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Abstract: Natural rubber—bromobutyl rubber (NR-BIIR) composites containing 0—9 phr COOH-functionalized graphene
nanoplatelets (FGNP) were prepared by melt blending using a two-roll open mill. FGNP dispersion and interfacial inter-
actions within the NR-BIIR matrix were examined by field-emission scanning electron microscopy (FESEM) and X-ray
diffraction (XRD). The composites exhibited significant enhancements in mechanical, thermal, and dynamic mechanical
properties compared to NR-BIIR gum. At 5 phr FGNP loading, improvements of 22.9, 19, 32.6, 30.2, and 24% were
observed in stress at rupture, elongation at failure, modulus at 100% strain, tear resistance and abrasion loss respectively.
These improvements are attributed to uniform FGNP dispersion, as confirmed by FESEM and XRD. Enhanced interfacial
adhesion was evidenced by increased storage modulus (£') and glass transition temperature (7). Thermogravimetric anal-
ysis showed that the T}y, 75, and char residue at 600 °C of 5 phr FGNP-reinforced composites were 2.5, 3.2 °C and 102%

higher than NR-BIIR gum.

Keywords: natural rubber-bromobutyl rubber blends, functionalized graphene nanoplatelets, mechanical attributes,

thermal stability, viscoelastic behaviour.

Introduction

Academics and business have paid a lot of interest to graphene,
a revolutionary one-atom-thick carbon material that is struc-
tured in a hexagonal honeycomb lattice.' Due to its substantial
theoretical specific surface area, high Young's modulus, and
exceptional electrical and thermal conductivities, graphene has
emerged as a promising filler for rubber composites.>* None-
theless, the commercial scale-up of few-layer graphene and its
enormous costs are impeding its extensive use. Consequently,
graphene oxide, reduced graphene oxide, and graphene nano-
platelets have intrigued considerable passion as a cost-effective
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and feasible alternative to graphene in large-scale applications.

Graphene nanoplatelets (GNPs) are platelet-liked graphite
nanocrystals consisting of multigraphene layers.” They can be
produced economically by simple top-down approaches from
abundantly existing and naturally available low-cost graphite.
They are characterized by a 2D planar structure, an extremely
high aspect ratio, and a remarkably large surface constant area.*®
Hence, GNPs are contemplated as ideal reinforcements for
elastomers owing to their excellent balance of attributes and
cost.” Normally the performance of elastomer-GNP composites
largely depends on the degree of dispersion of the nanofillers
and their interfacial compatibility with the elastomer matrix.
However, the large surface area between GNPs leads to large
Van der Waals forces and compelling interactions.'*'? Conse-
quently, the realization of graphene-based elastomer compos-
ites is limited by the aggregation and stacking of GNP sheets.


https://orcid.org/0000-0003-2239-6635
https://orcid.org/0000-0003-2239-6635
https://orcid.org/0000-0003-2239-6635
https://orcid.org/0000-0003-2239-6635

672 K. Senthilvel et al.

Until the present time, numerous approaches have been employed
to achieve better compatibility between the matrix and GNP,
comprising the usage of polyelectrolytes and surfactants, which
augment the dispersion of GNP in numerous matrices though
electrostatic or physical interactions."® There are few research
works reporting the enrichment of mechanical, electrical con-
ductivity, thermal attributes and gas barrier in elastomers rein-
forced with GNPs, which are modified using several routes namely
surfactants, ionic liquids, silane coupling agents like (3-aminopro-
pyl)-tri-methoxysilane (APTMS) and grafting of functional groups,
maleic anhydride, pyrene. Che et al."* have demonstrated momen-
tous enhancement in modulus, thermal stability, swelling resistance
and electrical conductivity in natural rubber (NR) composites
filled with sodium sulphate dodecyl (surfactant) modified GNP.
Gaca et al.” have divulged noteworthy enhancement in mechan-
ical attributes, gas barrier characteristics and thermal stability
of styrene butadiene rubber (SBR) composites incorporated with
ionic liquid modified GNP through covalent grafting or non-
covalent absorption. Scinski et al.'® have reported noteworthy
augmentation in SBR composites incorporated with low-tem-
perature-plasma-modified GNP. Ren et al.'” have explored the
mechanical attributes and thermal conductivity of silicon rub-
ber composites reinforced with (3-aminopropyl)-trimethoxysilane
(APTMS)-modified GNP. Ganesh Kumar et al."® have reported
enhanced mechanical attributes, swell characteristics, thermal
resistance, dielectric characteristics and damping properties in
EPDM composites with amine functionalized GNP(AGNP).
Razzaq et al."’ have presented a tremendous enhancement in
solvent resistance and mechanical attributes of NR/EPDM
composites incorporated with poly(ethyleneimine)-modified
GNP. Yadav et al.*® have demonstrated a noteworthy improve-
ment of 600% in modulus and 30 °C in thermal stability in PU
composites filled with hydroxyl functionalized GNP in com-
parison to pure PU. Cui et al.*! adopted molecular dynamics
(MD) simulations to compare the enhanced mechanical and
tribological properties of nitrile rubber composites reinforced
by different functionalized graphene sheets namely hydroxyl
(OH), carboxyl (COOH), and ester (COOCHj;). Results revealed
that Nitrile composites incorporated with COOH functional-
ized graphene demonstrated better mechanical and tribological
attributes. Tao et al.**> demonstrated better interface properties
in COOH functionalized graphene filled vinyl silicone rubber
(MVSR) composites in comparison to CH;, OH and amine
functionalized graphene filled MVSR composites for thermal
interface applications. Hussain ef al.” have demonstrated better
young’s modulus, shear modulus and bulk modulus in COOH
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functionalized graphene than ester functionalized graphene filled
natural rubber composites using molecular dynamic simulations.
A comparison of tensile strength, modulus and thermal con-
ductivity of various rubber composites reinforced with different
functionalised/Surface treated GNP summarised in Table 1.

