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Abstract: The curing (optimum cure (#,) and scorch time (%), cure rate index (CRI), torque difference (AM), maximum
torque (M,) and minimum torque (M,)), physical (hardness, rebound resilience, compression set and abrasion resistance),
and mechanical properties (tensile strength, tensile modulus, tear strength and elongation at break) of ethylene-propylene-
diene monomer terpolymer (EPDM )/styrene-butadiene copolymer rubber (SBR) nano-composites with additions of mod-
ified nano-graphene oxide (mGO) for possible usage as flexible and durable materials were examined in this study. Nano-
graphene oxide (GO) was treated with two types of surfactants, 3-aminopropyltriethoxysilane (KH550) coupling agent
and 4,4'-diphenylmethane diisocyanate (MDI), and then incorporated into an EPDM/SBR rubber matrix at a varying load-
ing (2-10 phr), mixed by an open mill mixer, and vulcanized by hydraulic press. The particle size altered after modification,
and the modified GO diffused efficiently in the EPDM/SBR rubber matrix, according to the FESEM. The MDI modified
GO nano-composites have better mechanical properties than the KH550 modified GO nano-composites. The findings
suggest that the produced nano-composites could be employed in a diversity of outdoor uses, including window seals,
door seals and cooling system hoses.
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Introduction

Nano-fillers have the potential to indirectly modify the
mechanical and physical characteristics of the polymer matrix
in nano-composites."? A brand-new class of materials called
nano-composites™ has at least one dimension that is on the
nanoscale. Nano-composites can be divided into three groups
based on the filler geometries. Fumed SiO,, and powder of
nano-metallic materials have 3D in the range of nanometer,™
whiskers and carbon nanotubes (CNTs) have 2D in the range
of nanometer,”® and mica, and clay, have ID in the range of
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nanometer.”"" In fact, activators and crosslinking agents can be
efficiently adsorb by nano-fillers, boosting the matrix cross-
linking density in the vicinity of the nano-fillers.? Due to their
distinctive properties, rubber-like substances have been employed
in a wide range of applications, including shoes, pipelines, seals,
and tyres. These industrial objectives, as well as the excep-
tional advancement of nano-fillers and nano-scale character-
ization tools, have led to an intense focus on the mechanical
properties of rubber compounds filled with nanoparticle fillers
in recent years (see, for example, References""?).

Si0, and carbon black (CB) are frequently used as key rein-
forcing fillers in the tyre industry.*** In comparison to tra-
ditional micro-composites, layered silicate loaded nano-composites
have significantly better mechanical, thermal, and barrier prop-
erties.”*?® A fascinating substance with potential uses as a rein-
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forcing ingredient for polymer nanocomposites, graphene has
recently gained a great deal of attention.””* With a planar
sheet of sp® linked carbon atoms that is one atom thick and
tightly packed in a honeycomb crystal structure, graphene is
regarded as two-dimensional carbon nanofiller.” Outstanding
physical characteristics of defect-free graphene include its high
heat conductivity (5000 W/m K), Young’s modulus (1 TPa), and
ultimate tensile strength of 130 GPa. Additionally, graphene
has a large specific area, high electron mobility, and gas per-
meability. As a result, it might be a viable candidate for a
nanofiller to improve the mechanical, electrical, and thermal
qualities of composite materials. Several methods, including as
chemical vapour deposition (CVD) of methane gas,® one-step
graphite exfoliation,” and graphite oxide thermal reduction,™
have been utilised to create graphene.

Graphene oxide (GO) is a good choice for the formulation of
rubber composite in a diversity of applications due to its hydro-
philic nature and low rate. The existence of polar functional
groups on the surface of GO, for instance hydroxyl, carboxylic,
and epoxy, allows for interactions with a variety of polar
matrixes.*’ The properties of GO nano-filler and the effi-
ciency of the resulting composite are significantly influenced
by the type and processing of the graphite utilised. Therefore,
GOs nano-filler with different levels of oxidation are quite
interesting, especially in the production of composite materials.
Various ways have been used to vary the degree of GO oxi-

dation, "

such as adjusting the acid combination,®® reaction/
oxidation duration,” oxidant levels,* and so on. One of the most
efficient methods is to synthesise GO using microscopic graph-
ite as a precursor. Deemer et al.*’ examined the oxygen func-
tional assemblies of GO generated by Hummer's and Mercano-
Tour’s methods. The particle size of graphite has a significant
impact on the amount of oxygen functional assemblies in GO,
according to the study.

