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ABSTRACT: Peroxide-cured natural rubber (NR) rein-
forced by zinc dimethacrylate (ZDMA) was prepared. The
cocrosslinking action of ZDMA and the formation and
evolution of the phase morphology induced by ZDMA
during the curing process were systematically investi-
gated. A curemeter and a differential scanning calorimeter
were used to investigate the cure kinetics, and the kinetic
parameters and the apparent activation energy were
obtained. The phase morphology of the composites
obtained from transmission electron microscopy revealed

that separated nanophases of poly(zinc dimethacrylate)
(PZDMA) existed in the rubber matrix. Covalent crosslink-
ing, physical adsorption, and ionic crosslinking simultane-
ously existed in the composites, and they were determined
with an equilibrium swelling method. On the basis of this,
new microstructure models of NR/ZDMA composites and
ionic crosslinking were put forward. © 2009 Wiley
Periodicals, Inc. ] Appl Polym Sci 115: 99-106, 2010
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INTRODUCTION

Compared with sulfur-cured natural rubber (NR),
peroxide-cured NR has better resistance to ther-
mooxidative aging and thermal stability, whereas
the mechanical properties are slightly poorer. There-
fore, some coagents need to be used to increase the
crosslinking density and form a complex crosslink-
ing network to improve the mechanical properties of
peroxide-cured NR.! Among them, the most com-
mon coagents are chemicals with multifunctional
groups, including alkyl methyl acrylate. New
coagents of metal salts of methacrylic acids, espe-
cially zinc dimethacrylate (ZDMA), have been used
to cure hydrogenated nitrile-butadiene rubber
(HNBR) to improve the tear strength, abrasion resist-
ance, and high-temperature performance.”> Some
comparisons of rubbers prepared from the coagents
with those reinforced by conventional fillers such as
carbon black and silica have indicated that the for-
mer have higher moduli at low extension.” Many
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researchers have investigated different kinds of rub-
bers reinforced by metal salts of methacrylic acids,
such as NR, butadiene rubber, ethylene—propylene-
diene monomer, nitrile-butadiene rubber, and
poly(o-octylene-co-ethylene) elastomer.'**  They
have found that ZDMA can polymerize in the rub-
ber matrix to form nanodispersion phases acting as
nanometer filling particles or to graft onto NR chains
and thus enhance the crosslinking network. How-
ever, a well-accepted theory of the reinforcing mech-
anism has not been reached. Because the study of
the cure kinetics and phase morphology of compo-
sites is the basis of determining the reinforcing
mechanism in essence, many studies have been
undertaken to examine the curing process and the
microstructure of rubber/ZDMA composites. Lu
et al.'” found that the polymerization of ZDMA took
place in advance of the crosslinking reaction of rub-
ber with an infrared spectroscopy method, whereas
Tkeda et al.'" used dynamic mechanical analysis and
surface tension to analyze the phase separation dur-
ing curing and the copolymerization behaviors of
ZDMA and 2-(N-ethyl perfluoro-octane sulfonami-
do)ethyl acrylate in HNBR. However, few have
investigated the cure kinetics as well as the
kinetic parameters, which are necessary to under-
stand the complicated curing process. On the other
hand, the phase morphology of composites has also
attracted the attention of researchers. Nomura
et al."® first found nanodispersion phases [poly(zinc
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dimethacrylate) (PZDMA) aggregations] in HNBR/
ZDMA composites by transmission electron micros-
copy (TEM). Both Yuan et al.'* and Dontsov et al.,*
using small-angle X-ray scattering measurements,
pointed out that a random distribution of fine par-
ticles of about 20 nm existed in vulcanizates. More-
over, a microstructure model for rubbers reinforced
by ZDMA was put forward by Lu et al.” However,
it is a pity that many of the works on morphology
are not analyzed for a thermodynamic mechanism,
which generally controls the formation of the phase
morphology. Besides, ionic crosslinking is supposed
to play an important role in the reinforcement of
rubber,'° but its structure and formation mechanism
are still obscure. Therefore, intensive studies on the
microstructure of NR/ZDMA composites are still
needed.

