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ABSTRACT 

Electrical overhead lines rely on spacer dampers to prevent bundled conductors from colliding during wind and ice events, but 
these devices often suffer from performance loss, displacement, mechanical failure, and material degradation over time. Since 
installation and replacement are dangerous, slow, and costly, improving the materials and design of spacer dampers is essential 
for long-term reliability. As it was studied in the previous article, the actual elastomer is sensitive to aging. Therefore, in this 
study, it was explored how different types of ethylene propylene diene monomer (EPDM), carbon black (CB), and waxes affect the 
properties of elastomeric composites. The results of the tensile test of three types of EPDM showed that the one with the highest 
ethylene content had the highest stress and elongation at break. The experiment changed the ratio of two types of furnace carbon 
black through a series of mechanical, electrical, and physical tests. It represented that increasing the amount of carbon black with 
a smaller size and higher surface area (N330) improved the stress and elongation at break of EPDM composites, but made it less 
conductive. For the swelling test, also observed that the insoluble fraction was the same for all samples; however, samples with 
more N330 tended to swell more, indicating a lower crosslink density. Additionally, examining the effects of five types of waxes on 
the mechanical properties showed that a balanced property can be obtained by adding the blend of microcrystalline and paraffin 
wax, in which elongation at break and 100% modulus increased slightly, and stress at break decreased marginally in comparison 
to that of the control sample. Upon aging, the blend of two waxes had much retention of stress and elongation at break upon aging 
which means that it was more effective in protecting materials. 

 

 

 

 

 

 

 

 

 

 

 

1 Introduction 

Electrical overhead transmission lines are crucial for transferring
electricity from power plants to consumers. A major concern
arises when bundled conductors collide due to strong winds
or ice build-up, which can lead to destructive conditions for
the lines [ 1–3 ]. The most common and effective solution is the
use of a spacer damper, which maintains the proper distance
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between conductors and helps mitigate wind-induced vibrations. 
However, over time, these spacers can experience issues such
as malfunction, displacement, structural breakage, and material 
degradation [ 3–6 ]. Furthermore, the installation and replacement
of these spacers are inherently difficult, dangerous, slow, and
costly due to their location high on the lines [ 6, 7 ]. Consequently,
the materials and methods used in the production of these spacer
dampers require thorough study and improvement. 
its use, distribution and reproduction in any medium, provided the original work is properly 
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TABLE 1 The specifications of the EPDMs, CBs, and the waxes. 

The specifications of the EPDMs 

Trade name Ethylene content (wt.%) Abbreviation used in the article 

Keltan 2470 69 E47 
Keltan 2450 48 E45 
Keltan 2650 53 E65 

The specifications of the CBs 

Surface Area 
(m2 /g)a 

BET Surface Area 
(m2 /g)b Sulfur (wt.%)a 

Abbreviation used 
in the article 

5345R 36.3 39.5 1.26 N550 
5358R 79.0 81.0 0.26 N330 

The properties of the five types of waxes 

Melting point (◦C) Type Abbreviation used in the article 

BW-408a 62.8 Microcrystalline Wax MC-408 
BW-431a 82.2 MC-431 
BW-433a 48.9 Paraffin Wax PW-433 
BW-436a 65.6 PW-436 
Nochek 4756Ab 63–66 Microcrystalline/paraffin 

wax blend 
Blend 

a Produced by Blended Waxes Inc., USA. 
b Produced by Sovereign Chemical Company, USA. 
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The saturated backbone of ethylene propylene diene monomer
(EPDM), characterized by a lack of double bonds, confers excep-
tional resistance to degradation from oxygen, UV radiation, and
ozone. Consequently, this elastomer is widely utilized for critical
applications such as wire insulation and weather sealing [ 8, 9 ].
regarding reinforcement, carbon black (CB) is a pivotal additive
in the rubber industry; it significantly enhances mechanical per-
formance while simultaneously increasing electrical and thermal
conductivity [ 10–12 ]. Research has extensively focused on EPDM
composites reinforced with carbon black. For instance, increasing
the loading of N330 CB has been shown to substantially improve
tensile and compression properties relative to unfilled EPDM [ 13 ].
Similarly, studies on peroxide-cured EPDM composites for fuel
cell gaskets observed that higher CB content resulted in increased
electrical conductivity, tensile stress, modulus, and hardness.
However, this reinforcement came at the cost of an increased
compression set, highlighting the necessity of optimizing the for-
mulation to balance conflicting performance requirements [ 14 ]. 

