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Abstract: Epoxidized natural rubber (ENR) was initially prepared from an in situ performic acid epoxidation reac-
tion with 46.09 mol% epoxide groups, and the curing characteristics of the ENR/natural rubber (NR) blend with
different blend ratios of ENR were studied using a Monsanto moving die theometer. The mechanical properties of
the blends, such as the tensile strength, modulus at 300% elongation and elongation at break, were also examined.
The tensile strength and 300% modulus decreased with increasing ENR content and the elongation at break
increased steadily with increasing ENR content. In addition, the scorch time, cure time, maximum torque and torque
difference decreased with increasing ENR content. Scanning electron microscopy (SEM) of the tensile fracture sur-
faces of the rubber blend samples revealed better compatibility between NR and ENR with lower ENR contents.
Nanocomposites based on NR/ENR blends with two different ratios, 100/0 and 80/10, reinforced with 10 phr
nanosilica were also prepared to examine the effects of ENR on the mechanical properties and morphology of the
nanocomposites. SEM showed that ENR assists in the dispersion of nanosilica in the NR matrix, resulting in

improved mechanical properties of the nanocomposite.

Keywords: epoxidized natural rubber, NR/silica nanocomposite, NR/ENR/silica nanocomposite, nanosilica.

Introduction

Although natural rubber (NR) latexes are one of the most
important Vietnamese commercial products, they are mainly
exported in their pristine form after being harvested because
of less developed domestic industrial processing technology.
Although NR has excellent mechanical characteristics, such as
fatigue resistance and vibration reduction properties, its applica-
tions are limited by not only its low stability to heat, oxygen
and light, but also its high solubility in most hydrophilic and
hydrophobic solvents. Therefore, NR has been modified chemi-
cally to expand its applications and enhance its usage. Among
these chemical modifications, the most successful one has
been epoxidized NR (ENR), which is produced by attaching an
oxygen atom to its carbon double bond. Consequently, ENR
demonstrates oil resistance, gas-proof properties, and vibra-
tion reduction characteristics similar to some types of special
rubber. For example, the oil resistance of ENR-50 containing
50 mol% epoxide groups is comparable to that of nitrile rubber
with a medium nitril concentration and its gas-proof properties
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are similar to those of butyl rubber." In addition, the chemical
and physical properties of ENR, such as heat and swelling
resistance, can change according to the epoxide content.” ENR
also has higher polarity than virgin NR because of the pres-
ence of epoxide groups in its structure. In addition, it interacts with
hydroxyl groups on the silica surfaces by hydrogen bonding
mechanism due to its polar functional groups.® On the other
hand, the mechanical properties of the silica-filled ENR with-
out a coupling agent have been reported to be higher than those
of silica-filled virgin NR,*’ as a result of the improved inter-
actions between ENR and the silica surface via hydrogen bond-
ing. Therefore, ENR as a rubber component in tire compounds
has been reported to improve the silica dispersion, leading to
improved processability, as well as better storage stability and
tire performance.**® ENR has also been used as a compatibi-
lizer in silica-filled NR/acrylonitrile butadiene rubber (NBR)
blends to enhance their mechanical properties.’ In the case of
silica-filled NBR vulcanates, the use of ENR as a compatibi-
lizer improves the tensile strength, tear strength and abrasion
loss,"” while lowering the loss tangent," because ENR can
self-crosslink with NBR and link with silica at the vulcaniza-
tion temperature because ENR acts as a coupling agent.'*"
Furthermore, ENR has also been used as a compatibilizer in
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organoclay-filled NR composites, which improved the cure
characteristics, tensile and dynamic mechanical properties."*'
Although ENR has been used to compatibilize silica and various
rubber matrices, there have been few studies of use of ENR
as a compatibilizer for silica-filled virgin NR.

