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Abstract: Influences of maleic anhydride (MA) contents (1-10 wt%) on the properties of natural rubber (NR) grafted
with MA — or maleated natural rubber (MNR) — were investigated. According to rheometric tests, the scorch and cure
times of MNRs were longer than that of NR, because the acidity of MA slowed down crosslinking reactions and
decreased grafting efficiency of MA onto the NR. The maximum torque and torque difference of MNRs were improved
over NR due to the maleated linkages formation. These maleated linkages induced greater crosslink density and shifted
thermo-stability of NR toward higher temperature. A dramatic increase in crosslink density was attained in the MNR con-
taining 1% MA, having also the highest thermomechanical properties and tensile strength. The thermostability and tensile
strength of the MNR containing 1% MA were improved by about 10 C and 53% over those of the NR.

Keywords: natural rubber, maleated natural rubber, grafting reaction, thermomechanical properties.

Introduction

Maleated natural rubber (MNR) is a type of chemically mod-
ified natural rubber (NR) prepared by grafting maleic anhy-
dride (MA) onto the NR. The chemical structure of MNR has
MA attached as a pendant group to the NR polymer chains.'
The MNR, or NR that was grafted with MA (NR-g-MA), has
been shown to have improved polarity over NR.? This improved
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polarity allows MNR to be used as a blend compatibilizer in a
variety of blend systems, for instance on blending NR with
polypropylene,® poly(methyl methacrylate),* cassava starch,’ or
paper sludge.® Besides, the increased hydrophilicity from mod-
ifying NR also enhanced resistance to solvents, flex cracking,
and ageing over typical NR vulcanizates.’

Two conventional techniques are used for grafting MA onto
NR, namely either in the molten state with mixing conducted
in an internal mixer at an elevated temperature above 135 C,*°
or in a solution state with the rubber dissolved in a suitable sol-
vent, such as toluene.'® However, the main drawbacks of melt-
mixing approach include competitive reactions that result in a
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low level of grafting the MA onto the NR; whereas the need
for a large amount of solvent, appropriate solvent disposal, and
its impacts on environment are the main shortcomings of the
solution technique. Owing to the fact that the latex form of NR
is natural during its collection, chemical modification under
ecologically friendly conditions, especially as a water suspen-
sion, is particularly intriguing. The grafting of MA onto NR
was recently demonstrated for the latex form.” This technique
was found to be effective in synthesizing the MNR graft copo-
lymers. Wongthong et al.,> have modified NR via grafting with
MA in latex state. The efficiencies of grafting MA onto neat
NR or onto deproteinized NR (DPNR) latexes were compared.
A greater grafting efficiency was achieved with DPNR, indi-
cating that the proteins in NR latex were suppressing the grafting
reactions. The maximum grafted content of MA was about
29%, which is much higher than what can be achieved with the
other techniques, as the maximum contents from melt-mixing
and solution techniques are about 3.5%'* and 7.5%, respec-
tively.*

Although several studies have been conducted on the MNR,
the majority of these were focused on the use of this modified
rubber as a compatibilizer while less attention has been paid to
the variation of MNR properties. The adhesion between two
phases in a blend is generally improved by incorporating MNR
as a compatibilizer, enhancing the mechanical properties of the
final product.”'® Since little attention has been paid to the char-
acteristics of MNR itself, particularly the thermomechanical
properties of MNR, a study on the influences of MA content
on thermo-mechanical and mechanical properties of this rub-
ber will address a knowledge gap. In this study, the grafting
reaction was performed in the pure form of NR latex, even
though the grafting efficacy was probably lower than that with
DPNR.? However, no additional chemical reagents and pro-
cessing were required, as the main advantage of using pure NR
latex over DPNR. The properties of the MNR with different
MA contents were assessed with Fourier transform infrared
spectrometry, as well as for curing, thermomechanical, and ten-
sile properties.

Experimental

Materials. Concentrated NR latex (HA) with 60% dry rub-
ber content was purchased from Yala Latex Co., Ltd., Yala,
Thailand, and was used to prepare maleated NR (MNR).
Potassium hydroxide (85%), and isopropanol (99.5%) were
purchased from KemAusTM (Australia). Sodium dodecyl sul-
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fate (99%), maleic anhydride (99%), and benzoyl peroxide
(75%) were purchased from Sigma-Aldrich (USA).

