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Abstract

It is well-recognized that the sulfur to accelerator (S/A) ratio has greatly
influenced the nature of rubber vulcanizates. Viscoelasticity, vibration damping, and
thermal stability are important properties of rubber vulcanizates as material for vibration
isolators. This research aims to study the ratio effects that fall anywhere between sulfur
to 2-2’-dithiobenzothiazole (MBTS) accelerator on viscoelastic, vibration damping, and
thermal stability conditions of gum natural rubber (NR) vulcanizates. The study of the
viscoelastic and vibration damping properties was determined by a rubber process
analyzer (RPA), while the thermal stability was investigated by thermogravimetric

analysis (TGA). The results showed that the gum NR vulcanizates that possess the
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sulphur to MBTS accelerator ratio at 1.11 had the best viscoelastic and vibration
damping properties as a rubber isolator. However, in terms of thermal stability
properties, the gum NR vulcanizates that possess the sulfur to MBTS accelerator ratio at
2.15 was excellent, among others.

Keywords: rubber; sulfur, viscoelastic, vibration damping, thermal stability

1. Introduction

Natural rubber (NR) is an Indonesian prominent plantation commaodity, but it is
not yet popular to use and still has no high added value. Therefore, there should be
further studies on the diversification and development of NR products to increase their
values and domestic consumption rate. Rubber products are potential for many usages,
such as vibration isolators or dampers for seismic protection of buildings and flyover
structures, machinery, automotive, and shipboards (Polukoshko, Martinovs, & Zaicevs,
2018).

Vibration isolators or dampers can be found in automotive fields. The rubber
product demands align with the development of the automotive market. The products
are developed based on material engineering to obtain optimum viscoelasticity,
vibration dampening, and thermal stability properties according to material
requirements. Good material for vibration isolator are indicated by high values of
damping factor, viscous modulus, thermal stability, and low values of elastic shear
modulus (Pochivalov et al., 2020; Zhou, Yu, Shao, Zhang, & Wang, 2016). NR has
lower vibration damping properties than synthetic rubber, known as the smallest tangent
delta value or loss factor (Halladay & Jaglowski, 2017). Good damping materials for
outdor and machinery applications should exhibit a high loss factor or tangent delta

(tand > 0.3) over a wide temperature range (Xiaozhen He, Ming Qu, & Xinyan Shi,
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2016). The low vibration damping properties are caused by its viscoelastic properties
having more elastic components than the viscous ones in its molecular chain structure.
Therefore, it’s necessary to conduct a study to increase the vibration damping property
of NR.

The viscoelastic properties of rubber material can be determined using the
dynamic properties test, such as dynamic mechanical analysis (DMA) or rubber process
analyzer (RPA). The results depend on the frequency and amplitude of the strains and
also the temperature (Hentschke, 2017). The most important property that determines
the vibration damping is the hysteresis value. The hysteresis value is obtained from the
tangent delta measurement. The types of raw rubber and rubber chemicals (Halladay &
Jaglowski, 2017) are the influencers of the rubber vulcanizates’ hysteresis value, and the
most influential chemicals are the types and amounts of filler materials (Halladay &
Jaglowski, 2017), vulcanizing materials (Le Cam, 2017; Shi et al., 2019), softeners or
plasticizers (Halladay & Jaglowski, 2017) and resinous materials (Su, Zhao, Xu, &
Zhang, 2015).

Polymeric viscoelastic properties are generally influenced by the molecular
chain structure (Karl, Kirsch, Faderl, Perko, & Fras, 2020; Vasina, Poschl, & Z&drapa,
2018) and main composition (Karl, Kirsch, Faderl, Perko, & Fras, 2020; Tolpekina,
Pyckhout-Hintzen, & Persson, 2019; Vasina, Poschl, & Zadrapa, 2018). The rubber’s
molecular chain structure can be modified to change its vibration damping and
viscoelastic properties (Halladay & Jaglowski, 2017; Lei, Zhang, Kuang, & Yang.
2019; Vasina, Poschl, & Zadrapa, 2018;). The engineering technique of molecular
structure includes certain treatments that can change the number and type of sulfide

crosslinks formed in the rubber molecular chain. The number and types of crosslinks



73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

between sulfides inside the rubber vulcanizates’ materials, properties and more are
strongly affected by the ratio of sulfur to its accelerators (Larpkasemsuk, Raksaksri,
Chuayjuljit, Chaiwutthinan, & Boonmabhitthisud, 2019), while the sulfide crosslinks
density greatly affects the properties of the rubber vulcanizates (Alshabatat & Abouel-
Kasem, 2021; Han et al., 2020; Kim, Park, Lee, & Seo, 2020; Shi et al., 2019). Some
researchers have studied and observed the vibration damping properties of NR or
synthesis. The studies consist of some treatments that change the viscoelastic properties,
such as how the type and amount of filler affect the properties, the effect of softening
agents, the sulfur vulcanization system, the effect of rubber blend, or the addition of
resin (Halladay & Jaglowski, 2017; Koupai, Bakhshi, & Tabrizi, 2017; Lei, Zhang,
Kuang, & Yang. 2019; Li et al., 2019; Ma, Zhang, Liu , & Wu, 2019; Mohamad et al.,
2017; Murniati et al., 2020; Wang et al.,, 2017; Wang et al., 2018). Hence, the
molecular chain structure of NR changing the number and type of sulfide crosslinks can
affect its viscoelastic and vibration damping properties.

