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Metallization of polymers is a modern technique used to improve their properties by 

coating them with conductive, lightweight surfaces, enabling their use in many electronic 

and communications applications. This study examines the effect of corrosion of a copper 

layer deposited on two polymeric substrates, high-density polyethylene (HDPE) and 

acrylonitrile butadiene styrene (ABS), by flame thermal spraying. Pull off test shows the 

adhesion strengths between the Cu coating layers and the HDPE and ABS substrates were 

1.42 and 1.94 MPa, respectively. The contact angles for the HDPE and ABS were 57.227 

and 36.422ο, respectively, indicating that the ABS substrate is more wettable than the 

HDPE substrate. A corrosion test of the coated substrates was conducted at 27±1 °C in a 

solution of 3.5% NaCl. The corrosion rate was 2.763×10-2 mm/year for Cu on HDPE and 

1.361×10-2 mm/year for Cu on ABS. The corrosion rate of Cu on HDPE is greater than 

that of Cu on ABS, indicating that the Cu coating layer on the ABS substrate is denser 

and less porous than that on the HDPE substrate. The corrosion products for the corroded 

Cu layer on HDPE were NaCl, NaOH, Cu5Zn8 and CuCl, whereas those for the corroded 

Cu on ABS were CuCl and Cu(OH)2. 
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1. INTRODUCTION

Polymer metallization is an emerging area of study that aims 

to combine the advantageous features of metal coatings with 

those of plastic substrates [1]. The materials used for a wide 

range of contemporary manufactured products are selected 

based on the characteristics that make them suitable for the 

intended purpose of the products. Polymers exhibit corrosion 

resistance and resistance to a wide range of common chemicals 

and are also lightweight. However, they lack the hardness of 

metals and have low thermal and electrical conductivity [2-4]. 

The numerous applications of metallized polymers range from 

microelectronics to food packaging [5, 6]. Copper, which has 

lower resistivity than aluminium, is expected to gradually 

replace aluminium in future devices owing to the need for 

further miniaturization and reduction of the propagation delay. 

Polymers are also considered possible low-permittivity (low-

k) dielectrics, even for on-chip interconnects [7]. 

Thermal spraying is when a molten or partially molten 

material is applied to a surface using a high-velocity spray to 

create a coating. When the coating particles come into contact 

with the substrate surface, they undergo permanent 

deformation, forming a coating layer. The coating material can 

be employed in either a powder or wire form. Oxygen and 

acetylene (C2H2) are the gases used to generate heat in thermal 

spraying. The flame induces rapid melting of the coating 

material, which is then violently ejected onto the substrate 

surface [8-10]. 

The adhesive qualities of coating materials are essential 

because adhesion is a vital attribute [11]. The adhesive quality 

directly influences their functionality when used as coatings 

on substrates [12]. The adhesion of coatings depends on their 

chemical and physical characteristics [11, 12]. Essentially, 

layers containing polar functional groups can adhere to metal 

substrates, usually by secondary bonding and sometimes 

through primary bonding [12]. However, the fundamental 

chemical interactions between coating materials and substrates 

may be insufficient to produce good outcomes. As a result, 

various surface pretreatments, such as sandblasting and 

phosphating, are used to improve mechanical adhesion [13]. 

Moreover, wetting phenomena are affected by the energy of 

the substrate surface, which impacts adhesion [12, 13]. In 

addition, several practical considerations impact the adhesive 

qualities, including the thickness of the coating [13], the 

thermo-mechanical characteristics of the film, the application 

process and the substrate pretreatment measurement [12]. 

Corrosion, which is the deterioration of a metal due to a 

chemical or electrochemical reaction with its environment, is 

one of the main reasons for the failure of engineered 

components and structures [13, 14]. When a material, often a 

metal, reacts with its environment, a process known as 

corrosion occurs, causing the material and its properties to 

deteriorate. The environment affects the material's corrosion 

behaviour, and vice versa; the corrosive impact of an 

environment depends on the material [15]. Thus, it is essential 

to clarify a material's corrosion resistance before its design for 
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a particular application. 

Corrosion processes significantly affect the reliability of 

electronic components [16-18]. Corrosion manifests in 

metallic materials when exposed to moisture and reactive 

gases, including sulfur dioxide and nitrogen oxides. 

Aggressive substances such as halides, including chlorides, 

significantly enhance corrosion processes. These processes 

result in the impairment of material properties due to chemical 

reactions. Electrochemical reactions are consistently involved 

in electro-conductive materials and frequently play a critical 

role. Electronic materials and components are particularly 

impacted due to exposure to increasingly harsh environmental 

conditions, leading to damage from corrosive media, such as 

in offshore systems and electronic components within 

automobile engine compartments. Corrosion-induced 

processes are significant reliability limitations for the 

materials and contacts of micro- and power electronic 

components [19].  

Because of its outstanding electrical and thermal 

conductivity, copper has been extensively utilized in many 

different applications, including electronic devices and 

temperature exchange. Further, owing to its relatively high 

resistance to atmospheric corrosion, it has been widely used in 

the production of artworks and the construction of 

architectural components such as gutters and roofs [15, 20-24]. 

