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Abstract The facile approach of non-covalent surface
treatment utilizing poly(ethyleneimine) (PEI) polymer was
applied to modify graphene nanoplatelets (GNPs). The
effects of surface modification and various GNPs—PEI
loadings to cure characteristic, mechanical, physical, and
morphological properties of natural rubber (NR)/ethylene—
propylene—diene—-monomer (EPDM) blend nanocompos-
ites were studied and compared to the unfilled NR/EPDM
blend and blends filled with unmodified GNPs at similar
loadings. We found that the modification of GNPs surface
significantly influences the properties of NR/EPDM blends.
The addition of GNPs significantly improved the blend’s
processability, offering approximately a 104.30 % increase
in tensile strength obtained with the addition of 5.00 wt%
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GNPs-PEI. A reduced swelling index of Q¢/Q, in parallel
with an increase in modified GNPs—PEI content revealed
enhancements in terms of rubberfiller interactions
between the NR/EPDM matrix and GNPs. These findings
were further supported by X-ray diffraction, differential
scanning calorimetry, thermogravimetry analysis, and
fracture morphology by scanning electron microscope.

Introduction

Graphene, a basic unit of GNPs, is a monolayer of sz_
hybridized carbon atoms arranged in a two-dimensional
lattice, which is considered a basic structural element of all
graphitic carbons. Graphene has a large surface area and
tunable surface properties, and exhibits a Young’s modulus
of 0.5-1 TPa [1], a breaking strength of 42 N m~! [2], an
ultimate strength of 130 GPa, as well as thermal conduc-
tivity above 5000 W m K™! [3, 4]. Platelet thickness is in
the range of 0.3-100 nm, while the density of GNPs is
~2 g cm ™. Hence, the higher aspect ratio combined with
the extraordinary properties of GNPs qualifies them as an
ideal reinforcing and functional filler for polymer
nanocomposites (PNC) application [5—-7]. The large surface
area of GNPs increases the interface contact between the
platelets and matrices, which could be beneficial for
interfacial polarization [3]. In addition, the platelet’s shape
provides increased tortuosity for molecular transport which
enhances the barrier properties of the resulted PNC [4].
However, an inert and hydrophobic graphene surface may
not be compatible with many polymers. Dispersion of
graphene nanosheets or platelets in polymer hosts and
precise interface control are challenging due to their strong
interlayer cohesive energy and surface inertia [8]. This
renders graphene easy to agglomerate and re-stack into
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graphite through n—n stacking and van der Waals interac-
tions since it is not able to repel the attractive forces
between them due to the lack of intrinsic functional groups
[9]. Thus, its surface must be first modified to provide it
with suitable functional groups that are able to promote
good dispersion and strong interactions with the chemical
moieties in polymers.

Modifying the surface of graphene nanoplatelets can be
achieved, either by covalent or non-covalent functional-
ization methods [10, 11]. Covalent treatment is severely
prone to damaging the intrinsic properties of graphene,
while non-covalent treatment normally preserves the pris-
tine structure and properties of graphene. Non-covalent
treatment normally preserves the intrinsic properties of
graphene and will not reduce the intrinsic electrical and
thermal conductivity of graphene. In this treatment
method, surfactant, polyelectrolyte, and other organic
molecules are used to enhance exfoliation and dispersion of
graphene at various media through physical and electrostatic
interactions. This could improve dispersion in non-polar
polymers and other macromolecular structures by signifi-
cantly reducing enthalpic interactions so that the dispersion
in polymers is primarily driven by the system entropy [8].
In this study, surface modification to GNPs was achieved
by utilizing a polymeric-based surfactant of poly
(ethyleneimine) (PEI). PEI is a polycationic polymer con-
taining a high density of ionizable tertiary, secondary, and
primary amino groups in their molecular backbone. PEI is
also highly water soluble due to ethylamine repeating units
[12]. PEI can be electrostatically adsorbed on the negatively
charged substrate to form the polyelectrolyte layer [13, 14].
The graphene sheets were able to assemble the active amino
groups in PEI to further enhance the functionalization with
some active groups, such as carboxyl or epoxy groups that
further extends its application [13].

Fundamentally, an alternative simple route in develop-
ing new advanced engineering materials with improved
properties is through the blending of two or more different
rubbers. This method is more economically advantageous
than synthesizing a new rubber compound, which is always
associated with complex technical uncertainties. Rubber
blending is prepared with specific objectives in mind, such
as the enhancement of physical, chemical, and mechanical
performance as well as the processing characteristics [12,
13]. However, there are many problems involving the
compatibility and miscibility between the two rubbers
phases, which later tends to diminish the end performances
of the blends. These include poor interfacial adhesion
between rubber phases and uneven crosslinking distribu-
tion due to unbalanced saturation and polarity differences
[12-15].

Hence, to improve compatibility and to stabilize the
immiscible rubber blends, compatibilization using organic
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molecules, block copolymers, or inorganic solid particles is
often required [16]. Among all these alternatives, the
addition of inorganic nanofiller to the blend is very
promising due to its simplicity and the possibility of dual-
functionality using added filler as a reinforcement agent or
compatibilizer in the blend matrices. In order to optimize
nanomaterial performance within matrices, surface modi-
fication or functionalization can be made prior to mixing of
these constituents. This strategy will surely affect the
interface interaction between the matrices and nanomate-
rial, and consequently contribute to better performance of
the produced nanocomposites.

Over the past few years, many researchers have
employed natural rubber (NR) and ethylene—propylene—
diene—-monomer (EPDM) synthetic rubber for the prepa-
ration of elastomeric blends [16-23]. Vulcanized NR/
EPDM blend systems have been extensively studied
because of their superior performance in tire application, as
well as a significant improvement in heat and ozone
resistance [22]. Despite having an attractive range of
properties, excellent mechanical strength and elasticity, as
well as good processing characteristic, the NR is highly
unsaturated and is chemically reactive [13, 21, 24, 25].
Hence, NR rubber is highly susceptible to degradation and
is very sensitive to environmental factors such as oxygen
attack by ozone, light, moisture, humidity, radiation, and
heat [17, 24, 25].

In the case of NR/EPDM rubber, poor environmental
resistance behavior of the NR phase is significantly backed
up by the presence of EPDM rubber phase, without sacri-
ficing too much of NR’s unique mechanical properties [26,
27]. Improvement in the poor ozone resistance of NR can
be achieved by blending it with low-unsaturated rubbers
such as EPDM (highly saturated and non-reactive) [19].
EPDM has an attractive balance of chemical, electrical,
thermal, and mechanical properties [28]. EPDM offers
good resistance to aging [29], weathering, oxidation, heat,
oil, and chemical resistance, which are suitable character-
istics for outdoor applications [18, 20, 28-32]. Blending of
high-cost EPDM with low-cost NR offers economic
advantages since an appreciable price difference is reached
with outstanding results, which is normally the practice in
various applications.

The presence of numerous functional fillers in NR/
EPDM blends enhances the engineering properties and its
functionalities [17, 19, 20, 22]. The addition of inorganic
nanoparticles into an elastomeric blend is seen as inter-
esting and straightforward since it can absorb strongly at
the blend’s interface and consequently is able to stabilize it
[22]. The utilization of inorganic fillers for NR/EPDM has
already been applied in previous studies. Previous exam-
ples of inorganic fillers are rice husk ash, silica [24, 32],
carbon black [16, 20, 33-35], titania nanoparticles [22],
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organo-modified Cloisite nanoclay [19], and more. How-
ever, to the best of our knowledge, there are still limited
references available for NR/EPDM rubber blend or other
polymeric rubber blend nanocomposites filled with gra-
phene nanoplatelets [36—38]. Thus, this study provides an
initiative in reporting the preliminary findings of prepara-
tion and characterization for NR/EPDM rubber blend filled
with GNP nanocomposites that focuses on the effects of
GNPs loading variations and non-covalent surface treat-
ment of GNPs.

