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ABSTRACT : Zinc methacrylate(ZMA) was incorporated into ethylene-propylene diene rubber(EPDM)
by direct mixing of the metal salt with the rubber or was in-situ prepared in the rubber matrix through
neutralization reaction of zinc oxide(ZnO) and methacrylic acid(MAA). Tensile and tear tests showed
that ZMA had a great reinforcing effect for the EPDM. It was also found that ZMA reinforced EPDM
vulcanizates can retain their mechanical properties under thermo-oxidative aging. Moreover, the
incorporation of ZMA induces a substantial improvement in the adhesive strength of the EPDM onto
aluminum substrate. The reinforcing effect and an enhancement in adhesion was greatly manifested
when the ZMA is in-situ formed with an excess amount of ZnO. The extraordinary improvement in
the properties is supposed to be related with the formation of ionic crosslink as well as the degree
of dispersion of ZMA domain in the rubber matrix.
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1. Introduction

A metallic (zinc, magnesium, or sodium) salt of
methacrylic acid has been known to be as an
effective coagent for peroxide curing of rubbers due
to their positive contribution to the performance of
unsaturated and saturated clastomers.' It has been
found that crosslink structure of the rubber con-
taining the metallic salt consists of chemical cross-
link (covalent crosslink) as well as physical cross-
link (ionic crosslink), which is formed via homopoly-
merization and graft copolymerization of metallic
methacrylate onto the rubber backbone.” The cross-
link structure of the rubber vulcanized by peroxide
in the presence of zinc methacrylate is demonstrated
in Figure 1. It has been reported that there is a great
improvement in tensile strength, abrasion resistance
and hardness with excellent resilience in rubber
vulcanizates such as styrene-butadiene rubber(SBR),”
nitrile rubber(NBR),3’6 ethylene-propylene diene
rubber(EPDM),” hydrogenated nitrile rubber(HINBR),®’
and ethylene vinylacetate copolymer(EVM)lO when
divalent(zinc or magnesium) or monovalent(sodium)
metallic coagents are incorporated. As compared to
conventional reinforcing fillers such as silica and
carbon black, reinforcement by the use of the
metallic coagents has several benefits in that they
provide an optical transparency to the vulcanizate
and do not induce any processing difficulties during
mixing process as well. Rubber vulcanizates with
low surface energy could also be fabricated when
the fluoroalkyl unsaturated carboxylic acids were
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Figure 1. Schematic diagram of cross-linking structure of
peroxide cured elastomer vulcanizate containing zinc
methacrylate.
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used together with the metallic salts of methacrylic
or acrylic acids.'™"

Direct adhesion between rubber and metal during
curing is important matter of interest for the produc-
tion of valve sensors, packings, and rubber vibration
insulators consisting of combinations of metals and
rubber vulcanizates.”™'* These devices require strong
adhesion between rubbers and metals. The rubber-
metal adhesion can be achieved using certain adhe-
sives, which lead to additional costs and enviorn-
mental pollution. In this study, we aim to examine
the effect of incorporation of zinc methacrylate into
EPDM on the mechanical properties, stability for
thermal ageing and adhesive properties onto a
metallic substrate of the rubber.

Il. Experimental

EPDM (KEP-350, ENB type, ML1+4 (at 100 C)
= 83) was supplied by Kumho E. P., Korea. ZMA,
MAA, and ZnO were purchased from Aldrich, and
were used as received. EPDM/ZMA composites
were prepared by (1) in-situ formation of ZMA via
mixing the rubber with MAA and ZnO, and (2)
direct melt mixing of the ZMA with the rubber, and
a subsequent curing of the mixtures. Mixture of
EPDM and a metallic coagent was prepared in a
HAKKE internal mixer at the rotor speed of 35 rpm
and the initial temperature 45 C, followed by the
addition of the peroxide on the two-roll mill. Vul-
canization was conducted using a Carver hot press
at 170 C for 10 min, and cut into specimens for
measurement of the mechanical properties.

Tensile tests were carried out using a universal
testing machine (United Co., STM-10E) at 30 C
using a crosshead speed of 500 mm/min according
to ASTM D412 specifications. Tear strength was
measured as per ASTM D624 using unnicked 90°
angle test pieces (die C) at 30 T at a crosshead
speed of 500 mm/min.

