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Passive engine mounts have been widely used as the simplest solution to isolate the
vibration, noise, and harshness from the engine and chassis for a smooth ride. It is
mainly made from rubber and metal, requiring rubber-to-metal bonding. Most studies
of rubber-to-metal via adhesive bond report the adhesion properties with the help of
a primer. In this study, an adhesive system of graphene nanoplatelets (GNPs)
reinforced epoxy resin was investigated for their potential to bond the natural rubber
composites (NR) with aluminium alloy (AL-alloy) without any application of primer to
assess the GNPs' unique contribution to the adhesion criteria. Chemically treated GNPs
were mixed into an epoxy system via an ultrasonication method at 0, 0.5, 3.0, and 7.0
wt% loading variation. The epoxy/GNPs (E-GNP) adhesives were then applied to bond
pre-etched Al-alloy sheets with NR composites through the vulcanization bonded. The
vulcanization was taken placed in a hot press machine under the temperature of
140°C, a pressure of 100 kg/cm? for 10 minutes before the samples were subjected to
the peel test following ASTM D429. The bonding characteristics were further
supported by morphological, compositional, thermal, and structural analyses via
Scanning Electron Microscopy, Fourier Transform Infrared Spectroscopy, Differential
Scanning Calorimetry, and X-Ray Diffraction. From the results, the E-GNP adhesive
system has proven to increase the maximum peel strength of the NR composites-Al
alloy by up to 170 % if compared to the control epoxy system. The findings would be a
promising technology for improving bonding strength between rubber-metal in
diverse applications.

1. Introduction

Nowadays, the automotive industry seeks lightweight components to bring up their new models,
greener choices and fuel saving. Hirsch [1] states that lightweight materials can help improve fuel
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efficiency. The new models would also be equipped with numerous luxury, convenience,
performance, and safety accessories, as their customers demand. Therefore, the use of lightweight
materials is very crucial. Current industrial demands for lightweight materials are aluminium alloys
(Al-alloy). The commonly used joining methods for engine mounting systems are fasteners and
adhesives.

According to Heide-Jgrgensen et al., [2], rubber and metal bonding can be attained by mechanical
fixation or chemical and physical adhesion. The bonding methods between rubber and metal are
brass plating, vulcanization, or adhesion through primer and binder. This study applies a chemical
approach using thermoset resin adhesive, assisted by a vulcanization bonding process to bond NR-Al
alloy. Addressing by Souid et al., [3], the vulcanization bonding process remains poorly understood
despite the vast and growing range of rubber-to-metal bonded assemblies used in industrial
applications to reduce noise and vibration. This method molds and vulcanizes raw rubber onto a
metallic surface coated with an adhesive reactive bonding layer. Hence, it allows the molding of
complex shapes with bonded metallic inserts, not as the “post-vulcanization bonding” technique.
However, it is complicated as it involves various diffusion phenomena, including chemisorption, bulk,
and interfacial crosslinking reactions. Still, the method has proven to be more efficient for rubber-
metal bonding since efficient chemisorption and cross-bridging reactions allow the generation of
chemical adhesion at the different interfaces.

Mullins et al., [4] have stated that joining by adhesive finds widespread use in various applications
such as automotive, aerospace, appliance, and electronics. Higgins [5] and Banea and Silva [6] agree
that epoxy-based adhesives find their place in these vital applications due to their excellent
mechanical properties. According to Hu et al., [7], epoxy-based thermosets can be identified by high
strength, excellent adhesion to numerous metallic and nonmetallic substrates, possess slight
shrinkage during and after cure, and high resistance to chemicals and extreme temperatures.
Rahmani and Choupani [8] mentioned that epoxy possesses relatively high strength and modulus at
room temperature, resulting from its highly crosslinked molecular structure, which is dissimilar from
other polymer-based adhesives. Epoxy adhesives have shown many advantages, such as lightweight,
high availability of the resin, and low cost. As Poornima et al., [9] reported, epoxy adhesives show
ease of processing, including low shrinkage during curing, a wide range of temperatures, low pressure
for fabrication, and reasonable control over the degree of crosslinking. Besides, Mullins et al., [4]
emphasize that adhesives limit the use of metal fasteners, which are frequently exposed to corrosion.
Despite their slow cure speed and high brittleness, epoxy-based adhesives are used because of their
hardness and excellent weather resistance characteristics. Pradhan et al., [10] highlighted that the
properties of cured epoxy adhesives could be modified using the curing agent and the curing process.
In contrast, Poornima et al., [9] state that epoxies’ essential brittleness has finite their application in
fields requiring high impact and fracture strengths, such as reinforced plastics and matrix resins for
composites and coatings. Hence, modifiers could be added to epoxy resins to overcome their
limitation.