A recent comparative study of Printex and HAF CBs in peroxide-
cured EPDM composites revealed that the Printex-filled material
exhibited superior tensile stress, modulus, dielectric constant,
and electromagnetic interference (EMI) shielding [ 11 ]. Regarding
the mechanism of peroxide curing, it was observed that the
specific surface area and sulfur content of the carbon black are
critical factors. Specifically, carbon blacks with higher surface
area and sulfur content facilitate the formation of physical
and chemical crosslinks, respectively. This results in increased
hardness, modulus, and tensile strength, but reduced elongation
at break [ 15 ]. In another study aiming to develop overhead line
2 of 10
wire clamps with high thermal aging resistance and grip, EPDM
utilizing a hybrid peroxide and sulfur cure system was reinforced
with varying carbon blacks and glass flakes. Evaluations of three
CB grades (N330, N539, and N774) indicated that N330 provided
semi-conductivity and high tensile strength, whereas N774 
offered superior resistance to compression set and heat aging,
with N539 displaying intermediate properties. Optimization of 
the N330:N774 ratio revealed that a 50:20 blend achieved the
desired balance of semi-conductivity, mechanical strength, and 
aging resistance. Furthermore, the incorporation of glass flakes 
increased the grip force of the clamp by a factor of 1.8 compared
to the unmodified rubber [ 16 ]. 

A study investigating the influence of three types of plasticiz-
ers (liquid butadiene, polyethylene wax, and paraffinic oil) on
highly filled, peroxide-cured EPDM revealed that liquid butadi- 
ene caused the most significant reduction in crosslink density,
followed by polyethylene wax and paraffinic oil. Generally, the
addition of these softeners resulted in a decrease in tensile stress
and an increase in elongation at break. Upon thermal aging at
150◦C, the stress at break decreased, while the elongation at break
showed a slight increase. These results were attributed to the
formation of a network of small crosslinks during aging, initiated
by residual peroxide or polymer radicals within the softener
phase; consequently, this mechanism altered the stress at break
without significantly changing the overall chemical crosslink 
density [ 17 ]. In our previous works, we reviewed the aging
behavior of elastomers and the methodologies used to estimate
their lifetime [ 18–20 ]. This foundation enabled us to assess
industrial products in terms of their efficiency and durability, as
Macromolecular Materials and Engineering, 2026
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FIGURE 1 (a) The schematic of methodology for preparing and testing the samples, (b) The images of the used equipment and the prepared 
samples. 
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recently published [ 21, 22 ]. These recent findings have provided
deeper insight into how such products can be reformulated to
develop more efficient alternatives. 

Although the influence of carbon black structure, crosslink
density, and protective additives on EPDM properties has been
individually addressed in the literature, the combined effects of
these components within the same formulation remain insuf-
ficiently explored. In particular, there is a lack of studies that
simultaneously consider mechanical reinforcement, electrical
conductivity, and thermo-oxidative aging resistance, which are
essential performance criteria for high-voltage spacer damper
applications. Moreover, most previous works have relied on aca-
demic formulations, providing limited insight into the behavior of
the CB and wax commercial grades under realistic performance
requirements. Therefore, this study aims to fill this gap by
systematically investigating how the two types of carbon black
structures, their combinations, and different waxes influence
the electrical, mechanical, and aging behavior of EPDM com-
Macromolecular Materials and Engineering, 2026
pounds specifically designed for vibration-damping components 
in overhead transmission lines. 

