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Abstract 

Dielectric polymer composites have unusual properties that have significantly increased in a wide variety of applications. However, shape 

memory materials, which are a significant part of the category of smart materials, are substances that possess specific characteristics, namely, 
shape memory affect (SME) and pseudo -elasticity. SME has been examined using thermo-mechanical techniques. In this approach, silicone 

rubber (SiR) composites using Cu-Al-Zn alloy as fillers may be able to achieve a high permittivity and low dielectric loss. The purpose of this 

study is to explore the effect of Cu-Al-Zn alloy in particle form on the physical properties of silicone rubber. The results disclosed an 
improvement in stiffness and elasticity as well as dielectric properties of silicone rubber/Cu-Al-Zn alloy composites. The results showed 

lower hysteresis at higher Cu-Al-Zn alloy content.  Further, the values of permittivity ε' and dielectric loss ε″ of the investigated composite 
were in case of using Cu-Al-Zn alloy. Besides, the SiR composites containing Cu-Al-Zn alloy have a promising insulating performance and 

can be used in electric insulation applications. Additionally, the values of conductivity of the SiR/ Cu-Al-Zn alloy composites vary from 10-13 

to ~10-9 S cm–1. This value is sufficient for these composites to exhibit electrostatic dissipation behaviour. 

Keywords:Silicone rubber (SiR); Cu-Al-Zn based alloy; rheology; physico-mechanical; dielectric properties; DSC;

1. Introduction 
A variety of shape memory materials have been 

developed, and these materials exhibit some novel 

performance, including sensoring (thermal, stress, or 

field), adaptive responses, large-stroke actuation, high 

damping and shape memory smart systems [1]. Smart 

materials and structures used in design mostly to the 

field of structural engineering, robotics, and aerospace 

due to which the demand for highly functional and light 

weight, adaptive system is continuously growing [1, 2]. 

Because of their force recovery capabilities, unique 

strain and pseudo-elastic effect (PE), and distinctive 

functional characteristics, many metal alloys and 

polymers demonstrate the shape memory effect (SME). 

Shape memory materials (SMMs) are one of the main 

constituents of intelligent/smart composites due to their 

typical properties, including the shape memory effect 

pseudo-elasticity or wide recoverable stroke (strain), 

substantial  damping capacity, and adaptive properties 

that are caused by the reversible transitions of phases in 

the components [1, 2]. In this direction, Copper-

Aluminum-Zinc (Cu-Al-Zn) alloy belongs to the family 

of shape memory alloys (SMAs) and silicone rubber was 

fabricated for efficient structure uses. The typical 

behavior of each of the both constitutive materials is well 

known. Cu-Al-Zn alloy is a member of the shape 

memory effect and super elasticity property family, 

making it a good candidate for composite materials and 

intelligent composite structures [3]. Silicone rubber is an 

elastomer, or rubber-like material, made of silicone 

polymers that also contain oxygen, carbon, and 

hydrogen. The siloxane backbone, also referred to as 

silicone-oxygen links, is consistently formed by its 

structure. Silicone rubber forms silicone-oxygen links 

popularly known as siloxane backbone [4]. Its structure 

exhibits hyper elasticity allowing large deformations 

without permanent set [5]. The elasticity of rubber after 

expansion (in either compression or tension) is its most 

crucial characteristic. Abrasion resistance, air and water 

impermeability, and ability to resist swelling in 

oil/solvents are just a few of the many other beneficial 

properties that elastomers possess in both static and 

dynamic conditions. These characteristics can be seen at 

higher, ambient, or lower temperatures. They are also 

largely maintained in a variety of climatic settings, 

including ozone-rich atmospheres [6]. Smart materials 

are classified as shape memory polymers (SMP) based 

on their material characteristics, but they have a wide 

range of uses and properties. The complex materials 

integration caused by the significant mismatch among 

the mechanical and physical characteristics of metals and 

polymers is an important barrier to the development of 

active/smart materials [7,8]. Both stress and temperature 

exhibit a hysteretic cycle, recovering its original shape 

after removal of the load and dissipating of energy. 

Silicone rubber is a notable elastomer in the rubber 
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industry owing to its outstanding resistance to ozone, 

ultraviolet, oxygen, and chemicals, in addition to its 

excellent electrical characteristics and physical 

lifelessness. It is usually used to build industrial products 

like cables, bio-implants, sealants, and gaskets. SiR, 

however, they have weak mechanical characteristics, 

especially a low tensile strength. As a result, reinforcing 

fillers like fumed and precipitated silica are commonly 

used to reinforce mechanical goods, which is fantastic 

for rubber [9-12]. The technological qualities improve 

when inorganic fillers are replaced with organic ones 

[13, 14]. Polymers' physical properties are continuously 

altered by the adding filler, which also lowers the cost of 

device. Reduced production costs are always a driving 

force behind the addition of fillers to polymers, even 

after changes to their physical qualities. The industry and 

academic studies have shown an increased interest in 

particulate-filled polymers throughout time. 

