4
I:;25 Congresso Brasileiro de Engenharia e Ciéncia dos Materiais
t
a

24 a 28 de Novembro de 2024 | Fortaleza - CE - Brasil
cC;M

EVALUATION OF VULCANIZATION PARAMETERS OF NR/CIIR/BENTONITE
BLENDS

Baruel, A.F."% Petroni, S. L. G.? Dutra, J. C. N.": Mello, S. A. C.? Cassu, S. N."?

1. Instituto Tecnoldgico de Aeronautica (ITA), Sdo José dos Campos, SP, Brazil
2.Instituto de Aeronautica e Espacgo (IAE), Sdo José dos Campos, SP, Brazil

e-mail: amanda.baruel.85296 @ga.ita.br

ABSTRACT

Polymeric blends have been widely utilized in a variety of applications. Blending two
different materials can lead to materials with enhanced properties. Adding
Chlorobutyl rubber (CIIR) to Natural Rubber (NR) can improve degradation
resistance and enhance damping and barrier properties. In recent vyears,
nanomaterials such as bentonite clay have gained significant attention due to their
ability to enhance properties at very low concentrations. In this study, the
vulcanization process of a NR/CIIR blends containing a commercial bentonite clay
was evaluated by MDR and DSC. The proportion of NR/CIIR varied between 100/0
phr and50/50 phr. The effects of increasing CIIR and clay contents were evaluated. A
decrease in reversion was observed for NR/CIIR/Clay blends compared to NR
rubber. Clay addition accelerated the vulcanization process, while CIIR addition
slowed it. Clay addition also increased the Maximum Torque (My), which is related to

the viscosity of the rubber, while CIIR decreased it.
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INDRODUGAO

Natural rubber (NR) is widely used in several areas and applications due to
its unique properties, which are not achieved by synthetic rubbers. NR presents
high abrasion resistance, good hysteresis properties, and high tear and tensile
strength. However, it has inherent limitations, such as low fatigue resistance and
low resistance to degradation (1).Modifications and reinforcement techniques
have been extensively researched to overcome these limitations and enhance the
performance of NR. Polymeric blends have the potential to combine the

properties of different materials, thereby creating composites with enhanced
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performance characteristics. Chlorobutyl rubber (CIIR), known for its superior
resistance to heat, oxidation, and weathering, offers potential benefits when
blended with NR, resulting in improved durability and performance of the rubber.
Halogenated butyl rubbers have a significant advantage over butyl rubber:
increased compatibility with diene rubbers (2), thus being able to be mixed with
NR.

Vulcanization is a critical process in rubber, and can be influenced by
various factors, including the type of rubber, the presence of fillers, and the
specific vulcanization conditions. CIIR has a low degree of unsaturation.
Therefore, conventional vulcanization systems, with sulfur, provide a low degree
of crosslink. It can also be vulcanized using only zinc oxide (ZnO) by the active
chlorine present in the polymer chain (3).

In addition to blending, the incorporation of nanofillers such as clay has
shown substantial potential in reinforcing rubber matrix. The layered structure of
clay contributes to enhanced barrier properties, increased mechanical strength,
and improved thermal stability of the rubber compounds. However, this
improvement is highly dependent on good dispersion and exfoliation of the clay in
the rubber matrix (4).Due to the low compatibility between NR and bentonite clay,
an organic modification of the clay is needed to improve the affinity and,
therefore, obtain a dispersion in a nanometric scale (5).

Understanding how these additives interact and influence the vulcanization
process of NR and NR/CIIR blends is crucial for the development of advanced
rubber materials with enhanced performance. The main goal of this study is to
evaluate the effect on the vulcanization profile of adding a commercial organoclay
to natural rubber (NR) and NR/CIIR blends, as well as to analyze the effect of
CIIR addition.