Nanocomposites are defined as materials, in which the
particle size of the dispersed phase is in the nanometer range,
at least in one dimension.'* Both silica and carbon black are
reinforcing fillers that are used widely in various rubber industries.
Because of their surface characteristics, both fillers tend to
form agglomerates but the cause of this agglomeration is dif-
ferent, leading to a difference in dispersion ability. The filler-
filler interactions of carbon black is generated mainly by the
relatively weak van der Waals forces, which can be broken
readily during mixing. In contrast, silica agglomeration is due
mainly to hydrogen bonding in addition to van der Waals forces,
and other physical interactions, leading to much stronger
filler-filler interactions.”” Furthermore, silica has both high
polarity and a hydrophilic surface due to the presence of sila-
nol groups on its surface. Consequently, silica is incompatible
with non-polar rubber, such as NR, styrene-butadiene rubber
(SBR) and butadiene rubber (BR), but is more compatible with
polar rubbers, such as polychloroprene rubber (CR)'® and
NBR."” In addition, polar functional groups on the silica sur-
face can form hydrogen bonds with other polar components
in rubber compounds, such as accelerators. Therefore, com-
mon basic accelerators are adsorbed on the acidic surface of
silica, which adversely affect the cure properties. Consequently,
the successful use of silica nanoparticles for a rubber rein-
forcement requires silane coupling agents to enhance the silica-
rubber interaction and silica dispersion, and prevent accelerator
adsorption on the silica surface. Some polar rubbers bearing
functional groups that can interact with the silica surface have
been evaluated as alternatives to silane coupling agents with
the aim of enhancing the interactions in silica-filled com-
pounds.'*?' The modified silica particles provide chemically
active surfaces that can assist in vulcanization, providing coupling
bonds between the silane and both the silica and rubber
phases.”** Those products show enhanced performance com-
pared to their base materials. Furthermore, magnetic particle
filled rubber systems have also drawn a huge attention as
smart materials recently.”

This study examined the effects of the ENR content on the
curing characteristics, tensile strength and morphology of
NR/ENR blends with ENR contents varying from 0 to 100
parts per hundred (phr) as well as the effect of ENR as a compat-
ibilizer on the morphology and mechanical properties of NR/
silica nanocomposites. Vulcanizing accelerators were used
with sulfur throughout the investigation.

Experimental

Materials. The rubbers used were NR (Standard Vietnamese
Rubber-SVR 3L) and high ammonia NR latex containing

approximately 0.65%-0.75% NHj; to latex (w/w) to prevent
spontaneous coagulation with 60 wt% of dry rubber purchased
from PhuocHoa Rubber Joint Stock Co. ENRs with 46.3
mol% epoxide were prepared in-house, as explained in detail in
the following section. The silica used as a filler for the NR/
ENR blend was Ultrasil VN3 grade purchased from Evonik
(SEA) Ltd. N-Cyclohexyl-2-benzothiazole sulfenamide (CBS),
2,2 A-trimetyl-1,2-dihydroquinolin (RD), and 2,2'-dibenzothizole
disulfide (DM) purchased from Rongcheng Chemical Co.
were used as the vulcanizing accelerators. ZnO, stearic acid,
sulfur, and sodium dodecyl sulfate (SDS) were obtained from
Sigma-Aldrich Chem. Co., Germany. Formic acid, hydrogen
peroxide and ethanol from Shanghai Chemical Reagents,
China were analytically pure reagents.

Sample Preparation. High ammonia (HA) NR latex with
a 60 wt% dry rubber content (DRC) was diluted to a DRC of
approximately 30% before being used to prepare the ENR
via an in situ performic acid epoxidation reaction. The reac-
tion between the C=C bond of the NR molecule and perfor-
mic acid, arising from a reaction between formic acid and
hydrogen peroxide (Figure 1), was carried out in a continu-
ously stirred reactor at room temperature for 48 h, using the
anionic surfactant, SDS, as a stabilizer. The ENR latex was
neutralized with a 1% w/w NaHCO; solution and coagulated
with ethanol. The coagulum was washed three times with
distilled water and dried in an oven at 40 °C for 72 h. Figures 1
and 2 present the epoxidation reaction of NR latex and the
general structure of ENR, respectively.

'H nuclear magnetic resonance (NMR) (Bruker AVANCE,
Germany) spectroscopy was used to analyze the molecular
structure of NR and ENR. The spectra were obtained at 300
MHz using CDCI; as the solvent. The mol% of the epoxide
groups was calculated using eq. (1).%°

mol% of the epoxide group = s x 100 )
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Figure 1. The epoxidation reaction of natural rubber.
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Figure 2. The general structure and the numbering of carbon atom
in ENR employed in this work.
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Figure 3. The 'H NMR spectra of NR.