Aim of this research is to examine how the melt-mixing 

method would affect the dispersion of various Cu-Al-Zn- 

based alloy at various contents in silicone rubber and 

how the filler loading affects the silicone rubber 

vulcanizate’s curing, mechanical, and swelling 

properties. Additionally, the effect of Cu-Al-Zn alloy on 

the dielectric properties of SiR-composites will be also 

discussed. 

 

2. Materials and experimental methodology 

2.1. Materials 

Silicone rubber was provided by SONAX (Nubreg,, 

Germany). The plasters used to strengthen the SiR 

matrix were a Cu-Al-Zn alloy DEVARDʼs, LOBA 

CHEMIE PVT.LTD, Molecular Weight of Devarda 

alloy: 943.7 g/mol- Molecular Formula Al9Cu10Zn. The 

investigated alloy (Cu-Al-Zn) had a particle range of 

order 25 µm and containing mostly dendritic assembly. 

Average particle size of Cu-Al-Zn alloy ranged amid 

9.497µm-23.62µm. Activators stearic acid (St Ac) and 

Zinc oxide (ZnO). They were provided by the Aldrich 

Company in Germany. Dicumyl peroxide is used as 

vulcanizing agent. 

2.2. Preparation of Cu-Al-Zn alloy/SiR- vulcanizates 

SiR was diverse with its several elements (Table 1) in a 

two-roll mill (width 300mm, width 470mm, abrasion 

ratio 1:1.4 and haste of measured roll 24 rpm) at a 

normal system. Activators zinc oxide, stearic acid and 

peroxide curing were added to the SiR former to 

combination of the Cu-alloy. Then, Cu-Al-Zn alloy was 

additional with diverse loadings (2.5, 5, 10 and 15 phr) 

treated with coupling agents (3-(Trimethoxysilyl) propyl 

methacrylate (TMSPM) was added to the final response) 

under cautious switch of temperature (scheme 1). 

Vulcanization was accepted out in only-daytime 

electrically heated van controlled hydraulic press at 152 

± 1°C and pressure 4MPa [15, 16, and 17] and the 

vulcanizates were ready in according with ASTMD3182-

07(2012). 

Scheme 1: The preparation process of silicone 

rubber composites 

Table 1: Formulation, rheometric characteristics and  Cu-Al-Zn alloy dispersion parameters of SiR vulcanizates at 152 °C 

 

The Base recipe (in phr)* phr is part per hundred parts of rubber.: Silicone rubber (SiR) 100; stearic acid 2; zinc oxide 5; 

peroxide 3. Coupling agent 3-(Trimethoxysilyl) propyl methacrylate (TMSPM) 4; CRI: cure rate index;  tan; the damping 

coefficient, Renf. Ef. Reinforcing efficiency for the fillers; η″r the relative viscosity; m″r the relative modulus, L′= η″r - m″r 

 

2.3 Rheometric characteristics 

The rheological characteristics of the silicone rubber 

containing variable quantities of Cu-Al-Zn alloy in the 

existence of pairing TMSPM factors were obvious using 

rheometer R-100 (MDR one Moving Die Rheometer, 

TA) at 152 ± 1°C rendering to ASTMD2084-11, 2011. 

2.4 Mechanical properties 

Stress, which was performed in accordance with ASTM 

D412-06a (2013), and strain at break were measured 

using a Zwick Roell Z010 tensile testing machine (Ulm, 

Germany). Five measurements were done for each 

sample, and the average value for each sample was then 

calculated. 

 

2.5 Strain‑energy determination 

To calculate the strain energy, Simpson’s rule was used 

[18, 19]. 

 

Cu-alloy 

content, 

phr* 

CRI, 

min-1 

Tan δ Renf. Ef. η″r m″r L′ 

0 phr  25.2 0.029 --- --- --- -- 

2.5 phr 28.8 0.027 0.0078 1.08 1.012 0.068 

5 phr 29.2 0.026 0.067 1.16 1.073 0.087 

10 phr  28.7 0.025 0.0389 1.12 1.044 0.076 

15 phr  29.5 0.226 0.0731 1.08 1.024 0.056 
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2.6 Measurement of swelling percentage  

The swelling behavior of SiR loaded with different 

amounts of   Cu-Al-Zn alloy- was carried out in toluene 

according to ASTM D471-16a (2021) . 

2.7 Hysteresis loop area (HYS) 

Hysteresis loss (HYS) is the quantity of energy dispersed 

through cyclic distortion and is computed using the area 

W1 (work complete during extension) and W2 (work 

done through regression) when the samples are stretched 

to a certain extent and then allowed to retract at the same 

rate to the un-stretched state:        

   HYS = W1 – W2         (1) 

2.8 DSC analysis  

The glass transition temperature of rubber composites 

was investigated using a differential scanning 

calorimeter (DSC) SDT-Q600, USA. The experiments 

were done under a nitrogen atmosphere at a heating rate 

of 10 °C/min from -150 °C to 260 °C. 

2.9 Scanning electron microscopy (SEM) 

The morphology of the prepared rubber composites were 

evaluated using a JEOL JX 840 micro-analyzer electron 

probe (Japan) for SEM examination. 