The rubber compounding ingredients stearic acid (Imperial
Industrial Chemicals Co., Ltd., Thailand), zinc oxide (Global
Chemical Co., Ltd., Thailand), wingstay L (Kij Paiboon Chem-
ical Ltd., Thailand), N,N-dicyclohexyl-2-benzothiazole sul-
fonamide or DCBS (Flexsys America L.P., USA) and sulfur
(Siam Chemical Industry Co., Ltd., Thailand) were used as
received.

Preparation of MNR and MNR Compound Preparation.
MNR was prepared using the latex state by adding various
amounts of maleic anhydride (MA), ie., 1, 3, 5, or 10 wt%
(NR-MA 1, 3, 5, and 10) into the NR latex, according to the
procedure described by Wongthong et al.> However, the type
of NR latex was not the same, e.g., pure form of the NR latex
was used in this study. The mixture was then coagulated by
using methanol, washed with deionized water and dried until
constant weight in an oven at 70 C. Free NR was Soxhlet
extracted with light petroleum ether for 24 h at 60 C, and
ungrafted MA was removed by using acetone only as prepa-
ration for Fourier transform infrared spectrometry. The remain-
ing MNRs were used as neat for compound preparation. The
dried NR having various MA contents were sequentially com-
pounded with curing activator (stearic acid and zinc oxide),
antidegradation agent (wingstay-L), curing accelerator (DCBS),
and curing agent (sulfur), by using a laboratory-sized internal
mixer (Plastograph EC, Brabender GmbH & Co., Duisburg,
Germany) at 40 C, a rotor speed of 40 rpm, and fill factor of
0.8. The recipe of the rubber compounds and the mixing times
are displayed in Table 1.

The rubber compounds were compression-molded at 170 C
under the pressure of 900 psi following their respective curing
times to obtain the crosslinked samples.

Characterizations. Transmission Electron Microscopy
(TEM): The purified grafted copolymer latex was diluted and

Table 1. Formulation of the NR and MNR Compounds

Ingredient phr  Mixing time (min) Role
NR and MNRs 100 2 Polymer matrix
Stearic acid 1 0.5 Curing activator
Zinc oxide 3 0.5 Curing activator
Wingstay-L 1 1 Antioxidant
DCBS 1.5 1 Curing accelerator
Sulfur 1.5 1 Curing agent

“phr = part(s) per hundred parts of rubber.
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stained with osmium tetroxide (OsOy,), prior to subjecting to
TEM imaging. Transmission electron micrographs were recorded
by using a JEOL JEM-2010 (JEOL Co., Japan) operating at
160 kV.

Fourier Transform Infrared Spectrometry (FTIR): Atten-
uated total reflectance Fourier-transform infrared (ATR-FTIR)
spectra of all NR and purified MNR samples were recorded
using a Spotlight 200i spectrometer (PerkinElmer Frontier,
England). Each spectrum was recorded with 4 cm™ resolution
from 4000 cm™ to 400 cm™. The level of MA grafted onto NR
was estimated from the absorbance ratio of IR peaks at 1720
cm” and 836 cm.?

Absorbance ratio = A4,75¢/Ag3s (D

Curing Properties: The curing characteristics of NR and
MNR compounds were tested by using a moving die rhe-
ometer, MDR 3000 Basic (Montech, Germany) at 170 C for
20 min with oscillation degree and strain during curing of 0.5°
and 7%, respectively, and a frequency of 1.67 Hz. The curing
parameters, maximum torque (M), torque difference (My-M;),
scorch time (#;), curing time (#y), and cure rate index (CRI)
were determined.

Thermomechanical Properties: The thermomechanical
properties and crosslink densities of NR and the MNRs were
measured using temperature scanning stress relaxation, per-
formed with Brabender TSSR meter (Duisburg, Germany). All
NR and MNR vulcanizates were placed in the heating chamber
and stretched for 50% at 23 C. The samples were then pre-
conditioned by keeping them under isothermal stress relaxation
for 2 h. The short-time relaxation processes occurred during this
time and were recorded. After 2 h, the specimens were heated
at a rate of 2 C/min in a non-isothermal test, until the sample
ruptured or the stress relaxation was completed. The relationships
of force and temperature were finally obtained. The TSSR
parameters, including the temperatures at which the force ()
had been reduced by 50% and 90% (T, and To) from its initial
value (F), and the apparent crosslink density (v), were deter-
mined. The v can be determined from the initial part of the
stress vs. temperature curve by using the following equations.'

o= Vv-R-T(A-17) 2

K
V= ———; k=0/T 3
R(A-17) @)

where R is the universal gas constant, A is the strain ratio, o is
the mechanical stress, and 7T is the absolute temperature.