Several scholars have examined the influence of graphene
oxide modification on polymer characteristics in recent decades.
In order to improve the nanocomposites' electrical conductivity
and gas barrier, Kim et al.®® modified GO with phenyl iso-
cyanate before incorporating it with polyurethane (PU). GO
was used by Deshmukh er al>' to improve the thermal and
mechanical properties of polyvinyl chloride (PVC). To improve
the thermal stability of nanocomposites, Wang ef al.”> produced
silicone rubber (SR)/GO nanocomposites. Functionalized
graphene sheets (FGSs) are used by Ozbas et al.> to increase
the mechanical characteristics, electrical conductivity and gas
permeability of SR (type: PDMS i.e., poldimethysiloxane).
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Electrical percolation was detected in composite materials with
a conductivity of 0.8 wt% FGS. Gan et al.>* used graphene
nanoribbon to improve the physical, mechanical and thermal
properties of SR nanocomposites. Shao et al.® altered graphene
oxide by taking advantage of the hydrogen bonds formed
between the oxygen groups of the GO surface (GO) and the
hydroxyl groups in cellulose. According to Xu ef al.*® the ten-
sile strength and thermal conductivity of SR composites mod-
ified with 3-aminopropyltriethoxysilane coupling agent (KH550)
increased by 33 and 56%, respectively, while similar compounds
modified with 4,4-diphenylmethane diisocyanate (MDI) increased
by 50 and 31%. Furthermore, The particle shape of GO changed
following modification, and TEM images showed that MDI-
modified GO had a better dispersion morphology.

However, comprehensive study on the impact of modified
nanographene oxide (mGO) on the cure behaviour, mechanical
characteristics, and morphology of ethylene-propylene-diene
monomer terpolymer (EPDM)/styrene-butadiene copolymer rub-
ber (SBR), particularly in terms of abrasion resistance, is lacking.
In most cases, EPDM/SBR compound is employed in outdoor
applications. Surface modification of GO with 4,4-diphenyl-
methane diisocyanate (MDI) and 3-aminopropyltriethoxysi-
lane coupling agent (KH550) is used to increase GO dispersion
in EPDM/SBR rubber mixtures. The modified GO is then
mixed with an EPDM/SBR rubber mixture to create modified
GO-EPDM/SBR nano-composites. The maximum filler load-
ing of 10 phr was chosen since composites at this level are
practically agglomerated. The infuence of nano-particles on
the composites' cure parameters, tensile and tear properties,
and morphology is studied. Following that, the influence of
altered GO on the characteristics of composites is mostly
investigated by destructive testing.

Experimental

Materials. SBR copolymer (Grade: 1502, Emulsion type, con-
tent of styrene - 23.4%, Mooney viscosity (ML1+4 @ 100 C)
- 51 MU, density at 20 C - 0.94 g/cm®, decomposition temp
>200 C, flash point > 300 C, organic acids - 6 wt%, ash con-
tent - 0.1 weight %, volatile matter - 0.2 weight %, soaps - 0.2
weight %) was procured from Relflex Elastomers Stretching
Limits, Chennai, India. Ethylene-propylene-diene monomer
(EPDM Grade: S 512 F, ethylene content - 69%, termonomer
content (ethylidene norbornene) - 4.5%, Mooney viscosity (ML1+4
@ 125 C) - 63 MU) was procured from Dalmia Polymers
LLP Private Limited, New Delhi, India. Graphite flake, with a
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carbon basis of 99%, =325 mesh particle size (= 99%), molec-
ular weight - 12.01 g/mol, was purchased from Sigma-Aldrich
Chemical Pvt. Ltd., Puducherry, India. Dibutyltin dilaurate
(DBTDL), N,N-dimethylacetamide (DMAc), 4,4'-diphenyl-
methane diisocyanate (MDI), KH550, dichloromethane, NaNOs,
H,SO,, KMnO,, H,0,, HCI, xylene, mesitylene, benzene, tol-
uene, n-heptane, n-octane, n-pentane, n-hexane, carbon tetrachlo-
ride and chloroform were also purchased from Sigma-Aldrich
Chemical Pvt. Ltd., Puducherry, India. Stearic acid, zinc oxide,
mercapto-benzo-thiazyl di-sulphide (MBTS), sulphur and tetra-
methyl-thiuram di-sulphide (TMTD) of merck grade were gotten
from Vignesh Chemicals Pvt. Ltd., Chennai, India.

