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Abstract

This study explores how the size and hybridisation of graphene nanoplatelets (GNPs) affect the properties of graphene
nanoplatelet-filled natural rubber (NR) nanocomposites (GNP-filled NR). Results demonstrate notable enhancements in the
thermal properties and electrical conductivity of NR with the addition of GNPs. However, mechanical properties experienced
partial enhancement, showing increased modulus by up to 200% and hardness by up to 50%, alongside decreased tensile
strength by up to 60% and elongation by up to 70%. The comparative analysis highlights the superior mechanical and thermal
properties associated with smaller GNPs. These smaller particles enhanced mechanical properties such as modulus at 100%
strain and Shore A hardness, increased the glass transition temperature by up to 10%, and reduced thermal degradation rates
by up to 30% due to their superior dispersion and interfacial bonding with NR. Larger GNPs exhibited a 1000% increase
in electrical conductivity at 10 x 10° Hz due to increased surface area and network formation due to reduced dispersion.
Notably, hybrid GNPs contributed significantly to overall property enhancements compared to the single filler system, with
up to 80% higher tensile strength, up to 30% higher elongation at break, up to 20% higher glass transition temperature, lower
degradation rate at high temperature, attributed to improved dispersion of GNPs and interfacial adhesion with NR. This study
highlights the substantial influence of GNP sizes on the performance of NR nanocomposites and the significant effects of
hybridisation, providing valuable insights for optimising material properties for advanced applications.

Keywords Graphene nanoplatelets (GNP) - Natural rubber (NR) - GNP-filled NR nanocomposites - Physical and mechanical
properties - GNP sizes and hybridisation

Highlights

o Smaller graphene nanoplatelet (GNP) sizes yield superior
mechanical and thermal properties by enhancing dispersion and
interfacial bonding with natural rubber (NR). Natural rubber (NR), derived from Hevea Brasiliense's trees,

o Smaller GNP sizes enhance thermal stability in graphene comprises 93-95% cis 1, 4-polyisoprene and is prized for

nanoplatelet-filled natural rubber nanocomposites (GNP-filled . . . . .. .
NR), reducing degradation rates. its exceptional physical properties such as elasticity, resil-

Introduction

e Larger GNP sizes enhance electrical conductivity through ience, and abrasion resistance. However, its susceptibility
increased surface area and network formation due to reduced to heat, ozone, and chemicals and poor compatibility with
dispersion.

« Hybrid GNP-filled NR outperforms single GNP-filled NR in other materials restrict. its in.dustrial applications. Active fill-
mechanical and thermal properties due to improved dispersion ers and polymer modifications are necessary to overcome
and efficient stress transfer, although with lower electrical these limitations, enhancing properties while retaining their
conductivity. inherent advantages [1]. Polymer composites, incorporating

NR with reinforcing fillers, significantly improve mechani-

cal, physical, chemical, and electrical properties, enhancing

processability and reducing costs. Traditional fillers like car-
bon black (CB), silica, and clay have been extensively used,
but they often require high loading levels, compromising
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Faculty of Engineering, Rajamangala University . years, integrating advanced nanomaterials into polymer
of Technology Thanyaburi, Pathum Thani 12110, Thailand

<l Wichain Chailad
wichain_c @rmutt.ac.th

< Suchalinee Mathurosemontri
suchalinee.m @en.rmutt.ac.th

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10965-024-04066-5&domain=pdf
http://orcid.org/0000-0001-6460-5357

223 Page2of18

Journal of Polymer Research (2024) 31:223

matrices has emerged as a promising avenue for enhancing
the mechanical, physical, thermal, and electrical properties
of polymers [5-8]. Among the many nanofillers, graphene
nanoplates (GNP) have gained significant attention due to
their exceptional mechanical strength, thermal conductivity,
and electrical conductivity [9-11].

In recent years, there has been a surge of interest in the
remarkable properties of 2D materials, particularly graphene
and its derivatives [5—7]. Graphene demonstrates exceptional
mechanical properties, with an elasticity modulus of around
1 TPa and an unparalleled strength of around 130 GPa. It
also offers high thermal conductivity as high as 5000 W/mK,
a large specific surface area, remarkable electrical conduc-
tivity, and significant gas permeability [12, 13]. Given these
properties, it is unsurprising that graphene-based particles
are extensively studied as nanofillers in polymer and elas-
tomer matrices to enhance their properties. For instance,
graphene nanoplatelets (GNPs) have been shown to signifi-
cantly improve the overall physical and mechanical proper-
ties of polymers, even in small amounts, while preserving
their inherent advantages [3, 9-11, 14]. Studies by Li et al.
[3] showed that GNPs could enhance the stiffness of NR
up to three times more than N330 CB for the same filler
amount. Similarly, research by Young et al. [9] showed that
incorporating GNPs into an epoxy matrix increased its ther-
mal conductivity by 23 times with just a 10% volume load-
ing. Wijerathne et al. [14] observed that introducing small
amounts of GNP in recycled polycarbonate could improve
Young’s modulus by around 40% and its thermal stability
of 2.74%.

The synergistic combination of natural rubber (NR) with
graphene nanoplatelets (GNPs) holds immense potential
for developing high-performance nanocomposites, offering
a unique blend of mechanical robustness and flexibility. This
study investigates the influence of GNP sizes on the proper-
ties of GNP-filled NR. The size of GNPs is a critical param-
eter that can significantly impact the interaction between the
GNP particles and the NR matrix, thereby influencing the
overall performance of the GNP-filled NR. As researchers
strive to tailor the properties of these materials for diverse
applications, a thorough understanding of the size-dependent
effects of GNP on the mechanical, thermal, and electrical
characteristics of GNP-filled NR becomes imperative.

Table 1 Characteristics of different types of GNPs [15-17]

This research uniquely explores the impact of varying
GNP sizes on the thermal, mechanical, and electrical proper-
ties of GNP-filled NR, providing detailed insights into how
different sizes of GNPs affect these properties. Additionally,
it introduces and evaluates hybrid GNP systems, combining
multiple sizes to understand their synergistic effects on the
properties of the obtained hybrid GNP-filled NR —an area
not extensively covered in previous studies. The research
offers a comprehensive analysis of property enhancements,
considering trade-offs such as increased modulus versus
decreased tensile strength and elongation, providing an
understanding of material behavior. This research aims to
enhance the performance of NR by examining how GNP size
and hybridisation affect GNP-filled NR, optimising proper-
ties for specific applications where improved mechanical,
thermal and electrical properties are crucial.

Given the industrial relevance of NR, improving its per-
formance through advanced nanocomposite techniques can
lead to significant benefits, including better durability and
functionality of NR products. By addressing the knowledge
gap in the detailed comparison of different GNP sizes and
hybrid systems on NR nanocomposites, this research seeks
to fill these gaps and provide a foundation for future work.
The outcomes of this research contribute to the growing
body of knowledge in the field of polymer nanocompos-
ites, paving the way for developing advanced materials with
enhanced multifunctionality.