Various techniques have been developed to overcome the disadvantage of epoxy resins and fulfil
these requirements. As Wang et al., [11] highlighted, enhancing the toughness, mechanical and
thermal properties of epoxy resins by reinforcing the inorganic nanofillers has attracted considerable
scientific and industrial interest. Numerous efforts have been made to enhance and increase epoxy
adhesion strength, wear performance, chemical stability, electrical insulation, etc., by reinforcing the
resins with nano-fillers. Among the nanofillers are carbon nanotubes (CNT), nano-silica, hybrid nano-
alumina and nano-silicon carbide, hybrid carbon fiber (CF)-nanodiamonds, CF-multi-walled-CNT, CF-
organo-modified montmorillonite with varying degrees of success [12-17]. Since the emergence of
carbon nanotube research in the mid-1996s, carbon-based nanomaterials have gained interest
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among researchers and industrialists to enhance diverse properties for various systems [18].
Recently, the appeal falls on the graphene nanomaterial, a single-atom-thick sheet of sp?>-bonded
carbon atoms with high specific area, mechanical, electrical, thermal, and chemical stability
properties [19]. With an estimated Youngs modulus of 1 TPa and ultimate strength of 130 GPa,
graphene is labelled the most robust material ever. Graphene platelets are electrically conductive at
6000 S/cm and thermally conductive at 5 x 10> W/mK at room temperature [20]. According to Smith
et al., [19], the platelets’ large specific surface area is up to 2630 m?/g due to the platelets consisting
of very fine graphene of 0.34 nm in thickness and ~1 um in the lateral dimension.

Quan et al.,, [21] state that graphene’s effects on epoxy’s mechanical properties, electrical
conductivity, and fracture toughness have been widely studied. Based on the studies, it is reported
that the addition of 0.2 wt.% graphene oxide into the neat epoxy increased Young’s modulus from
2.93 GPa to approximately 3.1 GPa, with the fracture toughness increase from 0.49 MPam¥? to
0.75MPam?/2, The primary toughening mechanism recognized is the debonding and crack bridging of
the graphene oxide platelets. Meanwhile, Rafiee et al., [22] studied graphene-modified epoxy
nanocomposites’ fracture and fatigue performance. They found that adding 0.125 wt.% of
functionalized graphene sheets has improved the neat epoxy’s fracture toughness by 65 % and the
fracture energy by 115 %. In a study by Ahmadi-Moghadam et al., [23], a mutual improvement in
Young’s modulus and tensile strength was observed with only a small loading of graphene
nanoplatelets. Together, they increased the fracture toughness of epoxy by 82 %. In their study, crack
bridging is identified as the primary toughening mechanism. Quan et al., [21] concluded that the
nanomaterial’s excellent damping properties are attributed to the well-dispersed graphene
nanoplatelets. It is observed by Mohamad et al., [24] when good vibration and thermal transfer
between metal to rubber parts are dispersion-related. They emphasized that these properties are
vital in improving engine mounts’ efficiency and service. Quan et al., [25] agreed that the application
of rubber nano-modified structural epoxy adhesive had expanded extensively in various industries,
including automotive and aerospace. It is the effect of the high fracture energy and good resistance
to fracture of the modified adhesives.