In this study three commercial grades of sulfur-cured EPDM were
initially evaluated to identify the optimal base elastomer. Sub-
sequently, the formulation was reinforced using carbon blacks 
with distinct surface areas, structures, and particle sizes to meet
the specific conductivity and mechanical standards of the appli-
cation. To optimize these properties, a systematic investigation 
was conducted on the effects of varying the ratios of two carbon
black types (N330 and N550) on the composite’s electrical and
mechanical behavior. Furthermore, the crosslink density and 
swelling behavior were analyzed to elucidate the interaction 
between the fillers and the rubber matrix. Finally, to address the
long-term durability requirements against environmental factors, 
the protective efficacy of various wax systems was assessed. The
impact of these additives on the retention of mechanical proper-
ties after thermo-oxidative aging was examined to determine the
most effective formulation strategy for this critical application. 
3 of 10
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TABLE 2 The formulations to compare the types of EPDM. 

Name E(type):C330:C550 Rubber(phr) CB 330(phr) CB 550(phr) Wax (Phr) 

E45:00:00 100 00 00 0 
E65:00:00 100 00 00 0 
E47:00:00 100 00 00 0 
E45:30:30 100 30 30 0 
E47:30:30 100 30 30 0 
E47:00:60 100 00 60 0 
E47:10:50 100 10 50 0 
E47:20:40 100 20 40 0 
E47:30:30 100 30 30 0 
E47:40:20 100 40 20 0 
E47:50:10 100 50 10 0 
E47:60:00 100 60 00 0 
E47:30:30:MC-408 100 30 30 1 (MC-408) 
E47:30:30:MC-431 100 30 30 1 (MC-431) 
E47:30:30:PW-433 100 30 30 1 (PW-433) 
E47:30:30:PW-436 100 30 30 1 (PW-436) 
E47:30:30:Blend 100 30 30 1 (Blend) 
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2 Materials and Methods 

2.1 Materials 

Three types of EPDM with the trade names of Keltan 2470,
Keltan 2450, and Keltan 2650 were procured from Arlanxeo. Other
components were two grades of CB, which were N550 and N330
were procured from Asbury Carbons, USA. Five types of waxes
were also used in the work. The information on EPDMs, CBs, and
waxes has been tabulated in Table 1 . An industrial-grade sulfur
curing system was used for the curing of elastomers. 

2.2 Formulations and Mixing 

The rubber compounding was carried out on a laboratory open
two-roll mill (Brabender, USA) with a friction ratio of 1:1.2. The
rolls were equipped with internal water circulation to maintain
the temperature at approximately 25–30◦C and prevent scorching.
The roll speed was maintained at approximately 48 rpm. The
mixing procedure was consistent for all samples. First, the EPDM
rubber was masticated on the mill for 2 min to create a smooth
band. The activators were then added and mixed for 15 min.
Subsequently, for the reinforced samples, the specific CB grades
were added gradually. The mixing continued for approximately
2 h to achieve a uniform dispersion and breakdown of agglom-
erates. Finally, the curing system was incorporated, and mixing
continued for an additional 15 min. For samples containing wax,
the specific wax grade (1 phr) was added prior to the curing agents.
To vulcanize the compounds, the samples were compression
molded using a hydraulic hot press (Carver, USA) at 160◦C for
10 min under 15 MPa pressure. Figure 1 illustrates the sample
4 of 10
preparation and testing workflow, as well as the equipment and
prepared elastomer specimens. 

The curing system formulation was tabulated in Table 2 . Upon
these experiments, the effect of the types of EPDM, the ratios of
carbon black (CB), and the types of waxes on the properties of
elastomeric composites was tested. 

