
1. Introduction
Natural rubber (NR) is considered essential in vari-
ous engineering applications. Despite its excellent
properties, such as high extensibility and tensile
strength, NR is also a renewable resource [1]. Due
to the high concentration of unsaturated double
bonds in its non-polar hydrocarbon structure, NR is
readily oxidized when exposed to heat, oxygen,
ozone, or light, with poor resistance to oil and heat
[2]. Grafting the vinyl monomer such as methyl

methacrylate (MMA) onto the NR backbone has
proven to be the most effective way to overcome
these drawbacks. This copolymer has been commer-
cially available under the trade name Heveaplus MG
or as MG rubber [3]. Emulsion polymerization is
preferred for producing the graft copolymer because
it is more economical and practical than techniques
based on a melt or a solution [4]. A remarkable im-
provement in various properties was observed after
NR was grated with PMMA (NR-g-PMMA) [5, 6].
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Das and Gangopadhyay [7] prepared NR/PMMA
blends through interpenetration technique and found
that the resultant NR/PMMA blends had a wide
range of mechanical properties, depending on the
blend compositions. Oommen et al. [8] investigated
the dynamic mechanical and thermal properties of
NR/PMMA blends in the presence and absence of
NR-g-PMMA as a compatibilizer. The addition of
compatibilizer reduces the size of the dispersed
phase and increases the storage modulus due to the
improved adhesion between the blending compo-
nents. Moreover, the compatibilized blends were more
thermally stable than uncompatibilized blends. Var-
ious crosslinking agents have been used to prepare
the NR-g-PMMA vulcanizates with enhanced prop-
erties. Nakason et al. [9] investigated the properties
of NR-g-PMMA crosslinked with sulfur. They found
that the NR-g-PMMA crosslinked with sulfur exhib-
ited an increasing trend of minimum torque, maxi-
mum torque, cure time, and scorch time, affecting the
torque difference and crosslink density. The tensile
strength of the NR usually increased with the molar
fraction of MMA, whereas the elongation at break
decreased. Later, Kalkornsurapranee et al. [2] inves-
tigated using a new type of crosslinking agent, namely
glutaraldehyde, for crosslinking NR-g-PMMA. The
results clearly proved that glutaraldehyde gave an ef-
fective curing system. High tensile strength without
scarifying extensibility was achieved by curing NR-
g-PMMA with glutaraldehyde. Moreover, the glu-
taraldehyde crosslinked NR-g-PMMAs still exhibit-
ed better mechanical, thermal, and oil-resistance
properties than the neat crosslinked NR.
The phenolic resin was found to be another choice
to serve as an effective crosslinking agent for NR-
based compounds [10–12]. The crosslinked network
produced with phenolic resin was more homogenous
than that with sulfur [13], and the vulcanizates usu-
ally showed excellent heat resistance, low compres-
sion set, and good dynamic properties [14]. There-
fore, assessing the possibility of using phenolic resin
for crosslinking NR-g-PMMA is very interesting.
The structure-property relationships of phenolic resin
crosslinked NR-g-PMMA are not well-established.
Since the phenolic resin contains hydroxyl (–OH)
groups and PMMA contains carbonyl (C=O) groups,
strong interactions between phases could prevail in
the phenolic resin crosslinked NR-g-PMMA. In this
study, copolymers of NR and PMMA were prepared
by emulsion polymerization. The resultant graft

copolymers were then compounded and compres-
sion molded. The successful synthesis of the graft
copolymer was confirmed by proton nuclear mag-
netic resonance and transmission electron mi-
croscopy. The tensile properties and microstructure
changes, especially in strain-induced crystallization,
were investigated using a universal tensile test and
wide-angle X-ray scattering (WAXS). The strain-in-
duced crystallization could provide insights into the
crystallization mechanisms of NR-g-PMMA. The
dynamic mechanical and thermal properties were in-
vestigated using a dynamic mechanical analyzer and
a thermogravimetric analyzer. The possibility of using
phenolic resin as a crosslinker for NR-g-PMMA is
discussed.