Mohamad et al., [26] have stated that all types of rubbers and the polymeric system will undergo
thermal degradation reactions, leading to a loss of mechanical properties at elevated temperatures.
Hence, the graphene nanoplatelets are hypothesized as an alternative filler material to enhance
epoxy composites’ degradation resistance to a higher temperature and improve adhesion strength.
Therefore, this research discusses the feasibility of incorporating chemically modified graphene
nanoplatelets in epoxy resin. This research investigates the feasibility of enhancing bonding strength
between NR composites with Al-alloy using an epoxy adhesive system by varying GNPs loading via a
vulcanization bonding process without a primer. The GNPs loadings of 0, 0.5, 3.0, and 7.0 wt% in the
epoxy adhesives to bond the NR composites-Al alloy were investigated. The epoxy/GNPs (E-GNP)
adhesives were prepared via ultrasonication mixing. The NR and Al-alloy sheets were bonded
together using a hot press machine at constant parameters and subjected to peel tests using the
UTM machine per ASTM D429. Further investigations were carried out using Scanning Electron
Microscopy (SEM), Fourier Transform Infrared Spectroscopy (FTIR), Different Scanning Calorimetry
(DSC), and X-Ray Diffraction (XRD).

2. Methodology
2.1 Materials

Graphene Nanoplatelets (GNPs) KNG-50 was supplied by Xiamen Graphene Technology Co. Ltd,
China. The amounts used in this study were 0, 0.5, 3.0, and 7.0 wt%. The utilized adhesive base was
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thermoset epoxy resin, CP 360 Part A with hardener, CP 360 Part B supplied by Terra Techno
Engineering (Malaysia) Sdn. with ultimate pot life, cure and hardening times were three, seven, and
24 hours at 25°C, respectively. Ethanol supplied by SystermChemAR was used as the organic medium
for the dispersion of graphene nanoplatelets. The aluminium 6061-T6 was used with a 1.5 + 0.05 mm
thickness. The aluminium sheet was cut into the desired shape using a laser cutting machine.
Meanwhile, the NR60 compound was supplied by HML Auto Industries Sdn Bhd.

2.2 Preparation of Chemically Modified Graphene Nanoplatelets-Epoxy Adhesive

Before the adhesive synthesis, a specific range of GNPs to epoxy ratio was calculated and weighed
for control sample without filler (0 wt% GNPs) and samples with fillers (0.5, 3.0, and 7.0 wt% GNPs).
The GNPs have then undergone a chemical modification in the ethanol. It follows with sonication in
a bath sonicator for 3 hours. Then, the mixture was removed from the ultrasonic bath onto a
hotplate. After that, the liquid epoxy resin was added to the mixture. The mixing was thoroughly
assisted by manual stirring carried out for 30 minutes. All the related procedure in preparing the E-
GNP adhesives is simplified as in Figure 1.
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Fig. 1. The preparation process of E-GNP adhesive matrix using a sonicator in ultrasonic bath and
hotplate

The mixture was added with the hardener CP360B at the ratio of 2: 1 weight fraction
epoxy/hardener and was mixed manually for 3 minutes to obtain the final E-GNP adhesive. The
modified adhesive was removed from the hotplate once it reached the gelation stage. The process
was repeated for the sample without GNPs filler (0 wt% GNPs). The overall formulation is summarized
in Table 1.

Table 1
Formulation of GNPs modified adhesive
Ingredients % /Volume /Ratio

E-GNPO E-GNPO.5 E-GNP3 E-GNP7
GNPS 0% 0.5% 3.0% 7.0%
Ethanol 100 ml 100 ml 100 ml 100 ml
Epoxy: Hardener 2:1 2:1 2:1 2:1

2.3 Preparation of Aluminium Alloy Surface
Al-alloy went through the sandblasting process. The samples were submerged in ethanol for 5

minutes and acetone for 5 minutes. The samples were then rinsed under the distilled water before
being immersed in the alkaline solution for 3 minutes. The sample preparation was conducted in the
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ultrasonic bath. The alkaline solution (NaOH) comprised 5% alkaline and 95% distilled water with a
pH of 10. The pH value of the alkaline solution was indicated by using litmus paper. The samples were
dried in the oven at 70°C for 45 minutes. Each sample was kept in a box containing silica gels and
placed in a drying cabinet before use.