2.10. Dielectric properties 

Over a wide frequency range of 0.1 Hz to 1 MHz, the 

permittivity ε', dielectric loss ε" (where ε′′ = ε′ ∗ tan,), 

tan; is the loss factor), and alternating resistance Rac 

were measured at room temperature (~ 30 °C). By 

connecting the impedance analyzer to a personal 

computer via a GPIB cable (IEEE488), the extent was 

computed. Data was acquired using a commercial 

interfacing and automation software called "Lab VIEW." 

The deviation in ε' and tan δ is around ±1% and ±3%, in 

that order. A temperature regulator equipped with a (Pt 

100) sensor regulated the samples' temperature. The 

measurement error for temperature is ± 0.5 °C. 

 

3. Results and Discussion 

3.1.Rheological properties 

The formulations and rheometric characteristics of 

SiR/Cu-alloy composites containing different 

concentrations of alloy in the presence of coupling agent 

(TMSPM) were collected in Table 1 and Figure 1(a &b). 

Adding Cu-Al-Zn alloy to SiR matrix slightly increased 

the minimum torque value (ML), maximum torque (MH) 

and torque difference (MH - ML). Where ML was used to 

measure the mix’s minimum viscosity and represented 

the composites’ filler-filler interaggregate formation.  

The improvement in rheometric torque value is attributed 

to the leading rubber-alloy interaction, which intensifies 

with 15 phr alloy loading. The chain entanglements and 

crosslink density affect MH. This outcome is explained 

by how the Cu-Al-Zn -alloy affects the crosslink density 

by reacting with the chemical constituents of the 

formulation, which results in a rising torque [17]. The 

optimum cure time values (tc90) slightly decreased 

compared to their respective unfilled sample, this 

decrease is due to the introduction of Cu-Al-Zn alloy in 

different contents. With increase in the concentration of 

Cu-Al-Zn alloy, optimum cure time (tc90) values show a 

decrease in trend. This indicates that Cu-Al-Zn alloy/ 

TMSPM/peroxide accelerate the vulcanization process in 

these samples.  This result is due to the formation of a 

transition metal complex in which peroxide and carbonyl 

ester groups(C=O) of intercalates may involve [20]. 

Also, the cure rate index (CRI) values of Cu-Al-Zn / Cu-

Al-Zn alloy composites are high indicating that Cu-Al-

Zn alloy has accelerating effect on the curing process, 

when compared with unfilled SiR samples. The damping 

coefficient tan δ at ML obtained from the rheometric data 

is lower for the SiR/Cu-Al-Zn alloy composites as 15, 

10, 5 and 2.5 phr Cu-Al-Zn alloy than SiR without filler. 

The Tanδ is directly related to crosslinking, and a 

smaller damping factor reveals a better crosslinking 

system [21]. 

 

Figure 1:  Rheometric characteristics of silicone rubber 

filled with various loading of Cu-Al-Zn alloy 

 

3.2. Cu-Al-Zn alloy dispersion in SiR-valcanizates 

The degree of filler dispersion with connecting agent in 

silicone rubber was quantitatively calculated by Lee [22–

24] using the equation:   

L=ηr
" −  mr

"             (2)                                               

The relative stickiness (ηr
" ) and the relative modulus 

(mr
``) could be determined from rheometric 

data, through the expressions. 

ηr
" =  

ML
Cu

ML
0    and   mr

" =
MH

"

MH
0                  (3) 

Where  ML , MH means the torque minimum, and 

maximum and the superscripts, Cu and 0 relate to the 

filled and the unfilled silicone rubber, respectively. 

Table 1 exhibits the intended ηr
"  , mr

" , and L values, 

where it can be obviously seen that in case of mixes 

containing 15 phr of Cu-Al-Zn alloy in presence of 

coupling agent (TMSPM), the Cu-alloy elements are 

well scattered in the SiR matrix expect at lower loadings 

[15]. An increase Cu-Al-Zn alloy loading, the values   ηr
"  

and mr
" , increased up to 10 phr, suggesting a rise in the 

elastomerʼs relative viscosity and modulus. However, at 

15 phr of Cu-Al-Zn alloy loading the values of  ηr
"  or mr

"  

decreased indicating a lower in relative viscosity and 

relative modulus of the elastomer. Furthermore, the 

greater the Cu-Al-Zn alloy dispersion in the silicone 

rubber matrix phase, the lower the value of L. 

Furthermore, SiR composites with increased Cu- Al-Zn 

alloy loading show a larger difference in  ηr
"  or 

mr
`` values.  In addition, the values of L decrease, where 

the lower the value of L the better is the Cu-Al-Zn alloy 

dispersion in the silicone rubber matrix phase. Moreover, 

at higher Cu-Al-Zn alloy loading in SiR composites, 

there is the higher difference between  ηr
``  and mr

" , 
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values. The index value L increases with Cu-Al-Zn alloy 

loading at 2.5, 5, 10 phr, indicating to the accumulation 

of the Cu-Al-Zn alloy in the SiR rubber matrix [15]. This 

description was in promise with the data in Table 1. The 

degree of strengthening of Cu-Al-Zn alloy in SiR 

template in the existence of prepared compatiblizer 

TMSPM was studied by Lee and Pal and De [19, 25 and 

26]. The reinforcing efficiency (Renf.Ef.) was thoughtful 

by the next relation: 

 

  Renf. Ef =
(M𝐻−M𝐿)Cu −(MH−ML)0

(MH− ML)0
                   (4) 

 

Where M means the torque, the subscripts “Cu” and “0” 

are linked to the Cu-Al-Zn alloy and unloaded SiR. 

