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THE CONDUCTIVITY AND MECHANICAL PROPERTIES OF HYBRID CARBON BLACK/COPPER FILLED LINEAR
LOW-DENSITY POLYETHYLENE (LLDPE) AND LIQUID SILICONE RUBBER (LSR) FLEXIBLE CONDUCTIVE

POLYMER COMPOSITES FOR ELECTRONIC INTERCONNECT APPLICATIONS

The advancement in the electronics industry have led to the emerging trends towards miniaturization and flexible electronic
devices. The ability to be stretched, twisted, and bent have made Flexible Conductive Polymer Composites (FCPCs) one of the at-
tractive materials in electronic interconnect applications. In this work, the combination of Carbon Black/Copper (CB/Cu) as hybrid
fillers within linear low-density polyethylene (LLDPE) and liquid silicone rubber (LSR) matrices were investigated to overcome the
limitation of single filler addition such as poor dispersion with the aim to further enhance the electrical and mechanical properties of
the FCPCs. The FCPCs prepared in this study were characterized and tested using various techniques such as 4-point probe, tensile
testing, hardness test and electron microscopy. Composites of LLDPE/CB/Cu and LSR/CB/Cu were prepared with varying filler
loadings such 3 wt.%, 6 wt.%, 9 wt.%, 12 wt.% and 15 wt.%. The ratio of copper to carbon black are 1:1. The LLDPE and LSR
exhibit increased tensile strength with up to 15 wt.% CB and Cu loadings. LLDPE shows enhanced elongation at break (55.93%)
with 15 wt.% filler, while LSR declines beyond 12 wt.%. The modulus of elasticity is inversely proportional to elongation at break
for both materials. Electrical conductivity increases in LLDPE and LSR with fillers up to 9 wt.%, forming a conductive network that
decreases at higher loadings. Shore hardness indicates increased hardness with greater CB and Cu content. SEM analysis reveals
filler dispersion and distribution within the polymer matrices, providing insights into the composites’ microstructure.

Keywords: Hybrid fillers; Conductivity; Mechanical Properties; Flexible Conductive Polymer Composites; Electronic In-

terconnect

1. Introduction

Polymers are widely used in chemistry, materials science,
engineering, and biology due to their versatility, affordability, and
ease of shaping [1]. However, they have limitations. Composite
materials, with superior properties like lightweight and high
strength, are designed to replace conventional materials such as
metals, woods, and ceramics [2]. It can be composed of a poly-
mer, metal, ceramic, or any other material that imparts strength,
durability, and desired characteristics to the composite [3].

Conductive polymer composites (CPCs) are formed by
adding conductive fillers such as carbon black (CB), carbon
nanotubes (CNT), metal particles, or conducting polymers to an
insulating polymer matrix. In the context of LLDPE and LSR

composites, an increasing trend in elongation at break suggests
improvements in the material’s flexibility and resistance to
fracture, make them more ductile and flexible [4,5].

These fillers align to create a conductive path, forming a net-
work that allows electrical current flow through the composite
material [6]. This network path is created when the percolation
threshold is achieved. Percolation threshold is the minimum
filler quantity required to establish a continuous conducting
network and create CPCs [7,8]. The volume fraction, size, shape,
and structure of the fillers determine the electrical properties of
CPCs. Optimization of processing parameters can help minimize
agglomeration [9].

These days metal have been widely use as conductive filler
in industries and research area. Carbon black and copper are

! UNIVERSITIMALAYSIA PERLIS (UNIMAP), FACULTY OF CHEMICAL ENGINEERING TECHNOLOGYKOMPLEKS PUSAT PENGAJIAN JEJAWI 3, KAWASAN PERINDUSTRIAN JEJAWI,

02600, ARAU, PERLIS, MALAY SIA

2 UNIVERSITI MALAYSIA PERLIS CENTER OF EXCELLENCE GEOPOLYMER & GREEN TECHNOLOGY (CEGEOGTECH), KOMPLEKS PUSAT PENGAJIAN JEJAWI 2, TAMAN MUHIB-

BAH, 02600 JETAWI, ARAU, PERLIS, MALAYSIA

3 THAKSIN UNIVERSITY, FACULTY OF ENGINEERING DEPARTMENT OF RUBBER AND POLYMER ENGINEERING, PHATTHALUNG CAMPUS, PHATTHALUNG 93210, THAILAND
4 CZESTOCHOWA UNIVERSITY OF TECHNOLOGY, FACULTY OF MECHANICAL ENGINEERING AND COMPUTER SCIENCE, DEPARTMENT OF TECHNOLOGY AND AUTOMATION,

19C ARMII KRAJOWEJ AV, 42-200 CZESTOCHOWA, POLAND

*  Corresponding author: kanwar@unimap.edu.my

() @

is attributed to the author.