W

ENR-CDC13-1H

|

Figure 4. The '"H NMR spectra of ENR.

where a is the integrated peak area of the olefinic proton of

NR at 5.1 ppm and b is the integrated peak area of H attached to

the oxirane rings of ENR at 2.7 ppm. Figures 3 and 4 show

the '"H NMR spectra of both NR and ENR, respectively.
The rubber compounds were prepared using the formula-

Table 1. Formulation for Different Amount of ENR without Silica

Table II. Formulation for Different Amount of ENR with Silica

Ingredient 9 10
Natural Rubber 100 80
ENR 0 20
Zinc Oxide 5.0 5.0
Stearic Acid 3.0 3.0
Parafin 1.0 1.0
RD 2.5 25
CBS 1.5 L5
DM 0.5 0.5
Sulfur 2,0 2,0
Silica 10 10

tions as listed in Tables I and II. The ENR content was varied
from 0 to 100 phr. NR, ENR and the ingredients, ZnO, stea-
ric acid, paraffin, and silica, were added and mixed using an
internal mixer (Brabender Plasticorder 350s, Germany) at a
temperature of 50 °C and rotor speed of 50 rpm. Mixing was
further carried out using a two-roll mill after adding the
vulcanizing accelerators of RD, CBS, and DM.

Cure Characterization and Curing. The cure character-
istics of the rubber compounds were examined using a Monsanto
moving die theometer (model MDR2000P, USA) according
to the ASTM 5289-12 method. Approximately 5 g of the rub-
ber compound was placed between a pair of rotating discs at
150 °C. The minimum torque (M;), maximum (Mp), scorch
time (#,), and 90% of cure time (#,) were then observed.
Sheets, approximately 2 mm in thickness, were vulcanized
in a Gotech (GT-7014-H molding test press, Taiwan) at 150 °C
and 40 kgf/cm® pressure for the respective cure times, fy,
derived from the MDR 2000P test.

The crosslinking density of the vulcanates was also mea-
sured from the stress-strain behavior according to the Mooney-
Rilvin equation.”"®

Ingredient 1 2 3 4 5 6 7 8
Natural Rubber 100 90 80 70 60 40 20 0
ENR 0 10 20 30 40 60 80 100
Zinc Oxide 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0
Stearic Acid 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0
Parafin 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
RD 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
CBS 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
DM 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Sulfur 2,0 2,0 2,0 2,0 2,0 2,0 2,0 2,0
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where o is the tensile stress, A is the strain, and C; and C, are
constants. A straight line could be drawn at the intermediate
regions of the Mooney-Rivlin plot of ¢/(1-1?) vs. 1/4, and
2C, and 2C, were calculated from the slope and intercept,
respectively. The C; value can be used to assess the cross-
linking density using eq. (3);

2C, = pkT 3)

where p is the cross-linking density, k is the Boltzmann con-
stant and 7 is the absolute temperature.

Mechanical Properties and Failure Behavior. The stor-
age modulus (£, loss modulus (£") and mechanical loss
factor (tand=E"/E"), as a function of temperature (7), were
assessed by dynamic mechanical thermal analysis (DMTA)
(Perkin Elmer DMA8O00, USA). DMTA was performed in
tension mode at a 1 Hz frequency over a broad temperature
range (7=-100 °C to +100 °C). The DMTA device was oper-
ated under a load control.

Tensile testing of five dumbbell shaped specimens cut
from a mold sheet with a thickness of approximately 2 mm
was conducted according to the ASTM D412-93 method.
The tensile strength, elongation at break and tensile modulus
(M300) were evaluated from the stress-strain determinations
and the averages of five repeated tests for each compound
were recorded.

Results and Discussion

Figures 3 and 4 show the '"H NMR spectra of NR and ENR,
respectively.

From Figure 4, the "H NMR chemical shift at 51.30, 62.72
and 65.12-5.17 ppm was assigned to the methyl protons of
B', the methine proton of B’ and the methine proton of A%
respectively. Note that B is an epoxy isoprene unit and A is
an unepoxidized isoprene unit, as shown in Figure 2. The
epoxy content of epoxidized rubber determined from eq. (1)
was 46.09%. The appearance of peaks at 61.30 ppm and
62.72 ppm on the 'H NMR of ENR, which were not observed
in the 'H NMR spectrum of NR, confirmed that the epoxida-
tion reaction was complete.

Cure Characterization and Curing. Figure 5 and Table 111
present the rheograph and cure characteristics for the differ-
ent NR/ENR blends, respectively. Regarding the data for the
NR/ENR blends in Table III, both #, and #,, decreased with
increasing ENR composition in the blends due to the activa-
tion of an adjacent double bond by the epoxide group in ENR.
The scorch time and cure time for ENR were shorter than
those of NR.”