It is highly evident from the literature that COOH-function-
alized graphene provides a distinct advantage because the abundant
carboxyl groups enhance compatibility with the rubber matrix,
promote stronger interfacial interactions through hydrogen bonding
and chemical coupling, improve filler dispersion, and suppress
graphene restacking. These effects facilitate more efficient stress
transfer from the rubber matrix to the graphene sheets, result-
ing in simultaneous improvements in tensile strength, modu-
lus, thermal stability, and durability without requiring complex
multi-step surface modification procedures. Consequently,
COOH-functionalization represents a relatively simple and effec-
tive strategy for maximizing graphene reinforcement in rubber
composites while maintaining good processability, making it an
attractive alternative to other graphene functionalization approaches.
However, there are very few studies that use specifically COOH-
functionalized graphene (carboxylated graphene) as the rein-
forcing filler in rubber composites.

Bromobutyl rubbers (BIIR) are known for their superior
thermo-oxidative stability, chemical and moisture resistance,
low gas permeability, and vibration resistance.”** These attri-
butes qualify BIIR for making tire inner liners. Nonetheless,
the absence of a covalent network structure in BIIR leads to
inferior mechanical characteristics, especially low stiffness, poor
stress at failure, and poor creep resistance. Hence, BIIR is often
blended with NR to improve its mechanical attributes.?* The
development of lightweight fuel-eco-automobiles necessitates
the development of rubber materials with improved isolation,
high fatigue life, low elastic modulus, and good ride comfort.
Blends of NR/BIIR are considered to be the fore runners to meet
these requirements.”” Le et al.*® have developed self-healable
materials based on butyl imidazole-modified BIIR-NR blends
reinforced with CNTs. Chumnum et al*' have demonstrated
self-healable composites with curing propagation, mechanical
healing, morphologies, electrical conductivity, and recyclability
together with suitable abrasion, rolling resistance, and wet trac-
tion based on butyl imidazole modified BIIR-NR blends rein-
forced with CNT and carbon black hybrid fillers. Nonetheless,
studies describing the reinforcing effect of functionalized GNP
on NR-BIIR blends are scarce.

Although graphene and functionalized graphene-based fill-
ers have been extensively investigated in rubber composites,
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Table 1. A Comparative Study for Tensile Strength, Elastic Modulus and Thermal Conductivity of Rubber Composites Reinforced with
Different Functionalised/Surface Treated GNP from Literature

% Improvement

Methodology Matrix Reinforcement Property studied Value in property from
matrix material
. Iphr of sodium sulfate dodecyl . o
Experimental [13] Natural rubber Latex (SDS) treated GNP Tensile strength 13MPa 1.5%
. Styrene Butadiene  Sphr of 1-butyl-4-methylpyridin- . o
Experimental [14] rubber (SBR jum tetrafluoroborate (BMPFB) Tensile strength 4.7 MPa 117%
. 5% wt of poly(ethyleneimine)- . o
Experimental[15] NR/EPDM modified GNP Tensile strength 104%
. Styrene Butadiene Vinyltrimethoxy silane (VTMS) . o
Experimental [16] rubber (SBR) modified GNP Tensile strength 6.5 MPa 26.7%
. Styrene Butadiene =~ Mercaptotrimethoxy silane . N
Experimental [16] rubber (SBR (MTMS) modified GNP Tensile strength 6.6 MPa 28.6%
. Styrene Butadiene low-temperature-plasma- .
Experimental [16] rubber (SBR) modified GNP Tensile strength 5.6 MPa 7.2%
2phr of (3-aminopropyl)-trime-
Experimental [17] Silicone rubber thoxysilane (APTMS)-modified  Tensile strength 5.2 MPa 21%
GNP
Experimental [18] EPDM 15phr of Amine functionalized Tensile strength 3.13 MPa 55%
graphene
. 1% wt of aminopropyltryetoxysi- . N
Experimental [19] NR/EPDM lane (ATPS) modified GNP Tensile strength 11.7 MPa 60.2%
. 1.5%wt of hydroxyl . 0
Experimental [20] Polyurethane functionalized GNP Tensile strength 23.4 MPa 30.7%
Molecular dynamics [22] Vinyl silicone rubber Methyl functionalized GNP Thermal conductivity 0.129 Wm'K"! 135
Molecular dynamics [22] Vinyl silicone rubber Amine functionalized GNP Thermal conductivity 0.122 Wm'K"' 7%
Molecular dynamics [22] Vinyl silicone rubber hydroxyl functionalized GNP Thermal conductivity 0.127 Wm'K! 12%
. . . Carboxyl (COOH) .. A o
Molecular dynamics [22] Vinyl silicone rubber functionalized GNP Thermal conductivity 0.130 Wm K 14%
. Carboxyl (COOH) . o
Molecular dynamics [23] Natural rubber functionalized GNP Elastic modulus 4.44 MPa 66.42%
Molecular dynamics [23] Natural rubber ester (COOCH;) Elastic modulus 4.41 MPa 65.47%