Materials and methods
Surface modification of GNPs

GNPs were purchased from Xiamen Graphene Technology
Co. Ltd, China, with commercial trade name KNG-50. It
has bulk density of ~0.3 g cm™ with a true density of
~2.25 g cm ™ and specific surface area of 40-60 m* g~ '.
The overall carbon content for supplied GNPs was >
99.5 wt%, and it had a gray powder-like appearance. PEI
was purchased from Sigma-Aldrich in the form of a vis-
cous colorless liquid of branched polymer. The linear
formula of PEI is H(NHCH,CH,),NH,, and it has an
average molecular weight (M,,) of ~25000 g mol™!, an
average molecular number (M,,) of ~ 10000 g mol~ !, and
a density of 1.030 g ml~" at 25 °C. PEI was used without
further purification. The chemical structure of PEI is
depicted as shown in Fig. 1. For surface treatment medium
preparation, the mixture of ethanol to distilled water was
used at a ratio of 25:75 [39]. An overall volume of 1000 ml
of solution mixture was prepared for every 2 g of GNPs
and 3 g of PEI surfactant. High-speed stirring was per-
formed at 1000 rpm, using a high-speed mechanical stirrer
(model WiseStir HT50DX) with a combination of ultra-
sonication effects from the ultrasonic bath immersion setup
(model JE10Tech UC-02). The process was performed for
5 h at a controlled temperature of 60 °C. Later, the treated
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Fig. 1 The chemical structure of branched poly(ethyleneimine), PEI

GNPs were dried within 45 min at 100 °C and slowly
stirred at 100 rpm using a hot-plate magnetic stirrer. Next,
GNPs were filtered and washed using distilled water to
remove the unreacted PEI, followed by oven heating at
150 °C and left for 5 h to allow for complete drying. The
dried product was then ground using an agate mortar and
placed in a close-sealed container. Modified GNPs were
labeled as GNPs—PEI, while unmodified GNPs as uGNPs.

Characterization of uGNPs and GNPs-PEI

Spectroscopy analyses using Raman and FTIR were
employed to evaluate the success of surface treatment on the
GNPs. Raman spectra was obtained using a Horiba JobinYvon
model HR800, utilizing a laser wavelength of 514.53 nm with
a 10 mW power laser and a microscope objective of 100x
with an exposition of 3, accumulation of 5, and multi-spectro.
The focal length used was 800 mm with a drift amount of
<0.015 nm s~ '. Fourier transform infra-red (FTIR) analysis
was performed using JASCO FT/IR 6100 setup at 0.5 cm™"
resolution at the range of 4000-400 cm™" for 50 times scan
laser type-II with a data interval of about 0.120529 cm ™"

Morphological evaluation was performed using Field
Emission Scanning Electron Microscopy (FESEM) and
Transmission Electron Microscopy (TEM) to observe the
transformations incurred due to the surface treatment.
Morphological inspection of modified and unmodified
GNPs was done using the TEM model Zeiss Libra 200 FE
at 10 K magnification and FESEM model Hitachi SUS000
at 1 K magnification, and 2.0 kV accelerating voltage.

Melt compounding, cure characteristic,
and preparation of NR/EPDM blends

Ethylene propylene diene rubber (EPDM) grade BUNA®
EPT 9650 was procured from LANXESS, Pittsburgh, USA
with Mooney viscosity UML (1 + 8) at 150 °C of 60 &+ 6
MU, ethylene content 53 + 4 wt%, ENB content 6.5 & 1.1
wt% with volatile matter < 0.75 wt%, specific gravity 0.86,
and total ash < 0.50 wt% with a non-staining stabilizer. NR
with commercial trade name of ‘SMR20’ was purchased
from the Malaysian Rubber Board (LGM). The specifica-
tion for SMR20 was 0.16 max. wt% dirt retained on 44
apertures, 1.00 max. wt% ash content, 0.60 max. wt%
nitrogen, 0.80 max. wt% volatile matter, 30 min Wallace
rapid plasticity (P,), and 40 min. % of plasticity retention
index (PFU). Both rubbers were masticated with a two-roll
mill for about 10 min at 30 °C prior to their use. Other
compounding ingredients, such as sulfur, zinc oxide, and
stearic acid, were purchased from Systerm/Classic Chem-
ical Sdn. Bhd. Tetramethylthiuram disulfide (Perkacit-
TMTD) was purchased from Aldrich Chemistry, while n-
cyclohexylbenthiazyl sulphenimide (CBS) and n-(1,3-
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dimethylbutyl)-n'-phenyl-p-phenylenediamine (6PPD)
were supplied by Flexys America, USA. Maleic anhydride
(95% MAH) and bis(a,0-dimethylbenzyl peroxide) (98 %
DCP) were supplied by Sigma-Aldrich, Germany. All
compounding chemicals were used as received without
further purification steps. The EPDM-g-MAH compatibi-
lizer was synthesized using a melt-compounding method
with peroxide-initiated grafting at 180 °C, 75 rpm of rotor
speed for 5 min. This lab-scale preparation of EPDM-g-
MAH compatibilizer was reported in our previous work
[40, 41].

The melt-compounding process was performed in
accordance to ASTM D-3192 for semi-EV sulfur vul-
canization system [34, 42]. The formulation recipes used
in the present study are shown in Table 1. The blends
were compounded using a Haake Polylab OS Rheodrive
16 internal mixer with a Banbury rotor at 0.70 fill factor
and with overall 50 g of each blend formulation. The
ratio of NR/EPDM, amount of EPDM-g-MAH compati-
bilizer, and internal mixer machine parameters had been
optimized prior to this work and were reported elsewhere
[39, 42, 43]. The melt-blending operation was performed
at a mixing temperature of 70 °C and rotor speed of
70 rpm for 5 min. At first, NR, EPDM, and EPDM-g-
MAH compatibilizer were blended for 1 min, before the
first set of curatives was added, consisting of zinc oxide,
stearic acid, and CBS. Later, unmodified or modified
GNPs were compounded after 2 min into the mixing.
GNPs were added to the blend compounds percentages
of 0.00, 0.25, 0.50, 1.00, 3.00, and 5.00 wt% from the
overall 50 g of NR/EPDM blend formulation recipe.
Next, the second set of curatives consisting of an
accelerator (6PPD and TMTD) and sulfur was mixed,
1 min before the end of the mixing period. The com-
pound was dumped and left to cool at room temperature
within 24 h before performing cure characteristic testing.

Table 1 Formulation recipe used in the preparation of NR/EPDM-
filled GNPs blends

Materials Compounds (phr)*
NR/EPDM 70:30

Zinc oxide 5.00

Stearic acid 2.00

6-PPDP 2.00

Sufur 1.50

CBS* 1.00

TMTD! 0.30

4 Parts per hundred

> N-(1 ,3-Dimethylbutyl)-N'-phenyl-p-phenylenediamine
¢ N-Cyclohexylbenthiazyl sulphenimide

4 Tetramethylthiuram disulfide
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The processability of NR/EPDM blends was then eval-
uated with cure characteristic assessment in accordance to
ASTM D 2084 using an oscillating rotorless rheometer U-
CAN Dynatex UR2010 (U-Can Incorporation, Taiwan).
Samples of the respective blends were tested at 160 °C,
4.5 kg cm~? of compression pressure, 1.7 Hz of swing
frequency, and +1° swing amplitude within 5 min of
curing time. The maximum curing time (Z.9¢), scorch time
(ts2), minimum torque (M} ), and the maximum torque (My)
were determined in this assessment. The cure rate index
(CRI) and the torque difference (My — M) were calcu-
lated for further analysis of the blend’s processability. The
cure rate index (CRI) or the speed of the curing reaction
was calculated using the following relation [32]:

100

CRI = - - .
Cure time — scorch time

(1)

The compounds of the rubber blend were subsequently
molded with a compression machine at 160 °C and 150 kgf
using a hot press (model GT7014-A, GoTech) based on the
respective maximum cure time, f.9o obtained from the cure
characteristic testing. The molded compounds were con-
ditioned before testing and further analysis.