The minimum torque, M, is related to the viscosity of the
blends. The incorporation of ENR decreased slightly the mini-
mum torque and the viscosity of the corresponding blends

1-100NR
2-90NR/10ENR

Torque (dNm)
-

2. J-BONR/ZOENR
4-TONR/JOENR
% 5 10 15 20 25 30 35 40

Time (Min)

Figure 5. Reograph for different blend ratio of rubber compound
between ENR and NR.

Table II1. Cure Characteristic Data for Different Blend Ratio
of Rubber Compound Between ENR and NR

NR/ENR M, My MM, too t
100/0 0.154 6.85 6.696 5.7 3.05
90/10 0.148 6.6 6.452 5.54 2.94
80/20 0.143 6.4 6.257 5.42 2.89
70/30 0.134 6 5.866 527 2.7

Table IV. The Tensile Properties of NR/Silica Nanocomoposite

. Samples
Properties
NR100/Silical0 NR8O/ENR20/Silical0
Tensile Strength (MPa) 15.7 26.2
300% Modulus (MPa) 1.32 1.19
Elongation at Break (%) 2630 2430
(Table III).

The maximum torque, My, which is the measure of the
elastic stiffness of the vulcanized test specimen at the specified
vulcanizing temperature, generally correlates with the durome-
ter hardness and/or modulus.®® Table IV shows that A/, decreases
with increasing blend ratio of ENR in the blends, indicating
that the incorporation of ENR decreases the stiffness of the
blend. The torque difference (M;-M;), which indicates the
extent of crosslinking,’' showed a similar trend to the maxi-
mum torque. (M-M;) is a measure of the dynamic shear
modulus, which is related indirectly to the crosslinking density
of the vulcanates, and decreases with increasing ENR incor-
poration. This might be because that the crosslinking density
of the vulcanates decreases. The crosslinking density of the
vulcanates was determined using the Mooney-Rilvin approach
in egs. (2) and (3).

Figure 6 shows the effect of the ENR contents on the
crosslinking density of the NR/ENR blends, which decreases
with increasing ENR incorporation. This observation is in line
with that of the torque difference (My-M;), which is an indi-
rect measure of the crosslinking density. This is also related
to the molecular structure of ENR. The crosslinking density
of the ENR decreased significantly compared to NR because

Macromol. Res.
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Figure 6. The effect of ENR contents on crosslink density of NR/
ENR blends.
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Figure 7. Effect of composition on the loss tangent (a) and the storage
modulus £’ (b) of the NR component of the NR/ENR blends.

ENR contains an oxirane ring, meaning that the number of
C=C bonds decreases.

For the NR/ENR blends, despite the increase in ENR con-
tent, the crosslinking density of the blends decreased because
of a decrease in the total number of C=C bonds.

Mechanical Property. Figure 7 shows the dynamic stor-
age modulus (£') and mechanical loss factor (tand) vs. tem-
perature (7) traces for the NR/ENR blends.

The DMTA is one of the most widely used techniques for
determining the miscibility between the components in the
blends, and it is accepted that a single glass transition would
result in the complete mixing of components at the molecu-
lar level. Figure 7 shows the effect of the composition on the
loss tangent of the NR component for the NR/ENR blends.
T, was taken as the tand maximum temperature. Compared
to NR, the 7, of the NR component in the NR/ENR blends
containing 20-80 wt% ENR shifted to lower temperatures
by 10-15 °C (Figure 7). The T, of the NR/ENR blends with

Macromol. Res.
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Figure 8. Stress-strain of NR/ENR blends.

ratios of 100/0, 80/20, and 70/30 were -50.18, -64.15, and
-70.28 °C, respectively. The T, of the NR/ENR blends decreased
with increasing ENR contents due to the decrease in cross-
linking density.

Tensile Property and Morphology. Figure 8 presents the
typical stress-strain curves of the NR/ENR blends, showing
that all stress-strain curves of the NR/ENR blends are char-
acterized by the rapidly rising slope when the strain reaches
more than 1500%, due to the deformation-induced crystalli-
zation.”>* On the other hand, the degree of the increase in
the curve slope decreased with increasing levels of ENR.