functionalized GNP

most previous studies have focused on single-rubber matrices,
graphene oxide, or alternative surface-functionalization strate-
gies. In contrast, the present work investigates the reinforce-
ment of an NR/BIIR blend using COOH-functionalized graphene
nanoplatelets, where the carboxyl functional groups are expected
to enhance interfacial compatibility with both rubber phases
and improve filler dispersion. Unlike conventional graphene fill-
ers, COOH-functionalized graphene provides enhanced inter-
facial interactions without the need for additional coupling agents
or complex surface grafting. In this direction, an attempt is made
to improve the performance of the composites using COOH-
functionalized graphene nanoplatelets (FGNP) to improve the
interactions such as enhanced filler-matrix adhesion, prevent-

ing phase separation and ensuring homo geneity with NR-BIIR
matrices.

Hence in this research, an effort has been made to prepare
NR-BIIR composites reinforced with COOH-functionalized GNP
(FGNP). NR-BIIR composites containing 0, 1, 3, 5, 7, and 9 phr
of FGNP were fabricated by melt-mixing on a twin-roll open
mill. The morphology and the microstructure, were evaluated
using field emission scanning electron microscopy (FESEM)
and X-ray diffraction (XRD) studies. Furthermore, this study
establishes a clear correlation between filler loading, morphol-
ogy, and the resulting mechanical, thermal, and dynamic prop-
erties, thereby identifying an optimum loading that balances
reinforcement and agglomeration. These findings provide practical
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guidance for designing high-performance NR/BIIR composites
for applications requiring enhanced mechanical durability, thermal
stability, and barrier performance. Thus, beyond confirming
established reinforcement trends, the present work demonstrates
the effectiveness of COOH-functionalized graphene as a tai-
lored interfacial modifier for NR/BIIR blends and offers appli-
cation-relevant insights for the development of next-generation
tire inner liner materials. The insights gained from these stud-
ies into filler—rubber interactions, chain mobility, and interfacial
adhesion are expected to facilitate the design of inner liners
with enhanced air retention, improved durability, and superior
thermo-mechanical performance, thereby contributing to improved
tire reliability and vehicle energy efficiency.

Experimental

Materials. COOH-functionalized graphene nanoplatelets (FGNP)
were purchased from Adnano Technologies, Karnataka, India.
Bromobutyl rubber (X2) was supplied by Lanxess Energising
Chemistry (Germany). Natural rubber (RMA-1X) was procured
from Manmeet Rubber Industries, Chennai. All the other com-
pounding additives mentioned in Table 2 were provided by
Ramcharan Company, Chennai.

Preparation of Composites. Table 2 shows the NR-BIIR
composite formulas. A dual-roll mill with dimensions of 160
mm % 320 mm was used to compound the material. With the
addition of NR-BIIR rubber to the mill, the blending process
got underway. Following a few minutes of mastication, FG was
added, and mixing was maintained for a further 10 minutes.
The mixture was then supplemented with the antioxidant, acti-

Table 2. Formulation of NR-BIIR Composites (Phr)

vators (stearic acid), CB, and plasticiser and mixed for a further
20 minutes. Sodium stearate, potassium stearate, and sulphur
were added last and combined for a further two to three min-
utes. It was possible to create a homogeneous compound. With
0,1,3,5,7,and 9% wt FGNP, six phr compounds were created.
These compounds are first cured in an electric press at 160 °C.
These vulcanisates were treated for various characterisations
after being kept in an ambient environment for 24 hours.

Microstructure and Morphology. The morphology and
microstructure of FGNPs and NR-BIIR composites were stud-
ied using a SUPRA 55 (CARL ZEISS, Germany) FESEM and
a Rikagu Ultima IV X-ray diffractometer (Rikagu, Japan).

Raman Spectroscopy. FGNP was characterised using Raman
spectroscopy (Renishaw Invia-Reflex, England, UK) utilising
a 514 nm Ar laser.

FTIR Spectroscopy. FTIR was conducted using a Cary
630 FTIR analyser (Agilent Technologies, USA) in the range
of 400 to 4000 cm™.

Tensile and Tear Tests. Compression-molded sheets with
a thickness of approximately 2 mm are used for determining
tensile and tear attributes. According to ASTM D412, standard
dumbbell-shaped specimens are utilized to calculate tensile
strength. According to ASTM D624, the tear strength of com-
posites is measured using un-nicked test specimens. Both these
tests are conducted using an Instron Universal Tester (Model
4301); the test is performed with an initial clamp spacing of 65
mm and a crosshead speed of 500 mm/min.

Hardness and Abrasion Tests. In line with ASTM D2240,
the hardness of the composites is assessed using a Shore A
durometer. Abrasion loss was determined using an abrasion tester

Ingredients (Phr?) Gum FGNP1 FGNP3 FGNP5 FGNP7 FGNP9
NR 50 50 50 50 50 50
BIIR 50 50 50 50 50 50

Zinc oxide 5 5 5 5 5 5

Stearic acid 1 1 1 1 1 1
TDQ? 2 2 2 2 2 2
FGNP 0 1 3 5 7 9

Napthenic oil° 2 2 2 2 2 2

Sulphur MC 1.5 1.5 1.5 1.5 1.5 1.5

MC Wax* 2 2 2 2 2 2
MBTS¢ 1.5 1.5 1.5 1.5 1.5 1.5
TMTD/ 0.2 0.2 0.2 0.2 0.2 0.2

“Parts by weight per hundreds of rubbers; 2,2,4-trimethyl-1,2-dihydroquinoline (Antioxidant); “Processing oil; “Antiozonant; “Mono benzothiazole
disulfide (Primary Accelerator); / Tetramethyl Thiuram Disulfide (Secondary Accelerator)
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(Make: Prolific Engineers) in accordance with ASTM D5963.