Tensile testing (ASTM D 1822) and shore-A
hardness test (ISO 7691-1)

Tensile testing of NR/EPDM nanocomposite blends filled
with uGNPs and GNPs—-PEI was performed in accordance
to ASTM D1822. A tensile test was conducted as a primary
test in this study as it is relevant to the end applications
[44]. The tests were performed using a Universal Testing
Machine (model Toyoseiki Strograph-R1) made in Japan.
Dumb-bell shaped specimens of ~2.00 mm thickness were
cut from the molded sheet using a SDL-100 (Japan) SD-
type lever controlled sample cutter. The specimens were
tested at a crosshead speed of 500 mm min~!, and the tests
were performed at 23 + 2 °C. At least seven samples from
each formulation were tested to ensure a high confidence
level in the experimental results. Tensile properties such as
tensile strength (TS); modulus at 100, 300, and 500 % of
elongation (M100, M300, and M500); and the percentage
of elongation were determined in this study (%E). The
following equation was used for the calculation of %E
value [32]:

_ Displacement at failure

EB 100. (2)

~ Effective gauge length X

The hardness measurements of the NR/EPDM
nanocomposite blend samples were done according to ISO
7691-1 using a manual durometer hardness tester (Zwick-
Roell 3114) type Shore-A. About five reading points were
taken from every sample for averaging purposes.
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Swelling, crosslink density, and rubber-filler
interaction of NR/EPDM blends

Swelling tests of cured NR/EPDM blend nanocomposite
samples were performed in accordance with ISO 1817.
Samples with dimensions of 20 mm length x 20 mm width x
2 mm thickness were weighed using an electronic top loading
balance (model AB135-S/FACT, Mettler Toledo). Later,
samples were immersed in toluene in a dark environment 72 h
at 25 °C until the equilibrium was achieved [23]. The swollen
samples were taken out after the immersion period and were
weighed again. The change in mass is referred to as the per-
centage of swelling and is given in the following Eq. 3 [45]:
(W, — W)
1

Swelling(%) = x 100, (3)
where W is the initial mass (g) and W, is the mass (g) after
toluene immersion. By applying the Flory—Rehner equation
(Egs. 4-6), the molecular weight between crosslinks (M..)
and the crosslink density (V.) or the concentration of
elastically of effective chains can be calculated based on
the swelling test results. These parameters include the true
chemical crosslinks and physical crosslinks such as chain
entanglements and loops [23].

1/3
_ppvsvr

M, = 4
CIn(1=Vy) + Ve + gV2 “)

1
V= 5
1+ 0w ®)

1
V.= — 6
= (6)

where p is the rubber density (ong =0.92 g cm ™ PEPDM =
1.06 g cm™>), V, is the molar volume of the toluene (V, =
106.4 cm® mol ™), V, is the volume fraction of the polymer
in the swollen specimen, and Q,, is the weight increase of the
blends in toluene and ¥ is the interaction parameter of the
rubber network—solvent (y of NR = 0.393; x of EPDM =
0.49). For rubber—filler interactions or the swelling index, the
Lorenz and Park equation was applied [46].

O _
Qe

where subscripts f and g refer to filled and gum vulcan-
izates, respectively, and z is the ratio by weight of the filler
to the rubber matrix in the vulcanizates, and a and b are the
constants. The higher the Qy/Q, values, the lower the extent
of the interaction between the filler and the matrix.

In this study, the weight of toluene uptake per gram of
rubber matrix (Q) is as follows [47]:

Q = [(Wy — Wa)/Wi] x 100/92.15 (%), (8)

ae *+ b, (7)

where W; is the swollen weight, W, is the dried weight, and
Wi; is the original weight.

GNPs dispersion analysis using X-ray diffraction
(XRD) method

X-ray diffraction (XRD) was carried out using PanAna-
Iytical diffractometer operating with Cu Ka radiation (1 =
0.154 nm) at 40 kV and 30 mA. Scans were taken from
20° to 60° with a continuous scan step size of 0.0170°.
Samples for modified and unmodified GNPs were prepared
in powder form, whereas the NR/EPDM rubber blend
nanocomposites were prepared from the residue of vul-
canized compression molded rubber, at least ~1.00 mm
thick. Full-width-at-half-maximum (FWHM) and d-spac-
ing parameters were highlighted to evaluate the effects of
GNPs surface modification and the amount of GNP load-
ings of produced nanocomposites.

Heat flow analysis using differential scanning
calorimeter (DSC)

Heat flow analysis was carried out using a DSC machine
(model Jade by Perkin Elmer). Analysis was performed in the
temperature range of —65 to 150 °C under a heating rate of
20 °C min~ " with nitrogen gas continuously purging at a flow
rate of 20 ml min~'. About ~10.00 mg of sample was
weighed and put in a crimped standard aluminum pan. The
first heating endotherms were analyzed to understand the
influence of GNPs modification and amount of loading to the
heat flow behavior of the produced blends. The glass transition
temperature (7,) was determined from the primary point that
intersected the tangent discontinuity in the DSC curve [43].

Thermal degradation and residue evaluation using
thermogravimetric analysis (TGA)

The thermal behavior of produced blends was further ana-
lyzed using TGA. This analysis was performed to observe
the degradation behavior and residue evaluation for NR/
EPDM blends in relation to filler surface modification and
the amount of loadings. The blend was cut into small pieces
and was weighed to be around ~ 10 mg, and placed into a
crucible. Samples were tested using TGA-DTG Rigaku
TG8120 Thermo Plus Evo machine and operated between 30
and 600 °C temperature range at a heating rate of
10 °C min~" under atmospheric nitrogen conditions.

Tensile fracture morphology observation using
scanning electron microscope (SEM)

The selected tensile-fractured sample from each NR/
EPDM blend formulation was adhered on the aluminum
stub with carbon tape. Later, the samples were sputter
coated with a thin layer of gold using Polaron E-1500
sputter coater equipment. The morphologies of NR/EPDM
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blends filled with modified and unmodified GNPs and the
unfilled blends were observed at 1 K magnification using
the variable pressure scanning electron microscope
(VPSEM model Zeiss Evo) operated at 15 kV accelerating
voltage with a secondary electron (SE) mode signal
detector.

Results and discussion
Characterization of uGNPs and GNPs-PEI

Spectroscopy characterization for the uGNPs and GNPs—
PEI was performed using Raman and FTIR method to
evaluate the success of the surface treatment done to GNPs.
Raman and FTIR spectroscopy for uGNPs and GNPs—PEI
are presented in Figs. 2 and 3, respectively.