Preparation of Graphene Oxide (GO). First, graphene
oxide (GO) was produced using the modified Hummers tech-
nique.”” At 0 C, 10 g graphite flake (30-50 um), 7.5 g NaNO;,
and 460 mL H,SO, were combined. Within 1 hour, 30 g KMnO,
was progressively introduced into the concoction, followed by
2 hours of stirring in an ice-water bath. 1000 mL of 10-weight
percent H,SO, was accompanying in 1 hour after additional
stirring at ambient temperature for five days. At 98 C, the
resulting mixture was agitated for another 2 hours. The tem-
perature was then reduced to 60 C, and 30 mL of dilute H,O,
were added. After being agitated for two hours at ambient tem-
perature, the mixture was precipitated, then cleaned several
times with an aqueous solution of 6-weight percent H,SO,/1-
weight percent H,O, and filtered. The resulting solid was then
rinsed three times with a 6-weight percent and 1.2-weight per-
cent HCI solution. GO was then filtered and dried for a week
in a vacuum oven after being rinsed with deionized water until
the pH was nearly 7.%%

Preparation of GO Modified by Isocyanate (MDI-GO).
GO was dried using a vacuum oven at 80 C for three hours.
To create a homogenous dispersion, GO was ultrasonicated in
anhydrous N,N-dimethylacetamide (DMAc). Under nitrogen,
the aforementioned mixture was stirred while being heated to
80 C. A few drops of DBTDL were added to the dispersion
after MDI (4,4-diphenylmethane diisocyanate) was dissolved
in anhydrous DMAc. The reaction was kept at 80 C for four
hours. The mixture was centrifuged and repeatedly washed with
acetone to remove any leftover MDI after cooling to ambient
temperature. In a vacuum oven set at 50 C for 24 hours, the
homogeneous product was dried.*

Preparation of GO Modified by KH550 (KH550-GO).
GO was dried using a vacuum oven at 80 C for three hours.
Then, 400 mg of GO were added to anhydrous ethanol and
ultrasonically processed for 20 minutes to create a homoge-

neous dispersion. After that, 4 g of KH550 saturated in anhy-
drous ethanol was ultrasonically agitated for 30 minutes with
the dispersion. The mixture was mixed and cooked for 24
hours at 80 “C. After cooling, the mixture was centrifuged and
repeatedly washed with anhydrous ethanol to get rid of any
residual KH550. The finished product was dried in a vacuum
oven for 24 hours at 60 C.*

Preparation of GO-EPDM/SBR Nanocomposites. On an
open mill mixer, mGO fillers and EPDM/SBR gum were mixed
together to make mGO-EPDM/SBR composites. The following
is the compounding formula: EPDM is 80 phr, SBR is 20 phr,
mGO is variable (0, 2, 4, 6, 8, and 10 phr), sulphur is 2.5 phr,
ZnO is 5 phr, stearic acid is 2 phr, MBTS is 1 phr, and TMTD
is 1 phr. The compounds were then hydraulically pressed for the
optimum cure time (%) at 160 C under 60 MPa. The com-
posites have a sheet thickness of about 2 mm. Finally, for
mechanical testing, the composites were cut into ASTM stan-
dard specimens.

Characterization. The nanocomposites were cured for
optimum cure time (90%) at 160 C with 3° arc in the Mon-
santo Rheometer R-100 testing apparatus (standard: ASTM
D-2084). The following eq. (1) was used to construct the cure
rate index (CRI).

100

Cure rate index, CRI (min™)=
Lego—Isn

M

where, fs, - scorch time, #.o, - cure time. Scorch time (%) (min):
This is the amount of time needed to generate 2% of the max-
imum torque (M;). Optimum Cure Time (#y) (min): This is the
amount of time needed to reach 90% of the M.