This research studies the characteristics of the viscoelastic properties, vibration
damping, and thermal stability of gum NR vulcanizates. The influence of the ratio of
sulfur to MBT accelerator on viscoelastic, damping, and thermal stability properties of
gum NR vulcanization is explored in more detail to identify a natural rubber compound
design that fits with the requirements as vibration isolators or dampers for automotive
applications (durability against thermal degradation).

2. Materials and Methods
2.1 Materials
Rubber compound was made by mixing NR subtype SIR 20 (TSR 20) as a raw

elastomer with rubber chemicals. Furthermore, the rubber chemicals was used consist of
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the following materials:: 1) Zinc oxide (ZnO) UN 3077 from Lanxess, Germany
(activating agents), 2) Aflux®52 from Lanxess Germany (stearic acid), 3) 2-2'-
dithiobenzothiazole (MBTS) from Kemai, China (accelerator), and 4) Midas SP 325
sulphur from Miwon Co., Japan (vulcanizing materials). The entire chemicals for rubber
compounds have been tested and have passed the technical quality level. The rubber
compound formula is for different sulfur doses, based on the MBTS accelerator that is
related to the sulfur, and the formula is displayed in Table 1.

Tetrahydrofuran (THF) and n-hexane were used for sample purification, then
toluene was used for sample swelling. The solvent were all obtained from Sigma-
Aldrich. For determination of the crosslink density and distribution, 2-propanethiol
(>98%), hexanethiol (>95%), and hexylamine (>98%) were all provided by Sigma-
Aldrich.

2.2 The Production of Rubber Compound

The rubber compound was produced using a mixture of rubber and chemicals in
a laboratory-scale open rubber mixing roll mill. It has a 1000 gram/batch capacity using
a German-made brand, Berstorff. The ASTM 3182 standard is the base of the rubber
mix production, where the procedures are shown in Table 2. In the mastication process,
natural rubber was reduced in viscosity to make it easier to mix rubber with chemicals.
The already-masticated rubber will be smoother, known by the level of plasticity. Then,
the rubber mix chemicals are mixed with the rubber. The first chemical is ZnO (zinc
oxide), stearic acid, the accelerator, and finally, the vulcanizing sulfur. The next step
after the addition of the chemical ingredients is milling processes the natural rubber.

The value of the sulfur to accelerator ratio lower than 0.3 is an efficient type of

sulfur vulcanization system. Next, rubber vulcanization included as the semi-efficient
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type of sulfur vulcanization has a ratio value between 0.4 to 2. Meanwhile, the rubber
vulcanization with a conventional sulfur vulcanization system has a higher ratio than 2
(Bellander, 1998). Based on the criteria for grouping the type of sulfur vulcanization
system, the NR vulcanization with a sulfur ratio to MBTS accelerator of 0.14 and 0.22
is efficient sulfur vulcanization, and the ratios of 1.11 and 2.0 are semi-efficient and
conventional.
2.3 Determining the Curing Characteristics

The ASTM D5289-12 standard at 150°C with an Alpha Moving Die Rheometer
(MDR) 2000 (Alfa Technologies, Akron, USA) is the standard method used for
characterizing the rubber compounds’ vulcanization. Eventually, the characterization
standard leads the experiment to determine the rubber compounds’ curing
characteristics using databases from the maximum and minimum torque modulus, the
delta torque, the optimum curing time (tso), and the scorch time (tsz). Next, the
experiment sets the optimum cure time value for molding the rubber compounds as the
test sample vulcanizate. The experiment conducts the molding process with a Japan-
made hydraulic press (KMC).
2.4 Determination of the Crosslink Density and Distribution

In this research, crosslink density was determined by swelling measurement.
Before determining the crosslink density of rubber vulcanisates, organic additives and
impurities were first removed by THF and n-hexane. The rubber vulcanisates (10 mm x
10 mm x 1 mm) were immersed in n-hexane for 3 days and THF for 2 days, then dried
for 2 days at room temperature. Determination of the crosslink density was conducted
on the dried rubber vulcanizates by swelling in toluene for 3 days. The weights of the

swollen vulcanizates were then measured. The proportion of each crosslink type was
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determined by using thiol-amine reactions through the selective cleavage of certain
sulfide. Polysulfide cleavage was done by reacting the swollen vulcanizates with a
solution composed of 2-propanethiol (0,4 M) and hexylamine (0,4 M) in toluene for 6 h
at room temperature under N> gas. Cleavage of disulfide and polysulfide was achieved
by reacting the swollen vulcanizates with a solution composed of hexanethiol (2.0 M)
and hexylamine (4.0 M) in toluene for 12 h at room temperature under N2 gas. (Choi &
Kim, 2015). After the thiol-amine reactions were completed, the vulcanizate was
immersed in toluene for 24 h. Afterward, it was moved to fresh toluene and again
immersed for 24 h. After the final immersion in toluene, determination of the crosslink
density was performed on the swollen vulcanizates. The weights of the swollen

vulcanizates were then measured. The crosslink densities (v) were calculated using the

Flory-Rehner equation (1).