Table 1 shows the value of Renf Ef of Cu-Al-Zn alloy. 

High Rein forcing means high rubber / Cu-Al-Zn alloy 

interaction, which is affected by the amount of Cu-alloy 

distribution. It is obvious that presence of compatibilizer 

TMSPM caused a higher value of Rein. Ef for Cu-Al-Zn 

alloy (15 phr). This was due to well dispersion of Cu-Al-

Zn alloy and a stronger interface of SiR in the existence 

of a compatibilizer. This description is in contract with 

the marks in Table 1. 

 

3.3. Physical properties 

The stress-strain curves are utilized to get an enhanced 

intelligence of how mechanical properties develop with 

several attentions to Cu-Al-Zn alloy loadings in all 

silicone rubber composites. From Figure. 2, these 

composites are sensitive to the condensations of the Cu-

Al-Zn alloy contents. Moreover, for stated strain, each of 

filled schemes show rise stresses than unfilled rubber. It 

was found that there was an increasing tendency of strain 

(elongation) and stress (tensile strength) when the 

proportion of Cu-Al-Zn alloy was increased. This is 

because as alloy loading increases, cross-link density, or 

difference torque, progressively rises. The combination 

softened as more alloys were added, and as a result, 

elongation progressively rose. There is evidence that Cu-

Al-Zn alloy has been added to SiR compounds by the 

conjugation factor (TMSPM), which creates additional 

physical cross-links in the composites' net structure. In 

the presence of 15 phr Cu-Al-Zn alloy into composites, 

higher levels of failure stress were observed. It was also 

observed that as the concentration of the alloy loadings 

rose, the samples' stiffness increased. Otherwise, this 

figure indicates that the addition of Cu-alloys resulted in 

a noticeable but minor increase in tensile strength, which 

suggests that the treated Cu-Al-Zn alloy/SiR 

(alloy/rubber) composites had better stiffness. Grounded 

on the obtained facts, it can be decided that the addition 

of Cu-alloy to rubber improves the physical properties 

and this is confirmed by the calculated strain energy. 

 
Figure 2: Stress-strain curves for the silicone rubber 

loading with different amounts of Cu-Al-Zn alloy 

 
Figure 3: Hysteresis loop for the silicone rubber 

loading with different amounts of Cu-Al-Zn alloy 
 

So, the energy absorbed per unit volume (En Ab) is 

predictable to increase in distorting silicone rubber 

composites. Thus the energy absorbed can be written as 

[27, 28]: 

En Ab = ∮ (σ ԑ) dԑ             (5) 

Where σ is the stress at the function of strain ε; for that 

purpose, smaller energy absorption ability is a lower the 

area under the stress-strain curves. The composite  

contained 15 phr treated Cu-Al-Zn alloy/SiR has the 

lowest energy absorption of strain energy because it has 
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the smallest area under the stress-strain curve. 

Conversely, the highest energy absorption is found in 

silicone rubber loaded with different ratios of Cu-Al-Zn 

alloy, such as 2.5, 5 and 10 phr. These findings are in 

good contract with the facts presented in Table 2 and 

Figure 2. The decrease in the strain energy owing to the 

combination of 15 phr of Cu-Al-Zn alloy in SiR 

vulcanizes. 

Table 2: Strain energy and the hysteresis loop area for 

first cycle of deformation to 300 % SiR/ Cu-Al-Zn alloy 

composites. 

Samples  Strain 

energy, En   

Ab (MJ/m3) 

Hysteresis loop 

area  

(Hys) (MJ/m3) 

2.5phr 1.1492 x 103 41.312 

5phr 1.1391 x 103 29.967 

10phr 1.1733x 103 29.217 

15phr 1.0758x 103 24.547 

 

3.4. Impact of periodic stress-strain on mechanical 

properties 

Stress relaxing or periodic distortions were performed 

for every treated Cu-Al-Zn alloy/SiR composites up to 

300% of the elongation. Figure 3 depicts the hysteresis 

curves and, for all samples, the cyclic stress-strain curves 

at room temperature (25 + 273 K). Table 2 displays the 

hysteresis loop zone values for each SiR vulcanizates for 

the initial stress-strain cycle.  These results demonstrate 

that the sample containing (15 phr Cu-Al-Zn alloy) had 

smaller hysteresis loop area Hys (24.547 MJ/m3) than 

other samples. This may perhaps ascribe to the rise of 

filler-matrix interactions by adding of Cu-Al-Zn alloy. 