The tensile properties were determined using standard: ASTM
D-412-C. The EPDM/SBR-mGO composites' tensile proper-
ties (stress at 100% elongation (100% modulus), elongation at
break, and tensile strength) were tested at 23 C using a UTM
equipment (Dak System Inc.), with a gauge length of 33 mm
and an extension rate of 500 mm-min’. At least four test sam-
ples were used to evaluate tensile characteristics, and the aver-
age result was determined and reported. Using ASTM D-624-C,
the tear strength was ascertained. The surface morphology was
studied using SEM (S-4200, Hitachi, Tokyo, Japan).

The hardness of the material was done using a Shore-A
durometer according to ASTM-D-2240. It was calculated in
five distinct locations on the specimens, with the median value
being given. Using a rebound tester (Resiliometer), the rebound
resilience was assessed according to ASTM D-2632. The DIN
abrasion tester (Zwick Abrasion tester, model 6102) was used
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to ascertained the abrasion resistance of vulcanised rubber
compound, as required by ASTM Standard ASTM D-5963.
The morphological characteristics of EPDM/SBR nanocom-
posites were studied using micro-photomicrographs acquired
with a SEM (ZEISS EVO 18 MA’s SEM). The samples first
received a gold sputter coating. The following eq. (2) can
beused to calculate the abrasion loss:

Am xS
1 3 :_0
Abrasion loss (mm”) XS 2)

where, Am - mass loss in mg, p - density in mg/mm?, S, - nom-
inal abrasive power (value: 200 in mg, constant), S - average
abrasive power in mg.

Results and Discussion

Cure Characteristics. Where the product is to be moulded,
the curing characteristics of the polymer or elastomer are crit-
ical. Cure properties such as torques (M,, minimum torque
(M), and delta torque (AM)), timings (¢, and fy), and CRI can
be used to measure the processability of EPDM/SBR nano-
composites. For EPDM/SBR nanocomposites containing vary-
ing concentrations of GO and mGO (MDI-GO and KH550-
GO), the cure time for curing compounds was evaluated, as
well as changes in cure time for different loadings (GO, MDI-
GO and KH550-GO).

M, which varies in direct relation to the viscosity of the rub-
ber compounds, is the torque at the beginning of vulcanization.
Figure 1 demonstrations the A of EPDM/SBR nanocomposites
loaded with various concentrations of GO, MDI-GO, and
KH550-GO. With loadings of GO at 10 phr, MDI-GO, and
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Figure 1. The M, of EPDM/SBR composites with modified GO.
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Figure 2. The M, of EPDM/SBR composites with modified GO.

KH550-GO up to 8 phr and 6 phr, respectively, the minimum
torque rise. The minimum torque then decreased with increasing
loading, however it was lower in nanocomposites containing
GO than in those loaded with MDI-GO and KH550-GO.
Because torque is proportional to stiffness, the results showed
that increasing the quantity of MDI-GO and KH550-GO in the
rubber matrix enhances vulcanizate stiffness.*”®

The maximum torque indicates the fully vulcanised rubber’s
shear modulus at the vulcanization temperature, which increases
with filler loading.** Figure 2 shows the M, of EPDM/SBR
nanocomposites loaded with various concentrations of GO,
MDI-GO, and KH550-GO. The maximum torque increases as
the GO loading in the nanocomposite increases, although in
the case of nanocomposites loaded with MDI-GO and KH550-
GO, the maximum torque increased up to 8 phr and 6 phr,
respectively, before declining. This enhance was a subsidiary
indication for better inter-facial adhesion between mGO and
EPDM/SBR rubber matrix. Upon a further incorporation of
GO and cluster of the nano-filler in the EPDM/SBR rubber
matrix, this elucidation confirmed that the addition of MDI-GO
and KH550-GO in EPDM/SBR rubber affects the processability
of the rubber nanocomposite and hence both the KH550-GO
and MDI-GO can operate as a reinforcement agent for the
EPDM/SBR rubber matrix.