Tensile Properties: The dumbbell-shaped samples of cross-
linked NR and MNRs were cut in accordance to ISO 37. The
tensile properties were recorded by using a universal tensile
testing device, LRSK Plus (Lloyd Instruments, UK). The test
was performed at room temperature with a crosshead speed of
500 mm/min.

Results and Discussion

Figure 1 displays TEM images of neat NR latex particles
and a representative of NR grafted with MA (containing 5
wt% MA). Prior to TEM imaging, both the NR latex and the
resulting NR-MA were stained with OsO, vapor to improve
the phase contrast between NR and MA. It is believed that
0s0y, can only react with the double bonds in NR, causing the
NR particles to look dark in TEM micrographs.' It is clearly
seen from the images that the neat NR latex particles were near
spherical in shape with smooth surfaces (Figure 1(a)), whereas
the MA particles appeared brighter and globular (see Figure
1(b)). The NR latex particles grafted with 5 wt% MA had
irregularly shaped morphologies with combination of both
brighter globular MA and darker NR particles (Figure 1(b)).
The many globular MA particles on the NR particle surface
demonstrated that the grafting of MA onto the NR backbone
was successful. It is also seen in Figure 1(b) that the amount
of MA was irregularly attached to the NR particles. Some NR
particles had many globular MA particles, whereas only few
MAs were attached to others. This also indicates that the graft-
ing of MA onto NR was random.

Figure 2 shows FTIR spectra of neat NR and purified MNR
over the wavenumber ranges 4000-400 cm™ (Figure 2(a)), and
1900-1600 cm™ (Figure 2(b)). The FTIR spectra of the MNRs
containing 5 wt% and 10 wt% MA were selected to represent
the prepared MNRs. In Figure 2(a), the characteristic peaks of
NR were at 1664 cm™ and 835 cm™, assigned to C=C stretch-
ing and C-H out-of-plane bending in the NR, respectively.® As
compared to the neat NR, the NR-MA 5 and NR-MA 10 showed

(a) (b)

Figure 1. TEM images of (a) pure NR; (b) NR-MA 5 (or MNR)
particles.
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Figure 2. FTIR spectra of neat NR, and MNR containing 5% and 10% of MA in range of (a) 4000-400 cm™; and (b) 1900-1600 cm.

very small absorption bands at wavenumbers 1787 cm™ and
1880 cm’,
stretching vibrations of succinic anhydride rings of cyclic
anhydride.*'*" Also, bands at 1720 ¢cm™ and above 3000 cm™
were noticed for the MNRs, probably due to carbonyl func-
tional groups and -OH groups, respectively, stemming from the

assigned to the asymmetric and symmetric C=0

opening of ring structure of succinic anhydride, forming car-
boxylic acid in the MNR. It is well known that carboxylic acid
in MNR is formed by the reaction of the anhydride functional
group with moisture, according to the reaction shown in Figure
3.4,14

The TEM and FTIR results confirmed the existence of suc-
cinic anhydride groups grafted onto the NR. Apart from the
cyclic anhydride forms, the MA grafted onto the NR possibly
appeared in the ring-opening structures.

GHs H,O/ Heat e
—CH;-C=CH-CH— =+ —CH3;-C=CH-CH—
H(i‘.—(l:Hz H?—?Hz
= c=0
£ ot o=¢ ¢
° OH OH

Figure 3. Possible ring opening reaction of the anhydride functional
group in MNR.
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Figure 4 shows the level of grafted MA, which was esti-
mated form the ratio of IR peaks at 1720 ¢cm™ to 836 cm™
(A1720/As36)- Tt is seen that absorbance ratio increased with MA
content and reached its maximum when the MA content was
3 wt%. Further increase in the MA content no longer increased
the absorbance ratio. This was probably due to the higher MA
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Figure 4. Absorbance ratio (4,720/4s3s) of MNRs with varying amounts
of MA.
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monomer concentration inducing side reactions, such as chain
transfer to monomer, which competed with the grafting reac-
tions and hence reduced the grafting efficiency.'® It should be
noted here that the grating efficiency of MA onto NR latex was
much lower than that of the one obtained with deproteinized
NR.? This is due to the fact that the protein in NR acts as a
free-radical scavenger and terminates the active free-radical
species participating in the grafting reactions.