In Raman spectra for the uGNPs and GNPs—PEI
samples, three characteristic —peaks appeared at
~1370-1375 cm™! (D band), ~1600-1610 cm™' (G
band), and ~2710-2740 cm ™! (2D band). We found that
the intensity of the G band and D band for the GNPs—PEI
sample became weaker than with uGNPs, indicating a
higher level of disorder and formation of defects in the
modified graphene layers due to the treatment. A higher G
band value for uGNPs implies the intact nature of GNPs’
graphitic domain, while the D band is a characteristic of
defects and disorder. However, it was found that the
intensity ratio from I4 to I, of non-covalent-treated GNPs—
PEI was markedly decreased (I4/I; 0.250) compared to
uGNPs (/4/1; of 0.314). The lower I4/1, ratio of GNPs—PEI
was corresponded to a high structural integrity of modified
GNPs, as mentioned in previous work [11]. Hence, the
non-covalent treatment performed to GNPs not only
introduced interruptions in platelet’s stacks and defects, but
also improved the structure of modified GNPs due to PEI
adsorption.

uGNPs
GNPs - PEI

f

i

Nyt [ e,

Intensity (a.u)

1000 2000 3000 4000
Raman Shift (cm-1)

Fig. 2 Raman spectra of uGNPs and GNPs—PEI
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Fig. 3 FTIR spectra of uGNPs and GNPs—PEI

In addition, the region of 1050-1200 cm™" is due to the
vibration of the C-NH, group [48]. An identical peak
obtained at 1013.82 cm ™' in the GNPs—PEI sample refer-
red to the twisting of the CH, groups while the
1135.48 cm™' peak indicated the C—C stretching mode that
is known to mix with the methyl rocking mode, giving rise
to the Raman band which overlapped with the asymmetric
NH, bending vibrations by adsorbed PEI [48]. These may
explain the occurrence of adsorption between GNPs and
PEI polymers through non-covalent interaction. An addi-
tional polymeric carbon chain adsorbed on the GNPs sur-
face may enhance the surface chemistry of modified GNPs
samples. The presence of surface defects and adsorbed
polymer in GNPs—PEI may provide an additional benefit to
the mechanical interlocking improving rubber—nanofiller
interactions between the GNPs surface and rubber blend
matrix when they are incorporated together.

For FTIR spectral analysis, we found two available
distinct peaks that corresponded to the skeletal C-C
stretching of ethyl group or C-O stretching at
~1069 cm™" and the presence of hydroxyl group (—OH
stretching) at ~2365 cm™', for both uGNPs and GNPs—
PEI [49]. These hinted that the mass production of GNPs
was originally made from the acid treatment. FTIR spectra
for GNPs—PEI experienced the presence of a new weak
band at 966.16 cm ™' which referred to the skeletal motion
of the C—C backbone, indicating an adsorption of the
polymeric PEI into GNPs surface that is likely to disturb
the arrangement of atomic carbons in the hexagonal lattice
of graphene platelets due to small changes in the dipole
moment associated with their vibration [49]. In addition,
the presence of a new peak at 2322.00 cm ™' for GNPs—PEI
confirmed the interaction between PEI and GNPs surface
through the formation of hydrogen bonding that was pre-
sent in the multiple structures of —OH associated with the
carboxylic acids. The presence of these two new peaks
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further supports the success of GNPs non-covalent
treatment.

Morphological observation by FESEM and TEM was
performed to identify the transformation that occurred due
to surface modification of GNPs. The FESEM images of
uGNPs and GNPs-PEI are presented in Fig. 4a, b. We
found that a longer ultrasonication exposure and high-
speed mechanical shearing action had caused an enhance-
ment between the GNPs—PEI platelet layer spacings as
compared to uGNPs. A sudden decrease in lateral dimen-
sion and thickness of GNPs—PEI layers was obviously
detected, whereby the average largest in-plane lateral
dimension was approximately about ~1220.67 £ 197.63
and ~301.47 + 38.84 um for uGNPs and GNPs-PEI,
respectively. Reductions in GNPs dimensions decreased
the interlayer cohesive energy that could possibly promote
good dispersion of filler within the polymer matrix [8].
Further, in terms of the exfoliation between the layers,
GNPs-PEI possessed better platelet separation compared to
unmodified GNPs.

TEM observations at 10 K magnification for both
uGNPs and GNPs—PEI samples are depicted in Fig. 5a, b.
GNPs exhibited a layered structure with stacked graphene
sheet morphology. It was found that uGNPs layers were
obviously darker than GNPs—PEI, representing a closely
spaced platelet stack due to agglomeration and the gra-
phitic nature of GNPs. However, some spots in the cap-
tured image of uGNPs (Fig. 5a) show a transparent and
thin layer of graphene platelet surface with the presence of
crumple folding edges and wrinkled graphene morphology.
These indicate the flexible nature of platelets that is ben-
eficial as an elasticity improver in any filled composite
application. Enhanced platelet translucency in modified
GNPs—PEI as shown in Fig. 5b may indicate the occur-
rence of polymeric PEI adsorption to the surface of GNPs
by wrapping mechanism. The well-distributed nano-sized
darker dots on GNPs surface were the PEI polymers that
were already trapped and non-covalently bonded within
GNPs lattices and basal surfaces. The segregated PEI
between the platelet interlayers may further contribute in
the stacking separation and platelet intercalation, and also

Fig. 4 FESEM images of
a uGNPs and b GNPs—PEI

in lowering the surface tension of GNPs that could prevent
agglomeration due to stearic repulsive forces of GNPs [50].

The morphological behavior of GNPs before and after
the surface modification was further evaluated through an
XRD analysis. As depicted in Fig. 6, both uGNPs and
GNPs—PEI showed an intense diffraction peak at 26°-27°
that corresponded to basal spacing of graphite with d-
spacing of ~0.335 nm. However, a slight intensity
decrease and shift in an identical peak of GNPs-PEI
indicated that the treatment reduced the graphite crys-
tallinity. This showed that the adsorption or wrapping of
PEI into GNPs may occur at the outermost sheets of the
stacked aggregates, or partially intercalated where several
graphene planes remain in pristine form. Conversely,
uGNPs experienced a lower full-width-at-half-maximum
(FWHM) at higher d-spacing values than GNPs-PEL
Increased FWHM values with certain peak broadening for
GNPs-PEI at 0.8029 represent a successful platelet sepa-
ration between GNPs layers, while the decrease d-spacing
value at 0.3380 nm may indicate an occurrence of poly-
meric adsorption between each layer that introduced
another thickness layer by polymeric coating which non-
covalently bonded to the GNPs surface.

Processability evaluation of NR/EPDM blends
by cure characteristic studies

Cure characteristics testing was conducted to determine
how well the blended compounds mixed and how the blend
will process and cure in the next processing stage [44]. The
curemeter measures the increasing resistance to distortion
and flow as crosslinks develop in the material [44]. Cure
characteristics studies provide information on scorch time
(ts2), maximum molding time (#.90), minimum torque (My),
maximum torque (My), torque difference (My — My), and
cure rate index (CRI). The processability of NR/EPDM
blend nanocomposites is reported and summarized in
Table 2.

ts> is the time required for the cure state to increase to
two torque units above the minimum at a given cure tem-
perature, and often correlates well with the Mooney scorch
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Fig. 5 TEM images of
a uGNPs and b GNPs—PEI

uGNPs
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Fig. 6 XRD diffractograms of uGNPs and GNPs—PEI

time [23]. For ¢, the scorch safety of NR/EPDM blends
filled with GNPs—PEI experienced a stable decreasing
pattern with an increase in GNPs loadings. Nanocompos-
ites with GNPs—PEI addition possessed a shorter scorch
time than uGNPs-filled NR/EPDM blends. It is understood
that during the scorch delay period, the majority of the
accelerator chemistry took place [51]. At this point, it is

believed that the addition of GNPs—PEI could promote fast
curing phenomena of NR/EPDM blends due to high ther-
mal conductivity induced by GNPs nanomaterial. Further,
the polymeric layer of PEI adsorbed on the GNPs surface
acted as an active point for better rubber—filler interactions.
Hence, the lower scorch time following the addition of
GNPs—PEI was due to active surface chemistry of GNPs—
PEI as compared to uGNPs-filled blend system which gives
a high surface area and high graphene nanoplatelets
structure.