2. Materials and methods
2.1. Materials
High ammonium natural rubber latex (HANR) with
60 wt% dry rubber content was supplied by Yala
Latex Co., Ltd. (Yala, Thailand). Sodium dodecyl
sulfate (SDS), methylmethacrylate (MMA), tetraeth-
ylenepentamine (TEPA), and tert-butyl hydroperox-
ide (TBHPO) were produced by Sigma-Aldrich
(Steinheim, Germany). Wingstay-L was manufac-
tured by Eliokem Inc. (Ohio, USA). Resole-type phe-
nolic resin (HRJ-10518) and its catalyst, tin (II)
chloride dihydrate (SnCl2·2H2O), were manufac-
tured by Schenectady International Inc. (New Port,
USA) and KEMAUS, Elago Enterprises Pty Ltd.
(New South Wales, Australia), respectively.

2.2. Preparation of NR-g-PMMA
Various NR-g-PMMAs were prepared according to
the procedure reported by Kalkornsurapranee et al.
[2]. The NR-g-PMMAs were synthesized by emul-
sion polymerization in the presence of TBHPO and
TEPA initiators. The HANR, TEPA, SDS, and deion-
ized water were initially fed into the reactor and
stirred at 55 °C under a nitrogen atmosphere. The
MMA monomer and TBHPO mixture was then grad-
ually dropped into the reactor via a dropping funnel.
The polymerization reaction was performed for 3 h.
The variations in NR and MMA are shown in Table 1.
Amounts of MMA and 60% HANR are given in dry
weight [g], whereas the TBHPO, SDS, and TEPA are
given in part(s) per hundred parts of rubber [phr].
The NR-g-PMMA samples with different weight ra-
tios of NR and MMA were labeled with NR/MMA
90/10, NR/MMA 80/20, NR/MMA 70/30, and
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NR/MMA 50/50, whereas NR denotes the sample
without MMA.

2.3. Compound preparation
The resultant NR-g-PMMAs were compounded with
other ingredients in an internal mixer, Brabender
GmbH & Co. (Duisburg, Germany), at an initial
mixing temperature of 40°C and 60 rpm rotor speed.
In this experiment, the temperature was then allowed
to increase during mixing until it reached 90 °C at
the end of mixing to ensure that the phenolic was
melted and well dispersed in the rubber matrix. The
list of chemicals is summarized in Table 2. The graft
copolymer was first charged into the mixing cham-
ber and masticated for 2 min. The antioxidant was
added, and the mixing was continued for 1 min.
Next, the HRJ-10518 curing agent was incorporated
for 1 min, and the SnCl2·2H2O was finally added.
The compounds were discharged from the mixing
chamber once the mixing time reached 5 min. The
compounds were finally vulcanized by compression
molding at 160 °C following their respective curing
times.

2.4. Characterization
2.4.1. Transmission electron microscopy (TEM)
The grafted copolymer of NR-g-PMMA latex was
diluted and stained with osmium tetroxide (OsO4)
before subjecting to TEM imaging using JEOL JEM-
2010 (JEOL Co., Tokyo, Japan). The accelerating
voltage was set at 160 kV.

2.4.2. Proton nuclear magnetic resonance
(1H-NMR) analysis 

For 1H-NMR spectra, the NR and the various NR-
g-PMMAs were dissolved in deuterated chloroform
(CDCl3) solvent and then characterized by using an
Advance Neo 500 MHz NMR spectrometer (Bruk-
er, Rheinstetten, Germany) at room temperature.
The mole and weight percentages of PMMA grafted
onto the NR were calculated using Equations (1)
and (2) [15]:

Mole fraction of PMMA in copolymer [%] =

(1)

Weight fraction of PMMA in copolymer [%] =

(2)

where, I3.6 and I5.1 are the integrals of peak areas at
the chemical shifts of 3.6 and 5.1 ppm, respectively.
MPMMA and MNR are the molar % fractions of
PMMA and NR in the copolymer, and MwPMMA

and
MwNR

are the molecular masses of the repeating units
in PMMA (100 g/mol) and NR (68 g/mol), respec-
tively.

2.4.3. Vulcanization property analysis
Vulcanization characteristics, i.e., minimum torque
(ML), maximum torque (MH), torque difference
(MH – ML), and cure time (t90) of the rubber com-
pounds were measured at 160°C using a moving die
rheometer (MDR 3000 BASIC, Montech, Buchen,
Germany).