Thermo-Oxidative Resistance. As per ASTM D573-99,
the hot-air ageing resistance is evaluated for 72 hours in a hot
air oven set to 100 °C. Servo enterprises (SERVO-15) are shown
in Figure 2. For each of the NR composites examined, five sets
of specimens were evaluated under various ageing circumstances.
Stress at rupture and elongation at failure have been determined
post-ageing to evaluate ageing resistance. The percentage of
retention in properties of the specimens is evaluated as follows:

Property post aging
Property prior ageing

% property retention =

M

Interfacial Interactions and Thermal Stability. Interfacial
interactions between FGNP and NR-BIIR are evaluated using

a DMA analyser (6100, SIINANO technology, Japan). Storage
modulus and tan delta were determined in the range from
-100 °C to 100 °C at a heating rate of 5 °C/min, a frequency of
1 Hz and a strain of 0.2%. Thermogravimetric studies were
conducted using a TGA analyser (6100, SIINANO technology,
Japan) from ambient temperature to 600 °C.

Results and Discussions

Chemical Structure and Morphology of FGNP. The FTIR
spectra of FGNP are presented in Figure 1(a). The peaks observed
at 1050, 1275, 1698, and 3445 cm™ confirm the presence of
various functional groups on the surface of FGNP, including
C-O-C (epoxy group), C-O (alkoxy), C=O (carbonyl), C=O-OH
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Figure 1. (a) FTIR spectra; (b) XRD spectra; (c) Raman spectra; (d),(e) FESEM at different magnification of COOH-functionalized Graphene

nanoplatelets (FGNP).
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(carboxyl), and —OH (hydroxyl group).*”? The presence of these
specific functional groups alters the surface charges. The XRD
spectra of FGNP are shown in Figure 1(b). It is evident that FGNP
exhibits a diffraction peak at 26=26.4691°, which corresponds
to the 0 0 2 basal plane, indicating the stacking of a single
graphene layer with a spacing of 0.336 nm.” Figure 1(c)
displays the Raman spectra of FGNP. As is typical for gra-
phitic-based materials, it shows a D band at 1319 cm™ and a G
band at 1579 cm™'. Additionally, the G band features a shoul-
der at 1620 cm™, suggesting the formation of sp* bonds due to
the functional groups attached to the FGNP surface.**** Fig-
ures 1(d) and 1(e) present FESEM images of the COOH func-
tionalized graphene (FGNP) prior to its incorporation into the
rubber matrix. These FESEM images reveal numerous flakes
of varying shapes and sizes. At higher magnification (Figure
1(d)), the stacks of particles appear thinner and seem to be
interconnected at the edges of the platelets. Furthermore, as illus-
trated in Figure 1(e), the specific graphite nanosheet comprises
several layers of graphene sheets rather than being a single graph-
ite nanosheet or simply "graphene."

Structural Characterization. Figure 2 displays the XRD pat-
terns of NR-BIIR composites. Furthermore, the 002 peak of
FGN is slightly shifted, and its intensity is reduced in the XRD
spectra of NR-BIIR composites with 1-5 phr FGNP, as can be
observed in Figures 2(b-d). This reduction in intensity may be
attributed to the tendency of graphene sheets to become more
randomly oriented and aligned, resulting in a higher likelihood
of uniform scattering.*® Conversely, the peak intensity increases
in NR-BIIR composites with 7 phr FGNP, as presented in Fig-
ure 2(e). This phenomenon demonstrates the inability of FGNP

| —m—GNP
—a— NR-BIIR-FGNP1
—a— NR-BIIR-FGNP3
—w— NR-BIIR-FGNP5
—4—NR-BIIR-FGNPT
| =¢=NR-BIR-FGNPS |

Infensity(a.u)
—
o

20 30
20 (degrees)
Figure 2. XRD spectra of (a) FGNP; (b) BIIR-FGNP1; (c) NR-
BIIR-FGNP3; (d) NR-BIIR-FGNPS5; (e) NR-BIIR-FGNP7; (f) NR-
BIIR-FGNP9 composites.

Zan, 4504 A55, 2026\

Table 3. Characteristic Bands of Natural Rubber (NR), Bromobutyl
Rubber (BIIR) and Functionalized Graphene Nanoplatelets in
NR-BIIR-FGNP Composites

Wavenumber (cm™) Functional group mode

3445 OH (hydroxyl group) in FGNP
2963 CH; asymmetric stretching in NR
2917 CH, asymmetric stretching in NR
2849 CH, symmetric stretching in NR
1665 C=0-OH (carboxyl)in FGNP
1654 C=C stretching in NR

1437 CH, deformation in NR

1371 CHj; deformation in NR

1275 C-O (alkoxy) in FGNP

1144 C-C stretching in BIIR

1458 C-H in plane bending in BIIR
1050 C-O-C (epoxy group) in FGNP
1024 C-H out of plane bending in BIIR
832 =C-H out of plane bending in NR
566 NR main chain deformation

to disperse completely or separate, indicating the presence of a
few layers in stacked form. Additionally, the intensity of the peak
further increases in NR-BIIR composites with 9 phr FGNP
(Figure 2(f)), suggesting the presence of more layers in stacks.”’

