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MECHANICAL AND CONDUCTIVE PROPERTIES OF SILICONE FILLED GRAPHENE ELECTRICALLY
CONDUCTIVE ADHESIVE (ECA)

Electrically conductive adhesives (ECAs) are promising alternatives to traditional solders for flexible and lightweight elec-
tronic packaging. However, achieving high conductivity while maintaining good mechanical flexibility remains challenging. This
study aims to develop a silicone-based graphene ECA modified with polyethylene glycol (PEG-600) to improve electrical and
mechanical performance. Silicone/graphene ECAs were fabricated with varying graphene contents (0-9 wt.%) through controlled
sonication and curing. The samples were characterized using tensile testing, Fourier Transform Infrared Spectroscopy (FTIR),
Scanning Electron Microscopy (SEM), and Electrochemical Impedance Spectroscopy (EIS). FTIR spectra confirmed successful
graphene incorporation through the presence of -OH, CH, C=C, and C=0 functional groups, with the -OH peak shifting to higher
intensity at 7% loading. Electrical conductivity reached an optimum of 4.87x107% S/cm at 9% graphene, attributed to the formation
of continuous electron pathways within the polymer matrix. Mechanical tests revealed maximum tensile strength (0.305 MPa) and
Young’s modulus (146.523 MPa) at 7% graphene before decreasing due to filler agglomeration. SEM analysis supported these
findings with uniform filler dispersion at optimum loading. The synergistic addition of graphene and PEG-600 effectively enhanced

conductivity and mechanical stiffness, demonstrating strong potential for flexible electronic applications.
Keyword: Electrical conductive adhesives; electrical impedance spectroscopy; silicone; graphene

1. Introduction

The electronic packaging industry has traditionally utilized
the soldering technique, namely lead-based solders, to establish
electron paths and interconnect electronic components [1]. Sol-
dering with lead uses a high temperature, about 150°C along with
high current and voltage usage also can produce dust and fumes
which are hazardous and can cause respiratory problem when
inhaled [2]. Lead has the potential to produce water and soil pol-
lution, which can subsequently have adverse effects on organisms
and the environment. Exposure to high levels of lead can result in
the development of anemia, damage to the kidneys and brain, and
disruption of the reproductive and developmental systems [3].
Therefore, Electrical Conductive Adhesives (ECA) has a great
potential for substituting the conventional soldering technique.

ECA is a type of glue that can conduct electricity, gener-
ally used in electronics. It consists of different polymers such
as silicone, epoxy, polyurethane, or polyamide and conductive
fillers such as carbon-based, ceramic, metal, or metal-coated fil-
lers. It is commonly employed in microelectronic assemblies to

establish reliable mechanical, electrical and thermal intercon-
nections of electronic lightweight. Silicone adhesives have
good electrical properties and can be modified to function as
insulators with high dielectric strength, which explain why it has
a long history of usage for electronics. But silicone was known
as electrical insulation components [3]. ECA has the advan-
tages of controlled viscosity, high line resolution, wide range
of sample adaptation, and low temperature interconnection and
recognizable benefits such as being harmless to the ecosystem,
low soldering temperature, higher adaptability, good economy
value, and the ability of microscale designing [4]. It can be made
using a blend of conductive filler and polymer. There is a lot of
polymers widely used for ECA such as epoxy, polyamide, and
silicone that offers lead-free solder alternatives for component
attachment on various range of applications.

Silicone materials (organosiloxanes) are high-value poly-
mers with immense stability and durability against UV light
and high temperature, chemical inertness, weather resistance,
and characteristics. Thus, introducing a conductive filler to the
polymer matrix can help in solving this problem. Various fillers,
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including silver, gold, carbon black, nickel, carbon nanotubes,
and graphene, have been used to enhance the conductivity of the
ECAs [5]. Among all, GR gives many advantages such as high
electron mobility at room temperature, high thermal conductivity,
improved mechanical strength, exhibit room temperature quantum
Hall effect, and high optical transparency [6,7]. Graphene is a lay-
er of carbon particles, which pack in a honeycomb crystal lattice
cross-section in a two-dimensional design [6]. There are different
strategies used to create conductive graphene in huge scope with
high conductivity and minimal expense such as electrochemical
intercalation, Hummer’s method, and liquid sonication method.