The upper hysteresis loop area provides a sign of the 

amount of energy lack and therefore the heat build-up 

through the cyclic distortion [15, 19].  The smallest area 

indicates that stability of the composites SiR/ Cu-Al-Zn 

alloy, where Hys is reduced. Conversely, the part of 

energy that disperses will growth, resulting in a negative 

outcome, that is, higher heat buildup.  

 

3.5. Swelling behavior of the Cu-Al-Zn alloy /SiR 

valcanizates 

 

In order to explore the interaction between silicone 

rubber and the Cu-Al-Zn based alloy filler, some 

investigators adopted a swelling technique. Given that 

swelling can totally go away, adhesion may be the goal 

why Cu-Al-Zn alloy /SiR contact is constrained. The 

Lorenz and Parks equation [29-30] had been used to 

study SiR-filler interaction. 
EqCu−alloy

EqSi R
= Ae−Z + B                                      (6) 

Also,    
EqCu−allloy

EqSiR
=

Vr SiR (1− Vr Cu−alloy)

Vr Cu−alloy (1−Vr SiR)
         (7) 

Where Z is the ratio by weight of Cu-Al-Zn alloy to SiR 

hydrocarbon in the vulcanizate, and Eq is defined as 

grams of solvent per grams of hydrocarbon, and also, 

Vr  Cu−alloy is the volume fraction of the Cu-Al-Zn alloy 

filled SiR in the swollen gel, Vr SiR is the pure gum. A & 

B are the constant.  

So that,  

 
Vr Cu−alloy

Vr SiR
= A e−Z + B                                      (8) 

Kranbuehl [23] claims that the value (1/Eq) can be 

utilized to calculate the effect of the interaction between 

SiR and Cu-Al-Zn alloy. Higher values of (
EqCu−allloy

EqSiR
)) 

resulted in less interaction between the Cu-Al-Zn alloy 

filler and the SiR matrix. The optimal ratio is 15 phr, 

whether there is a coupling agent presents (TMSPM). 

Data from Table 3 demonstrated that using 10 or 15 phr 

Cu-Al-Zn alloy produced the lowest value 

of (
EqCu−allloy

EqSiR
)) and the greatest value of (1/Eq), 

indicating a stronger SiR Rubber/ Cu-Al-Zn alloy 

interaction. These results are due to the formation of 

cross-links, which was strong-minded from equilibrium 

swelling amounts using the molecular weight between 

cross-links (Mc) in accordance with the Flory-Rehner 

connection equation [31]. 

            Table 3 contains a list of the information exposed 

for crosslink density v increases with increasing alloy 

content up to 10 phr and then slightly decreases with 

increasing alloy content up to 15 phr, according to the 

sign νd in table 3. Additionally, the rubber volume 

portion (Vr) could be taken as an amount of reinforcing 

ability of the Cu-Al-Zn -based alloy [26, 32, and 33]. 

From Table 3, it could be seen that volume portion (Vr) 

values improved with adding the Cu-Al-Zn -based alloy 

and those all lie upper than the control samples (ophr) 

where no alloy was added.  Table 3 shows that, by 

introducing metal as filler to SiR compounds, the Cu-Al-

Zn alloy may be causing a swelling restriction in the 

silicone rubber (SiR) matrix. 

 

 
Figure 4: The change in Vr SiR/Vr alloy (volume 

fraction of pure and filled silicone rubber) with e-Z 

(Weight fraction of alloy) 

 

The findings were supported by the relationship between 

volume fraction (Vr) of SiR Cu-Al-Zn alloy and e-z 

(weight fraction of alloy), which is illustrated in Figure. 

4. The ratio of Vr SiR/Vr alloy shows the restriction of 

silicone rubber matrix swelling brought on by the 

presence of Cu-based alloy. These numbers 

demonstrated that because Vr of SiR is a constant, as 

alloy loading rises due to a reduction in the sample's 

solvent absorption, the ratio of Vr SiR to Cu-Al-Zn alloy 

decreases. It was clearly seen that, from Table 3, the 

value of (Eq Cu-alloy/Eq SiR) was decreasing with 

increasing Cu-alloy loading. Greatest probably, the 

surface-surface interaction was stronger in the case of 
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higher loaded Cu-Al-Zn alloy composites. The lowest 

value of Eq. Cu-Al-Zn alloy/Eq SiR was obtained at 10 

and also 15 phr of alloy loading. This reveals that the 

furthest filler–filler interaction was found at the highest 

loading of Cu-Al-Zn alloy (15 phr). 