MATERIALS

Chlorobutyl Rubber CIIR-1301 was purchased from Zhejiang Cenway
Materials Co. Ltda, which contains a small quantity of calcium stearate to improve
stability. Natural RubberGEBO1 and Sulfur powder were purchased from Fragon
Produtos para Industria de Borracha Ltda. Claytone HY, a montmorillonite modified
with ditallo dimethyl ammonium salt, was purchased from BYK Additives &
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Instruments. Tetramethyl thiuram monosulfide (TMTM), N-Cyclohexylbenzo thiazol-2-
sulfenamide (CBS), Stearin, and Peptizer were provided by NewBor Industria e
Comércio de Borracha Ltda. Zinc Oxide (ZnO) and Carbon Black N330 were
provided by Orion S.A. Aromatic Oil was provided by Zanaflex Borrachas Ltda.

METHODS
Preparation of compounds

NR (100 phr) was mixed with peptizer (3 phr) in a two-roll mixing mill,
LUXDOR, at 30°C. Then, the peptized NR and CIIR were dissolved in 1.2 L of
chloroform under continuous stirring for 8 hours. In the meantime, Claytone HY was
dispersed in chloroform at a ratio of 1:10 (w/v) using a high-power ultrasound device
(Hielscher, model UP 200S, with an output power of 200 W and equipped with
sonotrode S14 probe) stirring at 50% amplitude and 0.5 cycle for 15 min. The
Claytone dispersion was subsequently poured into the rubber/chloroform solution
and maintained under stirring for1 hour. The Rubber/Clay mixture was then dried in a
vacuum oven at 40 °C for 24 hours. After evaporating the solvent, other additives
were added to the Rubber/Clay mixture in a two-roll mixing mill. The amount of fillers
added was the same for all compounds as shown in Table 1. Compounds were
named according to the NR and Claytone HY fractions, e.g., N5OH8 refers to the
compound containing 50 phr of NR, 50 phr of CIIR, and 8 phr of Claytone HY.

Table1. Amount of fillers used in the rubber compounds.

Rubber compounds

(phr)
ZnO 5
CB N330 12
Aromatic Oil 12
Stearin 1
Sulfur 1
TMTM 0.3
CBS 1.5

Characterization

Rheometry analyses were conducted in a moving die rheometer (MDR) from
ALPHA Technologies, model PREMIER MDR, at 145 °C for 60 minutes with a
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frequency of 100 cpm (1.67Hz) and a 1° rotation angle, according to ASTM D5289
(6).

Dynamic scanning calorimetry (DSC) analyses were carried out on a TA
Instruments DSC Q-100. Approximately 5mg of each material were sealed in
aluminum pans, and the analyses were conducted in a nitrogen gas flow of
100mL/min, with a temperature range from -90 °C to 250 °C and a heating rate of
10°C/min. The width of the exothermic peak, AT, was calculated using TA Universal
Analysis 2000 software at half-height with linear peak integration.

Tensile properties were measured according to the ASTM D412 (7) with a
dumbbell sample shape type C (115 x 25 x 2) mm. Tear strength was determined
according to the ASTM D624 (8)type C (102 x 19 x 2) mm. Mechanical properties
(tensile and tear strength) were measured at 25°C using the Zwick 1474 test machine
at 500 mm/min speed, and the strain was measured with an optical extensometer.
Five specimens were analyzed to calculate average and standard deviation. The
Shore A hardness test was carried out on an Instron Shore A hardness tester, model
S1, according to ASTM D2240 (9).

The swelling method based on the ASTM D68147 (10) determined the
crosslink density. First, the rubbers were vulcanized in a press according to tg, which
was found in the rheometry of each composition. Approximately 5g of the rubber, cut
into small pieces, was kept under reflux in a Soxhlet apparatus in acetone for 24
hours until no residue was observed and then dried in a Brasimet-Heraeus oven,
type B-UT 5050, with forced air ventilation for 16 hours at 70°C. After drying, rubbers
were kept in reflux in a Soxhlet apparatus in toluene for 24 hours to remove residual
rubber that did not vulcanize and subsequently dried using the same previous
parameters. Afterward, rubber compounds were submitted to the swelling process in
toluene for 72h, renewing the solvent every 24 hours. After swelling, the excess
solvent was removed, and the swollen rubber was weighed. Then, the rubber was
dried using the same previous parameters and subsequently weighed. The Flory-
Rehner equation was used to calculate the cross-linking density. The density of dry

rubber was obtained using a Mettler analytical balance, model XPE205.