Materials and method
Materials

The XG graphene nanoplatets (GNPs) were obtained from
XG Sciences Inc., East Lansing, MI, United States. GNP
was utilised without additional modification. Three different
GNP grades, designated as G5, G15, and G25, with nominal
lateral diameters of 5 pm, 15 pm, and 25 pm, respectively,
were employed in this study. According to the manufacturer,
the thickness of all flakes ranges between 6—8 nm, equating
to approximately 20 layers of graphene [15—17]. The GNPs
consist of 95-100% graphite and 1-5% elemental sulfur. The
main properties of these GNPs are detailed in Table 1.

GNP types Density Bulk Lateral Aspect ratio (D/L)  Specific Electrical Thickness (nm) Number of layers
(g/cm’)  Density diameter Surface area Conductivity
(kg/m’)  (um) (m*/g) (S/em)
G5 22 160 5 215.5 150 34 6-8 15-20
G15 22 66 15 N/A 120-150 35 6-8 15-20
G25 2.2 67 25 1116.1 120 22 6-8 15-20
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The grade of NR (cis 1,4 poly isoprene) utilised in this
study was Standard Malaysian Rubber 60 (SMR60), which
has the Mooney-Viscosity ML (1 +4, 100 °C) of 60. SMR60
was sourced from Thai Hua Rubber Company and employed
in its original state without further modification. All addi-
tives utilised in the processing of the NR and GNP-filled NR
compounds, including stearic acid, zinc oxide (ZnO), sul-
fur, and N-Cyclohexyl-2-benzothiazole sulfenamide (CBS)
accelerator, were of analytical grade and employed without
further modification.

Methods
Preparation of GNP-filled NR

A mini-internal mixer operating in the Banbury mixer mode,
manufactured by Thermo Scientific, was employed to masti-
cate the NR. This process followed the formulations detailed
in Table 2. Three different types of GNPs (G5, G15 and
G25) were incorporated into the NR matrix at nominal load-
ings to prepare GNP-filled NR. Furthermore, three hybrid
samples of GNP-filled NR were created by blending two
different GNP grades, as specified in Table 2.

The pieces of NR were initially cut into suitable sizes and
then pre-heated at 60 °C for approximately 30 min to facili-
tate decrystallisation. This step was crucial for preparing
the material for further processing, ensuring optimal proper-
ties in the final GNP-filled NR. Once warm and sticky, the
NR was mixed using a mini-internal mixer. ZnO, stearic
acid, and CBS accelerator were then added and mixed at
the proper time. GNPs were gradually incorporated into the
compound, with mixing time adjusted based on the number
of additives. The final step involved the addition of sulfur,
which was carefully mixed into the NR compound.

Further mixing was conducted to ensure the uniform dis-
persion of all additives and GNPs within the NR matrix.
Mixing time and temperature were carefully controlled
and kept below 100 °C to prevent premature vulcanisation.
Torque observation helped control additive addition and
ensured sufficient mixing. The 60 g portions of NR com-
pounds were cut and then compressed in a mould with the
dimensions of 148 X 148 2.5 mm (length x width x thick-
ness), utilising a Collin press P300 P/M. The NR compounds
were subjected to vulcanisation at 160 °C for 10 min, apply-
ing a hydraulic line pressure of 30 bar. The preparation steps
are shown in Fig. 1.

Characterisation techniques

Raman spectroscopy Raman spectra of the NR and different
GNPs were collected over a Raman shift range of 100-3000
cm™! using a Renishaw 200 Raman spectrometer equipped
with a laser wavelength of 633 nm and an x50 objective
lens, providing a spot size of approximately two pm. GNP
particles were identified from small clusters deposited on
glass slides. Laser power was varied from 10% to 50%, and
each spectrum was acquired with an exposure time of 50 s.

Scanning electron microscopy A QUANTA FEG 650 micro-
scope operating between 8 and 10 kV was used to conduct
the Scanning electron microscopy (SEM) analysis. The par-
ticles of GNP were dispersed onto aluminium stubs before
the analysis. The microstructures of GNP-filled NR samples
were analysed from surfaces which were fractured at low-
temperature. First, the GNP-filled NR specimens were sub-
merged in liquid nitrogen and manually fractured to generate
distinct brittle fracture surfaces. Subsequently, the fracture
surfaces of the GNP-filled NR samples underwent treatment

Table 2 GNP-filled NR

. Raw materials Amount (phr ?)
compound formulation
SMR CV60 100
ZnO 3
CBS accelerator 1
Sulphur 3
Stearic acid 2.5
Samples GNP types Symbols
G5 G15 G25
1 20 G5
2 20 G15
3 20 G25
4 10 10 G5/G15
5 10 10 G5/G25
6 10 10 G15/G25

phr denotes parts per hundred rubber
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Fig. 1 The preparation process
of GNP-filled NR

Adding sulphur (temp. less than 100°C
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»

Cut NR to small
pieces

GNP-filled NR sheet

with an alloy of Au/Pd to guarantee conductivity prior to
SEM analysis. This approach facilitated a comprehensive
examination of the morphology and dispersion of GNPs
within the NR matrix, offering valuable insights into the
structure of the GNP-filled NR.

X-ray diffraction X-ray diffraction (XRD) analysis was con-
ducted to examine the structural characteristics of differ-
ent GNPs. Rectangular specimens measuring 20 mm X 20
mm X 2.5 mm were prepared for analysis. Using a Proto
AXRD 0-20 diffractometer, XRD measurements were per-
formed. The diffractometer was supplied with a filtered
Cu-Ko radiation source with a wavelength of 0.1542 nm.
The equipment operated at a current of 40 mA and a volt-
age of 40 kV. Data collection was carried out in the 2-50
20 range using a Dectris Mythen 1 K 1D detector, which
has a 3.22° maximum active length. The results are applied
to examine the crystallographic structure of the GNP-filled
NR samples.

Tensile testing Tensile testing was performed using an
Instron-5969 universal testing machine. The specimens were
prepared by cutting the NR compound sheets into using a
standard die type C for cutting a dumbbell shape having
a gauge size of 33 mm in length and 6 mm in width. To
mitigate the effects of moisture on NR specimens, they were
conditioned for 24 h, according to ADTM D412. Testing was
conducted on each formulation with five specimens until
fracture occurred, using a crosshead speed of 500 + 50 mm/
min. Initially, strain measurements were tracked using video
tracking. Additionally, changes in grip at higher elongation
levels were also observed.

@ Springer
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Hardness testing A Shore A durometer (RS Pro Durometer)
was used to test the hardness of NR compounds following
ASTM D2240 standards. The durometer was positioned ver-
tically, ensuring the indenter point was at least 12 mm from
the edge of the specimens. The specimens were quickly sub-
jected to the pressure foot. Five specimens from each sample
were evaluated, and testing was conducted at a temperature
of 23 + 2°C. This method allowed for precise measurement
of the resistance of material to indentation, providing valu-
able insights into its mechanical properties.