In the work, curing curves, differential scanning
calorimetry (DSC), the equilibrium swelling method,
and TEM have been applied to study the cure
kinetics and phase morphology of peroxide-cured
NR reinforced by ZDMA. The results show that
ZDMA can polymerize and graft onto the rubber
chains to largely improve the crosslinking density of
NR, and the formation and the evolution of the sep-
arated nanodispersions of PZDMA in NR are con-
trolled by thermodynamics due to the crosslinking
reaction of NR and the increasing molecular weight
of PZDMA. Besides, the microstructure of the ionic
crosslinking derived from the electrostatic interac-
tion of ion pairs in PZDMA molecules has also been
studied further. Finally, new structure models of the
composites and the ionic crosslinking are put
forward.

EXPERIMENTAL
Materials

NR (CSR-10) was supplied by Mengwang Rubber
Corp. (Yulan, People’s Republic of China). ZDMA
was purchased from Xian Organic Chemical Tech-
nology Plant (Shanxi, People’s Republic of China).
Dicumyl peroxide was produced by Chengdu
Kelong Chemical Technology Plant (Sichuan, Peo-
ple’s Republic of China).

Preparation of the samples

NR was plasticated on a laboratory two-roll mill at
room temperature. Then, ZDMA and dicumyl perox-
ide were added. After mixing, the compound was
cured at 155°C in an electrically heated hydraulic
press for the optimal cure time (i.e., the time to
achieve to 90% of the cure), which was derived from
curing curves.
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Instruments and characterization

The curing process at 155°C was analyzed with a
curemeter produced by Beijing Youshen Electronic
Apparatus Factory (Beijing, People’s Republic of
China). The cure kinetics was also measured with a
differential scanning calorimeter (DSC 204, Netzsch
Co., Selb, Germany) at different heating rates (2, 5,
10, 15, and 20°C/min). The weights of the samples
were in the range of 10-15 mg.

The crosslinking density was determined from
equilibrium swelling measurements on the basis of
the Flory-Rehner equation:'®

o,
— [Ln(1 — @,) + @, + x®?] = Von [@1/3 - 7} (1)

where @, is the volume fraction of the polymer in
the swollen mass, V; is the molar volume of the sol-
vent (106.2 cm® for toluene), n is the number of
active network chain segments per unit of volume
(crosslinking density), and y is the Flory-Huggins
polymer—solvent interaction term. The value of ¥ for
toluene is 0.393.) The value of ®, was attained
according to the method used by Bala et al.'®

. w2/ Ps
"= Wapr (w1 — w2)/pr @

where w; and w, are the weights of the swollen
and deswollen samples, respectively, and p; and p, are
the densities of the solvent and polymer, respectively.

Samples were swollen in toluene at room tempera-
ture for 7 days. Subsequently, w; was determined af-
ter the solvent was gently wiped off the sample
surface with filter paper, and w, was determined af-
ter drying at 80°C until a constant weight was
achieved. In this way, the whole volume fraction of
the polymer and the crosslinking density could be
calculated with egs. (1) and (2). The measured cross-
linking density contained the covalent crosslinking,
the crosslinking caused by physical adsorption, and
the ionic crosslinking. To destroy the ionic crosslink-
ing, samples were swollen in a toluene/hydrochloric
acid/ethanol mixed solvent for 3 days and then
swollen in toluene for 7 days. The residual crosslink-
ing density (the covalent crosslinking and the cross-
linking caused by physical adsorption) could be
obtained. The ionic crosslinking density could be cal-
culated by subtraction of the residual crosslinking
density from the whole crosslinking density.

The phase morphology of the samples was ana-
lyzed with a transmission electron microscope (JEM
2010, JEOL Co., Tokyo, Japan) under an acceleration
voltage of 200 kV. The specimens for TEM observa-
tions were prepared with a Leica (Wetziar, Ger-
many) ultramicrotome under cryogenic conditions
with a diamond knife.
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Figure 1 Curing curves for different percentages of
ZDMA.

RESULTS AND DISCUSSION
Cure kinetics

Among all the factors determining the rubber prop-
erties, the formation approach and the structure of
the crosslinking network are the most significant. In
general, curemeters and DSC are most popular for
studying the curing process because of their simple
operation and reliable results.

