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Abstract

Mastication reduced the molecular weight of natural rubber (NR). This would affect the tensile properties and strain-
induced crystallization of the rubber vulcanizates due to the structural changes of the rubber molecules. In this study,
influences of mastication time on tensile response, deformation-induced crystallization, and structural effects of
crosslinked NR were investigated. The crystallization behavior and structural changes during stretching were studied
by means of wide angle X-ray scattering (WAXS) and small angle X-ray scattering (SAXS). Increased mastication time
significantly affected modulus at specified strain and upturn point of strain-induced crystallization of the crosslinked
samples while the tensile strength was influenced slightly by mastication. During stretching, degree of crystallinity at
given strain was found to decrease with increasing mastication time, while the crystallite size was reduced. Moreover,
the size of crosslinked network structures induced by crosslinking also decreased slightly with increasing mastication
time, as suggested by SAXS measurement.
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1. Introduction

Although natural rubber (NR) has many attractive
properties such as high tensile strength and extensibility,
good crack growth resistance, and low heat build-up!!,
it is never used in its pure form without vulcanization!.
During the compounding, NR requires proper mastication to
reduce its molecular weight before incorporating the other
chemical ingredients, because excessive molecular weight
would prevent dispersion of the added ingredients®!. Since
mastication is usually required, the effects of molecular weight
reduction through the mastication on tensile properties and
on micro-structure are of great interest for understanding the
final properties of vulcanizates. Dependence on molecular
weight of the properties of rubber was initially investigated
by Flory¥ in butyl rubber, and he found that the tensile
strength was directly proportional to the weight fraction of
the active network structure. Later on, Kok also reached
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a similar conclusion for NR. That is, the tensile strength
increased with molecular weight. However, in this report,
the tensile strength tended to be constant when the molecular
weight reached 500,000. Ono et al.l” investigated the
stress-strain properties and strain-induced crystallization
of NR vulcanizates with different molecular weights, and
reported that a higher molecular weight provided a higher
level of stress at a given strain and better strain-induced
crystallization ability due to the homogeneous network
structures of high molecular weight rubbers. However,
no evidence of a network structure was offered. Up to
now, the effects of different parameters such as crosslink
density, filler content, temperature and deformation rate
on the final properties, crystallization behavior and micro-
structure of NR have been extensively investigated and
are well discussed in the report!”, but how the molecular
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weight affects strain-induced crystallization and the
network structure is still largely unexplored. Thus, further
investigation of the mechanical properties and changes of
network structure remains interesting, in order to verify
the effects of molecular weight.

It is well accepted that mastication affects NR viscosity
due to molecular weight reduction®". Previously, the effect of
mastication time on the physical properties and microstructure
of uncrosslinked NR was reported”. Unfortunately, the
contributions of mastication time to the network structure
and the deformation-induced crystallization behavior of NR
after vulcanization were not included. Thus, this work aimed
to highlight the effects of molecular weight reduction by
mastication on microstructure and final properties of the NR
vulcanizates. The NR was initially masticated for various
times before addition of the other compounding chemicals.
The processing properties of NR were investigated by
means of the moving die rheometer. The tensile properties,
strain-induced crystallization and network structures of the
crosslinked NR were analyzed by means of tensile test, wide
angle X-ray diffraction (WAXD) and small angle X-ray
scattering (SAXS), respectively.

2. Materials and Methods
2.1 Materials

Details of rubber and the various chemical ingredients
used in the rubber formulation are summarized in Table 1.
The quantities of all ingredients are indicated as part(s) per
hundred parts of rubber (phr).

2.2 Sample preparation

NR was initially masticated for different mastication
times (0, 5 and 10 min) prior to adding the other chemicals.
The mastication and compounding were performed in a
laboratory-sized internal mixer (Brabender® GmbH & Co.
KG, Duisburg, Germany) with an initial mixing temperature
of 40 °C, a fill factor of 0.8, and a rotor speed of 60 rpm.
After the initial mastication, the rubber was further mixed
for another 30 sec before incorporating stearic acid and
ZnO. When the mixing time reached 1.5 min, an accelerator,
CBS, was added and the mixing was continued for another
1 min. Finally, sulfur was incorporated and the compound
was further mixed for another 2.5 min. The semi-efficiency
system was chosen in this study. The total mixing time after
the mastication was kept constant at 5 min for all compounds.
The compounds were left at room temperature for 24 h prior
to the tests. The compounds were pressed in a compression
mold at 160 °C to obtain 1 mm thick sheets, following their

respective curing times (T, ).