_—M(1-v)+v + X2
2v, (2 = vl @)

where V,. is the volume fraction of the crosslinked polymer, y is the interaction
parameter between the polymer and solvent, ¥ is the molar volume of the swelling
solvent (i.e, 106.27 cm®/mol for toluene). The V. is determined by equation (2)

(W, — ;)
V= Br_ )
(I"VD B HJJ-’-} _ {.I’Vo — LFR}

Pr Ps

Where ¥, () is the weight of the rubber sample before swelling, Ws () is the weight of
the filler, W, (g) is the weight of the rubber sample after swelling, g, (g/cm®) is the

density of rubber, and p. (g/cm?®) is the density of solvent.
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2.5 Testing the Dynamic and Vibration Damping Properties

The dynamic properties and vibration damping of gum NR compound with
variations in the ratio of sulfur to MBTS accelerator are examined using a Rubber
Process Analyzer (RPA 2000 Elite, TA Instrument). It is based on Gao, Xie, Zhang,
Gui, & Huang (2015). The measurement was conducted in the uncured state using an
RPA 2000. The uncured samples were reduced to 6 grams and placed into a mold
chamber. The specification of uncured samples as gum NR compound compositions is
shown in Table 1. The sample was then subjected to a frequency sweep from 0.08 - 50
Hz in a single sweep at a constant strain amplitude of 0,5° and 90°C of temperature.
2.6 Thermal Properties Testing

The vulcanizate samples of gum NR compound with various ratios of sulfur to
MBTS accelerator are identified using TGA based on Yunus et al. (2019). The TGA
test is conducted on vulcanized samples of NR compound (9-10 mg) using an
aluminium (Al) crucible under a nitrogen atmosphere. The tested temperature range is
around 0-550°C, using heating mode and 10°C/minute rate.
3. Results and Discussion
3.1 Curing Characteristics of Rubber Compound

The maximum torque modulus (Mn) and minimum torque modulus (ML), as
well as the difference between My and M. (or the delta torque), the optimum curing
time (too), and scorch time (ts2), are the curing characteristics of rubber mixes. They
were determined by a rheometer and used to obtain the data on the finished rubber
product processing. According to the test results in Figure 1, the curing characteristics
of the gum NR compound (maximum torque modulus, minimum torque modulus, the

delta torque, the optimum curing time, and the scorch time) were greatly affected by the
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ratio of sulfur to the MBTS accelerator. This ratio is connected to the type of sulfur
vulcanization system formed in rubber vulcanizates. It seems that the gum NR
compound with sample codes A1(0.14), and A2(0.22) belongs to the efficient type of
sulfur vulcanization system. Meanwhile, the sample codes of A3(1.11) and A4(2.15) are
categorized as semi-efficient and conventional in the sulfur vulcanization systems. The
improving ratio value of sulfur to the MBTS accelerator will increase the maximum
value of torque (Mn) and the delta torque (Mn-ML) values. It can also enforce optimum
cure (teo) and scorch (tsp) times. The maximum torque value (Mu) of the rubber
compound indicates the maximum value of allowed crosslinks to form during the
vulcanization process (Shi et al., 2019), while the minimum torque value (M_) implies
the mixtures’ viscosity indicator and other information related to the rubber compound’s
processability (Hiranobe et al., 2021). Figure 1(a) shows that the maximum torque value
will increase if the ratio of sulfur to MBTS accelerator increases. The minimum torque
value of all treatments for gum NR compounds (Figure 1(b)) is relatively the same (0.3
to 0.8 dNm). Figure 1(a) also proves that the maximum number of crosslinks increases
if the number of the sulphur ratio to accelerator also increases. It is correlated with an
increased maximum torque value.

Another curing characteristic of rubber compounds is delta torque (Mn-My). It is
indirectly related to the total crosslink density (Shi et al., 2019). The sulfur in rubber
technology acts as a crosslinking material in the molecular chain structure. A higher
amount of sulfur added to the natural rubber compound will also increase the amount of
crosslinks. As we see in Figure 1(c), the delta torque increases when the comparison
between the amount of sulfur to the accelerator also improves. The gum NR

compound’s delta torque, which uses a conventional sulfur vulcanization system, tends
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to have higher values than the ones using semi-efficient and efficient sulfur
vulcanization systems.

Figures 1(d) and 1(e) conclude that increasing the ratio of sulfur to MBTS
accelerator can maximize optimum cure time (tso) and push scorch time (tsz) at the
specified vulcanization temperature. The increasing amount of sulfur added to the
rubber compound can speed up and save the reaction time of crosslink formation in the
rubber-molecular chain.

3.2 Crosslink characteristics of NR vulcanizates

Results for total crosslink density and distribution of crosslink density are
summarized in Table 3. The total, disulfide, and polysulfide crosslink density were
greatly affected by the ratio of sulfur to the MBTS accelerator. From these results, it can
be shown that monosulfide cross-links were not observed. It concluded that the NR
vulcanization system with sulfur and MBTS was not formed the monosulfide cross-
links. For the MBTS accelerator cure system, after immersion in the chemical probe
solution for polysulfide and disulfide cleavage, NR vulcanizate was dissolved.