2.3 Mechanical Properties 

To determine the tensile behavior of the specimens, an Instron
4201 universal testing machine (Instron, USA) was employed 
following the ASTM D 412 standard, type C. This standard
specifies a grip separation speed of 500 mm/min. Likewise,
the Shore A hardness of the vulcanized samples was measured
according to ASTM D2240 using a Shore A Durometer (Bareiss,
Germany). The test was carried out on the stacking of four sheets.
The mechanical test results represent the average of five repeated
specimens. 

2.4 Differential Scanning Calorimetry (DSC) 

The glass transition and crystallization behaviors of the materials
were studied using a DSC2500 (TA Instruments, USA) under a
nitrogen atmosphere. Each sample of 10 ± 0.1 mg was cut from
the vulcanized sheet and enclosed in a sealed aluminum pan. The
samples were first heated at a heating rate of 10◦C/min from 25◦C
to 180◦C, maintained at this temperature for 0.5 min to eliminate
any prior thermal history, and then cooled to − 80◦C at the rate of
− 10◦C/min and reheated another time to 180◦C at a heating rate
of 10◦C/min. 
Macromolecular Materials and Engineering, 2026
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2.5 Electrical Conductivity Test 

The electrical conductivity of samples was measured using
a broadband dielectric spectrometer (Novocontrol, Germany).
Samples with an average thickness of 1 mm were sandwiched
between two solid brass electrodes in a parallel-plate geometry
(40 mm in diameter) while placed in a temperature-controlled
chamber with a stability of 0.5◦C. The complex permittivity
( ε*( ω)) was measured as a function of frequency ( ω) (in Hz),
where: 

𝜖∗ ( 𝜔) = 𝜖′ ( 𝜔) − 𝑗𝜖′′ ( 𝜔) (1)

where ε′ ( ω) is the real part (dielectric constant) and ε′′ ( ω) is the
imaginary part (dielectric loss). The AC electrical conductivity
σ( ω) was determined using the relation: 

𝜎 ( 𝜔) = 𝜔𝜖0 𝜖
′′ ( 𝜔) (2)

where ε0 = 8.854 × 10− 12 F/m is the permittivity of free space.
The DC conductivity ( σDC ) (in S/cm) was approximated using the
conductivity value at the lowest measured frequency (0.1 Hz),
when the conductivity reaches a plateau at low frequencies. 

2.6 Dynamic Mechanical Analysis (DMA) Test 
Method 

The DMA test was performed on the samples to characterize
their viscoelastic behaviors. The DMA 850 (TA Instruments, USA)
was conducted in single-cantilever beam mode using a fixed
frequency of 1 Hz and a displacement amplitude of 20 µm. The
temperature was swept from − 90 ◦C to 80 ◦C at a constant
heating rate. The storage modulus ( E’ ), loss modulus ( E’’ ), and
loss factor ( tan ( δ) ) were monitored to characterize the material’s
thermo-mechanical behavior over the entire temperature range. 

2.7 Swelling Test 

The swelling tests are conducted on samples according to the
ASTM D471 standard, with two repetitions for each formulation,
to evaluate the cross-link density of the samples. Toluene is used
as the swelling solvent. Initially, the initial weight of the samples
( wi ) is measured. Then samples were immersed in toluene for 72
h at room temperature. After the swelling period, the samples
were taken out, and any excess solvent was removed using filter
paper. The weight of the swollen samples ( ws ) was then measured.
Finally, the samples are dried by oven drying at 70◦C for 2 h to
achieve the dry weight ( wd ). To calculate the swelling ratio and
insoluble fraction following equations were used: 

Swelling ( %) =
( 𝑤𝑠 − 𝑤𝑖 ) 

𝑤𝑖 

× 100 (3)

Insoluble f raction ( %) =
𝑤𝑑 

𝑤𝑖 

× 100 (4)

where the wi , ws , and wd are the weights of initial, swollen, and
dried rubber (in g), respectively. The rubber’s volume fraction ( vr )
Macromolecular Materials and Engineering, 2026

reative
was determined using the following equation: 