 

Table 3:  The influence of treated Cu-Al-Zn alloy/SiR composites on the swelling properties 

 

 

3.6. Variation of Conformational Entropy (ΔS) and 

Elastic Gibbs free energy (ΔG) of SiR Vulcanizates 

 

To determine the interaction between silicone rubber and 

Cu-Al-Zn -alloy in the investigated composite the 

thermodynamic effect were studied. Table3 represents 

the calculated values of thermodynamic parameters like 

as ΔG and ΔS. The elastic Gibbs free energy (ΔG) which 

is estimated from the Flory-Huggins equation as: 

              ΔG = RT {ln (1-Vr) + Vr + μ Vr2}           (9) 

Where T is the absolute temperature (25 +273k); R is  

the universal gas constant (8.314 J. mol-1.K-1); μ is the 

silicone rubber–solvent interaction parameter (0.465) 

[39]  and Vr, which is determined from equilibrium 

swelling data, is the volume fraction of the silicone 

rubber matrix in the swelling phase. From the statistical 

theory of rubber, the elastic Gibbs free energy (ΔG) is 

related to the conformational entropy (ΔS) of several 

rubber composites, by the next equation, − 
ΔG

T
=  ΔS,    

at this point it is expected that there is no variation of 

interior energy of rubber network during extending [34, 

35]. It is evidently renowned from Table 3, that 

Conformational entropy (ΔS) of SiR 15 phr of Cu-Al-

Zn alloy is higher value in comparison to other content 

of Cu-Al-Zn alloy loading or silicone rubber with filler. 

The main explanation for the greater value of ΔS in SiR 

15 phr of Cu-Al-Zn alloy is the homogeneous 

dispersion of Cu-Al-Zn alloy inside the rubber matrix. 

Again, for silicone rubber composites, the value of ΔG 

is carefully connected to the elastic properties of the 

composites [15].  

Thus, the value of ΔG visibly evidences the greater 

elastic behavior of SiR/15 phr Cu-Al-Zn -based alloy in 

comparison to SiR/other alloy loading and SiR without 

filler. The improved elastic performance of SiR 

containing 15 phr Cu-Al-Zn based alloy as filler is the 

result of better compatibility between SiR matrix and 

alloy. Likewise, ΔG values become more negative as 

the concentration of Cu-Al-Zn -based alloy increases. 

On increasing the Cu-Al-Zn -alloy loading, the 

interfacial area increases up to a certain level due to the 

decrease in the dispersed phase size by the filler 

influence [36]. 

 

3.7. Scanning electron microscopy (SEM) 

 

The SEM and EDX analysis were performed and 

presented in Figure 5. It shows that the Cu-Al-Zn -alloy 

particles are irregular shaped particles with random 

distribution of the particles and sizes in the range of 

9.66-23.62 µm. The Cu-Al-Zn alloy particles showed 

identifiable peaks between 1.2 and 8 keV of Cu (65.62 

wt. %), Al (25.75wt. %) and Zn (8.63 wt. %) as detected 

by EDX analysis. Cu-Al-Zn alloy predominantly 

contained Cu, Al and Zn.  

 

 
Figure 5: SEM-EDX surface composition analysis 

of Cu-Al-Zn alloy particles 
SEM imaging provides the assessment of the 

distribution of Cu-Al-Zn alloys into rubber composites 

and their morpholog. Figure 6 exhibits the fresh 

fracture surfaces of the Cu-Al-Zn alloy-filled silicone 

rubber composites. Cu-Al-Zn alloy content at 15 phr 

provided a uniform filler distribution with small particle 

sizes, and the fracture surface displayed small holes. 

The final performance of the matrix will benefit from 

defects, as well as from a larger interfacial contact area 

and well-fit uniform dispersion. 

Sample  Eq, % Vr νd , (mol/cm
3
) 

 

Mwc,  

(g 

mol-1) 

𝐸𝑞𝐶𝑢−𝑎𝑙𝑙𝑙𝑜𝑦

𝐸𝑞𝑆𝑖𝑅

 
1/Eq ΔG, 

(J/mol) 

ΔS 

(J/mol.K) 

0 phr  253 0.2833 1.11 x 10-

4 

4521 -- 0.395 x 

10-2 

- 

30.914 

0.10374 

2.5 phr 231 0.3019 1.30 x 10-

4 
3759 0.9130 0.433 x 

10-2 
- 
37.431 

0.12561 

5 phr 213 0.3200 1.57 x 10-

4 

3182 0.8403 0.47 x 

10-2 

- 

44.715 

0.15005 

10 phr  204 0.3289 1.71 x 10-

4 

2931 0.8063 0.49 x 

10-2 

- 

48.649 

0.16325 

15 phr  203.31 0.3297 1.67 x 10-

4 
2988 0.8143 0.485 x 

10-2 
- 
49.015 

0.16448 

https://www.mdpi.com/2073-4360/13/7/1109#fig_body_display_polymers-13-01109-f007
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Figure 6: SEM micrographs and EDX spectra Cu-Al-

Zn alloy/SiR composites 
 

The Cu-Al-Zn alloy/silicone rubber composite was found 

to have greater agglomerations of alloy particles at 5 phr. 

Aggregations of particles will reduce the surfaces of 

contact throughout silicone rubber and alloy particles, 

which will subsequently scattering and ultimately lead to 

a lower thermal resistance. The SiR composite 

containing 15phr of Cu-Al-Zn alloy displayed less 

agglomeration than at 5 phr. Such a discovery suggests 

that Cu-Al-Zn -alloy 15 phr is completely dispersed in 

the silicone rubber matrix and that there is an interfacial 

adhesion between the rubber and the alloy, matching the 

improvement to the mechanical characteristics. The 

inclusion of Cu-Al-Zn alloy into the silicone rubber 

matrix is supported by the EDX data [37]. 