Figures 3 and 4 show the changes in scorch and cure times
as a function of GO content in EPDM/SBR nanocomposites,
respectively. The inclusion of GO reduces both scorch and cure
times, however the #, and fy, for EPDM/SBR nanocomposites
loaded with modified-GO reduced up to 8 phr and 6 phr for
MDI-GO and KH550-GO, respectively, before increasing. This
decrease is because of a stronger interaction between GO and
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Figure 4. The t,, of EPDM/SBR composites with modified GO.

the EPDM/SBR elastomeric matrix, which is caused by the
high surface area of these fine size particles, and the main reason
for this decrease is because of the homogeneous distribution of
GO in the EPDM/SBR elastomeric matrix. Consequently, there
was an increase in productive efficiency (productivity) and a
reduction in processing energy use. The increased scorch and
optimum cure time for modified mGO after 8 phr and 6 phr
could be attributed to mGO particle agglomeration or simply
physical contact between adjacent agglomerates. In EPDM/SBR
nanocomposites, the agglomeration forms a domain that acts
as a foreign body. The existence of a large amount of clusters
in greater mGO loadings acts as a barrier to chain movement,
resulting in inferior rheometric properties.®'

The delta torque and cure rate index (CRI) (rate of curing
response) both showed an increased trend, as shown in Figures
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Figure S. The AM of EPDM/SBR composites with modified GO.
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Figure 6. The CRI of EPDM/SBR composites with modified GO.

5 and 6, respectively. The rise in CRI is more noticeable when
using MDI modifier, which could be attributable to a significant
improvement in the interfacial rubber-filler contact, which leads
to improved rheometric characteristics. GO was treated with
MDI to enhance distribution in the rubber blend matrix. The
delta torque is clearly higher with EPDM/SBR-MDI-GO com-
pound, especially for the EPDM/SBR-KH550-GO compound,
due to the improved reinforcing efficiency. Modifier led to bet-
ter GO dispersion and distribution by avoiding GO re-agglom-
eration after compounding. In conclusion, adding MDI-GO
and KH550-GO to EPDM/SBR nanocomposites improved heat
stability after vulcanization, reduced £, increased crosslinking
density or increased AM, and made processing easier by decreas-
ing the reaction of vulcanization.

Tensile Properties. The tensile properties of rubber blend
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(EPDM/SBR) vulcanizates at varied nanofiller (GO, MDI-GO,
and KH550-GO) concentrations are shown in Figure 7(a)-(c).
Tensile parameters of nanocomposites include 100% modulus,
elongation at break and tensile strength. Modulus is the force
at a specific elongation value, i.e., 100% elongation. Expressed
in megapascals (MPa), modulus is most widely used for testing
and comparison purposes at 100% elongation. This is referred
to as “M100” or modulus 100. There has been the development
of a traditional composite since the unaltered GO nanofiller
has a poor reinforcing effect. The rubber composites reinforced
with MDI and KH550 modified GO, on the other hand, had
stronger 100% modulus and tensile strength than the unmod-
ified GO composites, as exposed in Figure 7(a)-(b). The nano-
scale structure of the modified-GO is responsible for signif-
icant increases in tensile qualities at low concentrations of both
MDI and KH550 modified-GO, as expected. The nanocom-
posite samples containing 8 phr MDI and KH550 modified
GO had the strongest tensile strength. The improved tensile
qualities point to a significant interaction between the EPDM/
SBR rubber matrix and the modified-GO. The schematic dia-
gram of GO, MDI-GO, and KH550-GO as shown in Figure 8.
The schematic diagram of interaction between EPDM/SBR
rubber matrix and modified GO is shown in Figure 9. GO was
treated with MDI to enhance distribution in the rubber blend
matrix. The distribution of nanofiller in a rubber blend matrix
is one of the most important factors influencing the physical
attributes of the finished goods.”

With the GO content increasing, the 100% modulus and ten-
sile strength properties of rubber blend nanocomposites are
improved, as represented in Figure 7(a) and (b). The 100% mod-
ulus and tensile strength of GO-rubber blend nanocomposites
increase from 6.75 and 1.44 MPa to 19.54 and 2.52 MPa,
respectively (=189% and 75% increases over the base EPDM/
SBR rubber matrix, respectively) when the untreated GO con-
tent increases from 0 to 6 phr. On the other hand, the 100%
modulus and tensile strength of KHS550-GO-rubber blend
nanocomposites increase from 6.75 and 1.44 MPa to 21.56 and
3.08 MPa, respectively (=219% and 114% increases over the
base EPDM/SBR rubber matrix, respectively) when the KH550-
GO content increase from 0 to 8 phr. As the MDI-GO loading
increases from 0 to 8 phr, the 100% modulus and tensile strength
of MDI-GO/rubber blend nanocomposites upsurge from 1.44
and 6.75 MPa to 3.29 and 23.08 MPa, respectively. The improve-
ment in mechanical characteristics of MDI-GO is more notice-
able than that of GO with the same nanofiller loading. Compared
with the neat EPDM/SBR rubber blend, MDI-GO/EPDM/SBR
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Figure 7. The effect of modified GO on the tensile properties of