A rubber-to-metal adhesion was measured using
180° peel test. Aluminum foil was cut to 150 mm
X 150 mm sizes and cleaned with acetone. 3 g of
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the rubber mixture was placed between the two
aluminum foils in such a way that part of the foil
was not covered with polymeric material, and the
assembly was vulcanized in a hydraulic press at 170
C. Thickness of the adhesive layer was about 0.12
mm, and the dimensions of the test specimen were
100 mm X 24 mm, of which the bonded area was
50 mm X 24 mm. Care was taken to keep the thickness
of the adhesive uniform in all the joints. The 180°
peel strength of the joint was determined using
universal testing machine at 30 C. A steady load
was applied at a rate of 500 mm/min until separation
was complete. The average peel strength (KN/m)
was determined from the load as follows:

Peel strength = F/w
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where F is the average force in Newtons and w is
the width of the specimen.

M. Results and Discussion

Figure 2 presents dependence of ZMA contents
in the rubber on tensile properties of the vulca-
nizates. Assuming that ZnO and MAA would totally
react into ZMA, amount of ZMA that could be
obtained was used to represent the content of
ZnO/MAA used. As can be seen in the Figure 2(a)
to (¢), with increasing amount of ZMA, tensile
strength and modulus at a given strain increases
dramatically. This dramatic reinforcing effect, even
without the presence of conventional reinforcing
fillers such as carbon black or silica, is attributed
to the zinc salt linkage which was generated via a
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Figure 2. Effects of ZMA content on tensile properties of the EPDM vulcanizates: (a) ZMA content vs. tensile strength;
(b} ZMA content vs. 50% modulus; (¢) ZMA content vs. 200% modulus; (d) ZMA content vs. elongation-at-break.
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graft copolymerization of poly-ZMA onto the rubber
backbone during vulcanization” Salt crosslink
increase with the increase of ZMA content in the
rubber. It is well known that vulcanizates containing
ionic crosslinks have good mechanical properties,
which was caused by slippage of the chains during
deformation and a consequent energy dissipa-
tion.">'®

Figure 2 also demonstrates that the reinforcing
effect is greater when the ZMA is formed in-situ
as compared to the case when the ZMA is added
directly into the rubber as far as the ZnO is used
excess to the MAA. It is supposed that ZnO and
MAA would react to form ZMA more efficiently
when the ZnO is used in excess. When molar ratio
of ZnO to MAA is 0.8 and the in-situ formed ZMA
content is 30 phr, there are almost one order of
magnitude increase in the tensile strength without
any significant loss in extensibility. The effect of
the ratio of ZnO to MAA on the mechanical pro-
perties was also observed by other researchers.”®'’
In the case of HNBR and NBR reinforced by in-situ
prepared ZMA, better reinforcement was obtained
when ZnO was in excess over MAA and the optimal
mole ratio of ZnO to MAA was about 0.6~0.8.>%%
Studies on electron micrograph of the composites
showed hat the ZMA domain is dispersed uniformly
in a rubber matrix at a nanometer scale, and the
dispersion of ZMA is much finer when the ZMA
was in-situ formed as compared with the case when
the ZMA is added directly into the rubber. The finer
dispersion of the ZMA causes a huge increase of
the interfacial area between the metallic salts and
matrix polymer, and thereby a remarkable increase
in the mechanical properties was obtained. Figure
2(d) presents the variation of tensile strain with
ZMA content. The ultimate strain increases with the
content of ZMA and become constant when the
ZMA content exceeds 20 phr.

Figure 3 shows the variation of tear strength, a
measure of resistance to crack propagation, of the
EPDM/ZMA composites with the amount of ZMA
loading. As seen in tensile strength, the tear strength
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Figure 3. Effects of ZMA content on tear strength of the
EPDM vulcanizates.

increases with the increase in the amount of ZMA
content. And, the composites containing in-situ
formed ZMA (ZnO/MAA =0.8) exhibits a highest
tear strength. The uniformly dispersed salt cross-
links in the rubber matrix is considered to dissipate
energy concentrated at the tip of the growing crack,
which lead to the increase in the resistance to
tearing. These observations indicate that the uniform
dispersion of salt crosslinks in the rubber matrix can
offer the composite effective enhancement in tough-
ness and strength as well as stiffness.

