Content on the Mechanical Properties. The

mechanical properties of cured AE/LPA samples with various

GDE content were illustrated in Figure 12(a,b) and the corre-

sponding data was collected in Table III. As above mentioned,

flexible additives will decrease the mechanical properties, how-

ever, improve the motion of polymer chain segment. It was

interesting to find that the tensile strength of cured AE systems

improved at least 150% when GDE of various contents was

added. When GDE content was only 10 phr, the tensile strength

improved from 6.50 to 23.4 MPa, with a dramatic 265%

improvement. When the GDE content increased from 10 to 50

phr, the tensile strength showed a trend of first decrease and

then followed by an increase, while the elongation at break and

hardness exhibited an opposite trend with the increasing GDE

content from 10 to 50 phr. The main reason for the above phe-

nomenon might be attributed to the following aspects. First, as

above mentioned, the flexible short chain segment of GDE can

significantly improve the crosslink density, which can restrict

the motion of molecular chain, leading to the surprising

improvement in tensile strength and decrease in elongation at

break. Second, when the GDE content was low (from 10 to 30

phr), GDE was mainly utilized as flexible additives, which led to

the decrease in tensile strength and enhancement in elongation

at break. With the increasing GDE content from 30 to 50 phr,

the GDE played a more important role in improving the cross-

link density, which led to the increase in tensile strength and

decrease in elongation at break.

Effect of LPA Content on the Mechanical Properties. The

mechanical properties of AE samples with 20 phr GDE content

and various LPA content were illustrated in Figure 12(c,d) and

Table III. As shown in Figure 12(c,d), the tensile strength

decreased from 21.5 to 12.0 MPa. On the contrary, the elonga-

tion at break enhanced from 40.4 to 164%. While, the hardness

exhibited a trend of first improve from 95 to 97 and then fol-

lowed by a decrease (to 92) when LPA content was over 60 phr.

The results could be attributed to the following aspects. LPA,

with plenty flexible chain segments, plays an important role in

improving the flexibility of AE cured systems. Increasing LPA

content might decrease the crosslink density. Moreover,

Figure 11. DMTA plots of cured AE at different frequencies with 20 phr

GDE content. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table III. Mechanical Properties Cured AE-40 Systems

Samples Hardness

Tensile
strength
(MPa)

Elongation
at break (%)

GDE-0 93 6.50 185

GDE-10 97 23.4 6.00

GDE-20
(LPA-50,
cure-2)

97 19.6 71.2

GDE-30 97 16.3 88.1

GDE-40 96 20.3 39.3

GDE-50 95 26.0 16.6

LPA-40 95 21.5 40.4

LPA-60 97 17.2 117

LPA-70 92 12.0 164

Cure-1 97 14.2 105

Cure-3 97 30.3 12.5
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increasing LPA content might introduce too much flexible units,

which might lead to enhancement on motion of molecular

chain segments. Both of the incorporation of flexbile chain seg-

ments and decrease in crosslink density would decrease the ten-

sile strength and improve the elongation at break.

Effect of Post Cure Temperature on the Mechanical

Properties. The mechanical properties of AE sample under vari-

ous post cure temperature were illustrated in Figure 12(e,f) and

Table III. As shown in Figure 12(e,f), the tensile strength

enhanced from 14.22 to 30.33 MPa, on the contrary, the elonga-

tion at break decreased from 105.9 to 12.5%, which can be

attributed to the improved crosslink density with increasing

post cure temperature. The improved crosslink density will

restrict the molecular chain motion, leading to the above

phenomenon.

CONCLUSIONS

In this article, effect of GDE and LPA content on the phase struc-

ture, rheological behavior, damping, and mechanical properties

were investigated. Incorporation of GDE at various contents (0–

50 phr) into AE matrix significantly decreased the viscosity of

AE/GDE systems, which made the damping matrix more flowable

and processable. The DMTA results showed that the cured AE

samples exhibited excellent damping properties, with a highest

loss factor value of 1.75, and the corresponding temperature

range of tan d>0.3 was over 508C, while, the loss factor value

showed a slight decrease with increasing LPA content. At the

same time, the tensile strength of the cured samples could reach

Figure 12. Mechanical properties of cured AE with various: (a) and (b) GDE content; (c) and (d) LPA content; (e) and (f) post cure temperature. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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30.3 MPa, with at least 150% improvement for all the samples,

as comparing with the samples without GDE, however, the tensile

strength showed a decrease from 25 to 12 MPa with increasing

LPA content. Though with excellent damping and mechanical

properties, Tg of cured AE systems is above room temperature, at

which the damping management is needed. This may limit its

application and further research should be carried out. To sum

up, the acrylate-based epoxy resin, with excellent combination

properties, shows significant potential as novel and effective

damping matrix to prepare intrinsic damping composites with

excellent damping properties.
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