RESULTS AND DISCUSSION

The vulcanization process was monitored by rheometric analysis, during which

torque is expected to increase as the vulcanization progresses. In the rheometric
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curves, three stages can be observed. The first stage is known as scorch or
induction, in which the cross-links are starting to form. The second stage
corresponds to the main vulcanization, where the cross-links are formed to create a
three-dimensional network. In the third stage, rubbers can present three different
behaviors: a plateau, indicating the end of the cross-linking reactions; marching
modulus, meaning the cross-linking reactions continue indefinitely; reversion, due to
the cross-links break over a specific time, decreasing the torque (11). The
percentage of reversion (R) at any time is defined as shown in Equation 1.

M, —M
H_ "t 100 (1)

O W,

Where My is the maximum torque, M is the minimum torque, and M is torque
at any cure time (12).In this study, the reversion was analyzed at 60 min.

By rheometric analysis (Figure 1 and Table 2), it can be seen that the clay
addition presented an accelerating effect, decreasing the scorch time (ts1) of the
compounds. This effect can be attributed to the ammonium groups of the quaternary
salt present in the organoclay (2). It can also be observed through DSC analysis by
the reduction in the onset temperature (To) and the peak temperature (Tyeak), Shown
in Figure 2 and Table 3. In the literature, it is reported that the ammonium groups act
as an accelerator participating in the cure reaction by forming a complex with Zinc
and Sulfur (13,14). The vulcanization mechanism with sulfur is not well known and is
proposed in the literature to be divided into steps as in Figure 3: (i) formation of
active complex between accelerator and activator; (ii) formation of sulfurating agent
due to the reaction between sulfur and the previously complex formed; (iii) formation
of crosslinking intermediates due to the reaction of the sulfurating agent and the
polymer chain; (iv) formation of polysufide crosslinking (15-17). Since there is no
significant change in the cure rate index (CRI), which reflects how fast the
vulcanization occurs after the scorch period, and is related to the slope of the curve,
this behavior indicates that the ammonium salt accelerates the vulcanization on the
initial steps (I and ii) (18), and presents no significant effect in the crosslinking
reaction (step iii and iv). This behavior can also be observed by DSC analyses, with
the width of the exothermic peak (AThai.neight) Showing almost no change. When

comparing the neat NR with the rubber blend, the addition of CIIR caused a retardant

3195



effect, increasing tsias seen by rheometric analysis and confirmed by DSC analysis,
shifting To and Tpeak to higher temperatures. This behavior can be attributed to a
lower overall unsaturation of the blend compared to the pure NR and, therefore,
lower efficiency to vulcanize with sulfur, delaying the vulcanization time (19). The
same effect was reported by Shi et al. 2022(20),and the authors explained this
behavior by stating that a vulcanization precursor is formed in the rubber when
vulcanizing with sulfur (step iii).This precursor can be easily formed with higher NR

content, facilitating the vulcanization.

Figure 1. Rheometric curves of NR/CIIR blends.
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Table 2. Rheometric parameters obtained at 145 °C for NR/CIIR blends.
M|_ MH R? ts4 too AM

(dN.m+0.01)(dN.m+0.05) (%+0.1) (min+0.05) (mint1) (Mu-M,) CRI"
NR100HO  0.15 6.80 5.4 4.50 945 665 202
NR100H8  0.14 7.21 0.3 1.76 586  7.07 24.4
NR50HO 0.35 5.31 4.9 6.71 11.62 496 204
NR50HS 0.43 5.41 0.4 2.24 716 498 203