Table 1. Formulation of the NR compounds.

2.3 Characterization

2.3.1 Curing characteristics

A moving die rheometer (Montech MDR 3000 BASIC,
Buchen, Germany) was used to assess the curing characteristics
of the NR compounds. With the testing temperature set at
160 °C, the curing parameters scorch time (T,), cure time
(T,,), minimum torque (M, ), maximum torque (M,,) and
torque difference (M, -M, ) were recorded. Further information
on the rheometer can be found elsewhere!'?.

The percentage reversion degree was calculated at
300 sec after reaching the maximum curing torque (Maximum
torque), in order to estimate the aging resistance of the

vulcanizates at an elevated temperature (R,). The R, is
defined as follows!!!):

My —Msp

H

Rypp = x 100 (1)
where M, is the maximum torque on the curing curve and
M, is the torque at 300 s after M,,.

2.3.2 Equilibrium Swelling

The equilibrium swelling test was performed in order to
estimate the crosslink density (v). The rubber samples were
swollen in toluene solvent for 168 h at room temperature,
followed by drying at 70 °C until constant weight. The v
was estimated based on the Flory-Rehner equation!'.

=V +V, + V7

207, (V//s _%’J (2)

where V_is the volume fraction of rubber in the swollen
mass, y is the polymer-solvent interaction parameter which
is equal to 0.39 for the NR-toluene system, p is the density
of the polymer and V_is molar volume of the solvent (106.3
cm’/mol).

2.3.3 Tensile properties

The tensile properties of crosslinked NR were investigated
by means of a universal tensile testing machine (LLOYD
Instruments, LR5K Plus, UK). The test was performed
according to ISO37 (type 2). Extensometer was used to
measure the strain during tensile testing. Five specimens
were used and the results reported are averages.

2.3.4 Crystallization behavior and structural changes during
deformation

Variations of crystallinity and crystallite size in the vulcanized
NR samples during the tensile stretching were investigated by

Ingredient Supplier Quantity (phr)
NR (STR 5L) Chalong Concentrated Natural Rubber Latex Industry Co., Ltd., 100
Songkhla, Thailand
N-cyclohexyl-benzothiazyl-sulphenamide (CBS) Flexsys America L.P., West Virginia, USA 1
Sulfur Siam Chemical Co., Ltd., Samut Prakan, Thailand 2
Zinc oxide (ZnO) Imperial Chemical Co. Ltd., Pathumthani, Thailand 3
Stearic acid Global Chemical Co. Ltd., Samut Prakarn, Thailand 1
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means of WAXD. The structural parameters such as size and
dispersion of crosslinked network structures were estimated
by means of SAXS measurements. Both WAXD and SAXS
were performed at the Siam Photon Laboratory, Synchrotron
Light Research Institute (SLRI), Nakhon-Ratchasima,
Thailand. The X-ray energy was 9 keV and the measurements
were conducted at room temperature (25 °C) with 500 mm/
min extension rate during testing. The tensile machine was
in-house developed and a laser system was used to measure
the extension between gauges. The exposure time at a fixed
strain was 30 seconds and the WAXD and SAXS data were
corrected and analyzed by using SAXSIT4.41 software.

From WAXD data, the degree of crystallinity (%)
corresponding to the (200) and (120) planes during stretching
were estimated for samples with different mastication times
by using the following equationt'!:

%100 3)

A
X, =—=
A.+4,

where X _is the degree of crystallinity, A is the area under
crystalline peaks of the (200) or (120) planes, and A, are
the area of the amorphous halo.

The average crystallite sizes corresponding to (200)
and (120) planes, (L,,, and L , ) were estimated from the
Scherrer equation!!*!4):

KA
Ly =—— 4
hkl Pcosé “)
where, L,  is the average crystallite size in the (200) or
(120) planes, K is equal to 0.89, A is the wavelength, 3
is the half-width at half-height, and 0 is the Bragg angle.

Herman’s orientation function (OP) was used to estimate
the degree of chain orientation during stretching, and it can
be defined as follows!!'>16):

25
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Figure 1. Cure curves of NR vulcanizates prepared with different
mastication times.

Table 2. Curing characteristics of NR vulcanizates.

 3(cos’@)—1

oP 5 (%)
/2
| I(§)cos’ psing dg

(cos” 0) == (6)

| I (§)sing d¢
0

Here ¢ is the azimuthal angle and I(¢) is the scattered
intensity along the angle ¢.