Zn, Si, and O elements are clearly visible in SiR0 as 

aresult of the EDX examination, showing the existence 

of ZnO particles (activator). However, the EDX 

examination revealed the presence of the element Si, 

which was most likely caused by the electron beam 

overflowing onto the rubber surface and producing X-

rays from the silicone rubber's Si content. The presence 

of Cu, Al, Zn, Si, and O in the silicone rubber samples 

containing (5phr, 15phr) proved the inclusion of Cu-Al-

Zn alloy in the matrix. The 15phr sample’s mineral 

concentrations were all somewhat higher than those of 

the 5phr samples. 

3.8. Differential scanning calorimeter 

 

Tables 4(a&b) give the specific calorimetric information 

derived from the DSC curves. As the Cu-Al-Zn alloy 

loading increased, the peak melting temperatures 

observed on the second heating scan of the silicone 

composite phase increased, showing a high degree of 

SiR crystal perfection. The peak temperature of 

crystallization recorded on the first heating scan in neat 

SiR was 173.394°C. The crystallization peak of SiR 

clearly shifted toward a high temperature in response to 

the addition of 2.5 or 15 phr of Cu-Al-Zn alloy. 

By adding 2.5 or 15 phr of  Cu-Al-Zn alloy, the 

crystallization peak temperature of the composites 

improved from 173.394 °C to 179.54 °C. The 

crystallization peak temperature of the 2.5 phr Cu-Al-Zn 

alloy/SiR composite was higher than that of the 5 phr 

Cu-Al-Zn alloy/SiR composite, which was lower than 

that of neat SiR. Defective crystals are a result of 

silicone's influence on the SiR molecular chains' mobility 

and rearrangement.  In addition, (at second heating scan), 

the Tm and ΔHm values elevated at introducing 15 phr 

Cu-Al-Zn alloy accompanied by a drop in the (Tcr) and 

ΔHcr) values for the crystallization temperature and 

enthalpies. A decrease in the proportion of amorphous 

macromolecules can be detected in the shift of the cold 

crystallization transitions (Tcc) toward a lower 

temperature range that is observed on all second heating 

cycles. The addition of  treated Cu-Al-Zn alloy 

decreased the onset temperature (start) while increased 

the offset temperature. These results confirmed with 

previous work [7, 8]. The high degree of silicone crystal 

perfection was detected by DSC and rheological 

characteristics, which demonstrated that TMSPM was an 

effective conjunction agent for enhancing Cu-Al-Zn 

alloy dispersion. The composites physical characteristics 

demonstrated an increase in stress and strain, a better 

molecular plane compound, and an increase in energy 

absorption capacity. It was discovered that the size and 

shape of the discrete particles are affected by the reality 

of a join agent (TMSPM). The Cu-Al-Zn alloy particle-

SiR matrix interface has been given the TMSPM's 

approval. 

Table 4a:   Data derived from the silicone rubber compositesʼ DSC curves (first heating scan). 

 

 

 

ha is the first heating scan, and hb is the second heating scan, Tma is the melting temperature recorded on the first heating scan, Tmb 

is the melting temperature recorded on the second heating scan,  Tcr is the crystallization temperature, Tcc is the cold crystallization 

temperature, ΔHma is the enthalpy of the melting profile recorded on the first heating scan, ΔHmb is the enthalpy of the melting 

profile recorded on the second heating scan,  and ΔHcr is the crystallization enthalpy 

 

Cu-Al-Zn alloy content, 

phr 

Tma 

(℃) 

ΔHma 

(J/g) 

Tcra 

(°C) 

ΔHcra 

(m/v) 

Tcca 

(°C) 

ha(°C) Starta 

(°C) 

Offseta 

(°C) 

Tga(°C) 

0 phr  215.16 66.234 173.394 2.069 150.01 150 189.32 187.03 -125 

2.5 phr 203.38 36.409 179.54 1.503 140.17 140.17 140.46 193.37 -127.2 

5 phr 167.01 5.678 153.668 0.523 133.36 133.4 136.673 159.317 -128.7 

10 phr  205.64 30.576 168.166 2.281 122.68 122.7 125 204.908 -132.6 

15 phr  198.99 8.187 179.688 0.682 155.03 155.03 155.224 195.34 -136.7 
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Table 4b:   Data derived from the silicone rubber compositesʼ DSC curves (second heating scan). 

 

 

3.9. Dielectric Properties of treated Cu-Al-Zn 

alloy/SiR composites 

The permittivity ' of SiR slightly decreases as frequency 

increases Figure. 7. This is true for the blank sample and 

up to 2.5phr of metal alloy (treated Cu-Al-Zn alloy). At 

minor frequencies, all allowed dipolar collections can 

exchange and thus produce a high ' whereas at high, 

these groups fight to move, causing a reduction in 

permittivity '.  For the higher loading composites, the 

permittivity of the samples containing (5phr- 15phr) of 

treated Cu-Al-Zn alloy tends to sharply increase at lower 

frequencies. This increase is probable referred to the 

existence of a noteworthy volume fraction of the metal 

alloy (treated Cu-Al-Zn alloy) at the interfaces and may 

subsequently cause an increment in the accumulation of 

charges and consequently increase interfacial 

polarization that in turn produces higher permittivity 

[38].  

