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Abstract

Effects of crosslinking and crystallinity on the properties of the thermal and rheological properties of the EVA were studied. From the studies of

storage modulus of the EVA with VA content in the solid temperature range (about K70 to 50 8C), the storage modulus decreased with increasing

the VA content. This result suggested that the crystallinity of the EVA affected the storage modulus of the EVA because of the weak crosslinking

of the EVA by DCP. From the studies of complex viscosity of the EVA with and without DCP in the melt state, the values of the power law

parameter of the EVA without DCP ranged from 0.39 to 0.50 and the EVA with DCP ranged from 0.03 to 0.12. In the measurement of the complex

viscosity of the EVA in the melt state, the crosslinking affected the complex viscosity of the EVA with DCP.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Ethylene vinyl acetate copolymer (EVA) is a random

copolymer consists of ethylene and vinyl acetate (VA) as a

repeating unit. The EVA shows various properties with varying

the VA content. The properties of the EVA are caused by the

crystallinity of the EVA [1–4] which can be controlled by the

VA content. The crystallinity of the EVA with the VA content

is very important to understand the thermal and rheological

properties of the EVA. Many researches have been studied the

crystallinity of the EVA. For example, Brogly et al. [1] and

Arsac et al. [2] have investigated the effects of crystallinity on

the thermal properties of the EVA with VA content.

In some cases, the EVA is required high melt strength in the

processing such as foaming. The high melt strength can be

achieved by crosslinking the EVA with the dicumyl peroxide

(DCP). The crosslinking of the EVA by DCP is caused by the

formation of the radical of the DCP.

The EVA could be used as an artificial leather. When the

EVA is used as an artificial leather, the flexibility, which is
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related to the modulus and crystallinity of the EVA, is an

important property. Also, the complex viscosity of the EVA is

related to the melt strength during the processing in the melt

state of the EVA. In this study, we have investigated the

crystallinity and crosslinking behavior of the EVA by varying

the VA content from 26 to 46 wt%. To characterize the EVA

samples, dynamic mechanical thermal analyzer (DMTA) and

X-ray diffractometer were used to measure the dynamic

mechanical behavior and morphology of the EVA, respect-

ively. Complex viscosity of the EVA was measured by the

advanced rheometric expansion system (ARES) with dynamic

frequency sweep mode.
2. Experimental

2.1. Sample preparations

The EVAs used in this study were obtained from

commercial sources. The properties of the EVAs by varying

the VA content from 26 to 46 wt% are summarized in Table 1.

In Table 1, EVA 26, 33, 41, and 46 represent the EVA

containing the 26, 33, 41, and 46 wt% vinyl acetate in the EVA.

The mixture of the EVA and DCP were prepared by melt

extrusion. The DCP, ranging from 0 to 2.0 wt% (phr) with

respect to the weight fraction of the EVA were used. The

crosslinking of the EVA by DCP has been reported by other
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Table 1

Characteristics of ethylene vinyl acetate copolymer (EVA) used in this study

Samples VA content

(wt%)

Tg (8C)a Melt index

(g/min)b

EVA 26c 26.0 K16.0 3.0

EVA 33d 33.0 K16.0 15

EVA 41d 41.0 K16.0 2.0

EVA 46d 46.0 K16.0 2.5

a Measured in our laboratory by DMTA.
b Measured by ASTM D 1238 (190 8C and 2.16 kg).
c Supplied by Hanwha Chem. Co.
d Supplied by Dupont-Mitsui Polychem. Co.
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Fig. 1. Loss factor (tan d) vs temperature for the EVA 26 with DCP content:

(B) 0 phr DCP; (6) 0.5 phr DCP; (,) 1.0 phr DCP; ($) 1.5 phr DCP; (7)

2.0 phr DCP.
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researchers [5]. The temperature of the extruder was set at 85

and 100 8C in feeding and barrel zones, respectively. Samples

were compression molded using a hot press at 130 8C for

5 min. For the DMTA and X-ray diffraction tests, crosslinked

samples were prepared by the DCP using a hot press at 220 8C

for 10 min.