2.4.4. Swelling equilibrium analysis
The equilibrium swelling test was performed to
determine the overall crosslink density (ν) of all
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Table 1. Formulations for preparation of NR-g-PMMA.
Ingredient Dry weight quantities Delivery

99% MMA [g] 0 10 20 30 50 Use dropping
funnel80% TBHPO 1.0 phr

60% HANR latex [g] 100 90 80 70 50

Place in main
reactor

10% SDS 1.5 phr
85% TEPA 1.0 phr
Deionized H2O Adjust TSC to 50%

Table 2. Formulations for preparing NR-g-PMMA compounds.

Chemical
Quantity

[phr]
NR NR/MMA 90/10 NR/MMA 80/20 NR/MMA 70/30 NR/MMA 50/50

NR 100 – – – –
NR/MMA – 100 100 100 100
Wingstay-L 1 1 1 1 1
HRJ-10518 10 10 10 10 10
SnCl2·2H2O 1 1 1 1 1



vulcanizate samples. The samples were firstly soaked
in 30 mL of toluene for 72 h at room temperature. The
swollen samples were then wiped and weighed before
being de-swollen at 70°C until their weight remained
constant. The ν was were calculated using the Flory-
Rehner equation, as shown in Equation (3) [16]:

(3)

where, χ  is the polymer-solvent interaction param-
eter, ρ is the rubber density, Vs is the molar volume
of the solvent and Vr is the volume fraction of rubber
in the swollen mass, which can be estimated from
Equation (4):

(4)

where W2 is the de-swollen weight, W1 is the swollen
weight, ρr is the density of rubber, and ρs is the den-
sity of solvent.

2.4.5. Fourier transform infrared spectroscopic
analysis

Fourier-transform infrared (FTIR) spectroscopic
analysis of pure NR, pure PMMA, crosslinked NR
and crosslinked NR/PMMA were characterized
using a Vertex70 (Bruker, Germany). Each spectrum
was recorded under attenuated total reflectance
(ATR) mode with resolutions of 4 cm–1 from 4000
to 400 cm–1. All samples were dried at 70 °C for 3 h
before being subjected to the FTIR test.

2.4.6. Tensile property analysis
The dumbbell-shaped samples were cut according to
ISO 37 type II. The tensile responses were recorded
using a universal tensile testing device, LR5K Plus
(Lloyd Instruments, West Sussex, UK). The test was
performed at room temperature with a 500 mm/min
crosshead speed.

2.4.7. Microstructural analysis
Wide-angle X-ray scattering (WAXS) was used to
explore microstructural changes, in particular, the
degree of crystallinity during stretching. It was per-
formed at the Siam Photon Laboratory, Synchrotron
Light Research Institute, Nakhon Ratchasima, Thai-
land. The data were recorded during continuous
stretching at a 500 mm/min crosshead speed. The
SAXSIT data processing program was employed to
normalize and rectify all WAXD data.

The crystallinity [%] corresponding to the (200) and
(120) planes during stretching was estimated using
the Equation (5) [17]. 

Crystallinity [%] (5)

where Ac is the area below the (200) and (120) crys-
talline peaks and Aa is the area of the amorphous
halo.

2.4.8. Dynamic mechanical analysis (DMA)
The dynamic properties of NR/PMMA samples were
determined using a dynamic mechanical thermal an-
alyzer, Eplexor 9 (NETZSCH GABO Instrument
GmbH, Ahlden, Germany). Measurements were per-
formed over the temperature range from –80 to 80°C
at a heating rate of 2 °C/min and a frequency of
10 Hz in tension mode. The storage modulus and
damping factor (tan δ) are reported.

2.4.9. Thermogravimetric analysis (TGA)
The TGA experiments were conducted using a
TGA4000 (PerkinElmer, MA, USA) under a nitro-
gen atmosphere. The testing temperature ranged
from 30 to 500 °C with a heating rate of 10 °C/min.

