Applied Polymer

SCIENCE

338

Morphology and Mechanical Properties of Ethylene-Vinyl Acetate
Rubber/Polyamide Thermoplastic Elastomers

Wenjing Wu, Chaoying Wan,? Yong Zhang?

1State Key Laboratory of Metal Matrix Composites, School of Chemistry and Chemical Engineering, Shanghai Jiao Tong
University, Shanghai 200240, China

2WMG, International Manufacturing Centre, University of Warwick, CV4 7AL, United Kingdom

Correspondence to: Y. Zhang (E-mail: yong_zhang@sjtu.edu.cn)

ABSTRACT: High performance thermoplastic elastomers based on ethylene-vinyl acetate rubber (EVM) and ternary polyamide copoly-
mer (tPA) were prepared through a dynamic vulcanization process in the presence of dicumyl peroxide (DCP). The morphology,
crystallization, and mechanical properties of the EVM/tPA blends were studied. A phase transition of EVM/tPA blend was observed at
a weight ratio of 60/40. The presence of EVM increased the melting enthalpy at the high temperature of tPA, ascribing to the hetero-
geneous nucleating effect of EVM. The tensile strength of EVM/tPA (70/30) blends was increased up to 20.5 MPa as the DCP concen-
tration increased to 3.5 phr, whereas the elongation at break of the blends kept decreasing as the DCP concentration increased. The
addition of ethylene-acrylic acid copolymer (EAA) or maleic anhydride-grafted EVM (EVM-g-MAH) to the EVM/tPA blends both
induced finer dispersion of the EVM particles in the tPA phase and improvement in the tensile strength and elongation at break of
the blends, which were ascribed to the compatibilization of EAA or EVM-g-MAH. Finally, a high performance EVM/tPA (70/30) ther-
moplastic elastomer with Shore A hardness of 75, tensile strength of 24 MPa, elongation at break of 361%, and set at break of 20%
was obtained by adding 5 wt % of EVM-¢g-MAH and 3.5 phr DCP. It has great potential in automotive and oil pipeline applications.
© 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130: 338-344, 2013
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INTRODUCTION applications. The combination of tPA and EVM would be
expected to combine the thermal stability of tPA and the oil-re-
sistance of EVM, and producing high performance TPEs. To the
best of our knowledge, there is no report on the fabrication and

application of PA/EVM or tPA/EVM TPEs so far.

Dynamic vulcanization has been established as an effective
method for fabrication of high performance thermoplastic elas-
tomers (TPEs). Thermoplastic polyamide (PA)-based TPEs with
nonpolar or polar rubbers as the second components, such as

ethylene-propylene diene terpolymer,'™® ethylene-propylene rub-
ber,” natural rubber,' butadiene-acrylonitrile Copolyrner,lk17
hydrogenated butadiene-acrylonitrile copolymer,'®' acrylate
rubber,””* and halogenated butyl rubber'”*7*® have been
investigated intensively by applying dynamic vulcanization tech-
nique, and the resultant PA-based TPEs have found wide appli-
cations in sports, transport, and construction areas.

Ternary polyamide copolymer (tPA) has lower melting tempera-
ture and crystallinity than polyamide 6 (PA 6, and is generally
used for modification of rubbers. Ethylene-vinyl acetate rubber
(EVM) is a kind of specialty rubber with vinyl acetate content
in the range of 40-80 wt %. It has been mostly used as
halogen-free flame retardant, insulating, heat- or oil-resistant
materials for electrical cable, construction, and automotive
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In this article, EVM with vinyl acetate of 40 and 60 wt % was
used to blend with tPA through a dynamic vulcanization pro-
cess. Ethylene-acrylic acid copolymer (EAA) or maleic anhy-
dride-grafted EVM (EVM-¢g-MAH) was used as a compatibilizer
for improving interfacial adhesion of the two phases. The mor-
phology, mechanical properties, and oil-resistance of the result-
ant EVM/tPA TPEs were investigated systematically. The TPEs
will find new applications in electrical cable, automotive, and
oil pipeline areas.