The improving ratio value of sulfur to the MBTS accelerator will increase the
total crosslink density and polysulfide crosslink density value. Whereas the disulfide
crosslink density value was observed to increase up to the sulfur ratio to MBTS
accelerator at 1.11 and after that, it was observed to decrease. The sulfur in rubber
vulcanization acts as a crosslinking agent in the molecular chain structure. A higher
amount of sulfur added to the natural rubber compound will also increase the total
crosslink density, but the increase was not proportional to the total crosslink density and

distribution of crosslink density. Boonkerd et al. (2016) stated that the percentage of
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polysulfide crosslink density was not proportional with increasing the sulfur ratio to
accelerator.
3.3 Characteristics of Viscoelastic and Vibration Damping Properties

We consider natural rubber a viscoelastic material and a combination of viscous
and elastic properties. The rubber's viscoelastic behavior can be acknowledged through
testing the properties that can change. It also depends on the frequency and amplitude of
the strains and also the temperature (Hentschke, 2017). The viscoelastic properties can
be seen using hysteresis values through the dynamic properties’ measurements
(Halladay & Jaglowski, 2017; Koupai, Bakhshi, & Tabrizi, 2017). Hysteresis is the
amount of energy spent during rubber deformation, which we determine as per cycle.
Later, the hysteresis values determine the dissipating abilities during vibrations of the
rubber material (Halladay & Jaglowski, 2017). Tangent delta or loss factor measures the
hysteresis phenomenon to show the energy dissipation capacity of a viscoelastic
material subjected to reciprocating motion. This energy dissipation affects the
mechanical vibration damping capacity. A higher tangent delta value means higher
vibration damping capacity. The tangent delta value can be obtained from the ratio
between viscous and elastic shear modulus.

Rubber Process Analyzer (RPA) is a testing tool that functions like a strain-
controlled rotational shear rheometer. The dynamic properties of gum NR compounds
are examined with different ratios of sulfur to MBTS accelerator. The properties were
determined using the RPA. The dynamic properties can be seen from the curve profile
of the relationship among elastic shear modulus, viscous modulus, and complex shear
modulus with frequency. The vibration damping properties of gum NR compounds

were shown from the tangent delta relationship curve profile with the frequency. Based
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on the dynamic properties test, using RPA at a temperature of 90°C (as shown in Figure
2), the gum NR compound with different ratios of sulfur to MBTS accelerator has the
same curve profile of the dynamic properties’ relationship with frequency (elastic shear
modulus, viscous modulus, and complex shear modulus). The gum NR compound with
a sulfur vulcanization system that is semi-efficient (code A3(1.11)) shows a drastic
change in the elastic absolute value of the curve profile (Figure 2(a)) and complex shear
modulus (Figure 2(c)) towards lower values starting at a frequency of 3.3 Hz. There is
also a shift in the viscous modulus curve profile (Figure 2(b)) towards higher values
starting at a frequency of 25 Hz. An gum NR compound with the efficient (A1(0.14)
and A2(0.22)) and conventional (A4(2.15)) type sulfur vulcanization systems have a
relatively small shift in the value of the dynamic properties curve profile.

Figure 2(d) shows the vibration damping properties of the gum NR compound at
different ratios of sulfur to MBTS accelerator in the tangent delta-frequency relationship
curve profile. The gum NR compound using a semi-efficient sulfur vulcanization
system (code A3(1.11)) generates a significant shift in the tangent delta curve profile
towards higher values starting at a frequency of 4.6 Hz. The gum NR compound with
the efficient (A1(0.14)) and A2(0.22)) and conventional (A4(2.15)) sulfur vulcanization
systems have a relatively small shift in the value from the resulting tangent delta curve
profile. The correlation curve of the tangent delta to the frequency from the RPA test
indicates gum NR compound with a semi-efficient sulfur vulcanization system has
better vibration damping properties than an efficient and conventional type
vulcanization system. It means that the gum NR compound using a semi-efficient sulfur
vulcanization system can produce rubber vulcanizate with a component of more viscous

properties than the component of elastic properties in the rubber’s molecular structure.
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According to the results in Table 3 and Figure 2(d), It was found a correlation between
the distribution of crosslink density and vibration-damping properties of rubber
vulcanizates. Sombatsompop (1998) stated that the viscoelastic properties were affected
by the crosslink types present in NR compounds and Nie et al. (2021) stated that
polysulfide crosslink type is attributed to the flexibility of rubber vulcanizates. The gum
NR compound using a semi-efficient sulfur vulcanization system (code A3(1.11)) have
higher value of disulfide crosslink density (Table 3) and the tangent delta (Figure 2(d))
than an efficient and conventional type vulcanization system. The disulfide crosslink
type and density is predicted to give a greater contribution to the viscous properties than
the elastic properties in the rubber’s molecular structure. Whereas the type and density
of polysulfide cross-links is predicted to give a greater contribution to the elastic
properties.

If carbon black is further filled in NR compound, the viscoelastic properties will
be affected. According to Péschl et al. (2020), the damping characteristics of
mechanical vibration are influenced by the carbon black type and its amount. The
stiffness and hardness of rubber vulcanizates generally increased with an increase in the
amount of carbon black filled in rubber vulcanizates. This is resulting in increased
elasticity and decrement in damping characteristics.