EPDM/SBR rubber composites: (a) tensile strength; (b) 100% mod-
ulus; (c) elongation at break.

nanocomposites with only 8 phr MDI-GO exhibit an awe-
inspiring enhancement in tensile strength (=242% upsurge over
the base rubber blend), and 100% modulus (=128% upsurge
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over the base rubber blend), revealing that MDI-GO had a
high-efficiency improvement to support the load transfer. This
high improving efficiency may be interconnected with the well-
dispersement or distribution of MDI-GO in the elastomeric
matrix and strong interfaces between MDI-GO and the rubber
blend matrix. The elongation at break of both unmodified GO
based rubber blend and modified-GO based rubber blend nano-
composites decreases with the nanofillers loading increasing
(Figure 7(c)), which may be due to low flexibility of unmod-
ified-GO and modified-GO, as well as the poor interfaces of
unmodified GO and the EPDM/SBR rubber matrix in unmod-
ified-GO/EPDM/SBR nanocomposites. Even a minor increase
in the amount of GO, up to 6 phr for untreated GO and 8 phr
for mGO, will result in considerable increases in the 100%
modulus and strength of the rubber blend nanocomposites
loaded with untreated GO. MDI-GO filled nanocomposite >
KH550 filled nanocomposite > untreated GO filled nano-
composite. This ranking is explained by a larger specific surface
area and easier physical interactions between GO and polymer
matrix due to the functional groups.*® Quick aggregation,
poor interfacial adhesion, low tensile strength, and 100% mod-
ulus are all results of GO dispersion.****® The unavoidable
aggregation of the GO at high nanofiller content can be
attributed to lower tensile strengths reported for samples above
6 phr GO and 8 phr mGO loading.

Tear Strength. The tear strength of rubber blend-GO nano-
composites is shown in Figure 10. Base rubber has a tear strength
of 14.21 N/mm. At 6 phr GO, the tear strength reached its greatest
value, and at 10 phr, the tear strength decreased. The agglom-
eration is responsible for the decrease in tear strength at 10 phr.
Under the applied load, the agglomerated particle is the weak
spot. The agglomeration zone is more prone to see fracture ini-
tiation or propagation than the well-distributed GO zone. The
results reveal that the property of 8 phr mGO filled nano-
composites is nearly constant in both the modifier. As a result
of the findings, it appears that GO agglomeration is an unavoid-
able phenomenon in nanocomposites at higher GO concen-
trations, resulting in lower characteristics irrespective of modifiers,
which can be improved by using other modifiers.

Hardness and Rebound Resilience. Figures 11 and 12 depict
the nanocomposites' hardness and rebound resilience, respec-
tively. The higher the filler loading, the more reinforcement effect
and crosslinks are generated during vulcanization, confining
the polymer chains' free ends. The hardness of the material
increases as the degree of crosslinking increases. The more com-
pact the networks are, the shorter the molecular lengths between
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Figure 10. The effect of modified GO on the tear strength of
EPDM/SBR rubber composites.
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Figure 11. The effect of modified GO on the hardness of EPDM/
SBR rubber composites.

crosslinks are, and so the network is tighter, resulting in increased
hardness. The high hardness value is attributable to the strongly
reinforcing GO’s greater surface area. Modified nanofillers filled
nanocomposite materials had better mechanical properties in
terms of modulus, tensile strength, and hardness compared to
the GO due to the inclusion of stiff filler particles. The nano-
filler’s reinforcing impact caused the hardness values to rise as
filler loadings increased. The MDI modified GO filler had a
stronger reinforcing effect in EPDM/SBR nanocomposites than
the KH550 modified GO filler. Specific surface area, particle
size, polymer type, and surface-activity of the filler particles have
all been found to influence the reinforcing of nanocomposite
materials.” As a result, adding nanofiller to the EPDM/SBR
rubber matrix increased material hardness while lowering rebound
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Figure 12. The effect of modified GO on the rebound resilience of
EPDM/SBR rubber composites.

resilience in the resulting GO, MDI-GO, or KH550-GO filler-
filled nanocomposites. In both the MDI-GO and KH550-GO
nanocomposites, the rebound resilience reduced marginally as
the nanofiller loadings increased. However, due to the better
reinforcement capabilities of the GO, the mechanical prop-
erties of the MDI-GO filler filled EPDM/SBR nanocomposites
were higher than those of the KH550-GO ones.