te00 18 the time required to reach 90 % of full cure, and
this is generally the state of cure at which most physical
properties reach their optimum. It was found that the 7.9
decreased with the increased of GNPs loading for both NR/
EPDM blends, either filled with uGNPs or GNPs—PEI.
However, blends incorporated with GNPs—PEI possessed
lower 7.9 values at all loading amounts compared to blends
filled with uGNPs. This indicated that modifications to
GNPs eliminated the hindrance to interactions between the
rubber blend and nanofiller, due to improved solubility of
GNPs-PEI. Modified GNPs—PEI experienced a reduction
in their lateral dimension size together with additional
surface chemistry on GNPs by PEI. Both scenarios may

Table 2 Cure characteristics

e RUEPDM mbbes Output System  0.00 wt% 025 wt% 0.50 wt%  1.00 wt%  3.00 wt%  5.00 wt%
blends filled with various wt% to» (min) A? 2.460 2.370 2.395 2.355 2.330 2.175
loadings of uGNPs and GNPs— b
PEI B 2.460 2250 2.067 1.733 1.109 0.883
feoo (min) A 3.200 3.060 3.100 3.035 2.985 2.825
B 3.200 2.933 2750 2375 1.559 1.325
CRI (min~") A 135.135  144.928  141.844  147.059 152672  153.846
B 135.135 146431 146413 155763 222222 226244
M, (dNm) A 6.590 6.495 6.575 6.665 6.545 6.965
B 6.590 6.200 6.790 7.085 8.160 8.485
My (dNm) A 20.055 20245 20.035 19.845 20700 20.880
B 20.055 20325  20.785 20.975 21.265 21315
My — My (dNm) A 13.465 13.750 13.460 13.180 14.155 13.915
B 13.465 14.125 13.995 13.890 13.105 12.830

% NR/EPDM blends filled with uGNPs

® NR/EPDM blends filled with GNPs—PEI
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assist crosslink formation during the vulcanization time by
promoting the accelerator systems to interact to each other
for polysulfide formation [52]. Hence, adding GNPs—PEI
tends to reduce f.9g and ¢y, or accelerate the vulcanization
process, but still efficiently cures the NR/EPDM blends
[24, 27].

The cure rate index (CRI) is a measurement of the
vulcanization rate based on the differences between the 7.9q
and 7. There was no considerable variation noted in the
CRI for NR/EPDM blends filled with uGNPs. The CRI
decreased slightly when about 0.50 wt% of uGNPs were
added to the NR/EPDM blend. This may be due to cure
incompatibility effects caused by the decrease in reactive
sites on the rubber molecules available for crosslinking
reactions [23]. On the other hand, the CRI for NR/EPDM
blends increased with GNPs—PEI loadings, which may
indicate reduced activation energy for crosslink formation
[53] and increased interaction sites for vulcanization [32].

M is the minimum torque in the rheometer that often
correlates well with the Mooney viscosity of a compound
[52], while My is the maximum torque that was achieved
during the curing time [51]. My is commonly considered as
a representative of the uncured stock’s elastic modulus and
also provides valuable information about a compound’s
processability [23], while My indicates the vulcanizated
strength of rubber blend compounds or the degree of
crosslinking in the elastomer [52]. The higher the torque
obtained, the higher the number of crosslinks created [54].
Addition of GNPs—PEI increased the My and M at a linear
pattern of increased filler loading. For M, the fluctuating
pattern of processing load at both lower and higher uGNP
loading may indicate less processability for NR/EPDM
blends filled with uGNPs. Higher M| and My values for
NR/EPDM blends filled with GNPs—PEI compared to NR/
EPDM blends filled with uGNPs indicate adequate filler
wetting characteristics due to improved GNPs—PEI inter-
action with NR/EPDM macromolecules network. Polymer
chain segment spreading has been shown to increase as the
filler content increases for blends filled with GNPs—PEL
The incorporation of GNPs—PEI increases the processing
load due to increased flow resistance, caused by smaller
sized GNP platelets and the formation of “house-of-cards”
structures, in which edge-to-edge and edge-to-face inter-
actions between the dispersed layers form percolation
structures. In effect, this factor increasingly restricts the
molecular mobility of macromolecules thus resulting in an
increase in the processing torque behavior [52].

The difference between My — Mj is a measure of the
shear dynamic modulus that indirectly relates to the state of
cure or crosslink density of the NR/EPDM rubber blends [17,
21]. It is also the extent of vulcanization and attainment of a
characteristic network chains [52]. It is well understood that
the blending of highly unsaturated NR and highly saturated

EPDM generally leads to a cure mismatch, resulting in an
uneven crosslink density distribution and with it, inferior
mechanical properties [23]. This could be a predominant
reason for the fluctuating pattern of torque differences for
NR/EPDM blends filled with uGNPs filler. Conversely,
blends filled with GNPs—PEI experienced a stable and linear
decreasing pattern of torque difference. The drop-off pattern
indicates a decrease in the resultant blend crosslink density
with an increase of GNPs—PEI filler addition. The presence
of an additional polymeric PEI layer that adsorbed and
wrapped on the GNP surface provides a barrier between the
blend and filler which reduces the crosslink formation among
the rubber phases, but may increase the chemical interactions
between them through other specific phenomena of
enhanced compatibilization due to the addition of an inor-
ganic filler. This situation could be confirmed through a
systematic swelling testing, the analysis of which shows an
agreement with the findings obtained from the cure charac-
teristic studies of torque difference.

Mechanical properties of NR/EPDM blends
nanocomposites

In this study, the mechanical properties of NR/EPDM
blends were assessed through tensile properties character-
ization and Shore-A hardness test as a function of GNP
loading and surface treatment. NR/EPDM-filled unmodi-
fied uGNPs blends (system A) and NR/EPDM-filled
modified GNPs—PEI blends (system B) were tested. The
experimental data are tabulated in Table 3. The results
clearly show that the tensile strength (TS), elongation at
break (EB), and modulus at 100, 300, and 500 % of
elongation (M100, M300, and M500) increase with an
increase in both uGNPs and GNPs—PEI. Blends filled with
GNPs-PEI experience a slightly higher result and
improvement across all tensile properties compared to
unfilled NR/EPDM blends and NR/EPDM blends filled
with uGNPs at all loadings.

For instance, the TS drastically increased to 104.3 %
improvement as compared to the unfilled blend, when 5.00
wt% of GNPs—PEI was added. However, a reduction in TS
was encountered for blends filled with higher uGNP content
due to agglomeration and aggregation of platelets that enables
pre-mature failure, as observed in Fig. 10b of SEM fracture
morphology observation. NR/EPDM blends filled with
uGNPs maximally survived up to 3.00 wt% of uGNPs,
offering maximum performance of TS where it produced an
87.6 % improvement compared to unfilled NR/EPDM blend.