3.4 Thermal Stability Properties

In this study, thermogravimetry analysis (TGA) identifies the thermal stability or
thermal degradation behavior of gum NR vulcanizates within different ratios of sulfur to
MBTS accelerator. The thermal stability of the material is observed at varied ratios of

sulfur to MBTS accelerator (0.14; 0.22; 1.11; and 2.15). The observed sulfur to
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accelerator ratios is correlated with the type of sulfur vulcanization system formed in
rubber vulcanization.

Both Figure 3 and Table 4 show the computations, process and results from the
TGA tests. Figure 3 indicates that the sulfur versus MBTS ratio affects the thermal
balances inside gum NR vulcanizates. Then, the experiment also notes the start and end
of the decomposition processes. Such things involve temperature tests between four
samples, which we can witness in Tonset and Teng in Table 4. The gum NR vulcanizates
with the 2.15 value in the sulfur versus MBTS comparisons (conventional system)
generate a higher degradation temperature of the material compared to the NR
vulcanizates with a ratio of sulfur to other accelerators set out in this research. It means
the thermal stability properties of gum NR with a conventional-type sulfur vulcanization
system with a sulfur ratio to MBTS accelerator of 2.15 produces better thermal stability
properties than NR vulcanizates with an efficient system with a ratio of 0.14 and 0.22.
This finding is different from previous studies in that natural rubber vulcanizates with
an efficient sulfur vulcanization system have better thermal stability properties than
conventional or semi-efficient sulfur vulcanization systems (Hayeemasae & Masa,
2020; Larpkasemsuk, Raksaksri, Chuayjuljit, Chaiwutthinan, & Boonmabhitthisud,
2019). The difference may be due to the different types of accelerators. Each accelerator
can produce a different number of crosslinked types (monosulfide, disulfide, and
polysulfide crosslinks), even in the same amount of sulfur and accelerators (Boonkerd,
Deeprasertkul, & Boonsomwong, 2016).

Broken bonds influence the thermal degradation of natural rubber vulcanization
among atoms, including the number and type of crosslinks in rubber vulcanizates

(monosulfide, disulfide, and polysulfide crosslinks). The polysulfide bond has a strength
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of less than 262 kJ/mol, while the monosulfide bond is 280 kJ/mol (Hayeemasae &

Masa, 2020). In the system that vulcanizes the sulfur, the sulfur to accelerator (S/A)

ratio can influence the number of types of crosslinks formed. More numbers and types

of monosulfide can generate better thermal stability properties. The monosulfide,
disulfide, and polysulfide crosslinks will affect thermal stability. The thermogram curve
presented in Figure 3(b) show gum NR vulcanizates’ temperatures with conventional

(regular) systems of sulfur vulcanization tend to be heat stable more than others in this

experiment. The initial degradation occurs at a temperature of 353°C. The final

degradation is at a temperature of 409.3°C.

4, Conclusions

The research findings conclude that:

1. The values of maximum torque value (Mu), the difference between maximum versus
minimum torque values (Mn-My), and the optimum curing time speed-ups (tgo), as
well as the scorch time (ts2), can be increased by increasing the ratio of the sulfur to
the MBTS accelerators in gum NR compounds.

2. The viscoelastic properties (elastic shear modulus, viscous modulus, complex shear
modulus, and tangent delta) and thermal stability properties of gum NR compounds
were affected by the ratio of sulfur to MBTS accelerator.

3. The gum NR vulcanizates having a sulfur ratio with an MBTS accelerator of 1.11
generates better viscoelastic and vibration damping properties as a vibration damping
material for automotive purposes.

4. The gum NR vulcanizates containing a sulfur ratio with an MBTS accelerator of 2.15

produces optimum thermal stability.
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5. Using the semi-efficient type of sulfur vulcanization in gum rubber vulcanizates with
a S/A ratio value of 1.11 was preferable as vibration isolators for automotive
applications, but its thermal stability properties need to be increased.

Acknowledgments

The researcher would like to thank and highly appreciate the efforts from the

Directorate General of Higher Education, Research, and Technology, particularly the

Ministry of Education, Culture, Research, and Technology of the Republic of Indonesia

to fund the research of the 2022 Doctoral Dissertation Research Scheme through the

contract Number of: 082/E5/PG.02.00.PT/2022 on May 10, 2022. The authors would
also like to thank PT Kemenangan for its contribution to the equipment testing during
the research implementation.

References

Alshabatat, N., & Abouel-Kasem, A. (2021). The Effects of Sulfur Content on the
Mechanical Properties of Nitrile Butadiene Rubber with Different Aging
Conditions. Jordan Journal of Mechanical and Industrial Engineering, 15(4),
387-393.