Figure 9 shows the effects of ENR on the tensile strength,
elongation at break and M300 (moduli at 300% elongations)
of the NR/ENR blends, showing that the tensile strengths
were relatively constant at NR/ENR ratios ranging from 100/
0 to 60/40. In contrast, when the NR/ENR ratios ranged from
60/40 to 0/100, the tensile strength decreases significantly to
that of ENR. The results from Figure 9(a), (b), and (c) also show
that the tensile strength and 300% modulus of the cured ENR
sample (NR/ENR=0/100) were 18.2 and 0.95 MPa, respec-
tively, which are significantly lower than the 24 and 1.3 MPa
observed for the NR sample (NR/ENR=100/0). On the other
hand, the elongation at break of the ENR sample was 2450%,
which is significantly higher than that of the NR sample
(2100%).

The change in tensile strength, elongation to break and 300%
modulus at different ENR contents is related to the cross-
linking density of the blends. The crosslinking density of the
NR/ENR blends decreased with increasing ENR content,
leading to a decrease in the 300% modulus and an increase in
the elongation at break due to increased slipped level between
the different molecular chains. Both ENR and NR are likely
to crystallize when stretching, but the degree of crystalliza-
tion of ENR when stretching is smaller than that with NR.
As aresult, ENR has a lower tensile strength than NR. In the
case of the NR/ENR blends, when ENR was the dispersed
phase, the tensile strength of the NR/ENR blends did not
decrease significantly when the ENR contents were 10, 20,
30, and 40 phr. In contrast, the tensile strength of the blends
with 60 and 80 phr ENR decreased rapidly.

Figure 10 presents SEM images of the tensile fracture sur-
faces of NR/ENR blends at different ratios.

Considering the tensile mechanical data in Figure 9 and the
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Figure 9. Effect of composition on the tensile strength (a), 300%
modulus (b) and elongation at break (c) for the NR/ENR blends.

fracture surfaces in Figure 10, the fractured surface of NR (Fig-
ure 10(a)) was rougher; hence, more energy was required. The
fracture surface of the NR/ENR blends become smooth when
the ENR content was increased (Figure 10(b), (c)). The phase
separation can be observed in Figure 10(d) and (e) for NR/
ENR ratios of 40/60 and 20/80, respectively, in which ENR
is the main phase and NR is the dispersed phase. Compared
to NR, ENR showed a smoother fracture surface (Figure 10(f))
and fewer horizontal tearing lines. This is consistent with the
results showing that the tensile strength of NR is higher than
that of ENR.

The 80NR/20ENR ratio was chosen to study the effect of
ENR on the mechanical and morphology properties of the
nanocomposite from both NR and nanosilica.

Figure 11 and Table IV show that the tensile strength of the
uncompatibilized NR/silica nanocomposite decreased mod-
erately when filled with 10 phr silica, whereas the tensile

Figure 10. SEM micrographs showing tensile fracture surface of
NR/ENR blends with different ratio ((a) 100NR/OENR, (b) 80NR/
20ENR, (c) 60NR/40ENR, (d) 40NR/60ENR, (e) 20NR/S80ENR,
(f) ONR/100ENR).
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Figure 11. Stress-strain of NR/silica nanocomposites.

Figure 12. SEM micrographs showing tensile fracture surface of
NR100/silical0 (a) and NR80O/ENR20/silicalO (b) nanocompos-
ites.

strength of the nanocomposites increased significantly after
adding the ENR compatibilizer compared to the NR sample.
This improvement was attributed to the filler (i.e. silica) dis-
persion and filler/matrix adhesion.

Macromol. Res.
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The tensile fracture surfaces were observed by SEM to better
understand the effects of ENR on the mechanical properties
of the NR/silica nanocomposites.

Figure 12 shows that the silica still existed in a state of
aggregation in the tensile fracture surface of the NR100/sili-
cal0 sample. In contrast, the surface of NR8O/ENR20/silica 10
was rougher with a better dispersion of silica. This suggests
that ENR helps improve the filler-rubber interaction, i.e., sil-
ica dispersion, and increases the tensile strength.

Conclusions

By adding ENR, which was prepared by an in situ perfor-
mic acid epoxidation reaction in the NR, both the scorch and
cure times decreased due to the activation effects of the epoxy
functional groups on crosslinking. The crosslinking density,
tensile strength and 300% modulus of the NR/ENR blends
decreased with increasing ENR content, whereas ENR helped
improved the elongation at break. In addition, the use of ENR
as a compatibilizer in silica-filled natural rubber nanocompos-
ites resulted in improved silica dispersion and tensile strength.
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