Contrast to that, liquid sonication is a safe and easy to use
method that can produced high quality graphene composite. The
ultrasonication method is used with different loading percentages
of filler (0%, 3%, 5%, 7%, and 9%) as its manipulated variables.
Percentage of graphene affects the dispersion of graphene as well
as defining the molecular scale forces and aggregation which
will influence the final properties of graphene. Graphene content
was found to be affecting its morphology — The higher the gra-
phene percentage in a composite, the easier it will agglomerate,
causing damages to its structure. Optimum amount of graphene
can significantly increase tensile strength, decrease flexural
strength and nanocomposites [8]. Polyethylene glycol (PEG),
anon-ionic amphiphilic polymer, serves as an effective surfactant
and compatibilizer [9]. PEG facilitates improved interfacial
adhesion and enhances graphene dispersion, resulting in the
creation of more homogeneous and functional PDMS/graphene
nanocomposites [ 10]. The synergy among these materials opens
new possibilities for high-performance composites in flexible
electronics, sensors, and biomedical applications.

Thus, in continuation for the search of potential materials to
replace hazardous solder- lead method. This work was focused
on the utilization of silicone filled GR ECA under the influence
of various GR loading with PEG via ultrasonication method on
its mechanical and electrical characteristics.

2. Experiment

The materials used in this study include silicone-based
poly(dimethylsiloxane) (PDMS), graphene nanoplatelets, poly-
ethylene glycol (PEG-600), and Sylgard-184 curing agent. PDMS
serves as the primary binder, characterized by a density of 965 kg/
m? and a molecular weight of approximately 100,000. Graphene
nanoplatelets, with a molecular weight of 12.01, are employed as
conductive particles to enhance the composite’s electrical proper-
ties. Polyethylene glycol (PEG-600), possessing a density of 1.13
g/em® at 20°C, is utilized as a surface modifier to improve the
dispersion and interfacial compatibility between the hydrophobic
PDMS and the graphene filler. Sylgard-184 was used as a curing
agent, featuring a specific gravity of 1.03 kg/m?> at 25°C, to initiate
the crosslinking process during the curing of the PDMS matrix.

Graphene nanoplatelet samples with varying concentrations
(0%, 3%, 5%, 7%, and 9%) were mixed with distilled water and
subjected to sonication for 30 minutes at room temperature us-

ing a power of 960 W and a vibration frequency of 20 kHz. The
purpose of this process was to enhance the dispersibility of the
graphene nanoplatelets. The silicone (PDMS) was combined
with PEG-600 and immersed in a water bath for a duration of
2 hours at a temperature of 75°C. Subsequently, it was agitated
using a magnetic stirrer for an additional 2 hours at a speed of 600
revolutions per minute, while maintaining a temperature of 80°C.
Subsequently, the GNP/distilled water suspension was introduced
into the PDMS-PEG mixture and subjected to agitation for a dura-
tion of 4 hours at a temperature of 120°C and a speed of 600 rpm,
with the objective of eliminating the distilled water. Afterwards,
hardener was progressively added to the samples and casted on
glass moulds plate with a dimension of 1 cm X 2 cm x 0.2 cm
(width x length x thickness) underwent a curing procedure in an
oven at a temperature of 100°C for a period of 4 hours. Once dried,
the ECAs were stored in a sealed container before being tested.

Fourier Transform Infrared Spectroscopy (FTIR)

The FT-IR spectrum of the materials was acquired by means
of Thermo Electron Corporation Nicholet 380 over a range of
400-4000 cm ™! with a resolution of 4 cm™' using KBr pressed
pellet technique. A homogenous mixture was prepared by com-
bining the powdered sample with KBr in a 1: 10 ratios. The
mixture was then pressing to produce transparent disc.

Electrochemical Impedance Spectroscopy (EIS)

The EIS was performed by using the Autolab Potentiostat
following Hazirah et al., (2022), and the results were evaluated
using the Nova 1.11 software. 10° to 10® hertz were set for the
testing frequency, and 0.3 volts was the amplitude that was ap-
plied [11]. The film samples specimen was cut into 1 cm? of area
for this testing. The results of the conductivity test were acquired
from the data. The graph was analyzed so that the electrical
conductivity can be determined. The following equation used
to determine the conductivity value, which is denoted by o. The
calculation for conductivity is;

o=1t/Ry4
Where;
o — electric conductivity (S/cm™),
t — thickness of film (cm),
R, — bulk resistance,
A — area of electrode.

Tensile testing (ASTM D412 Shore A)

Tensile tests were conducted according to the ASTM D412
Shore A standard. These tests comprised subjecting a sample
specimen to a tensile force and assessing several features of the
specimen while it was under stress. The trials were carried out



using an Instron 3382 universal tensile machine. The loading rate
was adjusted to 500 mm/min using the dumbbell shape fabricated
with the ASTM D412 C-type, shore A tensile standard, with
dimensions of 3.2 mm thickness, 115 mm length, 6 mm width,
and a gauge length of 33 mm.