Figure 5 displays the curing characteristics of NR and the
MNRs containing different amounts of MA and average values
of the curing parameters scorch time (), curing time (),
cure rate index (CRI), maximum torque (M,;), and torque dif-
ference (My-M;) are summarized in Table 2.

As compared to the neat NR compound, #; and #y, of the
MNRs increased with the MA content, meaning longer scorch
and cure times. The acids from the ring opening of succinic
anhydride groups delayed scorch and cure times in the MNRs."
The delayed crosslinking reactions were confirmed by decreas-
ing in CRI, proving that crosslinking reactions in the MNRs
were retarded. Obviously, the maximum torque of all NR and
MNR samples increased with time due to crosslinking induced

5
E
=
=
Q
-
g ——NR
k= —— NR-MA1
1 ——NR-MA 3
——NR-MA 5
——NR-MA 10
0 T T T T T T
0 5 10 15 20

Time (min)

Figure 5. Time profiles of torque during curing of NR and the MNR
compounds.

Table 2. Curing Characteristics of NR and the MNR Compounds

by the sulfur crosslinking agent. In case of the MNRs, the max-
imum torque was found to increase with MA contents up to 3
wt%. A further increase of MA concentration reduced the
maximum torque of MNRs. The increasing maximum torque
indicates that the stiffness and crosslink density'” of NR increased
with addition level of MA. These increases in both stiffness
and crosslink density might be attributed to additional male-
ated linkages formed at an elevated temperature.*"*!®

To confirm the presence of maleated linkages between NR
molecules, the pure NR and the MNR containing 5 wt% MA
(NR-MA 5) without addition of any chemical ingredients were
subjected to rheometric testing at 170 C, and the results are
shown in Figure 6. It is clear that the rheometric torque of pure
NR-MA 5 was developed during vulcanization at an elevated
temperature, whereas the torque of pure NR was not increas-
ing. This evidence confirms the self-crosslinking reactions
between MA groups grafted onto NR, forming maleated link-
ages among MNR chains during vulcanization. It is assumed
that the active sites on MNR generated by heat during vul-
canization would react with active NR chains as shown in Fig-
ure 7, forming maleated linkages (Figure 7(a)). The maleated

2.0
Pure NR-MA 5

3
z
S Pure NR
S
5
[t

0.5

0.0 ' ' '

. : 10 15 20
Time (min)

Figure 6. Curing curves of pure NR and the MNR containing 5 wt%
of MA without addition of rubber additives.

Sample ts) 1o CRI My My-M;
NR 0.83 + 0.03 2.20 £ 0.01 72.99 + 0.10 448 £ 0.08 3.55+£0.13
NR-MA 1 0.89 + 0.09 2.32 +0.03 69.93 + 0.03 4.51 £ 0.05 3.90 + 0.03
NR-MA 3 0.90 + 0.01 2.39 £ 0.03 67.11 + 0.01 4.54 £ 0.01 3.69 £ 0.07
NR-MA 5 0.95 £ 0.05 2.48 + 0.08 65.36 + 0.05 4.03 £ 0.03 3.32 +0.02
NR-MAT10 1.79 £ 0.10 3.77 £ 0.10 50.51 + 0.10 3.80 + 0.03 335+ 0.05
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Figure 7. Reactions between rubber chains: (a) maleated linkages in MNR; (b) sulfur linkages in NR.

linkages contributed as additional crosslinks to the conven-
tional sulfur linkages (Figure 7(b)), resulting in an increased
stiffness and crosslink density in the MNRs.

However, the greatest My-M; was for NR-MA 1, implying
that the highest crosslink density was obtained when the MA
content was 1 wt%. Further increases in the MA level decreased
the crosslink density, probably due to the formation of MA-
particle aggregates. These aggregates may reduce the efficiency
of maleated linkage formation between rubber molecules, and
may also act as plasticizer due to the low molecular weight of
MA, promoting the ease of molecular motion. Another pos-
sible reason for reducing My-M; is that the higher MA addi-
tion level increased the acidity of the MNR, reducing the
extent of crosslinking reactions as previously seen from the
CRI decreasing.