2.4 Vulcanization Curing by Hot Press

The vulcanization of NR and E-GNP adhesive was conducted to form NR composites-Al alloy
bonding system before the peel test in a hot press machine. The mold cavity of 6.3 mm x 125 mm x
25 mm for thickness, length, and width was designed according to ASTM D429 (Method B) standards.
It was properly cleaned to avoid any contamination during the vulcanization process. In this step, the
amount of NR composite compound was first measured based on the mold cavity volume.

Then, the pre-applied E-GNPO, E-GNPO.5, E-GNP3 and E-GNP7 adhesives on Al-alloy plates (Figure
2) were first placed into the mold cavity followed by the uncured NR composite compound (refer to
Figure 3). The samples were preheated in a hot press machine for 3 minutes. The vulcanization
process took place at 140°C, a pressure of 100 kg/cm? for 10 minutes. Then, the samples were cooled
down for 3 minutes. Before undergoing a peel test, the vulcanized samples were kept in a box
containing silica gel and placed in a drying cabinet for 24 hours.

Fig. 2. Adhesives on Al-alloy sheets for (a) E-GNPO, (b) E-
GNPO.5, (c) E-GNP3 and (d) E-GNP7

£
3
e

(a) (b)
Fig. 3. In preparation for vulcanization bonding, (a)
Al-alloy sheets with adhesives are placed in the
mold cavity, and (b) the unvulcanized rubber
compounds are added on top of the sheets
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2.5 Peel Test

Using Method B of ASTM D429, the adhesive-bonded rubber-metal was peeled at a 90-degree
peel strip test. The bonded area was 25 mm times 25 mm in the middle of the metal piece with a
thickness of 20£2 um using a paintbrush. The testing was carried out using a Universal Testing
Machine (Shimadzu AGS-X Series) at room temperature at a cross-head speed of 50 mm/min, as
shown in Figure 4 to measure the maximum peel force, F. The flat peel test fixture was fabricated
according to the design in Figure 5.

Eig. 4. The 90 degrees peel
test performed on the
rubber-metal bonding

Fig. 5. The peel test samples

The nominal peeling energy was calculated from the measured F value. The energy released for
nominal peeling energy, T, for an interface crack propagation, was calculated using Eq. (1).

T = F(1— cos 0O)w— Wh (1)

where A is the extension ratio of the peel leg (A = 1 + e, where e is the minimum strain in the peel
leg), 0 is the angle of the peel, W is the strain energy density in the leg, w is the width of the rubber
and h is the thickness of the rubber when it was in an unstrained state. When the extension in the
peel leg is ignored, both A and W are taken as A =1 and W = 0. Since the peeling was carried out at
90°, the equation’s simplified version is stated in Eq. (2).

T =F/w (2)

187



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 110, Issue 1 (2023) 182-199

2.6 Analyses Methods

X-ray diffraction (XRD) measurements were performed using a PANalytical X'Pert Pro
diffractometer, and the data was analyzed using X’Pert PRO software. The used X-ray source was
CuKa radiation, and all samples were characterized at the 20 scanning range of 5° to 90°. The
adhesion mechanism of adhesives bonded NR composites- Al-alloy surfaces were analyzed using
images captured by a digital camera and Scanning Electron Microscopy (SEM). The magnifications
used for SEM observations were from 50X and 500X. Before the examination, the peeled-off surfaces
were placed onto aluminium stubs and coated with gold through a sputter coater.