Dynamic mechanical analysis Dynamic mechanical analy-
sis (DMA) was conducted using a TA Instruments DMA
Q800 in dual-cantilever mode. Rectangular sample sizes
of 35 mm X 10 mm X 2.5 mm were used for testing. Test-
ing temperatures ranged from -80 °C to 100 °C under a
nitrogen environment, with a heating rate of 3 °C/min.
The DMA was operated at a frequency of 1 Hz and 50 pm
strain amplitude. This comprehensive approach allowed
for detailed characterisation of the dynamic of material
mechanical properties over a wide temperature range,
which provided valuable insights into its thermal behav-
iour and viscoelastic properties.

Differential scanning calorimetry Differential scanning calo-
rimetry (DSC) (TA Instruments Q100 DSC) was used to
investigate the thermal behaviour of the unfilled and GNP-
filled NR samples. Under a nitrogen atmosphere (N2), the
temperature was ramped from -100 °C to 300 °C at a heat-
ing rate of 10°C/min. Approximately 10 mg of each NR
compound underwent heating—cooling-heating cycles to
assess the impact of GNPs on the thermal properties of the
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GNP-filled NR. By observing the initial change in the heat
capacity curve during the second heating cycle, the glass
transition temperature (Tg) was determined.

Thermogravimetric analysis The thermal behaviour of the
unfilled and GNP-filled NR samples was assessed using a
TA Instruments Q500 Thermogravimetric analysis (TGA),
which also provided the actual fraction of GNP volumes
within the samples. The temperature was ramped up at 40
°C/min heating rate from ambient conditions to 800 °C in
N,. The quantity of other additives was assumed to remain
consistent in the pure NR to assess the mass proportion of
GNP in the GNP-filled NR. The mass ratio will be trans-
formed into the volume ratio using Eq. (1) and (2).

Pe
Vi= Wi o

oo

_ 1
- Zinzl (Wi/py) 2

where the density of the GNP-filled NR is denoted by
p. and p; stands for the density of component i. W; donates
a portion of component i by mass. V, presents a portion
of component i by volume. Two specimens of each sample
were examined.

Pe

Electrical conductivity The rectangular test specimens
were carefully extracted from the broader top and bot-
tom edges of the cutting die to ensure consistency. Their
dimensions were accurately gauged and documented for
subsequent examination. These samples underwent electri-
cal conductivity testing through a two-electrode approach.
To enhance conductivity, silver conductive epoxy was
used on each surface of the specimens, allowed to be set
for 30 min, and then cured at 120 °C. The curing time was
10 min. Copper wires were then connected sequentially to
complete the setup.

An electrochemical impedance spectroscopy (ELS) was
used to analyse the resistance of the unfilled and GNP-filled
NR samples. The model used EIS was a Numeric Q phase-
sensitive multi-meter (PSM 1735). A frequency between 1
and 10° Hz was used. The conductivity values of each speci-
men were determined three times to ensure accuracy. Elec-
trical conductivity, expressed in S/m, was calculated using
Eq. (3) based on the resistance values and sample dimen-
sions according to ASTM D4496.

1t
o(S/m) = ixxs 3)
where R is measured resistance (£2), t is specimen thickness
(m), and A is the effective area of the measuring electrode
(m?).

Results and discussion
Characterisation of GNPs
Raman spectroscopy

The results from Raman spectroscopy for the unfilled NR
and three different grades of GNPs are presented in Fig. 2
and Table 3. The Raman spectra for all GNP sizes displayed
strong D, G, and 2D bands, demonstrating the presence of
a graphitic structure in the materials [3, 18]. In contrast, the
Raman band of NR exhibited solely a broad peak attributed
to a fluorescent background originating from the NR matrix.
Figure 2 and Table 3 illustrate that all GNP types exhibit
a G-band peak, found at around 1581.9 cm™!, suggesting
the vibration mode of sp® hybridised carbon atoms in a two-
dimensional hexagonal lattice [20, 21]. Using Eq. (4),

11
wg = 15816+m )
where w represents the wavelength position of the G band,
while n denotes the number of graphene layer thicknesses
and based on the G-band position, the number of graphene
layers in GNPs was calculated, revealing a consistent aver-
age of approximately 11 + 2 layers across all GNP types
despite variations from G5 to G25.

The presence of the D band in Raman spectra signifies
defects or disorders in graphene-based materials, typically
associated with amorphous carbon types, vacancies, grain
boundaries, and heteroatoms [21, 22]. The I,/I ratio, used
to compare defect levels in GNPs, revealed the highest
defect density on smaller GNPs (G5) surfaces, indicated by
a higher Iy/I; ratio compared to G15 and G25. These defects
are attributed to the increase in the percentage of dangling
bonds and oxidation degree in smaller particles, particularly
in G5 [23]. While Raman spectra for hybrid GNPs were not

G25

e

G5

NR

Intensity (A.U.)
e

" | " 1 I 1 1l " | 1

+ } t } + , + t + T t T
0 500 1000 1500 2000 2500 3000
Raman shift (cm™)

Fig.2 The Raman spectra of NR and different GNP types
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Table 3 The positions of the

. . GNP types/ Raman Shift Peak Intensity I/l Calculated Calculated
main peaks in the R;.:\rnan Characteristics — 1 number of thickness *
spectra from the various GNPs Band Position (cm™')  Band layers
utilised in this study

D G D G (layers) (nm)
G5 1336.22 1581.93  368.30 1984.81 0.186 9 3.0
G15 1336.22 1581.83 178.44 143148  0.125 11 3.7
G25 1338.40 1581.78 151.44 1280.21 0.118 13 4.4

#To determine the thickness of each GNP type, the number of graphene layers was converted using a single
graphene layer thickness of 0.335 nm. [19]

acquired in this investigation, it is expected that the results
would integrate characteristics observed in individual GNP
types. This integration may potentially present distinct prop-
erties advantageous for composite materials.

Scanning electron microscopy

The results in Fig. 3(a)—(c) present the SEM images of
hybrid GNPs. The platelet-like structure of GNPs is clearly
visible. The SEM micrographs of hybrid GNPs with dif-
ferent sizes show distinct distances between various-sized
GNP plates, resulting in less agglomeration—a phenomenon
rarely observed in single GNP systems, as reported in other
studies [3] and Fig. 4(a). The increased separation between
GNP particles in hybrid systems suggests fewer interparticle
contacts, indicating that GNPs in hybrid systems may dis-
perse more effectively during mixing processes compared to
single GNPs. Consequently, hybrid GNPs are anticipated to
exhibit better dispersion at the same filler loading.

Figure 4 compares the SEM micrographs of GNP platelets
and GNP-filled NR. The SEM images of the G5 (Fig. 4(a))
reveal the characteristic platelet-like structure of the GNP
with a nominal lateral diameter of 5 um. The individual G5
platelets exhibit a high degree of flatness and sharp edges,
indicative of their well-defined layered structure. In contrast,
the SEM image of the G5-filled NR (Fig. 4(b)) displays a
distinctly different microstructure. The G5 particles were
embedded within the NR matrix, and their dispersion and
distribution can be clearly observed. G5 appeared to be more
evenly distributed in the NR with minimal agglomeration.
The smaller particle size facilitates a more homogeneous
dispersion throughout the NR matrix, which would increase
its effectiveness as a reinforcing filler.