Bellander, M. (1998). High Pressure Vulcabization: Crosslinking of Diene Rubbers
Without Vulcanization Agents (Doctoral thesis, Royal Institute of Technology,
Stockholm, Sweden). Retrieved from http://www.diva-
portal.se/smash/get/diva2:8417/FULLTEXTOL.pdf

Boonkerd, K., Deeprasertkul, C., & Boonsomwong, K. (2016). Effect of Sulfur to
Accelerator Ratio on Crosslink Structure, Reversion, and Strength in Natural
Rubber.  Rubber  Chemistry and  Technology, 89(3), 450-464.

https://doi.org/10.5254/rct.16.85963



https://doi.org/10.5254/rct.16.85963

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

Choi, S., & Kim, E. (2015). A Novel system for measurement of types and densities of
sulfur crosslinks of a filled rubber vulcanizate. Polymer Testing, 42, 62-68.
https://doi.org/10.1016/j.polymertesting.2014.12.007

Gao, T., Xie, R., Zhang, L., Gui, H., & Huang, M. (2015). Use of Rubber Process
Analyzer for Characterizing the Molecular Weight Parameters of Natural
Rubber. International Journal of Polymer Science, 2015, 1-6.

http://dx.doi.org/10.1155/2015/517260

Halladay, J. R., & Jaglowski, K.T. (2017). Sources of Hysteresis in Rubber Compound.
Rubber and Plastic News, August 7, p.13-17. Retrieved from https://s3-

prod.rubbernews.com/s3fs-public/RN11142784.PDF

Han, S., Gu, B., Kim, S., Kim, S., Mun, D., Morita, K., Kim, D., & Kim, W. (2020).
Effect of Sulfur Variation on the Vulcanizate Structure of Silica-Filled Styrene-
Butadiene Rubber Compounds with a Sulfide-Silane Coupling Agent.

Polymers, 12(12), 2815. https://doi.org/10.3390/polym12122815

Hayeemasae, N., & Masa, A. (2020). Relationship Between Stress relaxation Behavior
and Thermal Stability of Natural Rubber Vulcanizates. Polimeros, 30(2),

e2020016. https://doi.org/10.1590/0104-1428.03120

Hentschke, R. (2017). The Payne Effect Revisited. eXPRESS Polymer Letters, 11(4),

278-292. https://doi.org/10.3144/expresspolymlett.2017.28

Hiranobe, C. T., Ribeiro, G. D., Torres, G. B., Prado Dos Reis, E. A., Cabrera, F. C.,
Eloizo Job, A., Paim, L. L., & Jose Dos Santos, R. (2021). Cross-linked
Density Determination of Natural Rubber Compounds by Different Analytical
Techniques.  Material ~ Research,  24(1), e20210041. DOI:

https://doi.org/10.1590/1980-5373-MR-2021-0041



http://dx.doi.org/10.1155/2015/517260
https://s3-prod.rubbernews.com/s3fs-public/RN11142784.PDF
https://s3-prod.rubbernews.com/s3fs-public/RN11142784.PDF
https://doi.org/10.3390/polym12122815
https://doi.org/10.1590/0104-1428.03120
https://doi.org/10.3144/expresspolymlett.2017.28
https://doi.org/10.1590/

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

Karl, J., Kirsch, F., Faderl, N., Perko, L., & Fras, T. (2020). Optimizing Viscoelastic
Properties of Rubber Compounds For Ballistic Applications. Journal of
Applied Sciences, 10, 7840. doi: 10.3390/app10217840.

Kim, D. Y., Park, J. W., Lee, D. Y., & Seo, K.H. (2020) Correlation between the
Crosslink Characteristics and Mechanical Properties of Natural Rubber
Compound via Accelerators and Reinforcement. Polymers, 12(9), 2020-2033.
DOI:10.3390/polym12092020

Koupai, S. A., Bakhshi, A., & Tabrizi, V.V. (2017). Experimental investigation on
effect of elastomer component on dynamic and mechanical properties in
seismic isolator compounds. Construction and Building Materials, 135, 267-

278. http://dx.doi.org/10.1016/j.conbuildmat. 2016 .12.184

Larpkasemsuk, A., Raksaksri, L., Chuayjuljit, S., Chaiwutthinan, P., &
Boonmahitthisud, A. (2019). Effect of Sulfur Vulcanization System on Cure
Characteristics, Physical Properties and Thermal Aging of Epoxidized Natural
Rubber. Journal of Metals, Materials, and Minerals, 29(1), 49-57. DOIL:
10.14456/jmmm. 2019.8.

Le Cam, J-B. (2017). Energy storage due to strain-induced crystallization in natural
rubber: The physical origin of the mechanical hysteresis. Polymer, 127, 166—
173. DOI:10.1016/j.polymer.2017.08.059

Lei, T., Zhang, Y-W., Kuang, D-L., & Yang. Y-R. (2019). Preparation and Properties of
Rubber Blends For High-Damping-Isolation Bearings, Polymers, 11, 1374.
DOI: 10.3390/polym11081374

Li, J-C., Zhang, H-S., Zhao, X-Y., Jiang, J-G., Wu, Y-X,, Lu, Y-L., Zhang, L-Q., &

Nishi, T. (2019). Development of high damping natural rubber/butyl rubber


http://dx.doi.org/10.1016/j.conbuildmat.%202016%20.12.184

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

composites compatibilized by isobutylene-isoprene block copolymer for
isolation  bearing. eXPRESS Polymer Letters, 13(8), 686-696.