3. Results and discussion
3.1. TEM analysis
Figure 1 depicts the features of a latex particle in
neat NR and a representative of the graft copolymer
NR/MMA 80/20. The NR latex and the resulting
copolymer from NR/MMA were stained with OsO4
vapor to improve the phase contrast between NR and
PMMA phases. It is believed that OsO4 can only
react with the double bonds in NR molecule chains,
causing the NR particles to look dark in TEM mi-
crographs [18]. From Figure 1, it is clear that the na-
ture of the NR particle was spherical in shape with a
smooth surface (Figure 1a). In contrast, the grafted
NR latex particles had irregularly shaped morphol-
ogy, with the NR phase surrounded by brighter glob-
ular PMMAs (Figure 1b).
The appearance of many globular PMMA particles on
the NR particle surface indicates that the grafting of
PMMA onto the NR backbone was successful. It is
also interesting to observe that unreacted PMMA ho-
mopolymers were seen in the copolymer (Figure 1b).
Typically, selective extraction of homopolymers from
the graft copolymer is used to remove and purify the
NR-g-PMMA copolymer. Petroleum ether was used
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to extract the free NR homopolymer (ungrafted NR)
and acetone for the free PMMA homopolymer in [2],
and the remaining microgels were purified NR-g-
PMMA products. In this current study, the copoly-
mers were used without further purification. Addi-
tional purification may not be practical in production
use. In addition, the remaining PMMA homopoly-
mer and MMA monomer may benefit the rubber
product due to the extra reactions between functional
groups contained in PMMA that could react with the
phenolic resin, as will be discussed later.

3.2. 1H-NMR analysis
The product from grafting PMMA onto the NR was
further subjected to the 1H-NMR technique using
CDCl3 as a solvent. A typical 1H-NMR spectrum of
the neat NR and a representative graft copolymer
(NR/MMA 50/50) are shown in Figure 2. The char-
acteristic peaks of the NR appeared at 1.7, 2.1, and
5.1 pm, assigned to the protons of –CH3, –CH2, and
=CH in the NR [6]. As for the NR-g-PMMA, a new
absorption peak at the chemical shift of 3.6 ppm was
observed, indicating the –OCH3 proton in the PMMA.
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Figure 1. TEM micrographs of representative particles in a) pure NR latex, and b) graft copolymer of NR/MMA 80/20.

Figure 2. 1H-NMR spectra of NR and of the graft copolymer NR/MMA 50/50.



Such a peak clearly confirms the success of grafting
PMMA onto the NR. This agrees with prior publica-
tions [6, 19, 20].
The integrated peak areas ascribed to the methoxy
protons of the grafted PMMA at the chemical shift
of 3.6 ppm and the olefinic protons of the NR repre-
sented at the 5.1 ppm peak were used to compute the
mole and weight percentages of the grafted PMMA
on NR, and the results are summarized in Table 3. It
can be seen that the amount of grafted PMMA on
NR increased with the MMA content provided to the
reaction, as expected. The grafting efficiency was
about 64–65%, independent of the MMA content.
The results clearly suggest that the conditions used
to prepare the NR-g-PMMA in this study were quite
constant. This is in contradiction to many studies
showing grafting efficiencies that depended strongly
on the content of the monomer used [21, 22].

3.3. Curing properties
Figure 3 shows the vulcanization characteristics of
the NR and NR/MMA compounds, while the curing
parameters, including MH, MH – ML, and t90, are list-
ed in Table 4. Comparing among all samples, in-
creasing MMA content has increased the MH of vul-
canizates, where the highest MH was seen in the
NR/MMA 80/20. This showed that the stiffness of
the sample relies on the MMA content, where MMA
processes the harder phase. The MH – ML, an indica-
tion of crosslink density, also showed a similar trend.
This suggests that the efficiency of the crosslink re-
action between NR molecules was reduced when the