Fig.3 SEM images of GNP:
hybrid mixtures of (a) G5/G15,
(b) G5/G25, and (c) G15/G25

@ Springer

X-ray diffraction

The purity and crystalline structure of the GNPs were vali-
dated using XRD analysis. Figure 5 summarises the findings,
where strong peaks corresponding to (002) were observed
for all GNPs at 20 ~26.6°, closely matching the graphite
bulk typically at 20 ~27° [24]. The differences in peak
intensity (height) between the GNP-filled NR samples are
negligible and are affected by sample quantity and prepara-
tion. The distinct (002) peaks further confirm the crystallin-
ity of the GNPs. The full width at half maximum (FWHM)
values for all GNPs are below 6.25 x 10~ rad. G5 exhibits
the highest FWHM among them, indicating greater stacking
defects and disorder in its crystal structure [24].

The interlayer distance between graphene layers, known
as d-spacing, was determined using HighScorePlus software
and found to be approximately 0.33 nm for all GNPs. The
calculated results are shown in Table 4. This finding aligns
with previous studies by Um et al. [17] and Chong et al.
[24], which stated that d-spacing values ranged from 0.33
to 0.34 nm for GNPs. The NR matrix exhibited typical char-
acteristics of an amorphous polymer in its XRD pattern,
showing a broad peak centred at approximately 20 ~ 18°.
Moreover, in the range of 20 ~30°-40°, distinct diffraction
peaks were observed, attributed to the occurrence of ZnO
particles within the vulcanised NR matrix [25]. Crystal sizes
were determined using the Scherrer equation (Eq. (5)) [26].

k* A

Crystallite size (L) = —————-
rystallite size (L) FWHMxcos0

®

A shape constant k of 0.9, diffraction angle 0 of the peak,
the wavelength of the radiation A, and FWHM in radians
were employed to derive the average crystallite size of
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Fig.4 SEM image of G5 (a) and
fracture surfaces of G5-filled
NR nanocomposites (b)

GNPs, which can be found in Table 4. The broader (002)
peaks indicate a reduction in graphene layer thickness in
GNPs [21]. Consequently, the GNP with the highest FWHM,
G5, exhibited the smallest crystal size, inversely propor-
tional to its thickness. The calculated aspect ratios of the
GNPs stated in Table 4 were found to be proportional to
their diameters, with G25 exhibiting the highest aspect ratio
due to its larger lateral diameter, consistent with findings in
previous research [16, 17, 27, 28].

However, the calculated aspect ratio values for all GNP
sizes were lower than those provided by the manufacturer,
possibly due to variations in the thickness values obtained

Counts
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Fig.5 XRD patterns of NR and GNPs used in this study

from XRD. Interestingly, the number of graphene layers
obtained from XRD was higher than that obtained from
Raman spectroscopy, indicating a potential difference in
techniques. Nevertheless, both techniques yielded consistent
trends, with G25 exhibiting the highest graphene thickness
among the three GNP types. Although hybrid GNPs were
not subjected to XRD analysis in this study, it is anticipated
that the outcomes would reflect a combination of those
observed for individual GNP types in the hybrid system.

Table 5 presents a comparative analysis of the character-
ised results obtained from the manufacturer's specifications,
Raman spectroscopy, and XRD for the three GNP sizes. In
this study, the high specific surface area of the smallest
particulate fillers, G5, can be attributed to the reduction in
primary particle diameter, which leads to decreased aggre-
gate size and inter-aggregate distance, thereby increasing
the surface area [29]. G5 exhibits the highest specific sur-
face area, degree of defects in its structure, and bulk den-
sity alongside the smallest graphene thickness and lateral
diameter. The greater bulk density facilitates improved dis-
persion of G5 particles within the NR matrix, leading to
a more pronounced dispersion level than larger GNP, G15
and G25 [17]. The increased specific surface area enhances
contact between G5 and the NR matrix, facilitating a more
pronounced filler network formation. Higher defects and a
rough topology also accelerate crosslinking reactions [23].

Despite its greater thickness, G25 maintains the maxi-
mum aspect ratio because of its larger diameter, enhancing
contact areas and promoting stress transfer from the matrix.
However, the higher graphene thickness and larger lateral
diameter in G25 may lead to filler stratification, resulting in
inhomogeneous composite materials and potentially aniso-
tropic behaviour.

Although the greater graphene thickness and larger lat-
eral diameter in G25 may contribute to filler stratification,
it could result in inhomogeneous composite materials and
potentially anisotropic behaviour. Regarding viscosity,
decreasing the particle size while maintaining the weight
of fillers increases the number of particles in the system,
enhancing NR-particle interactions and viscosity. This can
lead to higher resistance to flow, indicating immobility
and hydrodynamic effects of the filler in unvulcanised NR.

@ Springer
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Table 4 The peak positions of FWHM and 20 of GNPs obtained by XRD

GNP types/ d-Spacing (nm) 20 Peak Position FWHM Number of graphene Average Aspect
Characteristics (Rad, x 1073 layers (layers) crystallite size ratio
(nm) (D/L)
G5 0.3333 26.6928 6.25 74 24.83 202
G15 0.3339 26.6741 4.57 101 34.01 442
G25 0.3344 26.6357 3.71 125 41.86 596

Therefore, due to its larger size and weight, the low viscos-
ity and stratification observed in G25 could result in inferior
performance of G25-filled NR. Analysis comparing single
and hybrid GNP-filled NR systems based on SEM data
indicates that GNP platelets in hybrid systems may achieve
better dispersion due to their varied sizes and more consider-
able inter-particle distances, thereby lowering the chances
of agglomeration.

Characterisation of GNP-filled NR
Mechanical properties

Stress-strain behaviour Figure 6 shows the tensile results
of unfilled and GNP-filled NR samples. The unfilled and
GNP-filled NR samples showed a typical nonlinear elastic
behaviour consistent with amorphous, crosslinked poly-
mers at temperatures below T,. The tensile stress gradu-
ally increased with increasing tensile strain, followed by a
sharp increase as the strain approached 600%, which was
attributed to strain-induced crystallisation [3, 30-32]. Simi-
lar stress—strain behaviour was observed in NR reinforced
by single and hybrid GNPs systems. Figure 6(a) illustrates
the comparative results of all samples, indicating a signifi-
cant increase in tensile stress with the addition of GNPs.
Notably, the mechanical property enhancement was more
pronounced in NR nanocomposites filled with smaller sizes

Table 5 Characterisation of GNPs by manufacturer*, Raman spec-
troscopy, and XRD

Properties/ GNP types G5 Gl15 G25
Number of particles per unit H* M? L#
weight*

Bulk density* H M L
Specific surface area* H M L
Graphene thickness L M H
Lateral diameter L M H
FWHM H M L
Aspect ratio L M H
I/l H M L

*H stands for highest, M is medium, and L is lowest

@ Springer

and hybrid systems. This effect is particularly evident at
300% strain, as shown in Fig. 6(b), a crucial indicator for
practical applications.