Differential scanning calorimetry measurements were performed using a Perkin—Elmer DSC-7
(United States) analyzer. The sample weights of about 5-10 mg was scanned from -40°C to 300°C
under a nitrogen atmosphere at a scan rate of 10°C/min. The samples’ glass transition temperature
(Tg) and melting temperature (Tm) were determined from the DSC thermogram. The cured adhesive
samples with different GNPs loading (0.5 %wt, 3.0 %wt, 7.0 %wt) were tested using the DSC as per
ASTM E1356, the standard test method for glass transition temperatures.

The IR spectra were measured with the JASCO FTIR-6100 model for the 450 to 4000 cm™
wavenumbers at a resolution of 4 cm™. Different functional groups and structural features in the
molecules absorb energy at characteristic frequencies. The absorption frequency and intensity
indicate the molecule’s bond strength and structural geometry.

3. Results
3.1 X-Ray Diffraction (XRD) Analysis of Epoxy/GNPs (E-GNP) Adhesive

Figure 6 shows the XRD pattern for both E-GNP adhesives and pure GNPs. In Figure 6(b), a
diffraction peak at ~ 20 = 24.06° represents the partially crystalline nature of GNPs. The slightly
broader peak observed might be due to the combination of graphite and graphene in the commercial
GNPs. The GNPs platelets tend to agglomerate and stack into graphite once exposed to the ambient
condition.

Meanwhile, the XRD patterns of adhesives in Figure 6(a) show identical characteristics with
similar diffraction peaks. There are presences of broader peaks at 26 = 20.1° in both E-GNPO and E-
GNP adhesives, which were less than the pure GNPs. The intercalation mechanism between epoxy
and GNPs resulted in identical 28 values having similar interspacing with the pure epoxy, E-GNPO.
These similar broader diffraction peaks reflect their highly amorphous structure; hence, the GNPs
were uniformly dispersed in the epoxy adhesive. The observed broad peak is similar to the one
reported by Wei et al., [27].

188



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 110, Issue 1 (2023) 182-199

(a) 20052 )
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E-GNPO 5
E GNP3
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20 (degree)
Fig. 6. XRD patterns of (a) E-GNP adhesives and (b) pure GNPs

The intensity of the peak increases corresponds to GNP content’s increase, manifesting the
increment of crystallinity level but at a different interspacing than graphite oxide. Due to the good
dispersion of GNPs, there is no corresponding peak of graphite oxide in the E-GNP adhesive. The
summary of the XRD result is tabulated in Table 2.

Table 2

Summary of XRD results of pure GNPs and the adhesives with GNPs
Pure GNPs Pure Epoxy and Epoxy adhesives with GNPs

20 =24.06° 20 =20.052°

3.2 Fourier Transform Infrared (FTIR) Analysis of E-GNP Adhesive

FTIR measures the absorption of infrared radiation by sample material concerning the
wavelength of the radiation. Using absorption data, one may identify molecular components and
structures. FTIR analysis helps identify the functional groups for E-GNP adhesives compared with the
control sample. Figure 7 shows IR spectra of cured E-GNP adhesive at different weight percentages
and the control sample (cured epoxy adhesive without GNPs).
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Fig. 7. FTIR spectra of adhesives

From the obtained IR spectra, the dominant peaks of epoxy adhesives with or without GNPs were
observed at 2800 to 2900 cm™2, corresponding to the —CH, and —CH3 stretching modes of the aromatic
and aliphatic chains [28]. Meanwhile, around 1100 to 1130 cm™2, the band corresponds to C-O-C and
C-O stretching attributed to ether linkages [28]. The IR pattern on the E-GNP adhesives exhibited only
slight differences in the intensity at several peaks rather than the formation of new peaks.

Figure 7 shows that the IR spectra of E-GNP adhesives remained nearly constant despite an
increase in the weight percentage of GNPs. This observation can be attributed to the role of GNPs as
nanofillers, which interact with the epoxy matrix primarily on a physical level rather than a chemical
one.