4R - Reversion percentage
bCRI-Cure rate index100/(too-ts1)
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Figure 2. DSC curves of NR/CIIR blends.
Table 3. DSC parameters of NR/CIIR blends.
Tg 1% heat Tg 2™ heat  AHexo ﬁT<hhi;f' To Trmax
elq
[°C+0.5] [°C+0.5] [J/g+0.3] [°Cx0.5] [°Cx0.5] [°C0.5]

N100HO —58.8 -57.8 5.40 7.6 152.3 158.9
N100HS8 -59.5 -57.8 6.36 7.9 145.0 152.5
N50HO0 -58.1 -55.6 5.79 8.4 162.2 168.5
N50H8 -60.3 -57.1 5.45 8.7 150.5 157.4
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Figure 3. Reaction steps of rubber sulfur vulcanization (15-17).

For the compounds without clay, a decrease in the torque value, known as
reversion, is observed over time. This indicates a degradation of the compound due
to the breaking of crosslinking bonds, likely the polysulfide ones. With the addition of
clay, reversion is no longer observed, indicating improved thermal resistance when

clay is incorporated into the system. A slight decrease in the reversion is observed
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when CIIR is added. This may be due to the vulcanization of CIIR with ZnO, forming
crosslinking bonds with better thermal resistance than polysulfide bonds.

Furthermore, for pure NR, My, and AM increased with the clay addition,
indicating a reinforced effect of this filler, by the filler/polymer interaction (21).
Although, for the NR/CIIR blend, the clay addition did not affect these parameters.
This can be related to a poor interaction between the clay and the CIIR matrix (22).

Usually, the Tg can be used to study the miscibility in a blend. A single Tg or a
well-separated Tg indicates a miscible or an immiscible system, respectively (23).
However, in this case, the Tg of NR and CIIR are similar and, therefore, cannot
predict miscibility (24). In Figure 2, a single Tg can be observed for all blend
compositions, presenting values very close to each other. For all samples, the Tg in
the second heating shifted to a higher temperature, which can be related to the
vulcanization process (Table 3). The addition of clay shifted the Tg to slightly lower
temperatures.

For the mechanical properties (Figure 4 and Table 4), the addition of clay
slightly increased the tear strength, rubber hardness, and the elastic modulus, which
shows a reinforcement effect of the clay, probably due to filler/polymer interaction as
seen by rheometric analysis (25). For the NR, the clay decreased the tensile strength
at break which might be due to clay agglomerate creating fragile points in the rubber

(2), and for the blend, it caused an increased in the elongation at break.

20

N100HO
N100H8
e —N50H0
S 15 | [——N50H8
=
N
i=)
© 10 -
n
o
‘0
o 5+
—
0 =1 T T T T
0 200 400 600

Elongation (%)

Figure 4: Mechanical properties of NR/CIIR blends.
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Table 4: Values of mechanical properties of NR/CIIR.

Tear strength Elongation Tensile strength at  Modulus

at break break at 100% Shore A
(KN/m) (%) (MPa) (MPa)
NR100HO 2816 527+15 17+1 0.75+0.01 331
NR100H8 3116 525427 151 1.08+0.03 42+0
NR50HO 1612 434+32 5+1 0.85+0.03 37+1
NR50H8 17+1 533+16 5+1 1.01+0.01 41+1

CONCLUSION

On the other hand, the incorporation of CIIR into NR presented a retardant
effect on vulcanization, increasing the scorch time and shifting the Ty and Tnax to
higher values. This behavior is related to the lower overall unsaturation of the
NR/CIIR blend, which delays the formation of cross-links during vulcanization.

The clay addition influenced the vulcanization acting as an accelerator, as
evidenced by the decreased scorch time and shifting of onset (To) temperatures and
the maximum temperature (Tmax) Of the exothermic peak related to the vulcanization
reactions followed by DSC. This acceleration was attributed to the ammonium groups
in the organoclay, which catalyzes the initial steps of the vulcanization. Even though
it did not show any effect in the later steps of the vulcanization process, as showed
by the CRI, that was practically constant .

Clay addition also caused a reinforcement effect, decreased the reversion,

and increased the tear strength, the rubber hardness, and the elastic modulus.