 

The permittivity ' increases as the loading of Cu-Al-Zn 

alloy, increased as shown in Figure 8a.  Conversely, in 

the low-frequency range, the dielectric loss ε" was 

mostly attributed to the lag in interfacial polarization, 

which was caused by charge carrier movement and 

trapping at the interfacial area. When comparing the 

response times of the other three types of polarization, 

the interfacial polarization type has a significantly long 

response time. The majority of the   energy    resulting 

from the delay in interfacial polarization was converted 

into thermal energy released into the atmosphere, which 

was detected as dielectric loss. There was also a 

noticeable loss peak in the high-frequency range (around 

1 MHz). This peak was ascribed to the rubber's chain 

segmental motion and the orientation polarization's 

latency. Before this range of frequencies, the orientation 

polarization can match. Prior to this frequency region, 

the orientation polarization can keep up with the change 

in electric field completely. Also, the dielectric loss ε" 

increases with the increase of treated Cu-Al-Zn alloy 

Figure 8b. 

Moreover, electrical conductivity  as a function of 

treated Cu-Al-Zn alloy concentration is presented in 

Figure 8c. An improvement in the electrical performance 

of SiR is noticed by increasing metal Cu-Al-Zn alloy 

loading. Nonetheless, the development of a three-

dimensional network of particles within the matrix is a 

prerequisite for SiR compositesʼ electrical conductivity. 

The electrical performance is the result of two primary 

mechanisms [39, 40].  Since electrons can move from 

one particle to another, direct particle interaction 

presents the easiest scenario; the tunnel effect is the 

second mechanism.  When two particles are separated by 

a tiny layer of polymer, this happens. Besides, the 

particle concentration plays a dominant role, for 

example, a high particle concentration should allow the 

formation of the three dimensional network. As shown in 

Figure 8c, when the treated Cu-Al-Zn alloy 

concentration in the composite reached 5 phr, 

conductivity increased significantly. This abrupt increase 

in electrical conductivity resulted from treated Cu-Al-Zn 

alloy in the elastomer matrix forming a continuous 

network. 

 

 
Figure 7: The variation of permittivity ε  and dielectric 

loss ε" with frequency f at 30oC for SiR / Cu-Al-Zn 

alloy.  

 
 

Figure 8: The dependence of permittivity ε  and 

dielectric loss ε" and electrical conductivity  on treated 

Cu-Al-Zn alloy content 

4. Conclusion 

- Cu-Al-Zn based alloy/SiR composites were 

successfully produced. Silicone rubber (SiR) was 

combined with various concentrations of treated Cu-Al-

Zn alloy at 2.5, 5, 10, and 15 phr. 

Cu-Al-

Zn alloy 

content, 

phr 

Tmb (℃) ΔHmb 

(J/g) 

Tcrb (°C) ΔHcrb 

(m/v) 

Tccb (°C) hb (°C) Startb (°C) Offsetb 

(°C) 

Tga(°C) 

0 phr  -- --- --- --- ---- --- --- --- -125 

2.5 phr 589.2 4.473 585.789 -1.96 580.89 580.9 583.639 588.105 -127.2 

5 phr 592.5 3.645 592.5 - 0.653 578.37 578.4 580.458 589.852 -128.7 

10 phr  607.34 10.006 580.723 -1.362 554.58 554.6 563.44 590 -132.6 

15 phr  599.77 14.149 583.614 -2.066 571.19 571.2 573.99 595.255 -136.7 
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- The swelling performance was enhanced with 

higher loading of Cu-Al-Zn -based alloy.  It has been 

noted that the values of volume fraction (Vr) of SiR/ Cu-

Al-Zn -alloy composites are higher than those without. 

Likewise, the equilibrium swelling reduced with 

increased Cu-Al-Zn -based alloy loading.  

- The examined silicone rubber composites   showed 

improved physical properties (mechanical and 

rheometric properties) as a result of the homogeneous 

diffusion of Cu-AL-Zn alloy particles (15phr) in the 

presence of the coupling agent (TMSPM). The SiR 

composites, which includes 15 phr Cu-Al-Zn alloy and 

had stress of 6.84 MPa and strain at break of 1107%, was 

considered to be the best sample for further testing. 

- The value of ΔG indicates that SiR/15 Cu-Al-Zn 

alloy has greater elastic behavior in comparison to SiR 

without alloy as ΔG is is closely related to the material's 

elastic behavior. The superior elasticity of SiR/15phr Cu-

Al-Zn alloy is described by obtaining better 

compatibility between silicone rubber matrix and Cu-Al-

Zn based alloy. 

- The permittivity (ε′) values increased by 

incorporating Cu-Al-Zn alloy. Additionally, the Si R 

composites containing Cu-Al-Zn alloy show promising 

insulation properties and can be employed for electrical 

insulation needs.   
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