Still, the GNPs in the E-GNP adhesive retained the hydroxyl groups, which later interacted with
OH or unsaturated O on the epoxy chains. Characteristic peaks at 2361 cm™ can be attributed to the
O-H stretch from strongly hydrogen-bonded —COOH on the GNPs surface. This observation agrees
with the study by Atieh et al., [29] for FTIR analysis on carbon nanotube surfaces modified by COOH.
The peaks manifest strongly in the E-GNP3 and E-GNP7. GNPs used for the E-GNP adhesive were
initially treated with ethanol before mixing. Besides, it normally inherently experienced previous acid
treatment during production, providing reactive sites like hydroxyl and carboxylic groups at the
plane’s basal and edges. On the other hand, Du and Cheng [30] stated that these functional groups
in the GNPs were beneficial in indicating the interaction between the GNPs and polymers.

3.3 Differential Scanning Calorimetry (DSC) of E-GNP Adhesive

The compatibility of a thermoset adhesive can be determined by differential scanning calorimetry
analysis (DSC), which measures the glass transition temperature (Tg) and melting temperature (Tm)
of a material. DSC analysis also helped study thermal behaviour stability for E-GNP adhesive after
curing. DSC examined the thermal characteristics of E-GNP and epoxy adhesives at temperatures
ranging from -40 to 300(C with a heating rate of 10(C/min, allowing the identification of glass
transition temperatures, Tg, and the melting temperature, Tm.

Figure 8illustrates the scan traces of the DSC thermogram. Referring to the DSC curves, only slight
changes were observed in the identification peaks of Tg. It appeared due to the formation of the 3D
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network structure of the epoxy matrix chains. It can be concluded that the system achieved a stable
form, which restrained them from changing their state under any thermal condition.

E-GNP7

E-GNP3

E-GNPO0.5

E-GNPO

=

40 0O 40 80 120 160 200 240 280
Temperature (°C)
Fig. 8. DCS curves of adhesives

Heat Flow Endo Down (mW)

Meanwhile, as depicted in Figure 8, the shift in melting temperature to higher temperature once
added with GNPs showed the sample experienced an improved thermal resistance. This is because
the thermally conductive GNPs act as the channel for heat dissipation, which helps delay the adhesive
system's melting point. However, the curve shows deterioration for E-GNP7 due to agglomeration
when GNPs particles were clustering and turning into larger particles [31]. The agglomeration of the
GNP in epoxy matrix will disturb the heat transfer path of the adhesive system. This mechanism is
illustrated in Figure 9.

The illustration in Figure 9 represents the effect of agglomeration on heat transfer mechanisms.
A good dispersion of GNPs gave a shorter distance for the phonon transfer between each particle. It
improves the tendency to form interconnected GNPs networks in the matrix, as reported by Kim et
al., [32]. However, for the graphene agglomerates, the distances between each agglomerate are far
apart, prone to forming a segregated network [32]. This phenomenon caused a longer path for heat
transfer. Shorter heat transfer gave a higher melting temperature as the heat did not localize and
could be easily transferred out of the body. It was different for the graphene agglomerates as the
heat transfer was very slow, which caused the localized heat at a certain point in the body. Based on
the melting temperature obtained, it shows that GNP helped increase the adhesive system’s melting
temperature. Therefore, incorporating GNP at optimum loading allows the existing adhesive system
to be utilized at a higher service temperature.
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Fig. 9. lllustrations of heat pathways for the effect of GNPs dispersion level