Figure 3 and Table 3 present the FTIR spectra for NR, BIIR,
and NR-BIIR-FGNP composites. In Figure 3(a), the distinctive
peaks of NR are observed at 2963, 2917, 2849, and 1594 cm™,
which correspond to the stretching vibrations of CHj;, asym-
metric CH,, symmetric CH,, and C=C, respectively.”® Further-
more, specific peaks of NR at 1449, 1375, and 832 cm™ are
attributed to the asymmetric and symmetric C-H stretching
vibrations and C=H out-of-plane bending.*® The peaks at 1458,
1024, and 1144 cm™ in BIIR are associated with the in-plane
bending and out-of-plane bending vibrations of C-H and C=C
stretching, as shown in Figure 3(b).** The intensity of the C=C
peak at 1594 cm™', originating from the polyisoprene unit in
NR-BIIR composites, is noted to decrease as the FGNP con-
centration increases from 1 to 5 phr, as depicted in Figures 3(c-
h). The FTIR measurements indicate clearly that there is no
chemical interaction between FGNP and NR-BIIR; only phys-
ical interactions are present.*’

Dispersion State of FGNP in NR-BIIR Composites. Fig-
ure 4 shows the cross-sectional morphology of the FG-NR-
BIIR nanocomposite at varying FG loading levels of 3, 5, 7,
and 9 phr, captured at low (500%), high (3500x), and very high
(20000x) magnifications. As illustrated in Figures 4(a-d),
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Figure 3. FTIR spectra of (a) natural rubber; (b) bromobutyl rubber, (c) NR-BIIR-gum; (d) NR-BIIR-FGNP1; (¢) NR-BIIR-FGNP3; (f) NR-
BIIR-FGNPS5; (g) NR-BIIR-FGNP7; (h) NR-BIIR-FGNP9 composites.

increasing the FGNP loading from 0 to 5 phr results in a more
random orientation and more uniform dispersion of FGNP within
the NR-BIIR matrices.*** This enhancement is attributed to
the favorable contact and interfacial adhesion between the NR-
BIIR rubber matrices and FGNP, which leads to improved
mechanical and thermal stability of the nanocomposite. However,
for FGNP loading levels exceeding 5 phr, the FGNP become
more ordered and stacked, leading to a more heterogeneous and

agglomerated structure of the nanocomposite, as depicted in
Figures 4(e-h).*® As a result, there is a decline in both mechan-
ical and thermal properties.

Interfacial Interactions Between FGNP and NR-BIIR
Blends. DMA study of the NR-BIIR composites was done to
look at the interfacial interactions between the FGNP and the
NR-BIIR matrix. Figure 5(a) and Table 4 display the curves of
storage modulus (E") and loss tangent (tan) with temperature.

Polym. Korea, Vol. 50, No. 5, 2026



678 K. Senthilvel et al.

EHT = {000k Signel A = InLens
WD= B4 mm Mag= E0ODOKX

EHT = 1000 kW Sigral A = InLanz
WD = 8.2 mm Mag= 10000 KX

' [ ==
. Agglomeratipn _~
of, FGNP

Agglomeration
of FGNP

b - - : . .
EHT = 10,00 b = ] Sigrad A = InLans
WD 8.3 men I : Mag = 100.00 KX

\@@

4 a Iomeratlon oNP -
agglomeration -

of FGNP

EHT= 1000 kv Sigral A = InLans i = Sigral & = inLars [—
g WD = E1mm Mag= S000KX . WO = 8.1 mm Mag= 10000 KX

Figure 4. FESEM images of (a),(b) NR-BIIR-FGNP3; (c),(d) NR-BIIR-FGNP5; (e),(f) NR-BIIR-FGNP7; (g),(h) NR-BIIR-FGNP9 com-
posites at different magnifications.
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It's worth noting that the incorporation of FGNP filler to the
NR-BIIR matrix results in a remarkable enhancement in E".

When compared to a NR-BIIR gum, all NR-BIIR-FGNP
nanocomposites are always shown to have E' values that are
higher at all temperatures. In comparison to gum, at the same
temperature, the storage modulus of NR-BIIR composites con-
taining 1, 3, 5, 7, and 9 phr of FGNP increased by 36, 411, 401,
111, and 11% at 30 °C. For a given filler quantity, the E’ value
is mostly controlled by the interfacial contact between the filler
and rubber. The increased value of £’ indicates the establishment
of a strong interfacial contact between the FGNP and the NR-BIIR
matrix, which allows stress to be transferred from the NR-BIIR
matrix to the FGNP sheets.**

Effect of FGNP fillers on the mobility of the elastomeric
chains was studied by dynamic mechanical analysis (DMA).
The energy dissipation in the glass transition is governed by
the viscous motion of the long-range polymer chains, which is
shown by the loss factor (tan J). As demonstrated in Figure 5(b),
the height of tan ¢ peak shows the damping ability and mobility
of the polymer segments. The decrease in the peak height of

(a)
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tan ¢ suggests limited polymer chain mobility due to enhanced
filler—matrix interactions. This constraint is often connected with
enhanced interfacial adhesion in elastomeric composites. The
tan o peak heights of all the NR-BIIR-FGNP composites were
lower than those of the NR-BIIR gum, which confirms the improved
interfacial adhesion between the FGNP filler and the NR-BIIR
matrix.** Among the composites, the lowest tan J peak was seen
for the specimen with 5 phr FGNP, indicating the highest restric-
tion of polymer chain mobility and the strongest contact between
filler and matrix.