In addition, copper provides adequate protection against 

corrosion in near-neutral or alkaline environments due to the 

spontaneous formation of a passive layer on its surface [25, 

26]. The International Organization for Standards 

recommends using copper as a sensor for detecting corrosion 

due to atmospheric chemicals [27]. 

Nanotechnology is considered to significantly influence 

nearly every aspect of human life. It possesses the capacity to 

profoundly impact many domains, including physical 

sciences, biotechnology, energy, communication technology, 

social psychology, manufacturing, catalysis, computational 

sciences, and transportation. It can revolutionize the future by 

increasing the durability and reactivity of existing materials 

[28-30]. 

Acrylonitrile butadiene styrene (ABS) is a thermoplastic 

material with several applications in engineering because of its 

advantageous properties, including its chemical resistance, 

lightweight, mechanical strength, and ease of processing [31]. 

High-density polyethylene (HDPE) is a semi-crystalline 

material and the most widely used plastic. It is rigid and more 

abrasion—and heat-resistant [32]. 

Devaraj et al. [33] investigated the adhesive qualities of 

copper, aluminium and zinc coatings deposited on porous 

polyethylene by wire arc spraying. They found that all three 

metallic coatings had bond strength exceeding the ultimate 

fracture strength of the porous polyethylene. These results 

indicate that holes in the polymer significantly reduce its 

weight and help to solve problems related to the metallization 

of polyethylene, resulting in the formation of a very 

lightweight composite material with potential uses in heat 

control. 

Voyer et al. [34] employed cooling air to cool a polymer 

substrate used for deposition by flame spraying. They found 

that the use of cooling air and the adjustment of spraying 

settings can reduce the distance between the flame torch and 

the substrate without generating thermal damage to the 

polymer substrate, which can be easily confirmed visually. 

Thus, flame-sprayed coatings may influence the electrical 

characteristics of a polymer substrate even if the deposition 

technique does not affect the structural integrity of the sprayed 

constructions. Ashrafizadeh et al. [35] The Coating electrical 

resistance of the coating was being reduced by adding 

compressed air, which decreased the porosity of the Al-12Si 

layer owing to the increase. The use of compressed air 

enhances the impact velocity of the sprayed particles and their 

enhanced deformation. It is possible to demonstrate that a 

constant substrate temperature can be maintained by reducing 

the distance between the substrate and the spray gun and 

increasing the compressed air's ejection pressure and flow rate. 

To obtain thick layers of Al-12Si, it is necessary to reduce the 

distance between the substrate and the spray gun. 

Huang et al. [36] applied a yttrium-stabilized zirconia 

(YSZ) coating to a fibre-reinforced polyimide substrate after 

using aluminium as a bond coat to protect the substrate from 

the extremely high temperatures of the plasma-sprayed YSZ 

deposition particles. Moreover, they demonstrated how the 

heat insulation for the polymer substrate was improved by 

using Zn as a bond coat. The lower thermal conductivity of Zn 

of 116 W/m-K than that of Al (approximately 237 W/m-K) 

likely explains the improved heat insulation. The application 

of the Zn bond coat enhanced the thermal shock resistance of 

the final deposited coating compared with that of the Al bond 

coat. Therefore, applying an appropriate bond coat to 

polymers helps to reduce the negative thermal effects of 

thermal spray metallization. 

By reviewing the previous literature, it became clear that 

researchers studied the obstacles in the metallizing process 

that cause deformation of the polymers during the coating 

process, which will be treated in our research through the use 

of nano copper and nano Zn bond coat, as well as the use of 

compressed air to prevent excessive heat of polymers 

substrate, which causes deformation of the polymer and 

weakens the adhesion between the coating layer and the 

polymer substrate material. 

The main motivations  for using metallized polymers in the 

production of electronic devices are to reduce costs, decrease 

weight, and enhance electrical conductivity. In this study, two 

polymers were metallized with Cu to obtain lightweight 

products with electrical conductivity, and the corrosion 

resistance of the coating layer was studied. 

 

 

2. EXPERIMENTAL PROCEDURE 

 

2.1 Materials used 

 

Table 1. Chemical composition of pure Cu 

 
Element % Chemical Composition 

P 0.008 

Pb 0.0001 

Ag 0.0002 

Sn 0.0006 

Fe 0.003 

Mn 0.0006 

Bi 0.004 

Si 0.001 

Zn 0.008 

Cu 99.9 

 

ABS and HDPE with dimensions of 4 × 2 cm2 were used as 

the substrates. Copper powder with 99.9% purity and a particle 

size of 130.9 nm was used as the coating material, and zinc 

powder with a particle size of 65.5 nm was used as the bond 
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coat. The chemical compositions of the Cu and Zn powders 

are presented in Tables 1 and 2. 