Structural changes, e.g., size of crosslinked network
structures, with varied mastication times were analyzed
by fitting the SAXS profiles with Guinier approximation
defined as follows!'7-1®):

7 Ré
3

2p2
q° R,

I(q) =1Ipexp [— 7

Ln [I(g)]=Ln [Iy] - ®)

where Rg is Guinier’s radius, a measure of the size of the
scattering object.

3. Results and Discussions

3.1 Curing characteristics

Torque-time curves during vulcanization of the NR
vulcanizates prepared with varied mastication times are shown
in Figure 1. Curing characteristics suchas T, T ,, M, M,
and M, -M, are listed in Table 2. The M, , an indication of
viscosity and processability of the uncured rubber, decreased
with mastication time. The M, is usually proportional to
the uncured physical crosslinking or chain entanglement!!"!
and to molecular weight of rubber. It is well-known that
mastication mechanically breaks and shortens long rubber
molecular chains®*!”), A longer mastication then corresponds
to greater molecular weight reduction. In contrast, the M,
is a measure of the cured compound’s stiffness, and it
tended to increase with mastication time. Also, the M, - M,
torque difference represents the total crosslinking density
of the vulcanizate, and it also increased over mastication
time. This was simply due to the radicals formed by chain
scissions. Shortening the molecular chains may facilitate
the reactions of curing precursors with rubber chains during
vulcanization, due to a reduction of steric hindrances from
large molecular chains. Consequently, the crosslink density
of the samples increased with mastication time. That the
crosslink density increased with mastication time was later

Sample M, (dN.m) M, (dN.m) M,-M, (dN.m) T, (min) T, (min) R, v (x 107 mol/cm™)
0 min 3.81+0.04 21.73£0.18 17.92+£0.14 1.01 £0.01 2.94+0.03 6.62 +0.03 1.10+0.01

5 min 3.524+0.02 22.50+0.10 18.98 +0.02 0.99 +0.01 2.71 £0.05 7.99 +0.02 1.28 £0.01

10 min 3.27+0.10 22.52+0.04 19.25+0.14 1.02+£0.02 2.89+£0.02 8.50+£0.07 1.41+£0.01
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confirmed by using equilibrium swelling test, and the results
agreed well with the variation of the M, - M.

Considering T, and T ,,, it was found that the T, appeared
to be independent of the mastication time, but the shortest
curing time (T ;) was observed when the rubber was initially
masticated for 5 min. Previously, it was demonstrated that
non-rubber components in the masticated rubber were more
homogeneously distributed throughout the rubber matrix
when the rubber was masticated for a comparatively short
time (e.g., for less than 5 min)®\. These impurities may be
involved in the crosslinking reactions, possibly acting as natural
accelerators?*2!l, Better chemical crosslinking is expected
when the dispersion of these impurities is homogeneous.

The effects of mastication time on aging behavior of the
rubber were assessed from the percentage reversion of the
vulcanizates at elevated temperatures, by determining R, ',
and the results are included in Table 2. A larger R,  usually
indicates lesser reversion resistance. As the mastication
time increased, R, increased accordingly, suggesting that
the ability of rubber molecules to withstand reversion at an
elevated temperature diminished. This was clearly due to
molecular chain scission. The lower molecular weight rubber
was more susceptible to heat degradation®>?,

3.2 Tensile properties

The dependence of stress response during the tensile
tests on the mastication time is shown in Figure 2, and the
tensile properties in terms of modulus at 100% (M100), 300%
(M300) and 500% (M500) strains, tensile strength (TS) and
elongation at break (EB) are listed in Table 3. Apparently,
the stresses in the vulcanizate sample without mastication
(0 min) at all given strains (M100, M300 and M500) were
higher than those in rubbers masticated for 5 and 10 min,
suggesting that the rubber was stronger without mastication,
even though a lower total crosslink density was found for
the sample without mastication. The tensile testing results
clearly confirm that the effect of molecular weight is more
pronounced than that of the total crosslink density. High stress
response in the sample without mastication was tentatively
attributed to a large proportion of chain entanglements in
high molecular weight NR as suggested by the M, value
(Table 2). These entanglements are capable of hindering the
mobility of rubber chains during deformation, resulting in
a higher stress. A reduction of chain entanglements with
decreasing rubber molecular weight should be responsible
for the decreased tensile stress responsel?¥.

It was also found that the EB tended to increase with
mastication time. Since the molecular weight decreased with
mastication, a longer mastication time resulted in a lesser
molecular weight. For longer mastication, some molecular
chains turned to short chains with low molecular weight.
Such chains may act as a plasticizer, facilitating extension
of the vulcanized sample.