© 2025. The Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution
License (CC-BY 4.0). The Journal license is: https://creativecommons.org/licenses/by/4.0/deed.en. This license allows
others to distribute, remix, modify, and build upon the author's work, even commercially, as long as the original work


https://orcid.org/0000-0002-1482-5228
https://orcid.org/0009-0000-2239-7190
https://orcid.org/0000-0003-2216-9424
https://orcid.org/0000-0002-9523-7558
https://orcid.org/0000-0002-9090-936X
https://orcid.org/0009-0002-0233-7486
https://orcid.org/0000-0002-6365-6272
https://orcid.org/0000-0001-6722-9895
https://orcid.org/0000-0002-7918-5946
mailto:kanwar@unimap.edu.my

IS

1748

popular conductive materials due to their chain-like structures,
especially carbon black, which has a higher propensity for
forming conductive networks compared to other metal powder
[10-12]. It possesses excellent electrical and thermal conduc-
tivity [13-14]. This research investigates the effects of carbon
black and copper as conductive hybrid fillers on the properties
of linear low-density polyethylene (LLDPE) and liquid silicone
rubber (LSR).

2. Methodology
2.1. Materials

Linear low-density polyethylene (LLDPE) with grade
LL0209SR and density of 920 kg/m? and liquid silicone rubber
(LSR) was provided by Malaysia Clay Art used as polymer ma-
trix in this research. In LSR, there were two components such as
catalytic solution (A) and hardener (B) with same ratio, 1:1. Car-
bon black (CB) with N330 grade and copper (Cu) powder with
8.92 g/cm® was purchased from Alfa Aesar Avocado Research
Chemistry, Ltd. was used as conductive filler in this experiment.

2.2. Sample Preparation

In this experiment, LLDPE and LSR composites were
formulated with different loadings of hybrid filler, ranging from
3 wt.% to 15 wt.%, which shows in TABLE 1 and TABLE 2.
The LLDPE/CB/Cu composites were prepared by compounding
the materials in a Z-blade mixer at 15 rpm. The compounded
mixture was then compression molded using a hot press machine
at 150°C. The molding process involved 7 minutes of preheating,
10 minutes of heating, and 3 minutes of cooling process to obtain

TABLE 1
Formulation for LLDPE/CB/Cu
Sample Composition (wt.%) LLDPE (g) | CB (g) | Cu (g)
1 Pure LLDPE 150.00 0.00 0.00
2 LLDPE+CU/CB (3 wt.%) 145.40 2.30 2.30
3 LLDPE+CU/CB (6 wt.%) 141.00 4.50 4.50
4 LLDPE+CU/CB (9 wt.%) 136.40 6.80 6.80
5 LLDPE+CU/CB (12 wt.%) 132.00 9.00 9.00
6 LLDPE+CU/CB (15 wt.%) 127.40 11.30 | 11.30
TABLE 2
Formulation for LSR/CB/Cu
Sample Composition (wt.%) LSR(g) | CB(g) | Cu(g)
1 Pure LSR 50.00 0.00 0.00
2 LSR+CU/CB (3 wt.%) 48.40 0.80 0.80
3 LSR+CU/CB (6 wt.%) 47.00 1.50 1.50
4 LSR+CU/CB (9 wt.%) 45.40 2.30 2.30
5 LSR+CU/CB (12 wt.%) 41.00 3.00 3.00
6 LSR+CU/CB (15 wt.%) 41.40 4.30 4.30
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a 1 mm thick sample. In the case of LSR/CB/Cu composites,
the raw materials were mixed and cast into a Imm thick glass
mold. The composites were then cured in an oven at 80°C for
15 minutes. Then, the samples were cut into dumbbell shapes
for tensile test. For electrical properties testing, spherical sam-
ples with a diameter of 2.3 cm. Additionally, 1 cm % 1 cm samples
were prepared for morphology characterization.

2.3. Testing

The tensile properties of LLDPE and LSR composites were
tested by using Instron 5569 tensile machine. ASTM D638 was
used to assess the tensile properties of LLDPE/CB/Cu, while
ASTM D412 was specific to LSR/CB/Cu. In this study, dumb-
bell shaped LLDPE and LSR specimens were tested at different
crosshead speeds: 70 mm/min for LLDPE and 500 mm/min
for LSR. Shore D hardness was used to measure the hardness
of LLDPE/CB/Cu composites, while Shore A hardness was
tested for LSR/CB/Cu composites. For four-point probe testing,
3 measurements were taken for each sample at different scanning
points. Eq. (1) was used to calculate the conductivity of sample.
The morphology of the samples was analysed using scanning
electron microscopy (SEM), at specific magnifications of X100,
%300, and x500 with an accelerating voltage of 10 k'V.