2.2. Dynamic mechanical thermal analysis (DMTA)

DMTA measurements were carried out on advanced

rheometric expansion system (ARES) in oscillatory torsional

mode at 0.1% strain and 1 Hz frequency. The temperature was

scanned from K100 to 100 8C at a rate of 5 8C/min.

2.3. X-ray diffraction analysis

X-ray diffraction pattern measurements were carried out on

Mac Science, MXP-HF. The accelerating voltage was 40 kV

and the current was 100 mA. The scanning range was 1.8–408

with a scanning rate of 18/min.

2.4. Rheological measurements

Rheological measurements were carried out on ARES in

oscillatory shear at 5% strain in the parallel-plate arrangement

with 25 mm plate under dry nitrogen atmosphere. The samples

used in this test were fabricated in a disk with 2 mm in

thickness. The frequency sweeps from 0.05 to 100 rad/s were

carried out at 130 8C. For the rheological measurements, the

crosslinked samples were prepared at 220 8C and for 10 min

before the dynamic frequency sweep test.
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Fig. 2. X-ray diffraction patterns of the EVA 26 with DCP content.
3. Results and discussion

3.1. Effects of crosslinking

Fig. 1 shows the loss factor (tan d) vs temperature for the

EVA 26 with DCP content. For the EVA 26 with 0, 0.5, 1.0,

1.5, and 2.0 phr DCP, the maximun tan d peak is observed at

K16 8C and the maximun peak of the EVA 26 does not change

with the DCP content. For the EVA 26 with 0 phr DCP, the

tan d shoulder is observed between 0 and 30 8C, which might

be the rigid amorphous fraction. The rigid amorphous fraction

represents the portion of the amorphous phase remains rigid
above glass transition temperature (Tg) [6,7]. By increasing

the DCP content in the EVA 26, the tan d shoulder is not

observed.

The intensity of the tan d peak is used for the quantitative

analysis of the amorphous phase of the polymer [8]. For

example, Tsagaropoulus and Eisenberg [8] have reported the

area of the tan d peak in the study of the polymer/silica

composite. From Fig. 1, it is observed that the height of the

tan d peak of the EVA 26 is increased from 0.31 to 0.37 for the

0 and 2.0 phr DCP content, respectively, which suggests that

the amorphous phase in the EVA increases when the EVA is

crosslinked by the DCP.

Fig. 2 shows the X-ray diffraction patterns of the EVA 26

with DCP content. The X-ray patterns shown in Fig. 2 represent

broad peaks than the crystalline polymer in general [9]. The

broad peak may be caused by the reduction of the

streoregularity because of the VA in the EVA. For the EVA

26 containing 0.5, 1.0, 1.5 and 2.0 phr DCP, the X-ray

diffraction patterns are shown to similar among the samples

and the small peaks are observed at 9 and 288 which correspond

the DCP [10]. For the EVA 26 without DCP, a low intensity
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Table 2

Power law parameter (n) of the EVA

Samples DCP content (phr)

0.0 0.5 1.0 1.5 2.0

EVA 26 0.50 0.11 0.10 0.06 0.05

EVA 33 0.41 0.10 0.08 0.09 0.05

EVA 41 0.39 0.11 0.07 0.05 0.04

EVA 46 0.43 0.12 0.09 0.06 0.03
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peak is observed between 2qZ10 and 178. From Fig. 2, it is

observed that the shoulder between 2qZ10 and 178 is

disappeared by increasing the DCP content in the EVA 26.

Fig. 3 shows the storage modulus (G 0) vs temperature for the

EVA 26 with DCP content. From Fig. 3, the storage modulus of

the EVA 26 containing 0.5, 1.0, 1.5 and 2.0 phr DCP is

observed to similar values among the samples. For the EVA 26

without DCP, the storage modulus between K20 and 30 8C

shows slightly higher value compared the EVA 26 with DCP.