The curing curves are shown in Figure 1. In addi-
tion, the maximum torque (Mpma.x) values, the mini-
mum torque (Mpin) values, and the difference
between them (Max — Mmin) are summarized in Ta-
ble I. As the ZDMA content increases, Mmax — Mmin
increases, and this is related to the crosslinking den-
sity."” This means that the addition of ZDMA enhan-
ces the crosslinking efficiency and the crosslinking
density of NR composites. Further evidence of
enhanced crosslinking in the presence of ZDMA was
attained by DSC, as shown in Figure 2 and Table II.
The total heat liberated during the entire curing
reaction (AH.) under dynamic condition increases
with increasing ZDMA content. Undoubtedly, the
increased heat of vulcanization should be attributed
to a higher degree of crosslinking during curing in
the presence of ZDMA.
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When a curemeter is used to study the cure
kinetics, the conversion (o) is defined as follows:'

M- M,

B Mmax - MO (3)

where M, and M, are the torque values at time zero
and at curing time ¢, respectively.

Then, the relationship between the rate of conver-
sion and the conversion can be attained, as shown in
Figure 3. It is well known that chemical reactions
can be divided into simple reactions and autocata-
lytic reactions. In a simple reaction, the maximum
rate of curing occurs at the beginning, whereas in an
autocatalytic reaction, the maximum rate of curing
happens at a conversion degree other than zero
because it is promoted by the products of the reac-
tion.? In an autocatalytic reaction, the basic rate
equation is given by”'

do._ K(T)o" (1 — )" 4)
dt

where do/dt is the cure rate, t is the time, m and n
are the orders of reaction, and K(T) is the tempera-
ture-dependent reaction rate constant.

Figure 3 shows that the maximum rate of curing
happens at a conversion degree of about 0.15-0.3, so
the curing processes of neat NR and NR/ZDMA
composites all follow the autocatalytic reaction
model, and eq. (4) was chosen as the cure kinetics
equation for neat NR and NR/ZDMA composites.
The kinetic parameters were obtained by linear mul-
tiple regression analysis of the experimental data
with Origin 7.0 computer software. The results are
listed in Table L

Moreover, many methods®>>* based on DSC have
been employed to analyze the apparent activation
energy (E,) of the curing reaction. In this work, the
Kissinger method® and the Ozawa method** were
chosen to calculate E, with the following equations:

s p _ _odIn(B/Th.)
Kissinger method: E; = —Rm (5)
o dInf
Ozawa method: Ea = —Rm (6)

TABLE I
Kinetic Parameters and Curing Characteristics Obtained from Curemeter Testing
K n m Mrnax Mmir\ Mrnax - Mrnin
NR 0.23 1.51 0.26 1.48 0.06 1.42
NR/10 phr ZDMA 0.36 1.75 0.54 2.06 0.08 1.98
NR/20 phr ZDMA 0.34 1.65 0.56 248 0.10 2.38
NR/30 phr ZDMA 0.36 1.78 0.44 3.15 0.13 3.02
NR/40 phr ZDMA 0.44 1.85 0.47 3.75 0.15 3.60
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Figure 2 Typical dynamic DSC curves.

where B is the heating rate, T,y is the temperature
of the maximum rate of conversion, and R is the gas
constant.

By drawing plots (Fig. 4) according to egs. (5) and
(6) and fitting them with a linear function, we calcu-
lated E, from the slopes of these plots (Table II).

Table I shows that when NR is filled with ZDMA,
the kinetic parameters change a lot. The values of K
of filled NR are larger than those of pure NR, and
this suggests that ZDMA affects and accelerates the
curing reaction. In addition, the values of n and m
also rise in comparison with those of pure NR, and
this indicates that the reaction order changes; that is,
ZDMA has taken part in the curing reaction of NR,
causing a change in the crosslinking reaction mecha-
nism in the curing system. Table II shows that the E,
value of the curing of pure NR is greater than that
of NR filled with 20 phr ZDMA. At the same time,

TABLE II
E, Calculated from Dynamic DSC

E, (kJ/mol)

p Tmax  AH.
Sample (°C/min)  (°C) (J/g) Kissinger Ozawa
NR 2 167.3 8.65 133.3 140.8
5 1779 11.72
10 1869 10.41
15 1916 11.84
20 1952 11.38
NR/20 phr 2 1615 13.15 121.1 128.5
ZDMA 5 1727  12.36
10 1835 12.33
15 1858 17.74
20 1919 2247
ZDMA 2 157.7 — 109.6 115.6
5 165.3 —
10 174.2 —
15 183.9 —
20 188.9 —
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Figure 3 Rate of conversion as a function of the curing
conversion of NR and NR/ZDMA composites. The solid
line is the theoretical curve, and the dots represent experi-
mental data.