3.3 Crystallization behavior and structural changes
aduring deformation

Figure 3 shows combination of WAXD images and
real-time stress responses as functions of strain, recorded
during the WAXD measurement. It can be seen from
Figure 3 that the simultaneous stress response during the
WAXD test showed similar trend to the stress response
obtained from the tensile test (Figure 2). This indicates that
the molecular chains responded similarly during tensile
testing and WAXD measurement. This provides scientific
proof for the similarity of stress response during WAXD
and tensile measurements. It is also noted that the stress
response during stretching decreased with mastication time,
as this caused molecular chain breakdown and lowered
molecular weight of the rubber; hence the tensile properties
deteriorated. The appearance in inserted WAXD images
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Figure 2. Plot of tensile stress versus tensile strain for NR
vulcanizates prepared with different mastication times.
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Figure 3. Coupled WAXD images with real time stress responses
during WAXD measurement.

Table 3. Tensile properties in terms of M 100, M300, M500, TS and EB for NR vulcanizates prepared with different mastication times.

Sample M100 (MPa) M300 (MPa) MS500 (MPa) TS (MPa) EB (%)
0 min 0.71 £0.04 1.51+0.03 3.31+0.01 18.75+0.21 770 + 14
5 min 0.75+0.01 1.50 £ 0.06 329+0.12 21.81+£0.12 81219
10 min 0.71 £0.02 1.44+£0.02 3.04+0.11 20.48 £0.59 81817
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depends strongly on the strain applied. The image without
any reflection spot is for the sample without deformation
(0%), suggesting that no crystallization occurs. When the
sample was stretched to 330% strain, various reflection
spots corresponding to different crystallographic planes
are seen. However, the (200) and (120) planes are of main
interest in this study. These crystallographic planes were
more intense with further increase in deformation, implying
that the molecular chain orientation and crystallization
increased with strain.

Figure 4 shows the variation of crystallinity corresponding
to the (200) and (120) planes for the rubber samples prepared
with different mastication times. The crystallinity increased
with strain in all cases, because stretching caused chain
orientation and reduced the degree of disorder of the NR
chains®®). These crystallites provided self-reinforcement
to the rubber due to their ability to act as virtual filler or as
crosslink!”2%!. As a result, the tensile stress steeply increased
after strain-induced crystallization began. It is also seen that
the degree of crystallinity of both crystallographic planes
had rank order 0 min > 5 min > 10 min. The result clearly
suggests that strain-induced crystallization decreased with
reduction of molecular weight, achieved via mastication.
The decreased crystallinity with increasing mastication
time can be explained by increased total crosslink density,
as previously shown in Figure 1 and Table 2. Enhanced
crosslinking could reduce the mobility or NR chains and
delay the orientation of the crystallites during stretching.
It is well accepted that the ability for strain-induced
crystallization decreases when crosslink density increases,
because the molecular chain spans between crosslinks (M)
are shortened according to v = 1/Mc, where v is crosslink
density. Consequently, the ability to produce large crystallites
is lowered®?”?"), In this case, increased mastication time reduced
the molecular chain weight and increased crosslink density
of the NR. As a result, the M was smallish and limited the
crystallization during stretching. One may argue that ploting
the crystallinity data as a function of stress might be useful.
However, the reinforcement of rubber is often defined by an
improvement in properties at a given strain, i.e., modulus
at a certain strain, and tensile strength. Futhermore, the
changes of crystallization during stretching are involved
with the rubber deformation particularly at large strains, and
reflect the reinforcement of rubber, appearing as a function
of stretching level. Thus, plotting the crystallization data
as a function of stress might be inappropiate due to the
different phenomena in the progression of strain-induced
crystallization.

Figure 5 shows variation of the average crystallite size in
NR vulcanizates. The size of crystallites appeared to decrease
with strain due to the increased number of crystallites with
strain (Figure 4), and a reduction of mean distance between
the stretched chains which acted as crystallite precursors®.
It is also observed that the average size of crystallite during
stretching of the sample without mastication (0 min) was
slightly smaller than in the samples with 5 and 10 min
of mastication. This is attributed to the large number of
crystallites formed in the samples with mastication, resulting
in a small average size of crystallite.