ACKNOWLEDGMENT

This study was financed in part by the Coordenacédo de Aperfeicoamento de
Pessoal de Nivel Superior - Brasil (CAPES) - Finance Code 001. The authors
gratefully acknowledge the financial support given by Conselho Nacional de
Desenvolvimento Cientifico e Tecnolégico (CNPq) project number 422016/2017-9
and by Agéncia Espacial Brasileira (AEB).

REFERENCES

(1) RODGERS, B.; WADDELL, W. The science of rubber compounding. In: MARK, J.
E.; ERMAN, B.; EIRICH, F. R. (Eds) Science and technology of rubber. San Diego,
CA, Elsevier Academic Press, p. 401-454, 2005.

3199



(2) HERMENEGILDO, G.; BISCHOFF, E.; MAULER, R.; GIOVANELA, M.; CARLI, L.;
CRESPO, J. Development of chlorobutyl rubber/natural rubber nanocomposites with
montmorillonite for use in the inner liner of tubeless ride tires. JOURNAL OF
ELASTOMERS & PLASTICS, v.49, p. 47-61, 2017.
doi.org/10.1177/0095244315627855

(3) HENDRIKSE, K.; MCGILL, W. Vulcanization of chlorobutyl rubber. Ill. Reaction
mechanisms in compounds containing combinations of zinc dimethyldithiocarbamate,
tetramethylthiuramdisulfide, sulfur, and ZnO. Journal OF APPLIED POLYMER
SCIENCE, v.79, p.1309-1316, 2001. doi.org/10.1002/1097-
4628(20010214)79:7<1309::AID-APP190>3.0.CO;2-3

(4) SOOKYUNG, U.; NAKASON, C.; THAIJAROEN, W.; VENNEMANN, N. Influence
of modifying agents of organoclay on properties of nanocomposites based on natural
rubber. POLYMER TESTING, v.33, p.48-56, 2014.
doi.org/10.1177/0021998313493309

(5) SETHULEKSHMI, A.; SARITHA, A.; JOSEPH, K. A comprehensive review on the
recent advancements in natural rubber nanocomposites. INTERNATIONAL
JOURNAL OF BIOLOGICAL MACROMOLECULES, v.194, p.819-842, 2022.
doi.org/10.1016/j.ijbiomac.2021.11.134

(6) ASTM, D5289-19a - Standard Test Method for DRubber Property—Vulcanization
UsingRotorless Cure Meters; 2019.

(7) ASTM, D412-16 - Standard Test Methods for Vulcanized Rubber and
ThermoplasticElastomers—Tension; 2021.

(8) ASTM, D624-00 - Standard Test Method for Tear Strength of Conventional
VulcanizedRubber and Thermoplastic Elastomer; 2020.11

(9) ASTM, D2240-15- Standard Test Method for Rubber Property—Durometer
Hardness;2021.

(10) ASTM, D6814-02 - Standard Test Method for Determination of Percent
Devulcanizationof Crumb Rubber Based on Crosslink Density; 2018.

(11) KRUZELAK, J.; SYKORA, R.; HUDEC, I. Sulphur and peroxide vulcanisation of
rubber compounds — overview. CHEMICAL PAPERS, v.70, p.1533-1555, 2016.
doi.org/10.1515/chempap-2016-0093

(12) BOONKERD, K.; DEEPRASERTKUL, C.; BOONSOMWONG, K. Effect of sulfur

to accelerator ratio on crosslink structure, reversion, and strength in natural rubber.