NR filled with 20 phr ZDMA exhibits an obvious
decrease in T.x. These results are in accord with
the increment of the values of K, confirming the sig-
nificant effect of ZDMA on the vulcanization of NR.
To validate further the impact of ZDMA on the cur-
ing of NR, DSC testing of solid-state bulk polymer-
ization of ZDMA was also carried out, and this
showed lower T,..x and E, values versus those of
neat NR and NR/ZDMA composites (Table II).

Therefore, all these variations can be attributed to
the fact that several reactions exist in the meantime
in the curing system. Peroxide radicals abstract
hydrogen from methylene of molecular chains of
NR, giving birth to rubber radicals. When two rub-
ber radicals meet, a crosslinking bond is then
formed. Simultaneously, ZDMA contained in the
system can undergo polymerization initiated by per-
oxide radicals; this E, value is lower than the E,
value of the crosslinking of neat rubber (Table II),
and this results in a decrease in the whole E, value
in the curing process of NR/ZDMA composites. On
the other hand, because of the presence of double
bonds in the rubber, PZDMA radicals can also react
with NR radicals, forming NR-graft--PZDMA. More-
over, when two PZDMA radicals meet or one
PZDMA radical abstracts hydrogen from a rubber
chain, a free (ungrafted) PZDMA molecule can also
appear. Therefore, NR radicals inversely can also ini-
tiate ZDMA to polymerize, producing grafted
PZDMA with another approach.

Phase morphology and its model

According to the analysis of the cure kinetics,
at least two special products of the rubber
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Figure 4 Dynamic DSC for calculating E, by (a) the Kissinger equation and (b) the Ozawa equation. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]

vulcanization, PZDMA and NR-graft-PZDMA, exist
in the composites. Furthermore, the great improve-
ment in the crosslinking density (Fig. 1) may come
from NR-graft-PZDMA and PZDMA. To reveal the
essential nature of the crosslinking action of
PZDMA, the phase morphology of the composites
and its evolution during curing are the matters of
the most concern. The TEM images shown in Fig-
ure 5, in which the dark phase is the phase of
PZDMA and the bright phase represents the phase
of NR, clearly indicate that the PZDMA phases dis-
perse in NR with a diameter of about 10-20 nm.
When the crosslinking of rubber and the polymeriza-
tion reaction of ZDMA happen, the morphology will
be governed by the Gibbs mixing free energy, and a
phase transition is preferred to develop toward the
direction in which the Gibbs free energy (G)

becomes smaller.”” During the curing reaction, the
polymerization of ZDMA occurs, and the molecular
weight of PZDMA increases. When the increasing
molecular weight of PZDMA reaches a critical con-
dition, phase separation will happen, resulting in
two separated phases.”

Guo”’ set an equation to describe G in a multi-
component system:

G=> mu+> Ay

where 1; is the molar number of component i, ; is
the chemical potential of component i, y;; is the inter-
facial energy between two components (i and j), and
A, is the surface area of component i.

For a polymer blend, the value of ) m; is fixed,
so the phase morphology is dominated by the value

7)

Figure 5 TEM images of NR filled with 40 phr ZDMA: (a) 50 and (b) 100 nm.
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Figure 6 Volume fraction of the polymer as a function of
the loading amount of ZDMA.