From the results of the tan d peak, X-ray diffraction pattern and

storage modulus of the EVA 26, it is suggested that the storage

modulus of the EVA 26 between K20 and 30 8C may be

influenced by the rigid amorphous fraction of the EVA [6,7].

Fig. 4 shows the complex viscosity (h*) vs frequency for the

EVA 26 with and without DCP at 130 8C. The crystalline phase

of the EVA 26 is completely melted at 130 8C, therefore the

EVA 26 becomes amorphous phase in the melt state. Many

researchers have been studied the property-structure relation-

ship by rheological measurements [11–18]. From Fig. 4, the

complex viscosity of the EVA 26 containing 0.5, 1.0, 1.5
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Fig. 4. Complex viscosity (h*) vs frequency for the EVA 26 with and without

DCP at 130 8C: (B) 0 phr DCP; (6) 0.5 phr DCP; (,) 1.0 phr DCP; ($)

1.5 phr DCP; (7) 2.0 phr DCP.
and 2.0 phr DCP is shown to increase at all frequencies

compared EVA without DCP. From Fig. 4, it is observed that

the increase of the complex viscosity of the EVA 26 is

significant at the low frequencies (below 1 rad/s) for the EVA

with DCP. To analyze crosslinking of the EVA with DCP

qualitatively, the power-law relationship [19] is introduced:

h� Z mjujnK1 (1)

where u is the frequency and h* is the complex viscosity. The

m and n are the fitting parameters.

In applying Eq. (1) to Fig. 4, we can find the slope of the h*,

which is nK1. The parameter nK1 corresponds the slope of

the complex viscosity (h*) in log–log plot which reflects the

shear thinning behavior. Therefore, the decrease of the n

represents the increase of crosslinking in the EVA. In general,

the shear thinning is more pronounced in the solid like material

such as crosslinked polymer and polymer composites [20].

From the results of the Eq. (1), it is obtained that the values of

the power low parameter (n) are 0.50, 0.11, 0.10, 0.06 and 0.05

for the EVA 26 with 0.0, 0.5, 1.0, 1.5, and 2.0 phr DCP,

respectively. From the results of the power law parameter (n) of

the h* which are shown in Table 2, it is suggested that the

crosslinking of the EVA could be known by the values of the

power law parameter (n).
3.2. Effects of VA content

Fig. 5 shows the loss factor (tan d) vs temperature for EVA

with VA content. For the EVA 26, EVA 33, EVA 41, and EVA

46, the maximum tan d peak is observed at K16 8C. From

Fig. 5, it is observed that the height of the tan d peak of
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Fig. 5. Loss factor (tan d) vs temperature for the EVA with VA content: (B)

EVA 26; (,) EVA 33; (6) EVA 41; ($) EVA 46.
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Fig. 6. X-ray diffraction patterns of the EVA with VA content.

-60 -30 0 30 60 90

G
' (

Pa
)

105

106

107

108

109
DCP 0 phr
DCP 0.5 phr
DCP 1.0 phr
DCP 1.5 phr
DCP 2.0 phr

Temperature (oC)
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the EVA 26, EVA 33, EVA 41, and EVA 46 is increased with

increasing the VA content. The height of the tan d peak

increases from 0.31 to 1.07 for the EVA 26 and EVA 46,

respectively, which suggests that amorphous phase is increased

with the increase of the VA content in the EVA.

Fig. 6 shows the X-ray diffraction patterns of the EVA with

VA content. For the EVA 26, EVA 33, EVA 41, and EVA 46,

the X-ray patterns of the EVA is observed to be broader with

the increase of the VA content, which suggests that the

crystallinity of the EVA decreases with the increase of the VA

content.