3. Results and discussion
Mechanical properties of the ECA

Fig. 1 showed the effect of percentage loading of graphene
nanoplatelet on the tensile properties of PDMS-PEG ECAs filled
graphene nanoplatelet. It can be seen that the tensile strength of
PDMS-PEG ECA filled with graphene nanoplatelet increased
drastically at percentage loading of 5% at 0.327 MPa, then
decreases at 7% and 9% percentage loading at 0.305 Mpa and
0.174 MPa, respectively. The GNP loading of 0% and 3% show
the lowest value, indicating that the presence of GNP effec-
tively increased the tensile strength of the adhesive composite.
It is believed at 3% GNP, the utilization of GNP in PDMS is not
sufficient enough to give strength to the composite system. The
GNP 3% composite have the same value as the composite with
no GNP can be due to the low concentration of GNP in the
composite. Previous studies stated that, the tensile strength of
a composite increases with the increasing percentage of graphene
content until it reached a maximum (optimum) loading percent-
age [11]. Excessive loading percentage of GNP can cause the
tensile strength of composite to deteriorate, which can be seen
in GNP 7% and 9%. In addition, the utilization of GNP in nano-
size provide high aspect ratio for enhanced surface interaction
between the constituent’s materials [12].
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Fig. 1. Tensile strength against GNP percentage loading of PDMS-PEG
filled graphene conductive adhesive (cured mould)

The impact of graphene nanoplatelet loading on the Young’s
modulus for PDMS-PEG ECA filled graphene is depicted in
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Fig. 2. The Young’s modulus exhibits a similar pattern to the
tensile strength results as an increment as GNP loading percent
in the conductive adhesive increases until it reaches satura-
tion. Indicating that too much GNP content in the composite
ultimately caused the mechanical strength of the composite to
drop, the value declined at 9% of GNP loading with a strength
of 106.583 MPa. The optimum value is at 7% GNP loading with
avalue of 146.523 MPa, followed by 9% GNP at 106.5083 MPa,
5% GNP at 76.144, 3% GNP at 15.723 MPa, and 0% GNP at
0.054 MPa. This indicates that a composite’s stiffness may be
significantly increased by including GNP.

As mentioned in the section above, the strong interfacial
contact between the GNPs and the matrix and the excellent
dispersion of GNPs in the matrix enhances the stress transfer
from the PDMS-PEG matrix to the GNP at low contents (5%
and 7%), improving stiffness and strength. It can be seen that
the addition of graphene regardless of the increased of strength
is due to the inherent stiffness of graphene [13]. The presence
of GNP clusters at 9% would cause the stress to concentrate,
readily causing fracture formation to limit the efficiency of
stress transmission between the matrix and the GNP, lessening
the reinforcing effect [14]. Therefore, it can be claimed that
GNP has the optimum loading content in the composite at 7%.
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Fig. 2. Young’s modulus against GNP percentage loading of PDMS-PEG
filled graphene conductive adhesive

Conductivity study

In order to fully comprehend the electrical characteristics of
electrochemical materials, such as the impedance of conductive
film, the complex impedance spectrum (Nyquist plots/Cole-Cole
plot) approach was a well-known and potent instrument. Sili-
cone rubber naturally has a high level of insulation where has
an intrinsic resistivity of around 1014 Q/cm [2]. However, the
conductivity of the insulating rubber matrix further rises when
conductive filler is combined with graphene nanoplatelets. The
impedance behaviour of PDMS-PEG filled graphene nanoplate-
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lets in the frequency range of 5 kHz to 4 MHz where has two
regions: a spike in the high-frequency zone and a semicircle
toward the lower frequency region. The linear zone dominates
the plots for GNP with 0% loading and GNP with 9% loading,
indicating that a diffusion-limited mechanism has a significant
effect on the electron transfer that takes place on the electrode
surface [15]. The Warburg impedance (Zw), which indicates that
the impedance is a resultant of the diffusion layer between the
bulk solution and the electrode surface, is a common representa-
tion of the diffusion-limited process [16,17]. It only comprises
of a semicircle at the low frequency area for GNP 3%, 5%, and
7%, indicating that the Warburg impedance has little of an impact
on the PDMS-PEG ECA filled GNP. As a result of the presence
of GNP at the electrode interface, the data further imply that the
electrode exhibits a somewhat capacitive characteristic.

0% GNP sample is a reference from previous study
that also used silicone ECA with a value of conductivity of
7.06x107% S/cm [11]. The reason why control sample from previ-
ous study was used is due to the control sample prepared in this
study showed a high conductivity value (the obtained conductiv-
ity was 1.33x1077 S/cm), which may be caused by errors during
sample preparation and defects on the composite, hindering the
samples to perform higher electrical abilities. According to the
TABLE 1, the adhesive’s conductivity gradually increases up to
7% GNP then went up as high as up to 4.87x10%7 S/cm at 9%
GNP, having the highest conductivity among the samples. Utili-
zation of enhanced graphene in ECA improves the conductivity
regardless the percentage. This is due to the graphene inherent
properties of electrical conductivity [18]. This demonstrates
how the addition of GNP may improve a composite’s conduc-
tivity. The adhesive lasts longer when the sample has a high
conductivity because the electrolytes will be drawn to the com-
posite and oxidized there rather than seeping into the substrate.