3.4 Peel Strength of NR Composite-Al Alloy
3.4.1 Maximum peel force

The peel test was conducted on control E-GNPO and E-GNP adhesive samples to determine the
effect of GNPs loading on the NR composite-Al-alloy system’s bonding strength aided by the E-GNP
adhesive. Figure 10 and data tabulated in Table 3 show that E-GNP3 has a higher maximum peel force
than the utilized epoxy-hardener system, E-GNPO, representing the control sample in this study. A
notable increase was observed with the slight incorporation of GNPs at 3.0 wt% into the system. The
maximum peel force for E-GNP3 increased by ~170% from the controlled sample (epoxy adhesive),
which showed the maximum peel force at an average of 43.93 N. From the obtained data, it can be
concluded that utilizing GNPs in the epoxy adhesive matrix will help increase the maximum force
needed to separate the bonding between NR and Al-alloy. However, at 7.0 wt% of GNPs, the
maximum peel force reduced drastically to an average of 29.61 N. This reflects the weak bonding
strength of the E-GNP7 due to the agglomeration of GNPs filler. The agglomeration issue significantly
impacts the properties of E-GNP adhesives. As a result, it becomes evident that the optimal GNPs
loading range falls between 3.0 to 7.0 wt% in the E-GNP adhesive system. Incorporating GNPs into
the epoxy adhesive matrix at an optimum level enhances the maximum force required to rupture the
bond between NR composites and Al-alloy.

Table 3

Comparisons of maximum peel force between adhesives

GNP weight percentage (wt%) Maximum Peel Force (N)  Standard deviation
0 (Epoxy adhesive) 15.95 3.4229

0.5 24.44 1.9869

3.0 43.30 0.7697

7.0 29.61 0.0503
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Fig. 10. Maximum Peel Force of different adhesives

3.4.2 Nominal peel energy

The results tabulated in Table 4 show the effect of adding GNPs into the epoxy-hardener system
on the nominal peel energy, representing the peel strength of the rubber-metal interface. The
nominal peel energy of the E-GNP3 system increased up to ~110 % if compared to the control sample
(E-GNPO adhesive). Hence, modifying an adhesive system using GNP has enhanced the rubber-metal
joining system’s bonding strength. This is due to the good interaction between the GNP and epoxy
matrix, evident from the XRD analyses.

Table 4

Nominal force energy of different adhesives

GNP weight percentage (wt%) Nominal peel energy (J/m?)
0 (epoxy adhesive) 823.68

0.5 1064.16

3.0 1760.23

7.0 1187.01

3.5 Morphological Characteristics of NR Composites-Al Alloy Surfaces
3.5.1 Failure mode analysis of peel-off NR composites-Al alloy surfaces

Visual failure analyses were conducted to identify the failure mode of the NR composites-Al alloy
surfaces bonded using the epoxy systems, whether through cohesion or adhesive failure. Figure 11
shows the camera images of the peeled-off surfaces of both NR composites and Al-alloy. The visual
inspection shows that the E-GNPO and E-GNPO.5 represent the failure tendency towards adhesion
mode with apparently shining smooth surfaces. Meanwhile, the E-GNP3 and E-GNP7 represent
higher cohesion mode failure. It is observed from the partially matt with rougher surfaces. These
observations were evidence of the higher bonding strength formed by the E-GNP3 than the control
E-GNPO and other adhesives. Adding GNPs into an epoxy adhesive system helps increase the
cohesiveness of the adhesive to bond rubber-metal.
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E. g 1

Fig. 11. Failure surfaces of (a) E-GNPO, (b) E-GNPO.5, (c) E-GNP3 and (d) E-GNP7
adhesives

3.5.2 Scanning electron microscopy (SEM) analysis of peel-off NR composite-Al alloy surfaces

Figure 12, Figure 13, and Figure 14 illustrate the SEM micrograph from the peel test fractured
surface from both NR composites and Al-alloy surfaces. For epoxy adhesive, NR composites and Al-
alloy’s fracture surface show smoother surfaces than epoxy filled with GNPs adhesives. The higher
the bonding strength, the rougher the fracture surfaces. Besides, the bonding strength between the
adhesive and substrate was also influenced by the wettability of the adhesive. Wettability is the
tendency of one fluid to spread on or adhere to a solid surface in the presence of other immiscible
fluids. It refers to the interaction between fluid and solid phases. Higher wettability indicates a
smaller contact angle with the substrate, providing better adhesion and vice versa.