Abrasion Resistance. The abrasion resistance of EPDM/SBR
vulcanizates was assessed using the DIN volume loss. Figure
13 depicts the volume loss of EPDM/SBR/GO, EPDM/SBR/
MDI-GO, and EPDM/SBR/KH550-GO vulcanizates with vary-
ing GO levels. As the GO concentration in EPDM/SBR/GO
vulcanizates increased, the volume loss of the vulcanizates
decreased. Rubber abrasion is determined by its resistance to
fracture or tearing when it comes into touch with sharp asper-
ities. The use of reinforcing fillers (GO) in nanocomposites
improves abrasion resistance by preventing the polymer matrix
from breaking. As a result, a higher concentration of GO was
more effective at preventing rubber matrix tearing. However,
at a concentration of 10 phr, introducing GO to EPDM/SBR
nanocomposites only decreased DIN volume loss from 79.1 to
46.4 mm®. For all MDI-GO contents, a notable reduction in the
DIN volume loss of EPDM/SBR compounds was attained in
the case of EPDM/SBR/MDI-GO nanocomposites. For unfilled
blends and nanocomposites containing MDI-GO 2, 4, 6, 8, and
10 phr, the DIN volume loss of EPDM/SBR/MDI-GO decreased
from 79.1 to 54.3, 50.5, 48.2, 46.5, and 45.1 mm’, respectively.
According to FESEM pictures of their surfaces of tensile frac-
ture specimens and hardness data, which will be discussed later,
MDI-GO has a better dispersion and distribution in the EPDM/

SBR than EPDM/SBR/GO and EPDM/SBR/KH550-GO nano-
composites. Since MDI-GO nanofillers have a greater surface
area than KH550-GO and unmodified GO, this increased the
interaction between MDI-GO and EPDM/SBR. Vishvanath-
perumal et al.'” reported outcomes that were comparable. They
found that when an EPDM/SBR rubber matrix was slid against
a smooth steel counterface, the wear resistance of the EPDM/
SBR rubber was enhanced by a homogeneous distribution of
nanoclay. At an MDI-GO loading of 10 phr, all EPDM/SBR
nanocomposites had the lowest DIN volume loss. This was
assumed to be due to MDI-GO agglomeration at increasing
concentrations, as evidenced in FESEM micrographs in Figure
12 where agglomeration increased as the amount of MDI-GO
increased. Aside from the above mentioned reasons, it was dis-
covered that adding MDI-GO to the rubber matrix increased
hardness, which could aid to improve abrasion resistance. Vish-
vanathperumal et al."”® reported similar findings. They discovered
that higher hardness of nanocomposites corresponded to enhanced
abrasion resistance of nanosilica filler filled EPDM/SBR.
Morphology of Composites. To explore the interfacial qual-
ity in the polymer composites, the tensile fracture surface of
the samples was observed by FESEM after a tensile test. Rub-
ber nanocomposites' huge specific surface area, strong van der
Waals force between the GO, and increased rubber matrix vis-
cosity all contribute to GO’s facile agglomeration. GO must
therefore be evenly distributed throughout the polymer matrix
in order to produce high-performance nanocomposites. In the
GO/EPDM/SBR composites, a thick sheet structure is observed
on the matrix surface (Figure 14(a)), and the GO aggregations
can be seen at the edge of the sheet structure. In the GO/EPDM/
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Figure 13. The effect of modified GO on the abrasion loss of EPDM/
SBR rubber composites.
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SBR composites, the same GO aggregates also can be noticed
(Figure 14(a)), and some obvious gaps are observed, confirming
no interaction between the GO sheets and polymer matrix. During
the failure process, the aggregates and the gaps could induce
some micro-cracks to fail the strength of composites. Figure 14
(b) and (c) illustrates the morphology of the cracked surface
for the EPDM/SBR rubber nanocomposites with KH550-GO
and MDI-GO (8 phr). As seen in Figure 14(c), MDI-GO orga-
nizes itself row by row in a regular fashion in the EPDM/SBR
nanocomposites. It is possible to see through rigorous interface
monitoring that modified GO was distributed uniformly in
EPDM/SBR nanocomposites and solidly coupled with the rubber
matrix. Due to the unconnected aggregation structure of GO,
MDI-GO disperses more effectively than KH550-GO (Figure
12(b)). In the case of MDI-GO/EPDM/SBR composites, no
obvious clusters of MDI-GO sheets are noticed. The image of
MDI-GO/EPDM/SBR composites in Figure 14(c) reveals that
a relatively good compatibility of MDI-GO and the polymer
matrix is obtained, and no sheet/matrix gaps are observed on
the fracture surface, indicating the improvement of interfacial
interaction between MDI-GO and EPDM/SBR matrix after sur-
face functionalization. Furthermore, the contact area of MDI-
GO and EPDM/SBR matrix is smooth (Figure 14(c)), and some
polymer molecules seem to be grafted on the surface of MDI-
GO sheet. This interaction can promote the local stress transfer
between the polymer matrix and sheets efficiently to improve
the strength of composites.”””"