The glass transition temperature (7,) was obtained from the
temperature corresponding to the maximum tan J peak in Fig-
ure 5(b). The NR-BIIR gum had 7, value of -33.1 °C and all
NR-BIIR-FGNP composites showed a change in 7, to higher
temperatures. The composite with 5 phr FGNP showed the high-
est T, (-29.5 °C), which suggested that the homogenous dis-
persion of FGNP and increased interfacial bonding could
effectively constrain the mobility of the molecular chains of
the NR-BIIR.*** However, the 7 and 9 phr FGNP composites
displayed slightly lower 7, values than the 5 phr composite. This
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Figure 5. Variation of (a) Storage modulus (E’) with temperature; (b) variation of loss factor (tan J) with temperature for NR-BIIR-FGNP

composites.

Table 4. DMA Characteristics of NR-BIIR Composites

Storage modulus (MPa) at different temperatures (°C)

Samples -70 -50 -30 30 50 70 L CO
NR-BIIR-Gum 3905.63 2130.36 85.81 1.81 0.83 0.47 -33.1
NR-BIIR-FGNP1 5530.21 2527.91 95.07 247 1.50 1.48 324
NR-BIIR-FGNP3 5687.34 2838.41 105.72 9.07 8.12 7.34 319
NR-BIIR-FGNP5 5705.26 2741.95 119.14 9.37 10.4 528 295
NR-BIIR-FGNP7 5654.605 2701.02 115.50 3.83 2.30 1.36 -30.4
NR-BIIR-FGNP9 5626.504 2421.02 83.53 2.01 1.04 0.26 326
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phenomenon can be explained by the production of FGNP
agglomerates at filler loadings over 5 phr resulting in increased
free volume in the matrix and polymer chain motion leading to
a reduction in 7, of the NR-BIIR composites.*

Crosslinking Characteristics. The rate at which the FGNP
particles crosslink in the NR-BIIR matrix is directly impacted
by their dispersion. Figure 6 presents the crosslinking charac-
teristics of several composites are displayed. There are studies
in the literature which state that functional groups present on
the surface of the carbon nanofillers can absorb the basic accel-
erator and delay the onset of vulcanization. In our study, the
ideal cure time () was shown to decrease as FGNP concen-
tration increased, supporting greater FGNP dispersion inside
the NR-BIIR matrix (Figure 6(a)). The higher thermal conduc-
tivity and the larger surface area of FGNP facilitates easy flow
of heat and result in sooner completion of the cure process.*’
It is also stated that FGNP adsorbs accelerators on its surface
and acts as physical barriers to the sulphur accelerator reaction
and the formation of zinc-accelerator complex, resulting in
reduction of overall cure time.** Similar trend is also observed
with scorch time (f;,.) upon FGNP addition in the NR-BIIR
matrix (Figure 6(a)).

Figure 6(b) demonstrate the maximum and minimum torques
of NR-BIIR-FGNP nanocomposites. The viscosity arising from
the tensions between the raw rubber molecular chains before
curing is implied by the minimum torque value (ML), or ML.
A measurement of the cross-link density of cured rubber is the
maximum torque value (MH). The rheometer was used to measure
the MH and ML. It is clear that the ML and MH values of the
NR-BIIR-FGNP composites increased up to 5 phr, peaking at
5 phr FGNP, and subsequently decreased when the FGNP con-
centration was raised further. This revealed that the strongest
rubber molecular chain and FGNP contacts occurred at 5 phr
of FGNP nanofillers, which may be ascribed to the highest filler
matrix adherence.” The agglomeration of the FGNP, which
results in poor interaction between the NR-BIIR and FGNP,
contributes to the drop in ML and MH values after 5 phr FGNP
concentration.”

Cure rate index (CRI) is an indicator of the rate of vulcani-
sation and is calculated based on the differences between. f,,
and ¢,,. It can be noted that CRI is increased for NR-BIIR com-
posites loaded with FGNP, as presented in Figure 6(c). This
can be attributed to the filler’s capacity to quicken the vulca-
nization process. Additionally, as the cure progresses, FGNP
and NR-BIIR may have reacted, producing new cross-links or
network structures inside the composite material. By preventing
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Figure 6. (a) Scorch time and cure time; (b) minimum and maximum
torque; (c) cure rate index of NR-BIIR-FGNP composites.

extended relative movement of the chains, these networks in
turn increased the stiffness of the nanocomposites. The torque
differential values may have increased as the content of the
FGNP increased due to this event. The vulcanization rate of the
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NR-BIIR-FGNP composites improves noticeably, and the cure rate
index (CRI) is improved by a factor of 2.6. Such an improvement
is credited to the FGNP's improved dispersion in BR composites.
Similar results for CRI are observed in graphene reinforced
natural rubber composites.” The enhanced values of CRI also
indicate the decreased energy of activation for crosslink for-
mation and augmented interaction for curing.'®*