https://doi.org/10.3144/expresspolymlett.2019.58

Ma, R., Zhang, X, Liu, C., & Wu, W. (2019). Hindered Phenol-Mediated Damping of
Polyacrylate Rubber: Effect of Hydrogen Bonding Strength on the Damping

Properties. J. Polym. Eng, 39(7), 642-652. https://doi.org/10.1515/polyeng-

2018-0378

Mohamad, N., Yaakub, J., Ab Maulod, H. E., Jeefferie, A. R., Yuhazri, M. Y., Lau K.
T., Ahsan, Q., Shueb, M. I, & Othman, R. (2017). Vibrational damping
behaviors of graphene nanoplateles reinforced NR/EPDM nanocomposite.
Journal Mechanical Engineering and Sciences, 11(4), 3274-3287. DOI:

https://doi.org/10.15282/jmes.11.4.2017.28.0294

Murniati, R., Rahmayanti, H. D., Utami, F. D., Cifriadi, A., Iskandar, F., & Abdullah,
M. (2020). Effect of Magnetically modified natural zeolite addition on the
crosslink density, mechanical, morphological, and damping properties of SIR
20 natural rubber reinforced with nano-silica compounds. Journal of Polymer

Research, 27, 37. https://doi.org/10.1007/s10965-020-2013-0

Nie, S., Ratzsch, K-F., Grage, S.L., Keller, J., Ulrich, A.S., Lacayo-Pimeda, J., &
Wilhelm, M. (2021). Correlation Between Macroscopic Elasticity and Chain
Dybamics of natural Rubber during Vulcanization as Determined by A Unique
Rheo-NMR Combination. Macromolecules, 54, 6090-6100.
https://doi.org/10.1021/acs.macromol.1c00354

Pochivalov, K.V., Shilov, A.N., Lebedeva, T.N., llyasova, A.N., Golovanov, R.Y.,

Basko, A.V., & Kudryavtsev, Y.V. (2020). Development of vibration damping


https://doi.org/10.3144/expresspolymlett.2019.58
https://doi.org/10.1515/polyeng-2018-0378
https://doi.org/10.1515/polyeng-2018-0378
https://doi.org/10.15282/jmes.11.4.2017.28.0294
https://doi.org/10.1007/s10965-020-2013-0

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

materials based on butyl rubber: A study of the phase equilibrium, rheological,
and dynamic properties of compositions. J. Appl. Polym. Sci, 138, 50196.

https://doi.org/10.1002/app.50196

Polukoshko, S., Martinovs, A., & Zaicevs, E. (2018). Influence of rubber ageing on
damping capacity of rubber vibration absorber. Vibroengineering PROCEDIA,

19, 103-109. https://doi.org/10.21595/vp.2018.20219

Poschl, M., Vasina, M., Zadrapa, P., Mé&finska, D., Zaludek, M. (2020). Study of
Carbon Black Types in SBR Rubber: Machanical and Vibration Damping
Properties. Materials. 13(10): 2394-2411. doi: 10.3390/ma13102394

Shi, G., Wang, W., Lu, H., Wang, G., Yang, F., & Rui, X. (2019). Study of Crosslink
Structure and Dynamic Mechanical Properties of Magnetorheological
Elastomer: Effect of Vulcanization System. Journal of Intelligent Material
Systems and Structures, 30(8), 1189-1199. DOI: 10.1177/1045389X19835940

Sombatsompop, N. (1998). Analysis of Cure Characteristics on Cross-link Density and
Type, and Viscoelastic Properties of Natural Rubber. Polym-Plast. Technol.
Eng, 37(3), 333-349.

Su, C., Zhao, C., Xu, L., & Zhang, C. (2015). Effects of Chemical Structure of Phenolic
Resin on Damping Properties of Acrylate Rubber-Based Blends. Journal of
Macromolecular Science - Part B: Physics, 54, 177-189. DOI:
10.1080/00222348.2014.996463

Tolpekina, T.V., Pyckhout-Hintzen, W., & Persson, B.N.J. (2019). Linear and
Nonlinear Viscoelastic Modulus of Rubber, Lubricants, 7, 22. doi:

10.3390/lubricants7030022


https://doi.org/10.1002/app.50196
https://doi.org/10.21595/vp.2018.20219

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

Vasina, M., Poschl, M., & Zadrapa, P.A. (2018). Study of Significant Factors Affecting
Viscoelastic Damping Properties of Polymer Materials. Manufacturing
Technology, 18(3), 523-529. DOI: 10.21062/ujep/132.2018/a/1213-
2489/MT/18/3/523

Wang, Y., Liao, L., Lin, H., Zhang, F., Zhong, J., Xu, K., & Peng, Z. (2017). Damping
Properties of Natural Rubber/Epoxidazed Natural Rubber Composite with
Different Filler. Advances in Engineering Research, 120, 772-775.