𝑣𝑟 =
1 

1 + 𝜌𝑟 

𝜌𝑡 

( 

𝑤𝑠 −𝑤𝑑 
𝑤𝑑 ∗( 𝐹𝑝 ) 

) 

(5) 

where ρr and ρt are the densities of the rubber and toluene,
respectively. ws and wd are the weights of the swollen and the
dried rubber samples. Fp is the fraction of the polymer in the
system. Then, with vr calculated above, the cross-link density 
of the samples ( ρc ) (in mol/cm3 ) is calculated by using the
Flory–Rehner equation: 

𝜌𝑐 = − 1 

2𝑣𝑠 
×
ln ( 1 − 𝑣𝑟 ) + 𝑣𝑟 + 𝜒𝑣𝑟 

2 

𝑣𝑟 
1 

3 − 0 . 5 𝑣𝑟 

(6) 

In which vs is the molar volume of the solvent, with a value of
106.36 cm3 /mol [ 21 ], and χ is the parameter of rubber-solvent
interaction for EPDM and toluene, which is 0.49 [ 23 ]. 

3 Results and Discussion 

3.1 Tensile Test 

The tensile test curves for three types of unreinforced EPDM
are shown in Figure 2a . To compare the three types of EPDM,
they were vulcanized using the same curing formulation. Tensile
test results showed that E47 exhibited the highest stress at break
and elongation at break, followed by E65 and E45. This could
be attributed to the higher crystallinity of E47, followed by E65,
in comparison to E45. This is because EPDM composites with
high ethylene content show superior tensile behavior owing to
the orientation of crystalline phases under stress [ 17, 24, 25 ].
However, since the difference in ethylene content between the
E45 and E65 is not significant, their overall behavior remained
similar. 

The tensile test curves and DSC curves for reinforced E47 and
E45 samples are shown in Figure 2b,c . As observed, the elastomer
composite based on E47 exhibited superior mechanical properties
compared to E45. This could be related to the higher contents of
ethylene groups in this EPDM, which promotes the formation of
crystals. This crystal formation can be justified by the melting
peak for EPDM. This allows to composite to be elongated more
upon stretching during the tensile test and consequently results
in higher tensile stress and elongation at break. It was also seen
that the tensile strength of the reinforced samples was ten times
greater than that of the unreinforced sample. For elongation
at break, the increase was approximately twofold for E45 and
about 1.5 times for E47 compared to their unfilled counterparts,
respectively. The improvement of the mechanical properties upon 
the addition of CBs is due to their reinforcing effect on the system.
The improvement of tensile stress and strain of the base polymer
with the addition of 10–40wt.% [ 13 ], 20–60 phr [ 14 ], and 40–80 phr
[ 16 ] of different types of CB was reported for EPDM [ 13, 14, 16 ], and
with the addition of 5–60 phr of CB into styrene-butadiene rubber
(SBR) [ 26 ]. 
5 of 10
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FIGURE 2 Stress–strain curves of three types of (a) unreinforced 
EPDM, (b) reinforced EPDM, and (c) DSC tests of reinforced EPDM . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 3 Weight swelling, insoluble fraction, and crosslink den- 
sity. 
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3.2 Insoluble Fraction and Swelling Properties of
Samples 

Weight swelling and insoluble fraction of samples are shown in
Figure 3 . The insoluble fraction was identical for all formulations,
indicating that the overall percentage of crosslinking is similar
for all formulations. For the change in the contribution of CBs,
the results revealed that by reducing the portion of CB550 in
the system, the percentage of swelling increased. This can be
attributed to the higher sulfur percentage in the CB, as it is
mentioned in Table 1 . The sulfur is available in the carbon black
structure. However, not all these sulfurs are active or available
at the surface, but they could increase the crosslink density
and/or bound rubber in the vicinity of CB aggregates and/or
agglomerations. Thus, it reduces the swelling percentage of the
compound while having the same overall insoluble fraction. This
means the type of CB can play an important role in polymer cross-
linking. Therefore, having a dense crosslink density, the polymer
could be less swollen with toluene. This was also reported for
a peroxide-cured EPDM system in which, although the curing
agent was peroxide, the sulfur available on the surface of carbon
6 of 10
blacks intervened in the curing by increasing crosslink density
[ 15 ]. 