EXPERIMENTAL

Materials

EVM (Levapren®” 400HV and Levapren® 600HV) with 40 and 60
wt % of vinyl acetate content and Mooney viscosity ML, 4% ©
of 20 and 27, respectively, was kindly provided by Lanxess
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Deutschland GmbH, Germany. tPA [type 150, a copolymer of
polyamide 6, 66, and 1010 (10/20/70 wt %)] with the relative
viscosity of 2.0 was produced by Shanghai Jiaxin Sujiao Co.,
Shanghai, China. Dicumyl peroxide (DCP) and MAH, analytical
grade, were purchased from Sinopharm Group Chemical Reagent
Co., China. EAA (EAA 1430) with 9.7 wt % acrylic acid content
was purchased from Dow Chemical Co. (Midland, MI).

Sample Preparation

Preparation of EVM-g-MAH. EVM-¢g-MAH was prepared by
melt-compounding of EVM (400 HV), MAH and DCP in a
weight ratio of 100/5/0.25 at 170°C for 10 min, at a rotor speed
of 50 rpm in a Haake rheometer.

Preparation of EVM/tPA/DCP TPE via a Dynamic Vulcaniza-
tion Process. EVM (600 HV) was selected for preparation of
EVM/tPA TPEs. DCP concentration was varied from 0 to 5
parts per hundred of EVM/tPA blends, that is, 0-5 phr based
on 100 parts by weight of EVM/tPA blends. First, EVM and
DCP were mixed on a two-roll mill at room temperature. tPA
was separately melt-compounded at 180°C for 1 min with a
rotor speed of 60 rpm using a Haake rheometer. Then, the
EVM/DCP compound was added and mixed with tPA for 9
min. The resultant EVM/tPA/DCP blends were compression
molded to specimens at 190°C. In comparison, EVM/tPA blends
of various weight ratios were prepared following the above pro-
cedure without addition of DCP. For EVM/tPA blends with
compatibilizers, EAA was used together with tPA, and EVM-g-
MAH was added together with EVM.

Characterization

Tensile properties were measured following ASTM D412, by
using a universal test machine (Instron 4465, Instron, Nor-
wood, MA) at a crosshead speed of 200 mm min~'. Dumbbell
specimens were 75 mm in length, I mm in thickness, and 4
mm in width. Shore A hardness of EVM/tPA TPEs was meas-
ured according to ASTM D2240. Curing curves were recorded
using a UR 2030 rheometer at 180°C. The relative curing
extent was calculated by the difference between the maximal
toque value (Mp) and the minimal torque value (Mj) of the
curing curve (My — M;) Swelling tests were performed
according to ASTM D471, by immersing a rectangular test
specimen of 25 x 25 x 1 mm® in IRM 903 oil at 100°C for 24
h. The weights of the specimen were measured before and after
the immersion, the percent changes in mass and volume were
calculated following egs. (1) and (2):

Ap = M= M)
M,

x 100 1)
where AM is the change in mass (%), M; is the initial mass of
specimen in air (g), and M, is the mass of specimen in air after
immersion (g).

(M, — My) — (M) — M3)
(M — Ms)

AV = x 100 (2)

where AV is the change in volume (%), M; is the mass of speci-
men in water (g), and M, is the mass of specimen in water after
immersion (g).
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Figure 1. Tensile properties of EVM/tPA blends without dynamic vulcani-
zation. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

The phase morphology of the EVM/tPA blends was studied by
observing cryogenically fractured surface of the specimens using
scanning electron microscopy (52150, HITACHI Co., Japan).
The EVM/tPA blends (tPA content < 40 wt %) were etched
with ethanol for 24 h at room temperature, and the EVM/tPA
blends (tPA content > 40 wt %) were etched with acetone for
24 h at room temperature. Atomic force microscopy (AFM)
images were obtained in a tapping mode on a Nano Scope III A
(Digital Instrument, Plainview, NY). The cantilevers had a
spring constant of 40 Nm ™' and a resonance frequency of 300
kHz. Samples with ultrasmooth surface were prepared with a
microtome in liquid nitrogen.