TABLE 1
GNP loading and conductivity value
GNP loading (%) Conductivity (S/cm)

0 7.06x10°%
3 1.42x10°%
5 1.58x107%8
7 2.52x10"
9 4.87x10°"

Characterization of FTIR analysis

In Fig. 3 above, the FTIR spectra of PDMS/PEG-600 (0%)
and PDMS/PEG-600/GNP (3,5,7 and 9%) were displayed.
The spectra were captured at ambient temperature in the range
of 4000-600 cm™!. Testing revealed that the spectra display
bands with the stretching and bending vibration of the samples.
The —OH stretch group from PEG-600 may be seen in the IR
spectra of PDMS/PEG-600 at absorption band 3453.44 cm™'.
At2961.64 cm™! and 2876.27 cm™!, the stretching bands of the
—CH2 group in PDMS and the —OH group from PEG-600 are
both present. Adsorption band for the functional group —CH3
at 1257.76 cm™! belongs to PDMS. For the Si-O-C, Si—O-Si,
and Si—C groups, respectively, adsorption at 1066.52 cm™!,
1016.67 cm™!, and 692.28 cm™! belongs to PDMS [11]. The
reported FTIR spectra also show the existence of GNP in the ma-
trix. As can be observed, the broad band centered at 3442.03 cm’™!
represents the hydroxyl groups (O—H), and that might be a result
of the hydroxyls on the surface of GNPs [19]. At 2873.73 cm™!
and 2920 cm ™!, the bands correspond to the CH group’s stretching
vibrations could be seen. The skeletal vibration’s C=C stretching
is responsible for the absorption peak at 1645.72 cm™', which
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Fig. 3. FTIR spectroscopy for PDMS-PEG ECA



may also be a band of the C=0O adsorption group. The FTIR
spectra are similar for all percentage loadings of GNP (3%, 7%,
and 9%), with the exception of the depth intensity of the —-OH
stretching band at 3440 cm™', which has been shifted due to
different concentration of GNPs [11]. As seen in the figure, the
largest —OH band belongs to the GNP 5%.

Characterization of Scanning Electron
Microscopy (SEM)

The SEM analysis reveals distinct morphological differ-
ences between the control silicone rubber and the graphene-
reinforced composite. In the control sample, the surface appears
smooth and uniform, indicating a homogenous silicone rubber
matrix with no visible presence of conductive fillers or structural
irregularities. This morphology is typical of pure silicone rub-
ber, where the absence of reinforcement results in a relatively
featureless surface under high magnification. In contrast, the
graphene-incorporated sample (ECA 7%) shows a significantly
rougher and more heterogeneous surface. The microstructure is
populated with irregular, flaky features suggestive of dispersed
graphene or carbon black particles. These structures confirm the
successful integration of the conductive filler into the silicone
matrix. The distribution of graphene appears reasonably wide-

Fig. 4. SEM imaging for (a)control and (b)7% GNP for 500x
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spread, although certain regions display signs of particle agglom-
eration [20]. Such agglomeration may influence the consistency
of the composite’s electrical and mechanical performance [21].
Overall, the morphological changes observed in the SEM image
of the composite confirm that the inclusion of graphene alters
the internal structure of silicone rubber.

4. Conclusions

In general, this research project was successfully studied,
leading to several important advances to our understanding
about conductive adhesive as a whole. The optimum loading
percentage for the PDMS-PEG ECA in this experiment is found
at 7% GNP content. This is because the amount of GNP in the
conductive adhesive was high enough to allow it to diffuse easily
into the PDMS-PEG resin, improving both its mechanical and
conductive qualities [22]. After the GNP had been loaded to its
maximum potential, the research was proceeded by monitoring
it in a variety of tests, including conductivity, FTIR, and tensile.
The experiment demonstrated that adding more GNP to a com-
posite material improved its mechanical capabilities, but further
adding more GNP would cause those properties to degrade.
The chain mobility of silicone-filled GNP is reduced when the
surface contact of the material increases [6]. Increase of GNP
content will also result in increment of stiffness. It is found that
at 7% loading GNP sample shows an optimum tensile strength
(0.305 MPa) and Young’s modulus (146.523 MPa). To improve
the conductivity qualities, the adhesive composite can also be
treated with an ionic salt or a silane coupling agent that can
increased the utilization of the filler which can be extend with
the plastic waste containing conductive filler [23].
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