Wang, J., Zhao, X., Wang, W., Geng, X., Zhang, L., Guo, B., Nishi, T., & Hu, G-H.
(2018). Significantly improving strength and damping performance of nitrile
rubber via incorporating sliding graft copolymer. Industrial and Engineering
Chemistry Research, 57(49), 16692-16700.

https://doi.org/10.1021/acs.iecr.8b03871

Xiaozhen He, Ming Qu, & Xinyan Shi. (2016). Damping properties of Ethylene-Vinyl
Acetate rubber/Polylactic Acid blends. Journal of Materials Science and
Chemical Engineering, 4, 15-22. http://dx.doi.org/10.4236/msce.2016.43003

Yunus, N. A., Mazlan, S. A., Ubaidillah, Abdul Aziz, S. A., Tan Shilan, S.. & Abdul
Wahab, N. A. (2019). Thermal Stability and Rheological Properties of
Epoxidized  Natural = Rubber-Based  Magnetorheological  Elastomer.
International  Journal of Molecular  Sciences, 20(3), 746-764.

d0i:10.3390/ijms20030746.

Zhou, X.Q., Yu, D.Y., Shao, X.Y., Zhang, S.Q., & Wang, S. (2016). Research and
application of viscoelastic vibration damping materials: A review. Composite

Structures, 136, 460-480. https://doi.org/10.1016/j.compstruct.2015.10.014


https://doi.org/10.1021/acs.iecr.8b03871
http://dx.doi.org/10.3390/ijms20030746

Figure

Type of Article (Original Article)
THE EFFECT OF SULFUR RATIO TO 2-2'-DITHIOBENZOTHIAZOLE
ACCELERATOR ON VISCOELASTIC, VIBRATION DAMPING, AND
THERMAL STABILITY PROPERTIES OF GUM NATURAL RUBBER

VULCANIZATES



0.80 -

E
8.0 - 5060 -
£ =
I 6.00 - 2 0.40 -
.-;. ]
s i 5
-g,-;- 4.00 E 0.20 -
T £
5 2.00 A 2 0.00
£ E Al A2 A3 A4
£ 0.00 s (0.14) (0.22) (1.11) (2.15)
é Al A2 A3 A4 Sulfur Ratio to MBTS Accelerator

(0.14) (0.22) (1.11) (2.15)
Sulfur Ratio to MBTS Accelerator

(a) (b)
7 1500 -
1 6 - —_—
3 @ 1250 -
=5 - =
s £ 1000 A
I=4 = (1]
s E 750 -
e 3 - -
& X § 500 -
o — o
'm & 250 -
817
0
0 Al A2 A3 A4
Al A2 A3 A4
(014) (022) (111) (2.15) (0.14) (0.22) (1.11) (2.15)
Sulfur Ratio to MBTS Accelerator Sulfur Ratio to MBTS Accelerator
(c) (d)
1750 -
= 1500 -
<1250 -
E
F 1000 A
o
3 750 A
E
2 500 A
8 750
0

Al A2 A3 A4
(0.14) (0.22) (1.11) (2.15)

Sulfur Ratio to MBTS Accelerator

(€)

Figure 1 Curing Characteristics of gum NR compound at different ratios of sulfur to the
accelerator, (a) maximum torque, (b) minimum torque, (c) delta torque, (d) scorch time, and (e)
optimum cure time
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Figure 2 Dynamic properties curve for frequency variation of gum NR compound at different
ratios of sulfur to the accelerator, (a) elastic shear modulus, (b) viscous modulus, (c) complex
shear modulus, and (d) tangent delta
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Figure 3 TGA curve of gum NR vulcanizates (a) in one sample, (b) in a combination of four
samples with various ratios of sulfur to the accelerator
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Table 1. Gum NR compound formula
Material Composition

Stearic .
Zn0O . Sulfur MBTS Ratio
Samplecode  TSR20 g‘;‘g oh)  (phr)  (Sulfur/MBTS)
A1(0.14) 100 5 2 0.20 1.45 0.14
A2(0.22) 100 5 2 0.30 1.35 0.22
A3(1.11) 100 5 2 1.50 1.35 1.11
A4(2.15) 100 5 2 2.90 1.35 2.15
Note: The phr letter means parts per hundred rubber (phr), which represents the additive amounts that should be

added

Table 2. NR compounding procedures

Stage Process or material Time (minutes)

Mastication of TSR 20
Zn0O
Stearic acid
MBTS
Sulfur
Mixing for homogenization

ok wdE
N R PR

Table 3. Total crosslink density and distribution of crosslink density of gum NR vulcanizates at
different ratios of sulfur to MBTS accelerator

Total Crosslink Disulfide Crosslink Polysulfide Crosslink
Sample Code Density Density Density
(mol/g) (mol/g) (%) (mol/g) (%)
A1(0.14) 9.78 x 10°® 3.62x10° 37.07 6.16 x 10°® 62.93
A2(0.22) 1.75x 10° 6.88 x 10°® 39.36 1.06 x 10° 60.64
A3(1.11) 5.28 x 10° 2.00x 10° 37.87 3.28 x 10° 62.13

A4(2.15) 7.03 x 10° 1.94 x 10° 27.63 5.09 x 10° 72.37




Table 4 Thermal degradation temperature of gum NR vulcanizates at different ratios of sulfur to
MBTS accelerator

Sample Code Tonset (°C) Tend (°C) Residu at 500°C (%)
A1(0.14) 350.5 404.1 5.9
A2(0.22) 351.6 402.4 5.9
A3(1.11) 348.4 401.7 6.1

AA4(2.15) 353.0 409.3 8.4