MMA content was higher than 20%. The t90 of all
samples remained more or less constant, suggesting
the increased addition of the MMA did not affect the
curing time.
The values of ν in various samples measured by the
equilibrium swelling test were also included in
Table 4. The ν  of the graft copolymer increased with
increasing MMA contents ,revealing the addition of
MMA enhanced overall crosslink density of the graft
copolymers. As compared to the NR sample, the in-
crease of ν in the NR/MMA samples might be due
to the formation of additional interaction between
PMMA and phenolic crosslinker. The formation of
such interaction was discussed later. It is noted that
the crosslink density result obtained from the curing
property test and swelling tests showed different
trends. This was mainly due to the difference in test-
ing conditions. The curing property was done at high
temperatures. Thus, the variation of torque was re-
lated to the chemical crosslinks because of the de-
struction of physical interaction at high temperatures
[23]. In contrast, the swelling measurement was con-
ducted at room temperature, where the physical in-
teraction between PMMA and phenolic resin can
take place. The acquired overall crosslink density re-
sults from the swelling test comprised not only the
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Table 3. Grafting efficiency at various initial contents of
MMA.

Sample name
Initial
MMA
[wt%]

Grafted PMMA Grafting
efficiency

[%][mol%] [wt%]

NR/MMA 90/10 10 4.5 6.4 64.0
NR/MMA 80/20 20 9.4 13.2 65.0
NR/MMA 70/30 30 14.0 19.4 64.7
NR/MMA 50/50 50 24.8 32.7 65.4

Table 4. Maximum torque (MH), torque differential (MH – ML), curing time (t90) and crosslink density (ν) of the NR and
NR/MMA compounds.

Sample name MH
[dN·m]

MH – ML
[dN·m]

t90
[min]

ν
[mol/cm3]

NR 3.20 2.88 21.51 3.36·10–3±3.88·10–5

NR/MMA 90/10 3.85 2.93 21.52 3.67·10–3±2.77·10–5

NR/MMA 80/20 4.16 3.25 21.05 3.72·10–3±1. 71·10–5

NR/MMA 70/30 3.78 2.88 21.36 3.97·10–3±1.30·10–5

NR/MMA 50/50 3.51 2.48 21.74 4.52·10–3±1.38·10–5

Figure 3. Curing characteristics of the NR and NR/MMA
compounds.



chemical crosslinks between rubber chains but also
the physical crosslinks, i.e., hydrogen bonding be-
tween PMMA and phenolic resin and chain entangle-
ments. Therefore, the overall crosslink density of the
graft copolymer was increased with MMA content.

3.4. Tensile properties
Figure 4 displays representative stress-strain curves
of plain NR and PMMA-grafted NR vulcanizates.
The stress-strain patterns of the NR were significant-
ly altered by the incorporation of MMA. Increased
MMA content increased the stress at a given strain
but decreased the extensibility. The tensile properties
in terms of 100 and 300% moduli, tensile strength,
and elongation at break are summarized in Table 5.
Interestingly, the stress at low strains (100% modu-
lus) and even at high strains (300% modulus) dras-
tically increased with the grafting level of PMMA.
The same phenomenon was also found for tensile
strength. Despite the enhancement of overall cross -
link density, such improvements suggest that strong
interfacial interactions were formed in the graft
copolymer since weak interfacial adhesion would, in
contrast, have degraded the tensile properties [24].
The presence of PMMA increased the interchain in-
teractions between polar functional groups in the graft
copolymer, in particular, the carbonyl groups [5]. In
addition, the phenolic resin crosslinker contained 
–OH functional groups, and the PMMA had carbonyl
functional groups. Thus, additional interactions were
likely formed through hydrogen bonding between
PMMA with either grafted PMMA or free PMMA
and phenolic resin crosslinker (Figure 5).
The FTIR analysis was performed to confirm the
possibility of hydrogen bond formation between
PMMA and phenolic resin. Figure 6 reveals FTIR
spectra of pure PMMA, pure NR, phenolic resin
crosslinked NR, and crosslinked NR/PMMA 80/20
samples. The NR/MMA 80/20 was chosen as a rep-
resentative of graft copolymer. The main character-
istic peaks of the pure PMMA showed at 1725 and

1143 cm–1, corresponding to C=O stretching and C–O
stretching vibrations [19]. The pure NR expressed
bands at 1663 and 835 cm–1, corresponding to C=C
stretching and =C–H out of plane bending, respec-
tively, whereas the phenolic crosslinked NR showed
an additional peak centered at 3330 cm–1 assigning
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Table 5. 100% modulus, 300% modulus, tensile strength and elongation at break of plain NR and of graft copolymers of NR
and MMA.