Surface modification of GNPs using PEI succeeded in
improving the mechanical performance of NR/EPDM
blends. The polymeric layer of PEI was adsorbed to the
GNPs surface and may have created retention effects
among GNPs, enhancing the separation between them.
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;ﬁ)‘;le : hg;;élsi 5;‘1’525”;2: ;‘E Output System  0.00 wt% 025 wt%  0.50 wt%  1.00 wt%  3.00 wt%  5.00 wt%

EPDM rubber blends filled with 1 (\pa) A 7322 7.970 9.119 11.378 13.738 10.702
uGNPs and GNPs-PEI at b

various filler loadings B 7322 8.890 10.356 11.277 13.843 14.959

EB (%) A 774687  784.022 896987  1007.268  1079.738  902.778

B 774.687  858.187  950.642 1018913 1057725  1110.337

M100 (MPa) A 1.080 1.108 1.155 1172 1.481 1.607

B 1.080 1.428 1.437 1.480 1.610 1.529

M300 (MPa) A 2.046 2.060 2273 2313 2.967 3.233

B 2.046 2913 3.036 3.127 3.165 3.249

M500 (MPa) A 4375 4.621 4.978 5.289 6.343 7.663

B 4375 8.032 8.596 8.968 11.108 9.534

Shore-A A 45.550 46.100 47.450 48.000 48.700 49.550

B 45.550 46.500 47.550 47.650 47750 49.850

 NR/EPDM blends filled with uGNPs
® NR/EPDM blends filled with GNPs—PEI

Polar interactions between GNPs—PEI sheets and polar
polymer matrices were introduced by oxygen-containing
groups in the platelets. This directly caused an improve-
ment in filler dispersion within the NR/EPDM blends [55].
On the contrary, limited functional groups that were
available in uGNPs surfaces caused a selective distribution
of GNPs into high-polarity phases of NR instead of EPDM
phase. This created an uneven tensile loading and later
caused a reduction in TS and EB for NR/EPDM blends at
5.00 wt% uGNPs addition. Furthermore, no or limited
functional groups at uGNPs surfaces made them
hydrophobic, and the nature of the highly specific surface
area of uGNPs facilitated an irreversible aggregation or
even restacking to graphite through strong n—n stacking
and van der Waals interactions, greatly limiting the appli-
cation of uGNPs in numerous areas [56].

For EB, an overall improvement pattern was obviously
similar to TS. System A experienced a major decrease in EB
value due to the saturation effect and agglomeration of GNPs
that may have induced weak points, which could facilitate a
pre-mature failure during applied stress. At higher uGNPs
loadings, the added filler failed to support the stress transferred
from the matrix, suggesting poor interfacial interactions
between uGNPs and NR/EPDM matrices. Poor adherence in
the filler matrix could give rise to the formation of voids in the
interphase, which would decrease the mechanical properties
of filled rubber [27]. Moreover, the separation and dispersion
of uGNPs at higher loading may not be assisted by high vis-
cosity and molecular weight of NR/EPDM blends, which
reduces the ductility of produced samples.

NR/EPDM blends from system B had an EB value that
was appreciably higher than system A’s blends. The addition
of GNPs to NR/EPDM blends may affect crosslink formation
by enhancing the macromolecular distance and space
between the crosslinks, causing free mobility between the
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chains of the stretched samples. This situation may further
assist the slippage of GNPs and rubber blend macro-
molecules that consequently further enhance the elasticity
and macromolecular chain crystallization of blend samples.
An extraordinary increase in EB with the increase of GNPs
filler loading is ascribed to the fact that some rubber chains
are not fully cross linked with sulfur in the presence of pla-
telets layers, and these uncrossed chains are responsible for
the incremental elongation of nanocomposite samples which
develop into breaks [19]. Alternatively, it is known that
GNPs have a 2-D multilayer structure, in which a unique
frictional sliding interlayer normally exists due to the fact
that graphene layers within GNPs are only bonded with weak
van der Waals forces [3]. Thus, higher loading of GNPs
provides a greater possibility of EB being assisted due to the
interlayer sliding of nanoplatelets.

The stiffness behavior of NR/EPDM blends filled with
GNPs was investigated through the evaluation of modulus at
100, 300, and 500 % of elongation. Increases in M100,
M300, and M500 of NR/EPDM blends filled with either
GNPs-PEI or uGNPs nanofiller are the manifestation of the
reinforcing ability of GNPs in the NR/EPDM rubber matrix.
This finding was consistent with previous work by many
researchers on other rubber blend systems filled with various
types of filler [18, 24, 25]. It is interesting to note that the
improvements in M100, M300, and M500 for NR/EPDM
blends filled with GNPs—PEI were larger than NR/EPDM
blends filled with uGNPs at all loadings. This may be
attributed to the lamellar structure of graphene that allows for
better wettability and enhances rubber—nanofiller interac-
tions due to hydrogen and van der Waals forces of non-
covalent-modified GNPs, thereby leading to a better stress
transfer for improved nanocomposites stiffness [7, 44].

Shore-A hardness of both systems A and B showed an
increasing pattern of hardness value with increasing GNPs
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loadings. Hardness for unfilled NR/EPDM blends was lower
than with filled blends. However, there was no obvious sig-
nificant difference between the hardness of both system A
and B at each GNPs loading as the difference in values was
insignificant. Shore-A hardness represents the resistance of
materials toward the local indentation due to a given applied
force. For this study, the measurement of hardness can be
related with the crosslink behavior of produced nanocom-
posites. Hence, it can be clearly justified that an addition of
either modified or unmodified GNPs will change the
crosslinking characteristics of the blends due to loadings
variation, whereas the treatment done to the nanofiller do not
give any clear impact on this physical attribute.

Swelling, crosslink density, and rubber—filler
interaction of NR/EPDM blends

The percentages of swelling {A} and the crosslink density
{B} for NR/EPDM blends filled with uGNPs and GNPs—PEI
are shown in Fig. 7. It was found that the plots for both
attributes were mutually intersected and opposite of each
other. The crosslink densities were enhanced with the
decrease of swelling percentage. This situation was applied
for both systems A and B of the produced blends. However, it
was interesting to note that the blends filled with GNPs—PEI
had less swelling percentage but higher crosslink density
compared to blends filled with uGNPs. For example, NR/
EPDM blend filled with 5.00 wt% of GNPs—PEI had about
3.84 % lower swelling percentage and 17.31 % higher
crosslink density compared to NR/EPDM blend filled with
uGNPs at a similar loading. The higher the crosslink density
of the rubber composite, the lower the percentage of swelling
for vulcanized rubber in a given solvent [52].

Lower swelling percentages in the presence of modified
GNPs—PEI filler can be explained by the possibility of
increased crosslink density and improved rubber—filler
interactions. This phenomenon has further obstructed the
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Fig. 7 Correlation plot between the swelling percentages and cross-
link densities of NR/EPDM blends filled with uGNPs and GNPs-PEI

penetration of solvents. Further, an improved GNPs—PEI
dispersion may have created a tortuosity path that reduces
the transport area within the blends [57]. Swelling takes
place when the osmotic pressure exerted on the rubber
blend by the solvent is stronger than the cohesive forces
between the rubber molecules. Hence, the osmotic pressure
exerted on the rubber by the solvents falls as the molecular
weight of the rubber increases with crosslinking [52].

Subsequently, the interactions between rubber—filler
GNPs and NR/EPDM blends were determined through the
measurement of toluene uptake per 100 g of rubber and
swelling index calculation based on Lorenz and Park equa-
tion [46]. The results are summarized in Table 4. A higher
swelling index reflects lower molecular interactions between
the filler and the rubber blend matrices. It was found that NR/
EPDM blends filled with GNPs—PEI, as in system B, pos-
sessed alower Q¢/Q, value than system A at all loadings. This
situation could be related to the extensive distribution of
GNPs at the molecular level in the rubber matrix [52]. The
molecular contact between GNPs—PEI and NR/EPDM
matrices became greater with an increase in GNP loading,
due to an active surface chemistry of modified GNPs, as
observed during cure characteristic studies on scorch time
reduction due to GNPs—PEI addition (Table 2). It is sug-
gested that certain rubber—filler bonding or state of adhesion
between two rubbers and GNPs were established and hence
caused fewer opportunities for the solvent to pass through the
rubber macromolecules, significantly dropping the swelling
behavior and increasing the resistance of produced blends
toward chemical attack [58].