Mechanical Characteristics. By examining the data presented,
it can be noted that the tensile strength of BIIR/NR nanocom-
posites is more than that of conventional composites by 6.9,
12.9,22.9, 14.8, and 5.1% respectively, for 1, 3, 5, 7, and 9 phr
of GNP content in the NR/BIIR hybrid nanocomposites. Fur-
ther from Figure 7(a), it can be noted that in NR/BIIR hybrid
nanocomposites, the tensile strength increases upto 5 phr
FGNP content and thereafter decreases with further increase
in GNP content. Such an improvement in tensile strength may
be accredited to (i) the greater surface area of FGNP and its
improved interaction with the BIIR-NR matrix,* (ii) Presence of
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COOH group's presence on the graphene layers' surface obstructed
their stacking and enhanced the dispersion of FGNP in the rub-
ber blend.** Enhanced dispersion of FGNP and augmented BIIR-
NR-FGNP interactions enabled more efficient transfer of stress at
the interface and hence improved tensile performance.'* Ten-
sile strength decreases at 5 phr of nanofiller content because of
poor rubber-filler interaction and restacking of graphene lay-
ers.S‘FSS

It is also evident from Figure 7(b) that NR/BIIR nanocom-
posites incorporated with 1, 3, 5, 7, and 9 phr of FGNP con-
tent, respectively, exhibited 6.3, 8.6, 19, 5.1, and 2.5% increase
in % ER in comparison to NR-BIIR gum. It has been normally
observed that loading of composites with fillers leads to a reduction
in ER.> Nonetheless, a reversed trend was noticed in the stud-
ied composites. Further from Figure 7(b), it can be noted that
in NR/BIIR composites, the ER increases up to 5 phr FGNP con-
tent and thereafter decreases with further increase in FGNP con-
tent. The significant augmentation in ER can be attributed to
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Figure 7. (a) stress at rupture and tear strength; (b) elongation at failure and abrasion loss; (c) tensile modulus at 100%, 200% and 300%
strain of NR-BIIR-FGNP; (d) hardness of NR-BIIR-FGNP composites.
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the susceptibility of FGNP to disturb the physical crosslinking
sites of the NR-BIIR blends and promoting elastomer chain
movement." Hence, the developed NR-BIIR composites
exhibited greater strength and superior extensibility.

It can be noted from Figure 7(c) that NR-BIIR composites
demonstrate a remarkable increase in modulus with an increase
in FGNP loading from 1-9 phr. The modulus of NR-BIIR com-
posites with 9 phr FGNP presented an improvement of 65.3,
76.3, and 81.4% respectively at strain levels of 100, 200, and
300%, in comparison to gum. Such a significant improvement
in modulus can be attributed to the proficient transfer of load
between FGNP and NR-BIIR blends.”

The simultaneous increase in modulus and elongation at
break with increasing loading of COOH-functionalized graphene
in the NR/BIIR blend can be attributed to the homogeneous
dispersion of the functionalized graphene and its strong inter-
facial interaction with the rubber matrix. The carboxyl-func-
tionalized graphene enhances stress transfer and forms an effective
reinforcing network, thereby increasing the stiffness of the compos-
ite. In addition, the functionalized graphene improves the com-
patibility between the NR and BIIR phases by preferentially
localizing at the blend interface, leading to a finer and more
uniform morphology. The uniformly dispersed graphene also
delays crack initiation and propagation through crack-bridging
and crack-deflection mechanisms, while the NR phase undergoes
efficient strain-induced crystallization during stretching. These
synergistic effects enhance both the modulus and elongation at
break up to an optimum graphene loading. Results similar to our
work with simultaneous increase in elongation at break and
modulus have been reported by Mondal et al.*® in acrylonitrile
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butadiene composites. Elongation at break and modulus at 300%
were reported to increase by with increase in graphene nano-
platelets loading from 0 to 20 Phr.

NR-BIIR composites demonstrate augmentation in hardness
values with enhancement in FGNP loading from 1-9 phr (Fig-
ure 7(d)). The better results can be ascribed to more uniform
dispersion of FGNP, stronger NR-BIIR-FGNP interactions, a
higher modulus of FGNP, and the formation of additional cross-
links between rubber and filler.*** A considerable reduction in
abrasion loss values of NR-BIIR composites can be noticed in
Figure 7(b) till the incorporation of 5 phr FGNP content. The
NR-BIIR-FGNPS5 composite recorded the highest decline of
24% among the various composites studied. The results can be
accredited to enhanced dispersion of FGNP and augmented
BIIR-NR-FGNP interactions.>! Furthermore, the tear resistance
of NR-BIIR nanocomposites is improved by 8.7, 19.5, 30.2, 33.3,
and 36.1%, respectively, for 1, 3, 5, 7, and 9 phr FGNP con-
centration (Figure 7(a)). It is obvious that the tear resistance of
NR-BIIR nanocomposites increases up to 5 phr FGNP and
then decreases with further enhancement in FGNP content. The
exceptional performance of NR-BIIR nanocomposites is due to
(1) the large size of platelets and their intrinsic geometrical
attributes and (ii) improved adhesion between FGNP and NR-
BIIR. These factors offer strong resistance to crack initiation and
propagation, endorse efficient transfer of load from NR-BIIR
blends, and prevent failure at low stress levels.*%'

Hot Air Ageing. Figure 8(a) shows the tensile strength of
conventional and hybrid NR/BIIR nanocomposites before and
after hot air ageing for 70 hours at 100 °C. These findings show
that hot air ageing reduces the tensile strength of both conventional

| ] Before ageing

| - After ageing

FGNP3

Gum FGNP1 FGNPS FGNP7 FGNPY

Filler content (phr)

Figure 8. (a) stress at rupture; (b) elongation at failure of NR-BIIR gum and NR-BIIR-FGNP Composites after hot air ageing at 100 °C

for 70 h.