Sample 100% modulus
[MPa]

300% modulus
[MPa]

Tensile strength 
[MPa]

Elongation at break
[%]

NR 0.62±0.08 1.17±0.08 6.00±0.14 656±8
NR/MMA 90/10 0.73±0.00 1.76±0.01 11.67±0.32 623±40
NR/MMA 80/20 1.17±0.04 3.90±0.24 14.49±0.47 533±20
NR/MMA 70/30 1.91±0.03 7.70±0.37 17.20±0.94 468±31
NR/MMA 50/50 11.74±1.10 N/A 17.99±1.22 180±31

Figure 4. Typical stress-strain curves of NR and graft
copolymers of NR and MMA.

Figure 5. Possible interactions between phenolic resin
crosslinker-PMMA (in NR-g-PMMA, monomer
or homopolymer).



to the –OH vibration of the phenolic resin [11]. All
peaks corresponding to pure PMMA, NR, and phe-
nolic resin crosslinked NR were seen in the cross -
linked NR/PMMA 80/20. However, it is interesting
to mention that the peaks corresponding to C=O,
C–O, and –OH were shifted toward a higher wave -
number, i.e., shifted to 1730, 1149, and 3390 cm–1,
respectively, after crosslinking the graft copolymer
with the phenolic resin. Furthermore, the intensity
of peak at 1730 and 1149 cm–1 in the crosslinked
NR/PMMA 80/20 was also reduced compared to the
pure PMMA. This clearly suggests that the C=O,
C–O in PMMA, and –OH of phenolic resin in the
NR-g-PMMA had different chemical environments
compared to those of pure PMMA, pure NR, and
phenolic resin crosslinked NR. Therefore, the for-
mation of hydrogen bonding between PMMA and
phenolic resin, as illustrated in Figure 5, can be con-
firmed.
The combination of both crosslink density enhance-
ment and hydrogen bonding between crosslinker and
PMMA can drastically improve the tensile proper-
ties. One may argue that the increased stress was due
to the stiffening effect of the PMMA in the rubber
matrix. However, since the extensibility of PMMA

is less than 10% [25], the PMMA parts could appear
as a weak point, degrading the tensile properties.
Only a strong adhesion between NR and PMMA
could result in such significant improvements. The
variations of tensile properties are in agreement with
prior literature [2, 21]. Therefore, the improvements
of the tensile modulus and the tensile strength could
be the result of good interactions between the NR
and MMA. In contrast, the elongation at break of the
NR-g-PMMAs decreased remarkably due to high in-
teractions between the phases drastically increasing
stiffness. A dramatic loss of extensibility was found
at a high MMA concentration (NR/MMA 50/50) so
less MMA than 50% is suggested for maintaining the
flexibility of the copolymer. The values of 100%
modulus, 300% modulus, tensile strength, and elon-
gation at break obtained from tensile property meas-
urement were subjected to statistical analysis. The
result clearly showed that the properties of graft
copolymer were statistically significant and depend-
ed on the MMA contents (P value < 0.05).

3.5. Strain-induced crystallization behavior
Figure 7 shows 2-dimensional (2D) WAXS images
of pure NR and the various NR/MMAs, with the re-
spective strains marked. It is seen that a 2D WAXS
image without a reflection spot was observed for the
NR sample even at 230% strain, implying that no
strain-induced crystallization took place. In contrast,
highly oriented crystallite reflection spots were seen,
i.e., spots assigned to (200) and (120) planes for the
NR/MMA samples. The strain at which the reflec-
tion spot was observed shifted toward lower strains
in NR-g-PMMAs, by an amount dependent on the
MMA content, so it was at 235% for NR/MMA
90/10 whereas at 85% for NR/MMA 50/50. The re-
sults clearly reveal that the presence of PMMA in
the NR facilitated the alignment of NR chains in the
stretching direction, accelerating strain-induced
crystallization of the NR matrix.
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Figure 6. FTIR spectra of pure PMMA, pure NR, phenolic
resin crosslinked NR and crosslinked NR/PMMA.