L
O =
RxA

(1)

where: L — thicknessofsample, R — resistance of composite and
A — area of sample.

3. Results and discussion
3.1. Mechanical properties

The mechanical properties of the LLDPE and LSR com-
posites was analysed and discussed based on the Figs. 1 and 2.
Fig. 1 illustrates the tensile strength of LLDPE and LSR compos-
ites where it shows that as the loading of CB and Cu increases,
the tensile strength of the composites also increases. Tensile
strength of pure LLDPE was 15.06 MPa, which it increased ap-
proximately by 3.4% to 15.58 MPa with the addition of 3 wt.%
carbon black and copper compared to pure LLDPE. The tensile
strength further improved up to 15 wt.%, showing a significant
40.11% increase compared to pure LLDPE.The addition of
fillers to LLDPE modifies the microstructure of material and
enhances its mechanical properties. Similarly, pure LSR was
measured at 2.05 MPa. When 3 wt.% of carbon black and copper
were introduced, the tensile strength decreased by 7.5% which
the strength were recorded at 1.91 MPa. The initial decrease in
tensile strength can be attributed to the weak interaction between
the fillers and LSR [15]. However, as the hybrid filler content
increases, the tensile strength of LSR also increases [16]. The
addition of 15 wt.% CB and Cu achieves the maximum tensile



strength at 2.955 MPa. LLDPE has higher tensile strength due
to stronger intermolecular interaction and entanglement of its
linear chains, while LSR has lower tensile strength with a more
flexible and less interconnected structure [17].
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Fig. 2 shows the elongation at break of LLDPE and LSR
composites. Pure LLDPE has an elongation at break of 410.50%,
which rises to 540.90% with 3 wt.% CB and Cu. The highest
elongation at break of 640.10% is achieved with a 15 wt.% hybrid
filler composition, indicating an improvement of approximately
55.93% compared to pure LLDPE. For LSR, the elongation at
break initially increases with filler addition up to 12 wt.% but
decreases for higher filler content. Pure LSR has an elongation
at break of 395.83%, while LSR with 3 wt.% CB and Cu has an
elongation at break of 270.83%. The decrease in elongation at
break at higher filler content is due to filler agglomeration. The
elongation of LLDPE/CB/Cu is higher than LSR/CB/Cu, thus
it becomes stiffer.

Fig. 3 shows the modulus of elasticity of LLDPE and LSR
composites. The addition of CB and Cu to LLDPE and LSR
significantly increases their modulus of elasticity. LLDPE
achieves its highest modulus at 3 wt.% filler loading. However,
beyond this loading level, the modulus decreases. The fillers
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create a network structure, enhancing interfacial interactions
and improving stiffness (Ramesh et al., 2022). The pure LSR
has a relatively low modulus of elasticity at 136 MPa, but was
higher than that of LLDPE due to its cross-linked structure.
The addition of CB and Cu increases the modulus, reaching
its highest value at 6 wt.% loading with a recorded value of
187.7 MPa, representing a 38% increment compared to pure
LSR. However, the modulus decreases when the filler loading
exceeds 6 wt.%.
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Fig. 3. Modulus of elasticity of LLDPE and LSR composites

3.2. Hardness

The hardness of LLDPE and LSR composites, as shown in
Fig. 4, increases linearly with the addition of carbon black (CB)
and copper (Cu). Shore D was used for LLDPE composites, while
Shore A was used for LSR composites. Adding 3 wt.% fillers
to LLDPE resulted in a 2.1% increase in hardness compared
to pure LLDPE (with a hardness value of 47.2). The hardness
continued to increase, reaching 55.6 with the addition of 15 wt.%
fillers. In contrast, the hardness of LSR composites increased
with increasing filler loading. The hardness of pure LSR was 32,
while the maximum hardness of 44.4 was achieved with 15 wt.%
CB and Cu fillers, representing an increase of approximately
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Fig. 4. Hardness of LLDPE and LSR composites
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38.8% compared to pure LSR. The increase in crosslink density
contributed to the increase in hardness and modulus [18]. It can
be said that LLDPE composites harder than LSR composites.