of > Ajyij. In NR/ZDMA composites, three compo-
nents—NR, NR-graft-PZDMA, and PZDMA—exist.
When NR-graft-PZDMA is in the interface of NR
and PZDMA, the value of y;; will decrease, and this
will result in a thermodynamically stable state of the
system. Thus, NR-graft-PZDMA is inclined to exist
in the interface of NR and PZDMA. However, this
discussion is based on an ideal situation. During
curing, the viscosity of the rubber compound
increases because of the crosslinking of NR and po-
lymerization of ZDMA; thus, the diffusion capacity
of the rubber chains, ZDMA, and chains of PZDMA
decreases. When the viscosity increases to a degree
at which the diffusion of polymer chains and mono-
mers is limited, NR-graft-PZDMA will hardly enter
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Figure 7 Three kinds of crosslink densities as a function
of the loading amount of ZDMA.
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TABLE III
Mechanical Properties
NR/ZDMA
NR 10 phr 20 phr 30 phr 40 phr
Tensile 6.6 124 17.9 19.0 20.2
strength (MPa)
Elongation 510 306 266 241 230
at break (%)
Hardness 39 49 57 67 79

the interface of NR and PZDMA. Therefore, PZDMA
can also independently act with rubber in aggrega-
tion forms by physical adsorption.

It is significant to understand the aggregation
structure of the NR/ZDMA composites and its evo-
lution, and ionic interaction is the foundation for
constructing the aggregation. Because of the large
numbers of ion pairs in PZDMA molecules and the
strong electrostatic interaction between ion pairs,
aggregates consisting of several gairs can be formed,
and they are called multiplets,® restricting the mo-
bility of adjacent polymer chains. Therefore, the
principal chains of PZDMA are dominated by the
multiplets, and this makes the glass-transition tem-
perature of PZDMA rise above 300°C.° Besides,
some of the NR chains near PZDMA and in NR-
graft-PZDMA can also be restricted by the adjacent
multiplets, and these multiplets in the grafted poly-
mer and homopolymer will act as a new kind of
crosslinking action, namely, ionic crosslinking.

Because the ionic crosslinking derived from the
electrostatic interaction between the ion pairs can be
shielded and destroyed by chloride ions, hydrogen
ions, and ethanol molecules,?®?’ the ionic crosslink-
ing density can be determined by subtraction of the
residual crosslinking density from the whole cross-
linking density measured by swelling only in

Grafted PZDMA in
the interface

between NRand
Ungafied PZDMA !

’
SN——af——

Figure 8 Microstructure model of NR/ZDMA compo-
sites.
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toluene. Figure 6 displays the two kinds of volume
fractions of the polymer, and Figure 7 shows the
crosslinking densities of the three kinds of crosslink-
ing, indicating that the whole crosslinking density
and the ionic crosslinking density increase with the
content of ZDMA, whereas the covalent crosslinking
density changes little. Without a doubt, the ionic
crosslinking induced by PZDMA makes the cross-
linking network more complex and stronger, largely
improving the mechanical properties of NR, as listed
in Table III. A further and detailed investigation of
the mechanical properties and reinforcement mecha-
nism of NR/ZDMA composites will be discussed in
a future article.*

On the basis of this study, we put forward a
microstructure model of NR/ZDMA composites
(Fig. 8). Two phases, an NR phase and a PZDMA
phase, exist. The morphology of ionic crosslinking
has two forms, as shown in Figure 9. First, ionic
crosslinking forms in the grafted PZDMA chains
near NR; second, ionic crosslinking also forms
between the grafted PZDMA chains near NR and
the ungrafted PZDMA chains.

CONCLUSIONS

The increases in the torque values and the total heat
of vulcanization indicate that the addition of ZDMA
enhances the crosslinking density of NR/ZDMA
composites. The curing reaction of NR/ZDMA com-
posites possesses the characteristics of an autocata-
lytic reaction. E, decreases when ZDMA is added.
All these changes can be attributed to the coexis-
tence of multiple crosslinking reactions in NR/
ZDMA composites at elevated temperatures.

Three components—NR, NR-graft-PZDMA, and
PZDMA—exist in NR/ZDMA composites. Because
of the thermodynamic effect, NR-graft-PZDMA likely
exists in the interface of NR and PZDMA. However,
the aggregation of PZDMA, independently interact-

ing with rubber chains by physical adsorption, is
also reasonable because of the increase in the viscos-
ity during the curing reaction. Much ionic crosslink-
ing derives from a mass of ion pairs in PZDMA
chains. Finally, new structure models of NR/ZDMA
composites and ionic crosslinking have been put for-
ward to describe the fine structure of PZDMA and
the ionic crosslinking in NR (as shown in Figs. 8
and 9).
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