Figure 8 shows normalized force curves for the MNR vul-
canizates with different MA contents during non-isothermal
testing. For comparison, the normalized force curve of pure
NR vulcanizate was also included. It is well known that a
slight increase of initial normalized force at temperatures of
30-50 C was due to the entropy effect,'® seen in all cases. The
disengagement of physical bonding among rubber molecules
caused a slight reduction of force over 50-100 C,"'® and the
thermo-oxidative chain scission and cleavage of network bridges
between rubber molecules resulted in an abrupt decrease of
force to zero at temperatures over 100 C."

It is also seen that the normalized force curves of MNRs
were above that of the NR in all tested temperatures, except for
NR-MA 5 and NR-MA 10. As compared to the NR, the increased
normalized force curves for NR-MA 1 and NR-MA 3 revealed
that the stability of NR chains to elevated temperature was
improved. The formation of maleated bonds provides greater
resistance to an elevated temperature due to the higher bonding
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0.75

0.50

0.25

Normallized force, F/F

0.00 T T T T
50 100 150 200

Temperature (°C)

Figure 8. Normalized force curves from isothermal stress relaxation
for NR and the MNR vulcanizates.

Table 3. TSSR Parameters (75, 7o), and v) for Vulcanized Samples
of NR and the MNR Vulcanizates

Sample
NR MNR 1 MNR3 MNRS5S MNR 10
T5 (C) 150.8 153.8 151.3 148.0 147.6
Ty (C) 177.2 202.0 184.8 178.6 172.1
v (mol/m®)  71.7 75.6 73.9 73.8 74.2

Parameter

energy of carbon-carbon bonds (80 kcal/mol) than that of sul-
fide (-S,-) bond (34 kcal/mol).* In contrast, a reduction of the
normalized force curves for NR-MA 5 and NR-MA 10 was
attributed to the decrease in crosslink density, as earlier sug-
gested by rheometry results (Figure 5 and Table 2). The TSSR
parameters obtained from plot of force versus temperature,
including Ty, Top, and v, are summarized in Table 3. It is well
accepted that the T, is associated with the upper limit of ser-
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vice temperature range, whereas Ty, is related to material sta-
bility.?"** From Table 3, it can be seen that the Ts, and Ty of
NR were increased by a low level of MA grafting, i.e., at 1 and
3 wt%, due to the formation of maleated linkages. A higher
level of MA reduced T5, and To, due to the excess of MA that
may act as a plasticizer, facilitating the movement of rubber
chains under test conditions. A drastic improvement in both T,
and Ty, was seen for NR-MA 1, implying that the highest ser-
vice temperature and thermo-stability were achieved at 1 wt%
MA content, among the levels tested. Considering the v of var-
ious samples, the v of vulcanized NR originated from con-
ventional sulfur agent was about 71.7 mol/m?, whereas the MNRs
showed higher values of v ranging within 73.8-75.6 mol/m’.
This supports the concept of additional maleated linkages
formed between MNR molecules. However, the largest v was
found for the case NR-MA 1 (75.6 mol/m?), having also the
greatest service temperature and the best material stability.
Increasing the MA concentration beyond 1 wt% reduced the
crosslink density due to the formation of MA-particle aggre-
gates and the increase of acidity in the MNR, limiting the extent
of crosslinking reactions.

Unlike other properties, the trend of v obtained from TSSR
test was slightly differed from others. This discrepancy was
probably due to the difference of testing condition, e.g., the
samples were stretched for 50% and hold for 2 h prior to cross-
link density test for TSSR whereas other tests were not.

Figure 9 shows the relaxation spectra of vulcanized pure NR
and the MNRs as functions of temperature. It has been reported
that the relaxation of rubber chains after cleaving physical
interactions can be observed from the peak in the lower tem-
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Figure 9. Relaxation spectra of NR and the MNR vulcanizates
during isothermal stress relaxation.

perature range, while the higher temperatures relate to chem-
ical bonding."” Thus, the small peaks observed at 50-100 C in
all cases corresponded to the relaxation of rubber chains after
the detachment of their physical bonds, while the peak at about
148 C corresponded to the relaxation of rubber molecules
when sulfur linkages were degraded.> Due to the C-C bonds
by maleated linkages, the relaxation peak observed in MNRs
moved toward higher temperatures. A significant shift in the
relaxation peak was observed for NR-MA 1, which was roughly
at 10 C above that of the vulcanized NR. This suggests that
the best balance of network structure in the rubber was obtained
in the case of NR-MA 1.

Figure 10 shows normalized force (F/F,) curves for vul-
canized NR and the MNRs during isothermal stress relaxation.
It is seen that all NR and MNR samples showed a linear
decrease of stress over time.