Comparing the stress—strain curves between the unfilled
and GNP-filled NR samples, upon examination, it is evident
that the GNP-filled NR samples exhibit a notable increase
in tensile stress, initiating at significantly lower strain
levels compared to the unfilled NR, with approximately
300% strain observed across all samples. These findings
underscore the significant influence of GNPs on the strain-
induced crystallisation behaviour of NR, primarily owing
to their robust and durable interfacial interaction with the
NR matrix. Incorporating GNPs changed the stress distri-
bution, amplifying the strain in the polymer chains locally
and triggering strain-induced crystallisation at lower strain
levels during stretching, a phenomenon referred to as strain
amplification [33].

In general, the initial slopes of the stress—strain curves for
GNP-filled NR samples, known as modulus, demonstrated
an increase with the incorporation of GNPs, highlighting
their role in reinforcing the NR matrix. In GNP-filled NR,
tensile strength showed a remarkable decrease of up to 60%
when reinforced with single GNPs, particularly evident in
the largest size (G25), whereas those reinforced with hybrid
GNPs showed relatively minor changes. Additionally, elon-
gation at break reduced across all samples, with significant
decreases observed in single GNP-filled NR, notably in the
smallest size (GS5). The elongation at the break of unfilled
NR decreased up to 70% after adding GNPs.

Figure 7 demonstrates that incorporating GNPs as rein-
forcing fillers led to significantly steeper initial slopes in the
stress—strain curves, indicating that the modulus at least dou-
bled compared to unfilled NR. The stress at 300% of unfilled
NR increased to 200% after adding GNPs. This increase in
tensile modulus was observed across all samples upon the
addition of GNPs, whether using single or hybrid fillers.
The enhancement in tensile moduli can be attributed to sev-
eral factors: Firstly, GNPs possess outstanding mechanical
properties and higher specific surface areas. Secondly, the
irregularity and surface defects of GNPs establish a rough
and wrinkled nanoscale texture, promoting robust interac-
tions between GNP and NR, thereby enhancing the mechani-
cal properties of GNP-filled NR. Lastly, NR molecular
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chains-GNP interactions may provide additional physical
crosslinking or entanglements.

Table 6 demonstrates that the G5, which has the smallest
lateral diameter, had the most significant impact on enhanc-
ing the tensile modulus of GNP-filled NR compared to
other GNPs. For example, incorporating G5, G15, and G25
resulted in approximately 200%, 160%, and 140% enhance-
ments in the tensile modulus of their respective GNP-filled
NR compared to unfilled NR. Despite adding all three GNPs
at the same amount, the particles differed significantly.
Based on manufacturer data in Table 5, it is apparent that
G5 had the highest specific surface area, while G25 had the
lowest. More particles per unit weight mean more contact
areas, facilitating increased surface interaction between NR
and GNP and a greater modulus enhancement.

Furthermore, the findings from Raman spectroscopy high-
lighted that G5 exhibited the most pronounced surface defects,
which facilitated enhanced interfacial bonding between GNPs

and the NR matrix. As expected, in the hybrid GNP system,
the tensile modulus values of NR reinforced with hybrid GNPs
were found to lie between those of the NR nanocomposites
reinforced with the respective single GNP types. Notably, NR
reinforced with hybrid G5 and G15 (G5/G15) demonstrated
the highest modulus among the other hybrid GNP-filled NR
samples, attributed to more GNP particles than hybrid G5/
G25 and G15/G25 as the modulus is directly influenced by
the amount of contact area between the fillers and the matrix.

The modulus values at 100% strain for GNP-filled NR were
compared to NR filled with alternative fillers at similar content
found in the literature, as illustrated in Table 7. Evidently, the
moduli at 100% strain of GNP-filled NR surpassed those of
other fillers at comparable loadings, exhibiting significantly
higher modulus at 100% strain values of over 200%,
particularly for G5-filled NR. These findings underscore the
advantageous characteristics of employing GNP as fillers in
NR compounds.
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Fig.7 Uniaxial tensile stress—
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Prediction of the theoretical modulus of GNP-filled NR Using
the rule of mixture model, the effective moduli (E;) of GNP-
filled NR with different sizes of GNPs were estimated using
Eq. (6) and the results are shown in Table 8.

E; =E,V,+E,V, (6)

The effective moduli of the NR matrix (E,,) and the rein-
forcing particle (E,), along with the volume fractions of the
particulate filler (V) and NR matrix (V) obtained from
TGA results, were used in the calculations. For the modu-
lus values at 100% strain, the effective modulus of GNPs
was directly estimated from the slopes of the stress—strain
lines in Fig. 7. The E; values of the GNP-filled NR sam-
ples, calculated using the rule of mixture model (Eq. 6), are
presented in Table 8. It is observed that the E; of G5-filled
NR exhibited the highest value, followed by G15 and G25.
The E; values of hybrid GNP-NR samples consistently fall
between those of the single GNP-filled NR samples.

Considering the influence of filler orientation, a modi-
fied rule of mixtures, as reported in previous studies [37],
was applied. This model incorporates factors such as the
Krenchel orientation factor (1,), which depends on filler

Table 6 Mechanical properties of unfilled and GNP-filled NR

Samples/Properties E oo (MPa) o (MPa) U (%)

NR 1.2+0.1 259+2.6 88010
G5 37+04 229+ 1.0 52027
Gl15 32+0.1 21.7+ 1.1 590 +29
G25 28+0.2 159+19 600 + 34
G5/G15 33+02 289 +25 630 +27
G5/G25 31+0.1 28.1+£2.2 660 + 28
G15/G25 29+0.1 258+ 1.7 690 +35

*Eoo 1S @ modulus at 100% strain, o is tensile strength, and U is an
ultimate strain
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orientation under applied stress. Values of n, were deter-
mined in the literature with respective values of 0.825,
0.725, and 0.670 for G5, G15, and G235, respectively [3].
These values decrease with increasing GNP size, suggest-
ing lower orientation due to loops and folds in larger par-
ticles. For hybrid GNPs, average orientation factors were
calculated based on combinations of individual GNPs in
the hybrid systems, resulting in values of 0.775, 0.748, and
0.698 for G5/G15, G5/G25, and G15/G25, respectively. The
calculated effective modulus (E.) of GNPs, using Eq. (8)

Ef = Ee e Vinony + Ep Vi @)
E;—E,V

Bgp= — ®)
Mo

Table 7 Comparison of the modulus at 100% strain of NR filled by
different fillers