GNPs dispersion analysis using X-ray Diffraction
(XRD) Method

X-ray diffraction patterns of NR/EPDM blend nanocom-
posites are depicted in Fig. 8a, b for the effects of uGNPs
and GNPs-PEI addition at lower (0.50 wt%) and higher
(5.00 wt%) loadings. The presence of no peak for the
unfilled NR/EPDM blend can be referred to as amorphous
in nature in the macromolecule blend. For NR/EPDM
blends filled with either uGNPs or GNPs—PEI, the domi-
nant peak was observed ranging at 20 = 26°-27° corre-
sponding to the basal spacing of graphite with an increase
in relative peak intensity relative to the increase of GNPs
filler addition (refer Fig. 8). The peak shifted to the left and
reduced peak intensity were experienced by NR/EPDM
blends filled with GNPs—PEI either at lower or higher
loadings, indicating the possibility of improving GNPs
dispersion due to non-covalent surface treatment. Poly-
meric adsorption successfully wrapped the surface of GNPs
and created retention and isolation effects between the
platelet bundles until the basal spacing characteristics of
graphite crystallinity were reduced.
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Table 4 Toluene uptake per

100 ¢ rubber (Q) and rubber— Output System  0.00 wt% 0.25 wt% 0.50 wt% 1.00 wt% 3.00 wt% 5.00 wt%
filler interaction (Q¢/Q,) ratio of  Tgjyene yptake (Q) A 2.18 217 2.26 2.28 1.98 1.91
NR/EPDM rubber blends filled b
with uGNPs and GNPs_PEI at B 2.18 1.86 1.86 1.95 2.00 1.76
various loadings 040, A 0.993 1.035 1.045 0.907 0.875

B 0.849 0.849 0.890 0.917 0.806

% NR/EPDM blends filled with uGNPs
® NR/EPDM blends filled with GNPs—PEI
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Fig. 8 X-ray diffraction pattern of NR/EPDM blend nanocomposites
at a lower GNPs loading (0.50 wt%); and b higher GNPs loading
(5.00 wt%)

A less intense diffraction peak at 26°-27° indicated the
possibility of exfoliation, and probably had mixed with
intercalated GNPs structures. PEI prevented steric reaggre-
gation of platelets by adsorbing to the GNPs surface. This
suggested that the disorder and loss of graphene layer regular
structures or stacks are due to the adsorption of polymeric
PEI layers onto the surface of GNPs through non-covalent
interaction. Thus, the graphene tactoids were considered to
be exfoliated, and the 0.3380-nm-thick d-spacing graphene
platelets layers (Fig. 5) were dispersed at the molecular level
into NR/EPDM blends matrices. The addition of non-
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covalent-treated GNPs—PEI had introduced sort-off gra-
phene platelets layer inclusion, which led to the loss of
characteristically elevated chain orientation of the immis-
cible NR/EPDM blend system. Full-width-at-half-maximum
(FWHM) values for uGNPs and GNPs—PEI were 0.5353 and
0.8028, respectively. GNPs—PEI experienced higher FWHM
as compared to uGNPs. An increased FWHM value indicates
successful layer separation between the GNPs platelets
within NR/EPDM matrices, while the decreased d-spacing
value of the NR/EPDM-filled GNPs—PEI blend compared to
blends with uGNPs suggests the occurrence of polymeric
adsorption on the GNPs surface by the PEI polymer.

Heat flow analysis using differential scanning
calorimeter (DSC)

The effects of GNP surface modification on heat flow and
glass transition temperature (7,) were analyzed using
endothermic scan traces of the first heating scan of filled
and unfilled NR/EPDM blends. The samples were scanned
within the temperature range from —65 to 150 °C, and the
endotherms were overlaid and are depicted as in Fig. 9.
The T, is an indirect representation of the heterogeneous
nature of polymeric blend [59]. The addition of surface
modified and unmodified GNPs nanofiller at 5.00 wt%
loading affected the thermal heat flow and shifted the T, to
some extent. The presence of GNPs in the form of uGNPs
and GNPs—PEI had very much influenced the miscibility
and compatibility of the hybrid blend system.

We found that uGNPs added at higher loading amounts had
deteriorated the miscibility between the two rubber phases due
to the presence of an intermediate T, peak with a value located
at between those of the NR and EPDM rubber. The peaks
shifted from the original 7, peak of NR (—58.0 °C) and
EPDM (—45.5 °C) rubber observed to slightly approach each
other, indicating a partial miscibility phenomena between
these rubber phases. Unmodified uGNPs nanofiller did not
seem to be able to act as a compatibility enhancer for this
rubber blend where it was presumed that the separation
between the rubber phases had occurred which tended to
diminish the overall performance of produced blends. This
was further proved by the reduction of TS and EB for NR/
EPDM blend filled with 5.00 wt% of uGNPs (refer Table 3).



J Mater Sci (2015) 50:6365-6381

6377

20 1
——— NR-EPDM + 5.00 wt.% uGNPs

g T | NR-EPDM + 5.00 wt.% GNPs-PEI
g 2l unfilled NR/EPDM blend
<
S 221
E 23
3
=
89
= 241
QO
=

25

-50 0 50 100
Temperature (Degree Celcius)

Fig. 9 Effects of GNPs surface modification to DSC endotherms for
unfilled and filled NR/EPDM blends

Conversely, for the NR/EPDM blend filled with 5.00
wt% GNPs—PEI, the presence of nanofiller retained the
occurrence of a single T, peak with a slight temperature
shift into —50.0 °C compared to the 7, of the miscible
unfilled NR/EPDM blend at —49.0 °C. Modified GNPs—
PEI surfaces introduced interactions between NR and
EPDM rubber that might have occurred at the boundaries
of their phases as a third phase, indicating improved mis-
cibility and compatibility between them. Hence, the added
GNPs-PEI successfully acted as inorganic compatibilizer
which contributed further to the enhancement of resulting
thermal and other properties of produced NR/EPDM blends
filled with GNPs nanocomposites.

Thermal degradation and residue evaluation using
thermogravimetric analysis (TGA)

The effects of GNPs surface modification to TGA and DTG
thermal events for unfilled and filled NR/EPDM blend
nanocomposites are depicted in Fig. 10a, b. Blends with a
higher GNP loading of 5.00 wt% were selected to evaluate the
contribution of GNPs surface treatment in affecting the ther-
mal stability and degradation behavior of produced NR/
EPDM blends. In descending order of thermal stability, it was
found that the NR/EPDM blend with 5.00 wt% of uGNPs was
more stable than the blend filled with 5.00 wt% of GNPs—PEI
and the unfilled NR/EPDM blends with residue left based on
the weightloss curves at 500 °C were about 12.8,10.3,and 7.6
% for each respective blend (Fig. 10a).

The thermal event of the TGA and DTG curve pattern
occurred in a similar manner for all blend systems with a
distinct shift of decomposition percentage and DTG peaks,
indicating the significant contribution of GNPs addition
and the surface modification. Moreover, for all the blends
tested, the triple degradation stage occurred at temperatures
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Fig. 10 Effects of GNPs surface modification to a TGA and b DTG
thermal event for unfilled and filled NR/EPDM blends

ranging between 150-230, 240-440, and 440-500 °C as
can be seen in the DTG curve (Fig. 10b). This phenomenon
was attributed to a scission of the main chain of rubber
phases with predominantly the evolution of carbon and
oxygen groups resulting in the observed weight loss [60].