Figure 7. Two-dimensional (2D) WAXS images of NR and of graft copolymers of NR and MMA.



The crystallinities of all samples during deformation
are shown in Figure 8. It can be seen that the onset
of strain-induced crystallinity of phenolic resin
crosslinked NR was at about 245%, which is com-
parable to that in a prior publication [12]. The crys-
tallinity then increased with strain, showing defor-
mation-induced crystallization. Compared to the un-
grafted NR, the graft copolymerization induced an
earlier onset of crystallization, and the reduction of
onset strain tended to get more significant with the
percentage of MMA grafted on the NR. The results
clearly suggest that the PMMA plays a vital role in
speeding up the chain orientation, causing an early
strain-induced crystallization. In addition, the PMMA
on the NR molecules also increased the overall crys-
tallinity during stretching. Since the extensibility of
PMMA is limited (below 10%) [25], PMMA itself
would indeed not participate in the crystallization at
high strain. It is well accepted that the crystallization

is initiated by the oriented chains or network chains
that are highly oriented by stretching [26, 27], thus a
large number of short chains could produce a large
number of crystal nucleation sites. A reduced onset
strain for strain-induced crystallization and an in-
crease in overall crystallinity are likely due to the im-
proved crosslink density, partially resulting from
strong interfacial adhesion between NR and PMMA,
as previously shown in Figure 5. Such strong adhe-
sion leads to more efficient stress transfer across the
rubber matrix. This adhesion increased the number
of NR chains that were restricted in mobility, result-
ing in early rubber chain orientation and hence a
lower onset strain for strain-induced crystallization
and a higher degree of crystallinity of the NR-g-
PMMA. Based on this result, the ability for strain-
induced crystallization of the NR during stretching
could be another approach to assessing the presence
of strong interactions between NR and another phase.

3.6. Dynamic mechanical analysis
Figure 9a shows the storage modulus (E′) as a func-
tion of temperature for NR-g-PMMAs. The E′ char-
acteristic of ungrafted NR is also included for com-
parison.
It is seen that increasing the fraction of MMA in the
graft copolymer tended to increase E′ over the entire
temperature range tested. The strong interfacial in-
teractions between rubber and PMMA restricted the
molecular mobility of the rubber, and this could be
responsible for this observation. Besides the strong
interactions between NR and PMMA, an increase in
the modulus was also attributed to the high modulus
of PMMA domains dispersed in the NR phase, act-
ing as a reinforcing filler in the matrix [28].
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Figure 8. Variation of crystallinity in NR and in graft
copolymers of NR and MMA.

Figure 9. a) Storage modulus, and b) damping factor (tanδ) as functions of temperature for NR and for graft copolymers of
NR and MMA.



Figure 9b shows the damping factor (tan δ) as a func-
tion of temperature for ungrafted NR and for the
graft copolymers containing different NR/MMA ra-
tios. It can be seen that the peak of tan δ, correspon-
ding to the glass transition temperature (Tg), was
practically unaffected by the presence of PMMA
since the changes in Tg were very small. The Tg of
NR was about –46 °C while the NR-g-PMMA had
about –45 to –47°C. A drastic change was found in
the height of the tan δ, which indicates the chain mo-
bility and damping properties. That is, the tan δ peak
height progressively decreased with the MMA con-
tent. In the case of rubber composites, a reduction of
tan δ peak height usually indicates the presence of
filler-matrix interactions. They restrict the mobility
of rubber chains, lowering the height of the tan δ
peak [29, 30]. Therefore, the decrease in tan δ peak
height for NR-g-PMMA was attributed to the pres-
ence of strong interactions between NR and PMMA
phases, by polar-polar interactions and hydrogen
bonding between PMMA and phenolic resin cross -
linker, as previously discussed. This could effective-
ly limit the mobility of the NR chains, lowering the
height of the tan δ peak.