Differential scanning calorimetry (DSC) measurement was car-
ried out by using a modulated differential scanning calorimeter
(Q2000, TA Instruments, New Castle, DE). A sample of about
10 mg was dried in a vacuum oven prior to experiments. Ther-
mograms were recorded during both heating and cooling cycle
at 20°C min~ ' using identical setting of instrument for all the
samples. The sample was heated from —60 to 250°C and held
at 250°C for 1 min, then cool down to —60°C to investigate the
crystallization of EVM/tPA blends during processing. Subse-
quently, a second identical heating cycle was performed. For the
isothermal scanning to study the vulcanization reaction, a sam-
ple was quickly heated up to 180°C at 200°C min ' and kept at
180°C for 20 min. Subsequently, the sample was cooled down
to —60°C then heated up to 50°C at 20°C min~".

RESULTS AND DISCUSSIONS

The morphology and mechanical properties of EVM/tPA blends
were investigated, and the tensile testing results are shown in
Figure 1. The tensile strength of EVM/tPA (40/60) was 25.8
MPa. It was continuously decreased to 0.8 MPa as the EVM/tPA
weight ratio increased to 80/20. The value of elongation at
break of EVM/tPA (40/60) was 437% and also decreased to
323% for EVM/tPA (60/40), but increased up to 913% for
EVM/tPA (80/20). As shown in Figure 2, the EVM phase dis-
persed homogeneously in the continuous tPA matrix in the
EVM/tPA(40/60) blend. As the EVM/tPA weight ratio increased
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Figure 2. SEM images of cryogenically fractured surface of EVM/tPA blends. EVM/tPA: (a) 40/60; (b) 50/50; (c) 60/40; (d) 70/30; and (e) 80/20.

from 50/50 to 70/30, co-continuous phase morphology was
observed. This morphology transition behavior reflects the
change of elongation at break value of EVM/tPA (60/40) as
observed in Figure 1.

The effect of EVM/tPA weight ratio on the crystallization behav-
ior of tPA was studied by DSC technique (Figure 3). The glass
transition temperatures of tPA and EVM were 36.3 and
—29.3°C, respectively. After melt-blending process, they
approached to each other, indicating a partial compatibility
between tPA and EVM due to the interaction between amide
groups and acetate groups attributed to the intermolecular
hydrogen bonds between tPA NH groups and EVM C=O
groups.”” The tPA showed three melting peaks at about 54, 115,
and 174°C, respectively. The melting enthalpy at 115°C was sig-
nificantly decreased upon the incorporation of EVM, indicating

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39046
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that the EVM retarded the crystallization of tPA during the
compression-molding process. While under DSC testing condi-
tion, EVM might play the role of a heterogeneous nucleating
agent to facilitate the crystallization of tPA (Figure 3b). Addi-
tionally, the crystallization of tPA was sensitive to tensile stress
(Table I and Figure 4), as the tensile stress induced the crystalli-
zation at high melting point region, increased the melting en-
thalpy and decreased the melting point. The main reason could
be due to the stress induced orientation of the main chains of
tPA and thus facilitated the crystallization.

The EVM/tPA (70/30) blend was chosen for preparation of
EVM/tPA/DCP TPEs through a dynamic vulcanization process.
EVM was the continuous phase with dispersed tPA phase in the
EVM/tPA (70/30) blend (Figure 2d). After dynamic vulcaniza-
tion, a phase inversion occurred (Figure 8a), which should be
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Figure 3. DSC scanning curves of EVM/tPA blends. (a) First heat scan-
ning and (b) second heat scanning. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

due to the increased viscosity of EVM phase caused by the
crosslinking reaction.”®

For the dynamically vulcanized EVM/tPA/DCP (70/30) TPE, the
peak torque of crosslinking increased with increasing DCP load-
ing (Figure 5). The particle size of the crosslinked EVM
depended on both the crosslinking extent and the applied shear
strength. During dynamical vulcanization, the rubber phase in
the blends was crosslinked and immobilized, and they could be
further broken down to micron-sized particles under the
applied shear field.”® The breakdown of particles was intrinsi-
cally inhibited with increased crosslinking,'” so excessive cross-

Table I. DSC Results of tPA Before and After Tensile

Tq Q) Tm (°C) AH, (Jlg)
tPA 36.3 54.4/115.0/173.6 2.7/19.1/0.5
tPA (after 35.8 50.8/110.2/164.9 2.4/26.7/4.3

tensile)

ARTICLE -

tPA

Heat Flow (W/g)
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Figure 4. DSC heat scanning curves of tPA before and after tensile test.