3.3 Tensile properties of Different Contributions 
of Carbon Black 

The variation in stress, elongation at break, and modulus at
100% strain (100% modulus) with varying CB ratios is illustrated
in Figure 4a . As the results of the tensile test reveal, both
the elongation at break and the stress at break increased with
increasing CB330 content. This enhancement in properties upon 
the substitution of CB550 with CB330 (at a constant total filler
loading) is attributed to a reduced amount of sulfur, which
otherwise increases the crosslink density and decreases the 
elongation at break [ 15 ], as well as the smaller structure size
and higher surface area of the CB330 [ 27 ]. Consequently, the
filler is less restricted by polymer crosslinks while simultaneously
maintaining better interaction with the polymer. These factors 
facilitate the uniform movement of CB particles with the polymer
chains during tension, thereby improving the matrix’s ability to
transfer force and enhancing the material’s load-bearing capacity. 
In total, by substituting CB550 with CB330 in the set of samples
tested, increases of approximately 40% and 56% were recorded for
the stress and elongation at break, respectively. The highest values
for stress and elongation at break were observed with 60 phr of
CB330 (E47:60:00). 

However, the 100% modulus exhibited a decreasing trend as the
ratio of CB330 to CB550 increased. With a higher CB330 contri-
bution, the system presents a less rigid barrier to deformation,
likely due to the smaller amount of sulfur and finer structure
of this carbon black. Since these particles generate a lower local
crosslink density and possess a finer size, they interact more
readily with the polymer matrix and deform with it. The total
variation was about 20%, and the lowest 100% modulus was
recorded for the compound with 60 phr of CB330 (E47:60:00). 

This demonstrates that several formulations with different char- 
acteristics can be developed solely by changing the ratio of the
carbon black. This flexibility is inportant, especially when the
Macromolecular Materials and Engineering, 2026
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FIGURE 4 The change in (a) tensile properties, stress, elongation at 
break, and 100% modulus with varying CB ratios, (b) hardness properties 
vs. the ratio of CB330:CB550. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 5 The results of (a) the temperature sweep of the samples, 
and (b) the frequency sweep of the E47:30:30 sample. 
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overall properties are suitable for the application, yet specific
adjustments are required to meet the precise values recom-
mended by standards for overhead spacer dampers. 

The hardness properties as a function of the ratio of CB330:CB550
are illustrated in Figure 4b . No significant changes were observed
with variations in the ratio of the two types of carbon black. Since
the total filler loading is the same in all cases, it can be inferred
that hardness is independent of the structure and particle size of
the two types of carbon black under study. This contrasts with the
tensile properties, which strongly depend on the contribution of
the two types of CB. Similar behaviors were reported for natural
rubber compounds with the replacement of N220 with N550 [ 27 ],
and also for natural rubber and acrylic rubber blends where the
replacement of N220 with N330 did not alter the hardness [ 28 ].
This independence in hardness can be attributed to the static
nature of the hardness test. As a result, the overall loading of
carbon black in the system is more significant than the type of
carbon black used or its interaction with the polymeric matrix. In
addition, this implies that hardness depends more on the overall
extent of cure (insoluble fraction) and not on the variations in
crosslink density in the range studied. 