Interestingly, the rate of stress relaxation was found to
decrease with the grafting level of MA onto the NR. The mag-
nitude of the negative slope in the insert within Figure 10 was
smallest for the NR-MA 1, implying that the molecular relax-
ation was comparatively slow in this sample. The molecular
relaxation rate was found to increase again when the MA con-
centration was greater than 1 wt%. The slowest stress relax-
ation obtained in the NR-MA 1 could be explained by the
highest crosslink density of this case. The highest crosslink
density provided the most tie points between rubber chains,
preventing the polymer chains from sliding by each other and
restricting their mobility. On the other hand, a reduction of
crosslink density would increase the relaxation rate due to the
easier movement of rubber chains when a load is applied.
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Figure 10. Normalized force (F/F,) during isothermal stress relax-
ation for NR and the MNRs.
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Table 4. Tensile Properties of NR and MNR Vulcanizates

Property

Sample
100% M* (MPa) 300% M” (MPa) TS (MPa) EB? (%)
NR 0.59 = 0.01 1.21 £ 0.01 7.54 £ 0.72 634 + 20
MNR 1 0.66 + 0.04 1.60 £ 0.20 11.56 + 0.11 575 £ 50
MNR 3 0.65 = 0.04 1.61 = 0.10 9.61 £1.56 512 + 49
MNR 5 0.65 + 0.02 1.57 £ 0.01 8.56 = 0.44 55713
MNR 10 0.62 = 0.02 1.62 + 0.10 8.01 £0.37 530 + 13

“100%M = 100% Modulus. *300%M = 300% Modulus. ‘TS = Tensile strength. “EB = Elongation at break.

Thus, the rate of relaxation increased again after 1 wt% of MA.
Since the greatest service temperature, thermo-stability of
material and slowest molecular relaxation were found for the
NR-MA 1, this loading level may be the best option for the
latex technique that attaches MA onto NR.

Figure 11 shows representative stress-strain curves for NR
and the MNR as vulcanizates. Apparently, the characteristic of
stress and strain of the MNR vulcanizates depended mainly on
the level of MA. The tensile properties, 100% and 300% mod-
uli, tensile strength, and elongation at break, are summarized in
Table 4. The 100% and 300% moduli and tensile strength
increased with MA content, due to increasing crosslink density
resulting from additional maleated linkages. The increased
crosslinking level provides more joining points between the
molecular chains, increasing the stiffness of the rubber. As a
result of crosslink density increase, the elongation at break of
the MNRs was decreasing with MA content. The maximum ten-
sile strength was achieved by NR-MA 1 with a 53% improve-
ment over the vulcanized NR. Further increase in the MA level
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Figure 11. Stress-strain curves for MNRs with various MA con-

tents.
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reduced the tensile strength due to the reduction of total cross-
link density and/or the decreased grafting efficiency of MA
onto the NR molecules.

Based on the results obtained in this study, the crosslink den-
sity of MNR vulcanizates was greater than that of the vul-
canized pure NR due to additional maleated linkages formed in
the MNRs. These additional linkages enhanced the thermo-sta-
bility and mechanical properties of the NR. The greatest ther-
momechanical and tensile properties were achieved by NR-
MA 1 among the cases tested, also having the highest crosslink
density. This might be a near optimal content level for grafting
MA onto the NR chains via the latex technique.

Conclusions

Effects of MA content on properties of MNRs were inves-
tigated. The MNRs with various MA contents were firstly pre-
pared by grafting polymerization of MA onto NR via latex
technique. The TEM imaging and FTIR spectrometry con-
firmed successful grafting. Rheometric testing revealed that the
scorch time and cure time of MNRs were longer than that of
the NR, due to the acidity of MA retarding the crosslinking
reactions and/or the decreased grafting efficiency of MA onto
NR. The maximum torque and torque difference were also
improved over the NR due to the maleated linkages formed
among MNR molecules. The additional maleated linkages
induced a greater crosslink density and thermo-stability in the
MNRs, as demonstrated by the TSSR test. The tensile prop-
erties of NR were also improved by grafting MA onto the NR.
A drastic enhancement of thermo-stability by 10 C and of ten-
sile strength by 53% over NR were achieved when the MNR
had a 1wt% MA level. Further increase in the MA con-
centration reduced the thermo-mechanical properties and ten-
sile strength, with a decreased crosslink density.
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