[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

linking could increase the particle size. As shown in Table II,
the tensile strength increased with DCP content increasing up
to 3.5 phr, where the tensile strength and elongation at break
reached 20.5 MPa and 339%, respectively. With a higher DCP
addition, the tensile strength and stress at 100% extension
decreased, which may be due to the larger rubber particles with
further increased crosslinking.

The vulcanization curves and the DSC isothermal curves were
used to investigate the vulcanization reactions of EVM with dif-
ferent DCP addition (Figure 6). The EVM cured with 5 phr of
DCP showed the highest torque, corresponding to the highest
crosslink density, among other formulations.

To improve the interfacial adhesion of partially compatible PA-
based blends, reactive compatibilization is one of the effective
ways, which is mainly based on the reactions between amino or
carboxyl end groups in PA with other active groups such as

8x10° - DCP content (phr):
] —=—0
7x10° ——1.0
——25
6x10° ——35
——5.0
S 5x10°
E
8 4x10°
s
= 3x10°

o T T T T T T T T
0 100 200 300 400 500 600
Time (s)

Figure 5. Dynamic vulcanization curves of EVM/tPA (70/30) blends.
[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Table II. Mechanical Properties of Dynamically Vulcanized EVM/tPA (70/30) Blends with Different DCP Content

DCP content Tensile strength Elongation at Stress at 100% Stress at 300% Set at Shore A
(phr) (MPa) break (%) extension (MPa) extension (MPa) break (%) hardness
0 11+01 663 + 164 06 0.2 08 +0.2 >100 40

1 112+ 0.6 456 + 26 16+02 44 =06 60 65

1.5 139 =0.7 431 + 20 1.3+00 49+ 0.6 50 65

2 145 =05 408 =10 1.3+01 51+06 45 64

2.5 16.7 = 0.9 365 + 18 34 =01 102 1.5 26 66

3 16.6 = 0.9 347 + 25 34 +02 112=+16 23 66

8.6 205+ 0.8 339 =11 49+ 04 148 1.4 28 78

4 194 0.7 330 =12 29 =03 148 =13 19 75

5 185 =0.8 3197 19+02 147 +16 15 80
succinic anhydride,”’ MAH,**™* carboxyl acid®>>” and oxazo-  processing (Figure 7a), but increased during the DSC testing

line,®® and so on. Here, EAA and EVM-¢-MAH were used as
compatibilizers for EVM/tPA blends. Both the tensile strength
and elongation at break of EVM/tPA/compatibilizer (65/30/5)
blend were increased (Table III), implying improved interfacial
interaction between the two phases in the presence of the com-
patibilizers. EVM/tPA/EVM-¢g-MAH (65/30/5) blend had tensile
strength of 24.0 MPa, elongation at break of 361%, and set at
break of 20%, which were better than those of EVM/tPA/EAA
blend, suggesting a better compatibilization of EVM-g¢-MAH
than EAA for EVM/tPA blends.

After the compatibilizers (EAA and EVM-g¢-MAH)
introduced, the melting enthalpy of tPA decreased during

were

14

EVM/DCP: 70/5
i) it
P 70/3.5
/‘ ......................................................
10 / ’
i 70/2.5
—_ 1 i T S e
E g4 /.
= B e
= L7 g
R
g it 70/
= i
(a)
0
0 300 600 900 1200 1500 1800
Time (s)

(Figure 7b and Table IV). There are two factors affecting the
crystallization of tPA: the formation of tPA grafted copolymer
(EAA-g-tPA or EVM-g-tPA) at the phase interface, which
could restrict the crystallization of tPA; the decreased rubber
particles caused by the compatibilization may act as nucleat-
ing agents and induce the crystallization of tPA.” Addition-
ally, the melting peak of tPA crystals with low melting point
(about 82°C) disappeared after EVM-g-MAH was added,
which is significant for TPE to obtain high temperature
performance.