3.4 Results of the DMA Test 

The results of the temperature sweep of samples are shown in
Figure 5a . The DMA temperature sweep results for the storage
modulus showed that as the temperature increased, the mobility
Macromolecular Materials and Engineering, 2026
of rubber segments gradually increased, leading to softening of
the material and a progressive reduction in storage modulus [ 29 ].
The slightly higher storage modulus and higher loss modulus of
the CB330-filled sample than those of the CB550-filled sample
were seen at temperatures below − 40◦C. However, above − 40◦C,
the loss modulus of the CB330-filled sample became lower than
that of the CB550-filled sample. With the increase in temperature,
the values of the two samples were the same. The change of In
addition, the position of the tan ( δ) peak did not change with
the substitution of CB330 by CB550 in the samples, which means
that the properties were dominated by the overall crosslinking
ratio and not the crosslink density. However, the intensity of the
tan ( δ) increased with with substitution of CB330 by CB550. It
means that CB550 has increased the capacity of the damping of
the material. It could be related to the higher structure of this type
of CB. However, for the samples containing CB330, it was seen
lower intensity which can be related to the fine distribution of
the CB330, which increases the rigidity of the system by reducing
the motions of the polymer chains at that temperature. 

The results of the frequency sweep of the E47:30:30 sample are
displayed in Figure 5b . Furthermore, the results of tan ( δ) before
and after glass transition temperature (Tg ) showed that before
Tg, the highest damping is for the lowest frequency, and with
increasing frequency, the value of tan ( δ) reduced with increasing
frequency which means the system responds like a rigid material.
Meanwhile, with increasing temperature beyond the Tg, it is
evident that tan ( δ) increased with frequency, which means the
damping of the sample increased. 
7 of 10
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FIGURE 6 (a) The results of the electrical conductivity of samples 
and (b) the mechanism of conductivity in the two types of carbon black. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 7 The results of tensile tests of different wax-containing 
samples. (a) before and (b) after aging. 
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3.5 Electrical Conductivity 

In the electrical applications, semi-conductivity in the wire
clamp rubber used on spacers is a key factor in preventing
current formation on contaminated rubber surfaces caused by
unbalanced voltages between sub-conductors [ 16 ]. Therefore, the
effect of both the type and the different contributions of carbon
blacks on the conductivity of EPDM rubber was examined [ 16,
30 ]. The results of the electrical conductivity tests are shown in
Figure 6a . 

Electrical percolation theory states that conductivity in polymer
composites rises sharply once the filler content exceeds a critical
threshold, where isolated particles begin forming continuous
conductive networks [ 31 ]. Below this point, charge transport
occurs mainly through tunneling or hopping, resulting in very
low conductivity, while above it, the connected pathways allow
much higher charge mobility [ 31, 32 ]. In our study, although the
total filler loading was fixed at 60 phr, the percolation threshold
was strongly influenced by the specific particle size, structure,
and surface area of the carbon blacks used. The results revealed
that as the proportion of CB550 decreased, electrical conduc-
tivity initially increased slightly before subsequently decreasing.
Formulations containing 30 phr or more of CB550 exhibited the
highest electrical conductivity. This behavior can be attributed
to the larger particle size and higher structure of CB550, which
8 of 10
enable it to form conductive agglomerations at lower loadings.
This mechanism is illustrated in Figure 6b . Consequently, the
percolation threshold is reached at a lower concentration with
CB550 than with the finer CB330. These agglomerates facilitate
electron transport by forming multiple pathways within the 
matrix, thereby reducing electrical resistivity. The observation 
of stable conductivity values suggests that the substitution of
10 phr of CB550 with CB330 did not significantly disrupt the
network; effectively, the CB330 compensated for the reduction in
CB550. The slight increase observed in sample E47:20:40 could
be attributed to the fact that, despite the lower CB550 content,
the CB330 particles likely bridged the gaps between CB550 aggre-
gates, thereby enhancing conductivity. In many applications, 
maintaining a certain level of conductivity is necessary, even
for insulators. High resistivity can lead to the accumulation of
electrostatic charges, which may cause sparks or shocks. 