To gain a deeper understanding regarding the orientation
of crystallites during stretching, Herman’s orientation

Polimeros, 31(1), €2021003, 2021
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Figure 4. Degree of crystallinity at various strains in the NR
vulcanizates prepared with different mastication times.
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Figure 5. Variation of crystallite size at various strains in the NR
vulcanizates prepared with different mastication times.

function (OP) was used to estimate the degree of crystallite
orientation. The degree of crystallite orientation was
calculated from the azimuthal intensity distribution of the
(120) plane. The OP approaches 1 when the crystallites are
completely aligned along the stretching direction, while
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the value is O for crystals that are randomly oriented, and
0.5 when the crystals are aligned perpendicular to the
stretching direction!'¥). Figure 6 shows the OP for NR
vulcanizates prepared with different mastication times,
as functions of strain. The OP slightly increased with
strain and approached 1, implying that the alignment of
crystallites was almost parallel to the stretching direction.
The results obtained in recent studies align well with these
observations***'1,

Since the SAXS intensity patterns of the vulcanized
rubber samples were attributed to the presence of crosslinked
networksP>33 the variations of crosslinked networks were
investigated. Effects of the mastication time on dispersion
and size of crosslinked network structures were investigated
by using the SAXS measurement, and the results are shown
in Figures 7 and 8.

Figure 7 shows a plot of the scattering intensity 1(q)
against scattering vector q for the NR vulcanizates prepared
with different mastication times. The q is defined as: q =
(4msinB)/A; A is the wavelength and 20 is the scattering
angle. From Figure 7, a reduction of molecular weight with
increasing mastication time slightly affected the SAXS
profile of the vulcanizate. This was attributed to the fact
that there was only reorientation of scattering bodies such
as a crosslinked network®¥, The I(q) in all cases decreased
continuously with increasing q and the I(q) was almost
constant when the value of q approached 0.2. However, the
lowest intensity was observed for the sample with 5 min
of mastication, suggesting a homogeneous distribution of
the crosslinked networks throughout the rubber matrix®.
The homogeneity of crosslinked networks clearly contributed
to the tensile properties and thus the highest tensile strength
was obtained for the sample with 5 min mastication. This
clearly confirms the importance of crosslinked networks
to tensile properties.

To gain further details of network structural differences
in vulcanizate samples prepared with varied mastication
times, the SAXS profiles were then fitted with the
Guinier equation. Figure 8 shows typical Guinier plots
(Ln I(q) versus g?) for the crosslinked NR samples.
The data in Figure 8 were fitted with straight lines with
R-squared of 0.99. It can be seen that the slope decreased
with mastication time. From the slopes obtained from
Figure 8, the Rg can be estimated, and the results are
shown in Figure 9.

Figure 9 shows changes in size of crosslinked network
structures in the NR vulcanizates prepared with different
mastication times. The R, slightly decreased with mastication
time, implying that the size of crosslinked networks in
the vulcanizates was reduced with decreasing rubber
molecular weight. A reduction of R, would be attributed
to the decreased number of high molecular weight chains
that participated in crosslinking. This study suggests
not only the variation of crosslinked structures with
decreasing molecular weight caused by mastication, but
also suggests reduction in size of crosslinked structures
with decreasing molecular weight. As compared to NR
without vulcanization™, the size of Rg for the vulcanized
rubber was larger. This is due to the fact that the R, in
unvulcanized NR was attributed to the aggregation of

6/8

impurities (non-rubber components)?¥, but the R, inthe
vulcanized sample was due to crosslinking of clusters by
all impurities, activating agents and crosslinking agents®®'.
Therefore, a larger R, was achieved for samples after
vulcanization.
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Figure 6. Orientation of crystallinity at various strains in the NR
vulcanizates prepared with different mastication times.
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Figure 7. Correlation of scattering intensity I1(q) with scattering
vector q for NR vulcanizates prepared with different mastication
times.
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Figure 8. Typical Guinier plots for NR vulcanizates prepared with
different mastication times.
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Figure 9. Radius of gyration (Rg) for the NR vulcanizates prepared
with different mastication times.

4. Conclusions

In this study, influences of mastication times on the
tensile response, the deformation-induced crystallization
and the molecular structure of NR vulcanizates were
investigated. Increased mastication time slightly enhanced
the crosslink density in rubber vulcanizates. The stress
response to tensile deformation tended to decrease with
increasing mastication time, which agrees well with the
deformation-induced crystallization behavior. Increased
mastication time significantly affected modulus at specified
strain and upturn point of strain induced-crystallization of
the crosslinked samples. Prolonged mastication decreased
chain crystallization during stretching and size of crosslinked
networks due to shorter rubber polymer chains. Based on the
results obtained in this study, it is suggested that prolonged
mastication influenced the deformation induced crystallization
and structural homogeneity of the crosslinked NR, which
in turn affected the tensile properties.
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