Fig. 7 shows the storage modulus (G 0) vs temperature for the

EVA with VA content. From Fig. 7, the storage modulus below

K30 8C which is below the glass transition temperature of the

EVA is shown to the similar values among the samples. It has

been reported that the storage modulus below the glass transition

region can be hardly affected by changing the crystallinity of the

polymer [21]. From Fig 7, the storage modulus above K30 8C

decreases with increasing the VA content. This result is

consistent with the above results of the tan d and X-ray

diffraction pattern that the crystallinity decreases with the

increase of the VA content in the EVA. From the results of
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Fig. 7. Storage modulus (G 0) vs temperature for the EVA with VA content: (B)

EVA 26; (,) EVA 33; (6) EVA 41; ($) EVA 46.
the tan d peak, X-ray diffraction patterns and storage modulus of

the EVA with the VA content, it is suggested that the

crystallinity of the EVA affects the storage modulus of the

EVA above K30 8C.

Fig. 8 shows the storage modulus (G 0) vs temperature for the

EVA 41 with DCP content. From Fig. 8, the storage modulus of

the EVA 41 containing the 0.0, 0.5, 1.0, 1.5 and 2.0 phr DCP is

observed to be similar values among the samples in the solid

temperature range (about K70 to 50 8C). For the EVA 26 in

Fig. 3, the storage modulus of the EVA 26 without DCP

showed slightly higher value compared the EVA 26 with DCP

between K20 and 30 8C. Compared with the EVA 26, the

structure of the EVA 41 without DCP has less crystallinity

which can be seen in Figs. 5 and 6 such that the tan d shoulder

and low intensity peak are not observed, respectively, which

could be regarded as a rigid amorphous fraction of the EVA

[6,7]. Therefore, the storage modulus of the EVA 41 with and

without DCP showed the similar values among the samples,

which suggests that the crosslinking of the EVA 41 has less

effect on the storage modulus of the EVA. Considering the

values of storage modulus of the EVA 26 and EVA 41 with and

without DCP, the crosslinking of the EVA by DCP would be

weak. From the above tan d, X-ray diffraction patterns, and

storage modulus of the EVA with VA content, it is suggested

that the storage modulus in the solid temperature range (about

K70 to 50 8C) has the effect of the crystallinity of the EVA

because of the weak crosslinking of the EVA by DCP.

In Table 2 shows the power law parameter (n) of the

samples of EVA with VA content. From Table 2, the values of

the power law parameter of the EVA without DCP ranged from

0.39 to 0.50 and the EVA with DCP ranged from 0.03 to 0.12.

The decrease of the power law parameter of the EVA is

observed at all EVA samples with DCP. In the measurement of

complex viscosity of the EVA at the melt state, the crystal of

the samples would melt, therefore, the crosslinking of the EVA

could affect the complex viscosity of the EVA with DCP.

4. Conclusions

In this study, the effects of crosslinking and crystallinity on

the thermal and rheological properties of the EVA were



Y.T. Sung et al. / Polymer 46 (2005) 11844–1184811848
investigated by dynamic mechanical thermal analysis, X-ray

diffractometry and rheological measurements.

In the studies of the storage modulus of the EVA with VA

content, the storage modulus above K30 8C decreased with

increasing the VA content. This result suggested that the

crystallinity of the EVA affected the storage modulus of the

EVA in the solid temperature range because of the weak

crosslinking of the EVA by DCP.

From the results of the complex viscosity of the EVA in the

melt state, the crosslinking of the EVA could be known by the

values of the power law parameter (n). The values of the power

law parameter (n) of the EVA without DCP ranged from 0.39

to 0.50 and the EVA with DCP ranged from 0.03 to 0.12.

From the above results of the storage modulus of the EVA in

the solid state, the crystallinity of the EVA affects the storage

modulus of the EVA with and without DCP. In the

measurement of the complex viscosity of the EVA in the

melt state, the crosslinking affects the complex viscosity of

the EVA with DCP.
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