3.6 The Effects of Waxes on the Mechanical 
Properties 

The results of tensile tests of wax-containing samples are shown
in Figure 7a . The results showed that with the addition of 1 phr
of each two microcrystalline waxes, the stress and elongation
at break are reduced. However, the inverse trend was seen for
100% modulus, in which an increment was recorded with 1 phr
of the microcrystalline waxes. This can be due to the fact that
the waxes have a higher melting point in comparison to the
EPDM used as the matrix. Therefore they increase the rigidity
of the composite by impeding the replacement of chains, as it
Macromolecular Materials and Engineering, 2026
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could be seen as incresead 100% Modulus and reduced elongation
and stress at break. This behavior is much more pronounced for
MC431. It can be related to the fact that the melting temperature
for this type is much higher means that it was much more
rigid at ambient temperature and, as a result, less flexible in
the tensile test. For the paraffin waxes, also same effect was
recorded; however, the reduction in elongation at break and stress
at break was higher, and the 100% modulus was lower than
that of the microcrystalline one. It can be attributed to a less
branched structure in comparison with that of microcrystalline,
which makes it much more flexible with less entanglement in
the system. Therefore, they can act as plasticizers and/or weak
points with reducing the 100% modulus of the composite and
causing premature fracture of the composite. It is much more
pronounced for PW433, which has a lower melting temperature.
A balance property was seen for the blend of microcrystalline and
paraffin wax, in which elongation at break increased slightly in
comparison to that of the control sample, and stress at break and
100% modulus were between the results obtained for the paraffin
and microcrystalline waxes. 

The results of the tensile properties of aged samples are shown in
Figure 7b . As can be seen after thermo-oxidative aging, elongation
at break for MC408 and P436 is near or less than the aged
control sample, which means that they could marginally protect
the material. However, the elongation at break for the sample
containing a blend of paraffin wax and microcrystalline wax
is higher, which is much more favorable for the application.
Meanwhile, elongation at break of PW433 and MC431 was
lower, which means they could not have a protective effect for
the material. For the stress at break, for all the aged samples
containing individual wax-filled samples, the stress at break is
less than that of the aged unprotected ones. However, for the
sample containing the blend of two waxes, the stress at break
was recorded to have a higher value. It was seen that the 100%
modulus had fluctuation with the different types of waxes, which
means the protective effect of the type of waxes was negligible. 

4 Conclusion 

This study shows that the choice of carbon black type, EPDM
polymer, and waxes significantly affects the properties of elas-
tomeric composites. Among the polymers tested, E47 exhibited
the highest stress and elongation at break, likely due to its higher
crystallinity compared to E65 and E45. 

The addition of both types of CBs can improve the stress and
elongation at the break of EPDM rubber. However, in hybrid CB-
filled EPDMs, increasing the proportion of N330 carbon black
improved stress and elongation at break but reduced electrical
conductivity, likely due to its larger surface area and less sulfur
in its structure, which interferes with crosslink formation. As
swelling tests indicated a looser crosslinked structure in samples
with more N330. Furthermore, substituting CB 550 with CB
330, while keeping the total loading constant at 60 phr, led to
a dramatic 70-fold reduction in electrical conductivity, accom-
panied by notable enhancements in tensile strength (40%) and
elongation at break (56%). 
Macromolecular Materials and Engineering, 2026
The addition of waxes influenced the mechanical properties
differently. Microcrystalline waxes reduce the elongation and the 
stress at break while increasing the 100% modulus. Paraffin waxes
acted the same way but with a much pronounced decrease in
decreasing stress and elongation at break, however, with less
100% modulus. The blend of microcrystalline and paraffin wax
provided a balanced effect, improving elongation with slightly 
lesser stress at break. Upon aging, Higher stress and elongation
at break wax recorded in comparison to those of the aged control
sample. 

Overall, these findings suggest that adjusting the ratios of carbon
black, choosing the appropriate EPDM type, and adding specific
waxes can meaningfully alter the mechanical and electrical 
properties of elastomeric composites. For future work, it will
be important to investigate the effects of other formulation
ingredients on improving the mechanical, physical, and thermal-
aging properties of the samples. In particular, examining different
types of antioxidants and their combinations would be valuable,
as these components can significantly influence the rubber 
crosslinking process. 
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