The absence of GNP nanofiller in unfilled NR/EPDM
blends caused early degradation of the temperature set-
point (T onset), as compared to filled NR/EPDM blends.
GNPs themselves naturally have outstanding thermal
properties and absolutely provide an added advantage to
the blends filled with this nanofiller. However, it can be
seen that the blends filled with modified GNPs—PEI expe-
rienced poorer thermal stability due to a lower degradation
temperature onset and degradation temperature (low Ty
onset and Ty) compared to blends with unmodified uGNP
nanofiller. The presence of adsorbed polymeric layers on
GNP surfaces, as observed through TEM micrographs
(refer Fig. 5b), was responsible for providing a further
degradation profile for GNPs—PEIL. This involves the
removal of water molecules due to increased hydrophilicity
of the nanofiller, the decomposition of oxygen-containing
groups due to excess OH and O from the adsorbed PEI,
removal of ethylene and amino groups, and lastly the
degradation of graphene. All these situations caused lesser
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thermal stability for the blend with 5.00 wt% GNPs—PEI
compared to blend filled with uGNPs at a similar loading.

In this case, unmodified uGNPs retained the excellent
intrinsic thermal properties of graphene and increased the
resistance of NR/EPDM blends to heat degradation. This can
be explained by the presence of GNP layers protecting the
underlying NR/EPDM rubber phases from degradation by
acting as a physical barrier that limits the heat and mass

transfer between the gas and carbonaceous condensed phase
[60].

Fig. 11 Fractured surface
morphology at 1 K of
magnification for a unfilled NR/
EPDM blend; b 5.00 wt%
uGNPs—-NR/EPDM blend;

¢ 0.50 wt% GNPs—PEI-NR/
EPDM blend; and d 5.00 wt%
GNPs-PEI-NR/EPDM blend
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Tensile fracture morphology observation using
scanning electron microscope (SEM)

The tensile-fractured morphologies, as observed by SEM
observation, are depicted in Fig. 11a—d. There was a strong
correlation between the resulting properties of the produced
nanocomposite blends with the morphological characteristics
and transformation of the fractured samples surface. The
addition of GNP nanofiller significantly changed the fracture
morphologies of the NR/EPDM rubber blend nanocomposites.
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The unfilled blend (Fig. 11a) revealed a homogeneous
distribution of the EPDM dispersed phase embedded within
the NR major phase. Fracture due to tensile loading caused
several matrix detachments between NR and EPDM pha-
ses, providing a reason why the dispersed EPDM looked
like it had not been fully wetted by a dominant NR phase.
This unfilled blend also experienced smooth surface failure
without the presence of any clear matrix yielding lines or
shear ribs, indicating that no reinforcement mechanisms
were involved for the unfilled NR/EPDM blend.

The fractured surface was rougher due to the presence of
GNP nanofiller within the rubber matrix (Fig. 11b-d).
Multilayer uGNPs nanofiller protruded cleanly from the
fractured surface (Fig. 11b), indicating weak interfacial
bonding, while the protruding GNPs—PEI nanofillers were
thickly coated with adsorbed elastomeric blends, indicating
strong interactions between the non-covalent-treated GNPs
with rubber blends [61]. In addition, there was platelet
clustering, which caused a decrease in the surface area in
contact with the NR/EPDM blend, especially for the blend
with a higher loading of untreated GNPs (>3.00 wt%) as
depicted in Fig. 11b. The localized clustering of uGNPs
nanofiller caused platelet-rich and platelet-poor regions in
the nanocomposites that were responsible for lowering the
tensile behavior performance of filled NR/EPDM blends.

However, for GNP-PEI-filled NR/EPDM nanocompos-
ites at extremely low nanofiller content (0.50 wt%), we
found that good dispersion of the nanosheet filler and
strong interactions with the matrix polymer resulted in a
substantial interphase zone around each sheet in which the
mobility of the matrix polymer chains was altered [61].
Strong interfacial interactions between the blend matrices
and GNPs-PEI caused crack lines and obvious matrix
tearing lines due to pull-out between the rubber blend
phases and the filler (Fig. 11c).

The nanoscale surface roughness resulted from the sur-
face modification of GNPs-PEI enhanced mechanical
interlocking with the polymer chains, consequently causing
enhanced adhesion with the rubber blend. This contributed
to an improvement in the mechanical tensile performance
of NR/EPDM blends filled with GNPs—PEI nanocompos-
ites (system B) as compared to NR/EPDM blend system
filled with uGNPs (system A) at various filler load-
ings. Adsorption and absorption of polymeric poly
(ethyleneimine) (PEI) onto GNP surfaces during non-co-
valent treatment introduced filler retention phenomena by
altering the polymer mobility, caused by geometric con-
straints at the GNPs—PEI surface. This further promoted
good interactions with NR/EPDM rubber blend matrices.
In addition, considering the presence of hydroxyl groups
across the surface of GNPs, hydrogen bonds may form
between the nanofiller and the NR/EPDM rubber blends.
The benefits of high surface area and nanoscale surface

roughness of GNPs—PEI enriched the surface chemistry of
modified GNPs which may lead to stronger interfacial
interactions with NR/EPDM rubber blend, thus substan-
tially influencing the resultant properties of the elastomeric
rubber blend.

Morphological transformations are clearly depicted in
Fig. 11c, d for blends filled with GNPs—PEI at low (0.50
wt%) and high (5.00 wt%) loadings, respectively. It was
quite difficult to image individually dispersed graphene
sheets in fractured NR/EPDM rubber blend nanocompos-
ites at low weight percentage of GNPs—PEI content. This
may be due to polymeric adsorption by PEI which may
isolate the GNPs through wrapping mechanisms that allow
the interactions between an adsorb polymer from GNPs
surfaces and the NR/EPDM blend matrices.

Overall, surface modification of GNPs uniformly dis-
persed the platelets within the rubber matrices with much
better interface conditions, providing sufficient mechanical
strength to resist external forces when fracturing the
nanocomposites. Surface-treated GNPs may also act as an
inorganic compatibilizer for improving the properties of
immiscible NR/EPDM blends. The presence of poly
(ethyleneimine) layers on GNP surfaces was able to per-
form a dual function in blend compatibilization and
nanocomposite reinforcement. It may further promote
interactions with the EPDM phase through hydrogen or van
der Waals bonding, in addition forming strong linkages to
rubber phases through polarity matching.

Conclusion

This study has shown that non-covalent treatment of GNPs
with PEI can be successfully performed through a simpli-
fied polymeric adsorption method. Added GNPs—PEI was
able to enhance the processability of NR/EPDM blends due
to the presence of active surface chemistry and additional
rubber—filler interactions induced by the presence of
modified nanofiller to the blend matrices. GNPs—PEI also
successfully acted as a reinforcement agent and an elas-
ticity improver since adsorbed PEI onto GNPs introduced
polar interactions between GNPs-PEI and NR/EPDM
blends matrices. Further, enhanced platelet dispersion due
to filler retention effects by the adsorbed PEI promoted the
uniform force distribution during tensile loading. It was
agreed that an enhancement in the resulted mechanical
properties of filled NR/EPDM blends was not directly
related to the crosslinking characteristic of NR/EPDM
blends, but to other mechanisms introduced by the modi-
fied GNPs—PEI within the blend matrices. In addition, good
dispersion of GNPs-PEI provided tortuosity path that
enhanced blend resistance toward solvent penetration.
GNPs—PEI introduced a polarity matching for strong
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rubber—filler linkages that were responsible for nanoscale
roughness in the fractured surfaces, which further sup-
ported a dual role of GNPs—PEI as an inorganic compati-
bilizer and reinforcement agent in enhancing the
performance of NR/EPDM blends. In addition, modified
GNPs—PEI was able to retain a single 7,, indicating a
significant role of the surface treatment in affecting the
miscibility of the blends. However, on the adverse side, the
GNPs-PEI lessened the thermal stability of the blends due
to early degradation onset of the PEI polymer. Hence, an
enhancement strategy should be properly carried out to
solve this issue.
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