Fillers Modulus at References
100% strain
(MPa)
G5 37+04 Recent study
G15 32+0.1 Recent study
G25 2.8+02 Recent study
G5/G15 33+02 Recent study
G5/G25 3.1+0.1 Recent study
G15/G25 29+0.1 Recent study
Carbon black 1.0 [3]
Precipitated Silica 1.1 [34]
Fumed silica 1.2 [34]
Silica (2 phr)/ Carbon black (12 2.0 [35]
phr)
CaCO;, 1.1 [36]
Nanoclay (5phr)/CaCO; (10 phr) 2.2 [36]
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Table 8 Modulus at 100% strain of all GNP-filled NR

Properties/ E gy (MPa) E; (MPa) Mo E . (MPa)
Samples

G5 37+£04 413+32 0825 50.1+34
G15 32+0.1 355+13 0725 49.0+1.6
G25 28+02 28.8+£2.8 0.670 43.0+3.8
G5/G15 33+£02 382+29 0775 493+1.0
G5/G25 3.1+£0.1 360+£1.6 0748 482+20
G15/G25 29+0.1 309+£14 0698 443+17

*The analysis includes the modulus of GNP-filled NR at 100% strain
(E o), the modulus of GNP calculated using the rule of mixture
under iso-stress conditions (Ey), the Krenchel orientation factor deter-
mined by Li et al. [3] (). Equation (8) was used to determine the
effective elastic modulus of GNP (E ). E;( of unfilled NR was used
as an effective modulus of the matrix. The value of 1.2 was used for
the calculation

The effective modulus (E.g) represents the modulus of
GNPs. 1, denotes the length distribution factor used as 1 in
this research. n, represents the Krenchel orientation factor
that considers filler orientation under applied stress [37].
The calculated values of E 4 of GNPs in GNP-filled NR
samples range between 43 and 50 MPa, as demonstrated in
Table 8. The effective modulus of G5 in G5-filled NR exhib-
its the highest value and is consistent with expectations. As
anticipated, the effective modulus of hybrid GNPs falls
between the values of the individual GNPs they comprise.

Comparing these results to Young's modulus of mon-
olayer graphene, which is around 1 TPa, illustrates a signifi-
cant reduction, indicating relatively ineffective stress transfer
from the low stiffness NR matrix to GNPs, which could be
due to the poor dispersion of GNPs in the NR matrix, lead-
ing to weak interactions and suboptimal stress transfer, high-
lighting challenges in harnessing the reinforcement potential
of GNPs in low-modulus materials like NR.

Ultimate properties Figure 6(a) and Table 6 provide a com-
parison of the tensile properties of the samples. In all cases,
especially in single GNP-filled NR samples, the elongation
at break decreased upon adding GNPs, indicating the brittle
behaviour of GNP-filled NR. Poor dispersion, particularly in
single GNP systems, resulted in stress concentrators, leading
to a larger decrease in elongation at break. The elongation at
break of G5-filled NR is approximately 70% less than that of
the unfilled NR. Conversely, hybrid GNPs exhibited improved
dispersion, reducing the agglutination of NGP particles and
enhancing the interfacial interaction with NR and stress trans-
fer efficiency. Thus, hybrid GNP-filled NR samples had higher
elongation at break than single GNP-filled NR.

NR inherently exhibits high tensile strength owing to its
inherent ability to crystallise under tension, thereby acting
as a self-reinforcing filler. Therefore, the addition of GNP
particles did not markedly enhance its tensile strength.

Substantial decreases in tensile strength were noted with
the addition of single GNPs (around 60% for G25-filled NR),
whereas hybrid GNPs exhibited more preserved strength.
This decrease suggests poor dispersion of GNP particles
and inadequate interfacial bonding between GNP and the
NR matrix, resulting in decreased tensile strength in single
GNP-filled NR. Conversely, the addition of hybrid GNP fill-
ers tended to improve tensile strength. The tensile strength
of unfilled NR increased by 12% after adding hybrid GNPs
between G5 and G15. These findings underscore the supe-
rior performance of hybrid systems over single systems.

Comparing the effects of different GNP sizes on ten-
sile properties revealed that smaller particles, such as G5,
improved the most mechanical properties due to their higher
number of dispersed particles and greater surface area. How-
ever, the elongation at break decreased with decreasing GNP
particle size, reflecting the constrained mobility of polymer
chains by smaller GNPs. Contrary to some previous find-
ings by Khanx et al. [38] and Chatterjee et al. [39], larger
GNPs, like G25, did not exhibit superior reinforcing abilities
due to poor dispersion in the NR matrix despite their higher
aspect ratio. This underscores the importance of dispersion
and interfacial interaction between GNP and the NR matrix,
which is enhanced with greater interfacial area. Compari-
son between single and hybrid GNP-filled demonstrated
that hybrid GNPs, benefiting from better dispersion and
irregular sizes, displayed higher tensile strength and failure
strains due to more efficient stress transfer. Within the hybrid
GNP-filled NR samples, those incorporating G5 and G15
exhibited the highest tensile strength and lowest elongation
at break, indicating superior interfacial bonding and stress
transfer efficiency.

Shore a hardness Figure 8§ illustrates that incorporating
GNPs into NR led to an increase in hardness across all sam-
ples. This enhancement is primarily due to the reduced plas-
ticity and elasticity resulting from the introduction of rigid
GNPs, which imparted greater rigidity to the material. The
observed increase in hardness can be ascribed to how the

NR G5 G15 G25
Samples

G5/G15  G5/G25 G15/G25

Fig. 8 Hardness (Shore A) of unfilled and GNP-filled NR
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distribution of GNP fillers limits the mobility of elastomer
chains. NR reinforced with the smallest particles, G5-filled
NR, shows higher hardness than NR filled with larger GNPs
due to their increased contact areas with the NR matrix.
Similar to other mechanical properties, the hardness values
of hybrid GNP-filled NR fell between those of each single
GNP-filled NR, consistent with the principles of the rule of
mixture, where hardness correlates with the elastic modulus.

The hardness results align with the modulus values at
100% strain (E,,) obtained for all GNP-filled NR, as shown
in Table 8. While interfacial adhesion alone would suggest
that NR reinforced with hybrid GNPs should exhibit higher
hardness than those with a single filler, the results revealed
the opposite trend. This can be explained by the fact that
hardness is a property measured under low-strain conditions,
where the minimal deformation causing separation at the

Fig.9 Log storage modulus (a) 4

NR-filler interface has little impact on interfacial bonding,
as noted by Fu et al. [40].

Thermal and thermo-mechanical properties

Dynamic mechanical analysis The reinforcing effectiveness
of GNP of different sizes in GNP-filled NR was assessed and
compared using DMA. Figure 9(a) shows the temperature-
dependent storage modulus (E'), whereas Fig. 9(b) presents
the loss tangent (tan d) of unfilled and GNP-filled NR. These
dynamic properties are closely related to energy distribu-
tion within materials, influenced by filler dispersion, vol-
ume fraction, size, and load transfer [41]. Below -60 °C, all
samples were in a glassy state, with storage moduli around
2 GPa for unfilled NR and at least 4.0 GPa for GNP-filled
NR. This increase in glassy moduli was attributed to adding
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GNPs with high elastic modulus, typically around 1 TPa,
for defect-free single graphene layers [15]. A substantial
decrease in storage modulus was observed around -40 °C,
corresponding with the primary energy dissipation at Tg of
GNP-filled NR. This phenomenon, accompanied by a peak
in the loss tangent, resulted from cooperative movements
of long-chain sequences. Above Tg, the storage modulus
plateaued, indicating the rubbery state, with interactions
between fillers and the NR matrix influencing composite
properties [41].