3.7. Thermal properties
Thermal degradation behavior and thermal stability
of unmodified- and modified NR were characterized
by TGA analysis. Figure 10 shows thermogravimet-
ric curves: (a) weight loss [%], and (b) derivative
weight loss versus temperature, for NR and the NR-
g-PMMAs. It can be seen from Figure 10a that the
ungrafted-NR vulcanizate samples showed two re-
gions of degradation. The first degradation was a
minor weight loss below 300 °C attributed to the

volatile substances, including stearic acid and mois-
ture. Another weight loss step was found at 300–
470 °C due to the degradation of rubber molecules
[31]. Grafting the PMMA shifted the degradation
pattern of the NR toward higher temperatures. The
thermal stabilities of all the NR-based samples were
evaluated from the temperature at which the sample
had lost 5% (Td5) of its initial weight [31].
The Td5 of NR was about 285 °C whereas the Td5 of
NR/MMA 90/10, NR/MMA 80/20, NR/MMA 70/30,
and NR/MMA 50/50 were 315, 327, 308 and 317°C,
respectively. The TGA parameters were tabulated in
Table 6. The results clearly reveal that the thermal sta-
bility of the NR-g-PMMAs was greater than that of
the NR. This improvement was most likely caused by
a higher level of crosslink density and associated loss
of unsaturated sites on the NR chains [32, 33]. Be-
sides, additional interactions between the phenolic
resin and PMMA cannot be excluded. Since the most
significant thermal stability improvement was seen in
NR/MMA 80/20, which had about 42°C greater Td5
than the pure one, this may be the best composition
for preparing graft copolymer from NR and MMA.
Figure 10b shows the derivative weight loss curves
of the NR and the NR-g-PMMAs. It can be seen that
ungrafted NR showed two degradation peaks which
were due to volatile substances at below 300 °C and
degradation of rubber molecules at above 300 °C. In
the case of graft copolymers, the NR-g-PMMAs
showed three degradation peaks. The first small peak
was seen below 300 °C associated with the evapora-
tion of water and bound water in the sample [33].
The second peak was centered at 385–393 °C, de-
pending on the NR/MMA ratio, attributed to the de-
composition of rubber chains and the polymeric side
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Figure 10. Plot of a) weight loss [%], and b) derivative weight loss versus temperature for NR and for the graft copolymers
of NR and MMA.



chains by the thermal breakage of weaker bonds and
terminal groups, such as head-to-head or tail-to-tail
bonds in PMMA. The higher peak seen at 419–
433°C was also due to the random scission and de-
propagation of the PMMA [34]. It is also noticed that
the NR-g-PMMA exhibited higher decomposition
temperature with a lower degradation rate below
400°C compared to ungrafted NR. Again, this was
due to the interactions between the functional groups
in the grafted copolymer and the lesser unsaturation
of its chains. On the other hand, the increased degra-
dation peak and degradation rate above 400 °C were
attributed to a higher amount of PMMA in the graft
copolymer.
Based on the results obtained from this study, phe-
nolic resin crosslinked NR-g-PMMA provided a sig-
nificant improvement in various properties including
tensile, dynamic, and thermal properties, dependent
on the grafting percentage. As a result, there is no
doubt that phenolic resin crosslinked NR-g-PMMA
can be used in several industrial applications.

4. Conclusions
Structure and property relationships for phenolic
resin crosslinked graft copolymers of NR and
PMMA were investigated. The graft copolymers
with different PMMA grafting levels were initially
prepared by emulsion polymerization, followed by
melt compounding and molding to obtain thin vul-
canized sheets. The 1H-NMR and TEM techniques
revealed successful preparation of NR-g-PMMA
graft copolymers. The NR-g-PMMAs crosslinked
with phenolic resin showed greater tensile strength,
dynamic mechanical properties, and thermal stabil-
ities than the plain NR. Such drastic improvement
was tentatively attributed to a strong adhesion be-
tween NR and PMMA phases. This strength stems
from the interactions between the functional groups
of PMMA and from hydrogen bonding between phe-
nolic resin crosslinker and PMMA. However, a high
grafting level of PMMA, such as in NR/MMA 50/50,

may not be appropriate due to the loss of flexibility
and crystallization ability. The best proportions for
preparing phenolic resin crosslinked NR-g-PMMA
have MMA content below 50%. As a result of the
high polarity of the MMA and phenolic resin, the
phenolic resin crosslinked NR-g-PMMA may be
promising for utilization as an adhesive and conduc-
tive polymer application.
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