Zan, 4504 A55, 2026\



Characterization and Properties of COOH Functionalized Graphene Nanoplatelets Filled Natural Rubber/Bromo-Butyl Rubber Blends 683

and hybrid NR/BIIR nanocomposites. This is caused by the primary
NR/BIIR chains degrading as a result of ageing.* After being
aged in hot air, 89% of the tensile strength was retained in the
NR/BIIR conventional composite. After hot air ageing, the percent-
ages of tensile strength retained for 1, 3, 5, 7, and 9 phr GNP
content in NR/BIIR hybrid nanocomposites are 92, 94, 96, 93,
and 92%, respectively. This leads to the conclusion that, after
being aged in hot air, NR-BIIR nanocomposites had greater
tensile strength than gum

Figure 8(b) shows the per cent elongation at failure of NR-
BIIR composites before and after 70 hours of hot air ageing at
100 °C. The results illustrate that NR-BIIR composites expe-
rience a decrease in elongation at failure during hot air ageing.
This decrease in % elongation at failure is caused by chain scis-
sion, which weakens the primary NR/BIIR chains.®* After hot
air ageing, the NR/BIIR gum shows an 86% preservation of
elongation at rupture. After being aged in hot air, NR/BIIR hybrid
nanocomposites containing 1, 3, 5, 7, and 9 phr of GNP showed
enhanced retention of % elongation at break of 88, 89, 92, 90,
and 88%, respectively. Increased NR-BIIR-CB-GNP interac-
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tions and intercalated structure creation promote a convoluted
route that reduces oxygen absorption and increases hot air ageing
resistance. For natural rubber-carbon black organoclay hybrid
nanocomposites, similar outcomes are reported.**

Thermal Stability. Figure 9 and Table 5 present the thermo-
gravimetric (TGA) attributes of BIIR-NR-FGNP composites.
The TGA parameters, namely temperatures at 10% weight loss,
50% weight loss, maximal degradation temperature, and char
residue weight at 600 °C of the prepared composites, are explored,
and the data are presented in Table 5. It is highly evident that
in all the TGA parameters of NR-BIIR-FGNP composites were
greater than those of the gum. NR-BIIR composite with 9 phr
FGNP demonstrated superior TGA parameters (7, at 328.5 °C,
Tsoat 393.6 °C, and char residue percentage of 13.6%) among
the various composites investigated. Inherent capability of FGNP
to prevent heat propagation, better FGNP dispersion across the
NR-BIIR matrix and improved NR-BIIR-FGNP interactions
served to reduce the diffusion of generated degradation gases,
which in turn serve to prevent additional NR and BIIR deg-

radation.®*¢’
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Figure 9. (a), (b) Thermogravimetric curves of NR-BIIR-FGNP composites at the heating rate of 10 °C/min under nitrogen atmosphere.

Table 5. Thermogravimetric Analysis (TGA) Data of NR-BIIR Nanocomposites, Showing the Onset Decomposition Temperature
(T4%), Temperature at 50% Degradation Rate (75%), Residual Char Content at 600 °C

Composites T (°C) T5% (°C) Char residue weight (%) at 600 °C
NR-BIIR-Gum 323.2 387.1 44
NR-BIIR-FGNP1 323.6 387.5 5.8
NR-BIIR-FGNP3 3244 388.7 6.7
NR-BIIR-FGNP5 325.7 390.3 8.9
NR-BIIR-FGNP7 327.7 392.1 113
NR-BIIR-FGNP9 328.5 393.6 13.6
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Conclusion

In this research work, an effort has been made to prepare and
characterize NR-BIIR composites containing 0-9 phr FGNP.
These composites were prepared by melt blending on a two-roll
open mill. The prepared composites demonstrated remarkable
improvement in mechanical attributes, thermal stability and
dynamical mechanical characteristics in comparison to their gum.
Further NR-BIIR composites incorporated with 5 phr FGNP
presented an improvement of 22.9, 19, 32.6, 30.2, and 24%
respectively in stress at rupture, elongation at failure, 100%
modulus, tear strength and abrasion loss respectively. The ther-
mogravimetric characteristics namely (temperatures at 10%
weight loss (7) and 50% weight loss (75,) and char residue
concentration at 600 °C of 5 phr FGNP reinforced NR-BIIR
composites are 2.5, 3.2 °C and 102% higher than that of NR-
BIIR gum. The interfacial adhesion between FGNP and NR-
BIIR was confirmed by the remarkable enhancement in stor-
age modulus (£’) and the glass transition temperature (7,) of
NR-BIIR-FGNP composites. Uniform dispersion of FGNP in
NR-BIIR matrix as evinced by FESEM and XRD studies and
improved compatibility between FGNP and NR-BIIR resulted
in augmented mechanical characteristics and thermal stability
of NR-BIIR-FGNP composites.
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