The reinforcing efficiency of GNPs varied, with smaller
particles yielding higher storage moduli, especially evident
in the rubbery region. Hybrid GNPs exhibited superior rein-
forcing effects, likely due to better dispersion and increased
surface area. The interaction between NR and GNPs con-
strained polymer chain mobility, evidenced by shifts in
the tan & peaks to higher temperatures, indicating higher
T, values and reduced polymer chain dynamics [30, 41].
Among the single GNP-filled NR samples, G5-filled NR
exhibited the highest T, and the least intense maximum tan
0 peak, as indicated in Table 9, suggesting enhanced interac-
tions between GNP and the NR matrix and greater polymer
chain confinement. The hybrid GNPs further elevated T,
and diminished the intensity of the tan 8 peak, underscoring
enhanced interfacial interactions with the NR matrix com-
pared to single GNPs. These findings suggest that hybrid
GNPs, with better dispersion and enhanced reinforcing abil-
ity, offer improved dynamic properties in GNP-filled NR.

Differential scanning calorimetry DSC is a widely used
technique for examining the thermal behaviour of polymer
materials, including determining the Tg of unfilled NR and
GNP-filled NR in this study. Figure 10(a) displays the sec-
ond DSC heating scan of the unfilled and GNP-filled NR
samples, revealing distinct glass transitions. The T, values
derived from the DSC curves are summarised in Fig. 10(b).
A slight increase in Tg was observed with the addition of
single GNPs. Notably, the increase was more pronounced
for the hybrid GNP-filled NR, highlighting enhanced inter-
facial interactions between GNP and the NR matrix. This

Table9 Tan 8 peaks and T, of unfilled and GNP-filled NR

Sample/Properties Tan (8)ax T, (°O) Reduction of
tan 5, (%)

NR 2.15 -441+01 -

G5 1.83 -41.3+02 14.88

GI5 1.85 -41.4+02 13.95

G25 1.88 -41.7+04 12.56
G5/G15 1.71 -39.9+03 2047
G5/G25 1.72 -41.1+0.2 20.00
G15/G25 1.75 -41.3+0.1 18.60
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Fig. 10 DSC from the second heating scan

led to a more significant polymer chain mobility restriction
in NR and a reduction in free volume. These results are
attributed to the superior dispersion of hybrid GNPs, which
offer larger interaction surfaces with the NR matrix, consist-
ent with earlier findings in this study (Table 10).

Notably, the T, values measured by DMA and DSC exhib-
ited some discrepancies. This could be attributed to varia-
tions in methodology and heating/cooling rates employed in
this study. However, despite this variance, both techniques
consistently demonstrated the same trend in the T, values of
the unfilled and all GNP-filled NR samples.

Thermogravimetric analysis Thermogravimetric analysis
(TGA) was utilised to examine the thermal stability of the
NR matrix and GNP-filled NR. Figure 11(a) illustrates the
weight loss versus temperature curves, while Fig. 11(b)
shows the decomposition rate of the unfilled and GNO-filled
NR samples. The results indicate that at lower temperatures,
the thermal stability of NR was not significantly improved
by the incorporation of GNPs. However, at the temperature
above 400 °C, all GNP-filled NR samples showed a reduced
maximum thermal decomposition rate compared to unfilled
NR. Additionally, there is an apparent increase in residual
char yield at the end of the test, primarily attributed to the
presence of added GNPs remaining after the volatilisation
of the NR matrix.

The thermal degradation behaviour of all GNP-filled NR
samples exhibited a similar one-step weight loss pattern. The
unfilled NR began to thermally decompose at around 370
°C, with substantial weight loss occurring during pyrolysis
until it ended at around 440 °C. Table 11 summarises the
different decomposition temperatures of unfilled and GNP-
filled NR samples obtained from the TGA curves. Notably,
the onset decomposition temperatures (T,) of all GNP-
filled NR were lower than that of unfilled NR, indicating
that GNPs facilitate earlier decomposition due to enhanced
heat transfer within the GNP-filled NR. This indicates that
incorporating GNPs does not enhance the degradation
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Table 10 Glass transition

Sample G5 Gl15 G25 G5/G15 G5/G25 G15/G25
temperature (Tg) of unfilled and
GNP-filled NR T, () -61.4+0.1 609+02  -61.0+03  -522+02  -527+04  -53.0+
0.2

temperature of the NR matrix due to enhanced heat transfer
within the GNP-filled NR.

At lower temperatures below approximately 390 °C,
shown in Fig. 11(b), there was an observed increase in the
thermal degradation rate, accompanied by a decrease in the
onset temperature of thermal degradation (T) for all GNP-
filled NR samples. These phenomena contribute to the high
specific surface areas and thermal conductivity of GNPs that
accelerate heat transfer of GNP-filled NR [42]. However, all
GNP-filled NR exhibited slower weight loss at higher tem-
peratures than unfilled NR, likely because of the tortuosity
effect. This effect slows the release of volatile degradation
materials and promotes char formation [43]. During ther-
mal degradation, GNPs may hinder the diffusion of small

gas molecules, and the oxygen supply may be obstructed
by charred layers formed on the NR matrix surfaces [21].
Overall, some beneficial effects on the thermal behaviour of
the NR are observed upon adding GNPs, including a reduc-
tion in the thermal degradation rate at higher temperatures.

The thermal degradation rate of GNP-filled NR varies
based on the lateral diameter of GNPs. Smaller GNPs show
accelerated thermal degradation at lower temperatures but
slower degradation at higher temperatures, owing to their
enhanced heat transfer efficiency and improved dispersibility
and interfacial adhesion. Compared with NR reinforced by
hybrid GNPs, NR reinforced by single GNPs exhibited a
lower degradation rate at lower temperatures but a higher
rate at higher temperatures. This difference can be attributed
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Table 11 Thermal degradation

temperatures of unfilled and Samples Onset decompositioon Fastest decompoiition End set decomposition
GNP-filled NR determined by temperatures/ T, (°C) temperature/ T; (°C) temperature /T, (°C)
the TGA results NR 367 +2 399 + 1 437 + 4

G5 359 +3 397+ 1 439+ 1

G15 360 +2 395+1 436 + 1

G25 361 +4 393 +6 428 +9

G5/G15 346 +2 388 + 1 428 +4

G5/G25 352 +2 387+ 1 430+ 1

G15/G25 354 +5 388 +2 428 +5

to the enhanced dispersion of GNPs in hybrid form within
the NR matrix, facilitating better heat transfer at lower tem-
peratures. At the same time, at higher temperatures, the
mobility of volatiles is limited; consequently, the thermal
stability observed in the NR matrix was improved. Compari-
son with hybrid GNP-filled NR reveals that the degradation
rate of single GNP-filled NR was lower at lower tempera-
tures. Conversely, at higher temperatures, it was higher. This
difference is likely attributed to the improved dispersion of
hybrid GNPs within the NR matrix. The enhanced disper-
sion of hybrid GNPs within the NR matrix facilitates more
efficient heat transfer at lower temperatures. Additionally, it
effectively restricts the mobility of volatiles at higher tem-
peratures, thereby contributing to the overall improvement
in the thermal stability of the NR matrix.