3200



RUBBER CHEMISTRY AND TECHNOLOGY, v.89, p.450-464, 2016.
doi.org/10.5254/rct.16.85963

(13) CHOI, D.; KADER, M. A.; CHO, B.-H.; HUH, Y.-I.; NAH, C. Vulcanization kinetics
of nitrile rubber/layered clay nanocomposites. JOURNAL OF APPLIED POLYMER
SCIENCE, v.,98, p.1688-1696, 2005. doi.org/10.1002/app.22341

(14) LOPEZ-MANCHADO, M.; HERRERO, B.; ARROYO, M. Organoclay—natural
rubber nanocomposites synthesized by mechanical and solution mixing methods.
POLYMER INTERNATIONAL, v.53, p.1766—-1772, 2004. doi.org/10.1002/pi.1573
(15) MOSTONI, S.; MILANA, P.; DI CREDICO, B.; D’ARIENZO, M.; SCOTTI, R.
Zinc-based curing activators: new trends for reducing zinc content in rubber
vulcanization process. CATALYSTS, v.9, p.664, 2019. doi.org/10.3390/catal9080664
(16) CORAN, A. Y. Vulcanization. In: MARK, J. E.; ERMAN, B.; EIRICH, F. R. (eds.)
Science and technology of rubber. San Diego, Elsevier Academic press, p. 339-385,
1994. doi.org/10.1016/B978-0-08-051667-7.50012-3

(17) IGNATZ-HOOVER, F.; TO, B. H. Vulcanization. In: Rodgers, B. (ed.) Rubber
Compounding: Chemistry and Applications; Marcel Dekker, p. 514-577, 2004.

(18) ALBUINI-OLIVEIRA, N. M.; RUBINGER, M. M.; RABELLO, A. S.; VIDIGAL, A.
E.; VISCONTE, L. L.; LOPES, T. C.; SILVA, A. L. The influence of ammonium and
phosphonium salts on natural rubber vulcanization with experimental and commercial
accelerators. POLYMER BULLETIN, v.80, p.3717-3743, 2023.
doi.org/10.1007/s00289-022-04236-9

(19) BOTROS, S. Preparation and characteristics of NR/EPDM rubber blends.
POLYMER-PLASTICS TECHNOLOGY AND ENGINEERING, v.41, p.341-359, 2002.
doi.org/10.1081/PPT-120002572

(20) SHI, X.; YUAN, X.; GUO, X.; ZENG, F.; LIU, G. A new way to investigate the
damping properties of NR/CIIR blends characterized by the rebound behaviors.
POLYMERS FOR ADVANCED TECHNOLOGIES, v.33, p.3522-3531, 2022.
doi.org/10.1002/pat.5805

(21) LOPEZ-MANCHADO, M.; ARROYO, M.; HERRERO, B.; BIAGIOTTI, J.
Vulcanization kinetics of natural rubber—organoclay nanocomposites. JOURNAL OF
APPLIED POLYMER SCIENCE, v.89, p.1-15, 2003. doi.org/10.1002/app.12082

(22) ZACHARIAH, A. K.; CHANDRA, A. K; MOHAMMED, P.; THOMAS, S.

Vulcanization kinetics and mechanical properties of organically modified nanoclay

3201



incorporated natural and chlorobutyl rubber nanocomposites. POLYMER TESTING,
V.76, p.154—-165, 2019. doi.org/10.1016/j.polymertesting.2019.02.003

(23) RIBA, J.-R.; MANSILLA, M. A.; CANALS, T.; CANTERO, R. Composition
determination of rubber blends by applying differential scanning calorimetry and
SPA-PLS treatment. MATERIALS RESEARCH, v.22, p.e20180415, 2019.
doi.org/10.1590/1980-5373-MR-2018-0415

(24) DUTTA, N. K.; TRIPATHY, D. Miscibility studies in blends of bromobutyl rubber
and natural rubber. JOURNAL OF ELASTOMERS & PLASTICS, v.25, p.158-179,
1993. doi.org/10.1177/009524439302500204

(25) KELOTH PADUVILAN, J., VELAYUDHAN, P., AMANULLA, A., JOSEPH
MARIA, H., SAITER-FOURCIN, A., & THOMAS, S. Assessment of graphene oxide
and nanoclay based hybrid filler in chlorobutyl-natural rubber blend for advanced gas
barrier applications. NANOMATERIALS, v.11, p.1098, 2021. doi.org/10.3390/
nano11051098

3202