The surface of E-GNP3 adhesive has higher density formation of coalescing dimple-shaped
cavities identified as having better wettability, as shown in Figure 14(c). The higher the wettability,
the better adhesive dispersion into the substrate. The diffusion of NR particles into E-GNP adhesive
particles helps to increase the bonding strength between NR composites-Al alloy. This finding also
aligned with the maximum peel force and nominal peel energy obtained. The fracture surface of
epoxy adhesive E-GNPO in Figure 11(a) shows no evidence of NR traces settled on the adhesive’s
surface on top of the Al-alloy. Yet, the low-density formations of microscale spherical droplets of NR
were observed on the adhesive layer in SEM micrographs, as depicted in Figure 12(c). However, there
were apparent traces of rubber particles on the fracture surfaces of E-GNP adhesives, especially for
E-GNP3 and E-GNP7 (refer to Figure 11(c) and Figure 11(d)), which showed that the fracture occurred
due to the failure of the adhesive-rubber interface. It is explained by the traces of rubber (manifested
as voids from the peel-off mechanism) distributed along with the epoxy adhesive distribution on the
Al-alloy surfaces (Figure 13 and Figure 14).

Figure 15 illustrates the NR composites- Al alloy system’s fracture mechanism for epoxy adhesive
and E-GNP adhesives. For the NR composites-Al alloy bonded by epoxy adhesive, the spherical-like
rubber droplets remain on top of the adhesive layer, showing a high possibility that the fracture
occurred due to adhesive failure. Meanwhile, for the one bonded by the E-GNP adhesives, the rubber
droplets in the adhesive showed the fracture could have occurred due to the cohesive failure. This
situation proves that the strength of E-GNP adhesives is higher than that of E-GNPO. The E-GNP
adhesives bonded to a higher density of irregularly shaped coalesce rubber droplets resulting from
clustering NR particles, with sizes ranging from approximately 10 to 30 um. Eakvanich et al., [33]
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noted that the individual NR particles typically have diameters of 0.02 to 3.0 um. This observation
suggests an enhanced vulcanization bonding efficacy within the system.

Fig. 12. SEM micrographs of E-GNPO adhesive on (a
surfaces at different magnifications of 50X and 500X

BT =1000 Signal A = SE1

-b) NR (c-d) Al-alloy

Fi. 13. SEM micrograph of E-GNPO0.5 adhesive on (a-b) NR (b-d) Al-alloy
surfaces at different magnifications of 50X and 500X
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Fig. 14. SEM micrographs of E-GNP3 adhesive o(a-b) NR (b-d) Al-alloy
surfaces at different magnifications of 50X and 500X

Peel-off Peel-off

«— Adhesive
«— Adhesive

Spherical Coalesce NR
NR droplets () droplets in
remain on adhesive
adhesive
O
(a) (b)

Fig. 15. Fracture mechanism of NR composites- Al alloy
system for (a) epoxy and (b) epoxy reinforced with GNPs

adhesives
4. Conclusions

Epoxy adhesives filled with different loadings of graphene nanoplatelets (GNPs) have been
successfully prepared via chemical modification and vulcanization bonding. Adding GNPs into epoxy
adhesive increased the NR composites- Al alloy system’s bonding strength if compared to the one
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bonded with pure epoxy adhesive. The adhesion strength recorded for epoxy reinforced with GNPs
has over 150% of the maximum peel force compared to the control sample. The results are supported
by compositional, thermal, morphological and structural characterization by FTIR, DSC, SEM, and
XRD. However, the observed increment of maximum peel force to 43 N is still insufficient for the
mounting system due to its service requirements exposed to dynamic stresses and high service
temperature. Still, this formulation is sufficient for the application that does not require high service
temperature. Besides, it is postulated that higher peel strength would be obtained if primer or
established adhesives were used.
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