Electrical properties of GNP-filled NR

The influence of GNP particle size and hybrid systems on
the electrical properties of GNP-filled NR was examined.
Figure 12 shows the electrical conductivity plotted against
frequency, and Table 12 lists the electrical conductivity val-
ues at 10® Hz. As expected, incorporating GNPs enhanced
the electrical conductivity of the NR matrix across all GNP-
filled NR samples, attributable to the superior conductiv-
ity of GNP. Figure 12 demonstrates that as the frequency
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Fig. 12 (a) Electrical conductivity plotted against frequency

increases, there is a corresponding increase in electrical con-
ductivity. This phenomenon aligns with the principle that
materials exhibit decreased electrical resistance at higher
test frequencies, enabling more efficient electron conduction
across the GNP-NR interfaces through frequency-induced
electron hopping [44].

Consistent with expectations, the electrical conductivity
increased with larger lateral sizes of GNPs, from 5 pm to 25
pm. Larger particulate fillers facilitate the formation of con-
ductive networks due to less dispersion, thereby enhancing
the electrical conductivity of GNP-filled NR. Conversely,
smaller GNPs, well-dispersed within the NR matrix, reduced
the formation of conductive electrical networks, resulting in
lower electrical conductivity than larger GNPs.

The electrical conductivity of GNP-filled NR is directly
influenced by the distance between neighbouring GNPs at
low frequencies [44]. As shown in Fig. 12, G25-filled NR
exhibited considerably higher electrical conductivity at low
frequencies than G5- and G15-filled NR, suggesting shorter
distances between GNP particles within the NR matrix. This
observation is supported by SEM micrographs of fracture
surfaces shown in Fig. 13, where an increase in GNP size
corresponded to a reduction in the spacing between GNP
plates. Therefore, the electrical conductivity results align
with findings from other characterisation methods in this
study, indicating that the GNP-filled NR with the largest par-
ticles exhibited the lowest dispersion within the NR matrix.

The electrical conductivity of hybrid GNP-filled NR
samples surprisingly surpassed that of some NR reinforced

Table 12 Electrical conductivity of unfilled and GNP-filled NR at 10° Hz

Samples

Electrical conductivity (S/m) Increase (%)

NR 0.64 +0.2 -

G5 210+ 0.4 228 + 64
G15 322+04 403 + 59
G25 7.10 £ 0.1 1008 + 22
G5/G15 293 +0.4 35755
G5/G25 435+0.3 579 £ 45
G15/G25 3.88+0.4 505 =59
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Fig. 13 SEM images of tensile
broken surfaces of GNP-filled
NR (a) G5, (b) G15 and (¢) G25

with smaller single GNPs. Usually, dispersion being crucial,
one might expect lower electrical conductivity in NR with
hybrid GNPs compared to NR with single GNPs. Li and
Kim [45], however, suggested that the electrical conductiv-
ity of composite materials can be influenced by the filler
thickness. The conductivity will increase linearly when the
thickness of the filler decreases. The possibility of improved
conductivity with a hybrid filler arises from reduced contact
resistance between particles of different fillers, resulting in
less agglomeration within the composite material and a thin-
ner polymer layer between different GNPs [46]. These fac-
tors contribute to enhanced electrical properties compared
to systems with single fillers. The electrical conductivity of
unfilled and GNP-filled NR samples at a frequency of 10°
Hz is presented in Table 12. The electrical conductivity of
the NR matrix was increased by approximately 1000% after
the addition of the largest GNP (G25), whereas the electrical
conductivity of the NR matrix could be enhanced by only
around 200% and 600% by the addition of the smallest GNP
(G5) and hybrid GNPs.

In conclusion, the electrical conductivity of GNP-filled
NR in this study was mainly influenced by the size and aspect
ratio of the GNP, with larger GNP resulting in higher conduc-
tivity. Additionally, filler geometry, such as thickness, played
a role, with fewer graphene layers leading to higher conduc-
tivity. However, the study found that GNP size had a much
greater impact on electrical conductivity than GNP thickness.

Conclusion

In this research, GNP-filled NR were prepared using a mini-
internal mixer operated in Banbury mode for dispersion.
Incorporating GNPs into NR resulted in notable enhance-
ments in thermal and electrical properties, alongside partial
improvements in mechanical properties. While GNPs con-
tributed to enhancements in modulus, hardness, and strain-
induced crystallisation of the NR matrix, they also led to
reduced elongation at break due to constrained polymer
chain mobility. Interestingly, the addition of single GNPs
did not increase the tensile strength of NR, indicating inef-
ficient stress transfer at the interfacial areas between NR and
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GNP. Moreover, the effective modulus values of GNPs in
GNP-filled NR samples were substantially lower than that
of a single graphene layer, highlighting the inefficiency of
stress transfer.

A comprehensive comparative analysis encompassed
three different GNP particle sizes (G5, G15 and G25) and
three hybrid GNP systems (G5/G15, G5/G25 and G15/G25).
The findings revealed several key conclusions. Smaller GNP
particle sizes demonstrated superior mechanical properties
compared to larger GNPs, attributed to a greater number
of dispersed particles with larger surface areas facilitating
stronger interfacial bonding with NR. The modulus at 100%
strain, tensile strength and hardness of G5-filled NR was
around 30%, 45% and 5%, respectively, higher than that of
G25-filled NR. Increasing GNP lateral diameters resulted
in reduced enhancements in thermal properties, as larger
particles exerted less influence on polymer chain mobil-
ity. Smaller GNP sizes conferred higher thermal stability
to GNP-filled NR, reducing the thermal degradation rate.
Larger GNP particle sizes promoted higher electrical con-
ductivity due to increased surface area and aggregate net-
work formation caused by lower dispersion. The electrical
conductivity of the NR matrix was increased by around
1,000% after adding G25. NR/GNP hybrid systems exhib-
ited superior mechanical and thermal properties compared to
NR/single GNP nanocomposites, attributed to better disper-
sion and irregular sizes leading to more efficient stress trans-
fer. However, lower electrical conductivity was observed in
the hybrid systems.

These findings provide valuable insights into optimising
the properties of GNP-filled NR for diverse applications.
Undertaking additional testing or simulations to assess the
long-term stability and durability of GNP-filled NR is rec-
ommended, as these would significantly enhance their prac-
tical usability across different fields. These efforts would
offer valuable insights into how these nanocomposites per-
form over extended periods, ensuring they are reliable and
effective in real-world applications.
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