The effect of EVM-¢g-MAH on the phase morphology of
the EVM/tPA blends was investigated by AFM. As shown in

10
EVM/DCP:
—70/0
-== 701
""" 70/2.5
= % = 70/3.5
% == 05
3
(TN
E;
I 004 T —
Exo |1
-0.5 T T T v T T T T T T v T T
2 3 4 5 6 7 8 9 10
Time (min)

Figure 6. The vulcanization reaction of EVM/DCP blends at 180°C. (a) vulcanization curves and (b) DSC isothermal curves. [Color figure can be

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

Table III. Mechanical Properties of Compatibilized EVM/tPA Blends

Tensile strength Elongation at Stress at 100% Set at Shore A
Sample (MPa) break (%) extension (MPa) break (%) hardness
EVM/tPA/DCP (70/30/3.5) 205+ 0.8 339 + 11 49=+04 23 78
EVM/tPA/EAA/DCP (65/30/5/3.5) 213+13 366 =5 20=x01 38 78
EVM/PA/EVM-g-MAH/DCP (65/30/5/3.5) 240+ 16 361 =6 1.8=+01 20 75
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Figure 7. DSC scanning curves of EVM/tPA blends after addition of compatibilizers. (a) First heat scanning and (b) second heat scanning. [Color figure

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

Table IV. DSC Results of Compatibilized EVM/tPA Blends

First heat scanning Second heat scanning

Sample T4 (°C) Tm (°C) AHq (J/9) T (°C) AHq (Jg)
EVM/tPA/DCP (70/30/3.5) -22.9/33.6 54.2/119.1 1.1/5.3 128.8 0.9
EVM/tPA/EAA/DCP (65/30/5/3.5) -23.3/34.4 82.1/123.1 0.7/3.5 82.2/129.2 1.7/11
EVM/tPA/EVM-g-MAH/DCP (65/30/5/3.5) -23.7/32.1 116.7 5.2 125.8 1.6

Figure 8, the crosslinked rubber particles (white) were dispersed
in the tPA matrix (dark) and the average size of EVM particles
in diameter was about 1.0 and 0.5 um for EVM/tPA (70/30)
blend and EVM/tPA/JEVM-g-MAH (65/30/5) blend, respectively.
The addition of EVM-¢-MAH improved the distribution
homogeneity of the rubber particles as well as decreased the
rubber particle size.

The dispersion of EVM particles in the tPA phase was investi-
gated by AFM.

The oil-resistance of EVM/tPA blends was measured by immers-
ing in IRM 903 oil at 100°C for 24 h. The percent change in
mass and volume decreased with increasing DCP content (Fig-
ure 9), indicating an increased crosslinking density of the rub-
ber phase. Therefore, the oil-resistance of EVM/tPA blends can
be improved by dynamic vulcanization.

CONCLUSIONS

EVM and tPA are partially compatible polymers with a phase
inversion point at the EVM/tPA weight ratio of about 60/40.

Figure 8. AFM phase image of (a) EVM/tPA/DCP (70/30/3.5) and (b) EVM/tPA/EVM-g-MAH/DCP (65/30/5/3.5). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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Figure 9. Oil resistance of dynamically vulcanized EVM/tPA blends with
different DCP content. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

EVM/tPA (70/30) TPE were prepared through dynamic vulcani-
zation in the presence of DCP. The tensile strength of the TPE
increased with increase in DCP content up to 3.5 phr, reaching
a maximum value of 20.5 MPa, and the elongation at break
decreased monotonously. The oil-resistance of EVM/tPA blends
was improved by dynamic vulcanization. After EVM-g-MAH
was introduced into the TPE, the tensile strength and elonga-
tion at break of the TPEs increased, and the EVM rubber par-
ticles became smaller as observed from AFM images. A high
performance EVM/tPA (70/30) thermoplastic elastomer with
good mechanical properties and low hardness was obtained by
adding 5 wt % EVM-g-MAH as the compatibilizer and 3.5 phr
DCP as the curing agent.
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