Crosslinking Density. The cross-link density of the nano-
composites was calculated using swelling value measurements
72-73

and the Flory—Rehner equation.

1/3

_ _pstVr (3)
CIn(1=V) VA

1
VT @
1
v—2MC 5)

where, M, denotes the molar mass of the polymer between
crosslinks, p, denotes the density of the polymer, V, denotes
the molar volume of the toluene, ¥V, denotes the volume frac-
tion of elastomer in the solvent-swollen filled compound, y
denotes the interaction parameter of the polymer (0.3),”* On
denotes the weight swell of the rubber nanocomposites with
nanofiller in solvent and v denotes the degree of crosslink density.

The mechanical characteristics of the vulcanizates will be
directly impacted by the change in crosslink density. The cross-
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Figure 14. FESEM images of (a) unmodified GO; (b) KH550 mod-
ified GO; (c) MDI modified GO at a nanofiller content of 8 phr in
the EPDM/SBR rubber matrix.

link density of the GO-filled EPDM/SBR nanocomposite rises
from 2 to 10 phr, according to the findings (Figure 15). The
cross-link densities of the nanocomposites filled with GO,
MDI-GO, and KH550-GO provide as evidence for this. With
an increase in GO content, the cross-link density also increases.
It might be connected to an increase in nanofiller particles in
the matrix of EPDM and SBR. When the rubber’s molecular
mobility decreases, toluene has a harder time penetrating the
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Figure 15. Crosslinking density of EPDM/SBR-GO nanocomposites.

rubber matrix. EPDM/SBR nanocomposites with MDI-GO nano-
filler outperformed those with KH550-GO or GO in terms of
cross-link density. The crosslinking density of the EPDM/SBR
nanocomposites rose along with the amount of nanofiller. By
increasing crosslinking density, tear strength, hardness, tensile
strength, and abrasion resistance are all enhanced.

Conclusions

This article analyzed the effects of modified GO on the cure
and mechanical properties of EPDM/SBR rubber nanocom-
posites. The findings demonstrated that the two GO modification
strategies had different effects on nanocomposites' character-
istics. The dispersion morphology of MDI modified GO was
better, as demonstrated in the FESEM images. The cure parameters
of the nanocomposites were still good at low loadings with the
addition of modified GO (8 phr for MDI-GO and 6 phr for
KH550-GO). On the other hand, the introduction of modifier
in GO broke the network structure of graphene nanofiller. As
a result, the addition of modified GO significantly decreased
the scorch time and optimum cure time of the nanocomposites.
Furthermore, nanocomposites synthesized from GO modified
with MDI showed significant torques (minimum, maximum,
and delta torque). Nanocomposites produced with MDI mod-
ified GO enhanced their tensile strength and abrasion resis-
tance by 242% and 50%, respectively, while nanocomposites
developed with KH550 modified GO increased by 219% and
43%, respectively. These findings suggested that incorporating
graphene to EPDM/SBR rubber could be a promising way to
prepare outdoor materials.
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