3.3. Electrical conductivity

The electrical conductivity calculated from the obtained
resistivity was plotted in Fig. 5(a). The electrical conductivity
of pure LLDPE was found at 6.719x10~* S/cm. The addition
of 3 wt.% fillers resulted in a conductivity increase of approxi-
mately 16.37% for LLDPE, reaching a value of 7.820 x 104 S/cm.
At carbon black and copper loadings of 9 wt.%, the amount of
hybrid filler reached saturation, resulting in the highest electrical
conductivity (8.607 x10~* S/cm) in LLDPE. However, a reduc-
tion in conductivity beyond this point, the greater composi-
tion of filled CB and Cu particles finding in a lower electrical
conductivity. When the amount of hybrid filler increases until
15 wt.%, the conductivity drops to 8.422x10~* S/cm. Besides,
Fig. 5(b) demonstrates the conductivity of LSR after incor-
porating copper and carbon black. pure LSR was recorded at
7.416x107* S/cm, while the addition of 3 wt.% fillers increased
the conductivity by 14.58%. The conductivity continued to rise
until reaching a saturation point at 9 wt.% fillers, resulting in
the highest conductivity of 9.235x107* S/cm, with an incre-
ment 24.53% compared to pure LSR. However, conductivity
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Fig. 5. Electrical conductivity of (a) LLDPE composites (b) LSR
composites

decreased when the filler loading exceeded 9 wt.%. Agglomera-
tion or clustering of fillers within the polymer matrix created
insulating barriers, impeding electron movement and reducing
conductivity [12].

3.4. Morphology

Fig. 6 (a) and (b) illustrate the morphologies of the ten-
sile fracture surfaces of LLDPE/CB/Cu composites with filler
loadings of 3 wt.% and 12 wt.%, respectively. In both figures,
the copper filler displayed a particle shape resembling flakes,
whereas the CB exhibited a typical morphology of aggregated
spherical particles. Void formation and partial agglomeration of
carbon black (CB) and copper (Cu) fillers within the LLDPE
matrix can be observed. As the CB content increases, the particles
tend to merge, forming larger aggregates due to attractive van
der Waals forces, resulting in loosely assembled agglomerates
[19,20]. Increasing the filler content to 12 wt.% significantly
reduced the presence of voids in the LLDPE composite.

TM3000_6153

Carbon
black

Fig. 6. SEM micrographs of LLDPE/CB/Cu composite with various
filler contents at 300x magnification: (a) tensile fracture surface of
3 wt.% CB and Cu (b) tensile fracture surface of 12 wt.% CB and Cu

Fig. 7(a) demonstrate the dispersion of carbon black (CB)
and copper (Cu) fillers at 3 wt.% and 12 wt.% in the LSR matrix.
The interface between the fillers and the matrix played a crucial
role in determining the mechanical and electrical properties of the
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composite material. Poor dispersion led to agglomeration of LSR,
compromising its mechanical and electrical properties [21]. As
a result, cracks formed on the fracture surface after the tensile
test. Fig. 7(b) reveals the presence of pores and agglomeration
between carbon black (CB) and copper (Cu) fillers within the
LSR matrix. These fillers tend to aggregate due to the high den-
sity of copper and uneven distribution, resulting in voids. This
agglomeration and the presence of voids significantly affect the
roughness of the fracture surface in the LSR material.

Carbon black

 crack

Copper | ‘

TM3000_6145 A

D55 300 3001:"‘

Carbon black |

TM3000_6148 A DA4 X300 300 um

Fig. 7. SEM micrographs of LSR/CB/Cu composite with various filler
contents at 300x magnification: (a) tensile fracture surface of 3 wt.%
CB and Cu (b) tensile fracture surface of 12 wt.% CB and Cu

4. Conclusion

The effect of hybrid CB/Cu additions within LLDPE and
LSR matrices on the conductivity and mechanical properties of
CPCs can be summarized as following:

1. The addition of carbon black (CB) and copper (Cu) fillers
affects the mechanical and electrical properties of LLDPE
and LSR composites. LLDPE and LSR show the tensile
strength increase when up to 15 wt.% of CB and Cu added.
The elongation at break increases in LLDPE, reaching its
maximum value of 640.10% at a loading of 15 wt.%.

2. The modulus of LLDPE increase initially beyond 3 wt.%
of fillers but decrease of 51.9% compared to the sample
containing 15 wt.%. For LSR, the highest increment in
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modulus was observed at 6 wt% loading, but it decreases
by 13.04% with 12 wt.% filler loading.

3. Both composites exhibit increased electrical conductivity
with filler addition, reaching a peak at 9 wt.% before de-
clining due to agglomeration. These fillers play a crucial
role in creating pathways for electrical conduction within
the composite material.

4. SEM analysis shows agglomeration and changes in surface
morphology at higher filler loadings. Since the tensile
strength, elongation at break, electrical conductivity and
hardness of LLDPE/CB/Cu was higher than LSR/CB/Cu,
LLDPE can be determined as the most suitable or better
materials for application in electronic and electrical indus-
tries.
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