Effects of the salt crosslink on the strength can
be investigated via a swelling of the rubber vulcani-
zate in propanone/HC] mixed solvent for 2 days,
which causes destruction of the salt aggregation.
Tensile and tear measurements using a swollen
specimen after vacuum drying showed that strength
of the rubber decreased markedly, which is presented
in Table 1. This implies that the high strength of
EPDM/ZMA vulcanizates is originated from the salt
crosslink.

The rubber vulcanizates were subjected to thermal
aging at 150 C for various periods. The retained
values of tensile strength and elongation-at-break
were calculated and plotted against the ageing time
as demonstrated in Figue 4. It is observed that
vulcanizates containing ZMA retain tensile strength
as well as elongation-at-break to higher values after
thermal ageing, being compared with the unfilled
EPDM vulcanizate. Increase in the heat aged stabi-
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Table 1. Change of Mechanical Properties of EPDM/ZMA Vulcanizate with Acid Treatment (ZMA 30 phr,

ZnO/MAA=0.8)

50% Modulus

200% Modulus

Tensile Strength

Elongation-at-Break

Tear Strength

(MPa) (MPa) (MPa) (%) (kN - m)
Before acid treatment 32 12.3 362 552 86.2
After acid treatment 1.08 2.06 2.75 426 16.8
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Figure 4. Effects of thermo-oxidative aging on tensile
properties of EPDM/ZMA vulcanizates. (a) Retention of
tensile strength vs. aging time; (b) Retention of elongation-
at-break vs. aging time.

lity can be observed as the increase in ZMA content
in the rubber. Such an enhancement in the thermal
stability of the EPDM vulcanizate containing ZMA
is supposed to be due to the increase in the salt
crosslink which has good heat aged stability.
Figure 5 shows the effect of ZMA on the peel
strength of the EPDM onto aluminum substrate. It
can be seen that EPDM without ZMA has very low
level of adhesion onto metal due to nonpolar nature

Molding time, min

Figure 6. Effect of molding time on peel strength of
adhesive joints.

of the EPDM. On the addition of ZMA into EPDM,
rubber-to-metal adhesion increases substantially
when the rubber adhesive is peroxide cured. And,
the increase in the adhesive strength is more signi-
ficant when the ZMA is formed in-situ during
vulcanization. This result shows that direct adhesion
of rubber onto metal during curing can be achieved
without the use of any adhesives. We believe that
the enhancement in the rubber-to-metal bonding on
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the addition of the ZMA into the rubber is due to
the specific interaction of the ionic sites of the
rubber with the metal surface. Finer dispersion of
ZMA should result in an increase the number of
the interactions between the rubber and the metal
substrate. This is the reason why the rubber vulcani-
zate containing in-situ formed ZMA presents a
higher adhesive strength than that containing directly
added ZMA. Effect of molding time (curing time)
on the adhesive strength of EPDM/ZMA (ZnO/
MAA=0.8) is presented in Figure 6. As molding
time increases, adhesive strength increases. But,
when the specimen is cured longer than 10 min,
enhancement in the adhesive strength levels off.
When the peel strength exceeds 10 kN/m, stick-slip
failure mode becomes more predominant in the
failure of the adhesive joints and the cohesive failure
in the rubber phase was observed.

IV. Conclusion

Addition of ZMA into EPDM can produce a great
improvement of tensile and tear strength of the
rubber when it is peroxide cured. The increase in
the strength is attributed to salt crosslinks generated
during curing. In-situ prepared ZMA via a neutrali-
zation reaction of ZnO and MAA with an excess
amount of ZnO induced a much higher reinforce-
ment than the directly added ZMA. The ZMA
reinforced EPDM can retain mechanical properties
under thermo-oxidative ageing conditions. Adhesive
strength of AI/EPDM joint increases on the addition
of ZMA into the rubber, and the enhancement is
more significant when the ZMA is formed in-situ
in the matrix rubber.
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