 

Table 2. Chemical composition of Zn 

 
Element % Chemical Composition 

Fe 0.0561 

Ti 0.044 

Cu 0.0631 

Mg 0. 022 

Mn 0.0391 

Si 0.0044 

Zn 99.8 

 

2.2 Coating process 

 

Before the coating process, the ABS and HDPE substrates 

were cleaned using NaOH, then sandpaper was used to 

roughen them. The coating was then performed using two 

torch flame spray devices. A torch flame was used to melt the 

zinc particles, which were atomized by compressed air. The 

semi-molten particles were then deposited on the polymeric 

substrate, thus forming a zinc bond coat. After that, Cu 

particles are semi-melted and then atomized over the zinc bond 

coat to create a Cu top coat. The reason for using a Zn bond 

coat is to prevent the direct impact of semi-molten Cu particles 

with polymer, which causes polymer degradation. Combustion 

gases and auxiliary compressed air were used to provide the 

necessary particle velocity. Air cooling was used to avoid the 

polymer's degradation and increase the adhesion force 

between the polymeric substrate and the metallic coating. 

 

 

 
 

Figure 1. a) Two torch flame spray device, b) Diagram for 

thermal spraying device 

 
 

Figure 2. The samples before and after the coating process 

 

The parameters of the metallization process were a distance 

of 250 mm between the polymeric substrate and the spray gun, 

45 g of feeding powder, a spray velocity of 200 m/min and a 

delay time of 4 min  [37]. The pressures of O2 and C2H2 used 

to generate heat in the thermal spraying were 0.5 and 1 bar, 

respectively [38]. The two torch flame spray devices, diagram 

for thermal spraying device, and the samples before and after 

the coating process are illustrated in Figures 1 and 2, 

respectively. 

 

2.3 Characterization and test 

 

2.3.1 Contact angle test 

One of the most common approaches to determining the 

wettability of a surface or substance is to calculate the contact 

angle. The process of wetting refers to how a liquid spreads 

across a solid surface or the ability of a liquid to generate an 

interface with a solid object. The wettability was measured at 

the Department of Chemical Engineering, University of 

Technology, Baghdad. 

 

2.3.2 Pull-off test 

The effectiveness of a coating and its bonding to a substrate 

can be evaluated using a pull-off test device. Pull-off tests of 

the coated substrates were performed at the ACT Company, 

Basra, Iraq. Before applying the adhesive in the tests, the 

samples were ground using sandpaper to roughen them. Then, 

as illustrated in Figure 3, dolly adhesive was applied to the 

coating layer and a load was applied until the coating adhesion 

failed. 

 

 
 

Figure 3. a) Pull-off test device, b) doll adhesive is placed 

with the coating layer, c) load is provided into the doll, d) the 

result of pull off test 

 

2.3.3 Corrosion test 

A standard immersion corrosion test (DY2300 

POTENTIOSTAT) was used to investigate the corrosion rates 
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of the Cu coating layer. A corrosion test was performed to 

determine the rate of corrosion of the copper coating. Test 

specimens of each material were ground with sandpaper of 

various grits (800–2000), washed with distilled water and 

methanol, and dried. The caustic mixture used in the corrosion 

test was composed of distilled water and 3.5% sodium 

chloride. The test was performed at a temperature of 27±1℃. 

Anodic and cathodic polarization are typically used in a 

corrosion test to induce metal dissolution (corrosion) and 

passivation. This approach uses an externally provided 

variable electric current to complete the experiment quickly. 

The stationary corrosion condition of a Tafel equation is the 

intersection of the anodic and cathodic polarization curves. 

Figure 4 shows the diagram for the corrosion device. 

 

 
 

Figure 4. Corrosion device 

 

2.3.4 X-RAY diffraction 

The phase and crystallinity of copper coated structures were 

measured at room temperature with a X-ray Diffractometer 

working in 𝜃  = 2𝜃  scanning mode and using a K copper 

radiation source ( 𝝀  = 1.5406 A). The obtained diffraction 

patterns were analyzed through the data evaluation program. 

The X-ray diffraction test was performed at the 

Nanotechnology and Advanced Materials Research Centre of 

the University of Technology, Baghdad, using Shimadzu XRD 

6000 X-ray diffraction equipment. 

 

2.3.5 Scanning electron microscopy 

Scanning electron microscopy using a Thermo Scientific 

SEM equipment at AlKora Company allowed one to 

investigate the structure of the coating layer of every sample. 

 

2.3.6 Electrical conductivity test 

The electrical conductivity of the coating layers was 

measured using an LCR-821 meter. At the Department of 

Materials Engineering of Technical College, Baghdad. 

 

 

3. RESULTS AND DISCUSSION 

 

The angle between the liquid-solid and liquid–vapour 

interfaces is called the contact angle [39]. The contact angle of 

the HDPE samples was 57.227°, higher than that of the ABS 

samples (36.422°), as shown in Figure 5, indicating that the 

surface of the ABS substrate was more hydrophilic than that 

of the HDPE substrate and thus had more excellent wettability 

and adhesiveness. This result could be due to the smoothness 

of the HDPE surface, the non-polarity of the HDPE structure 

owing to the long CH2 chains, the low surface energy resulting 

from the lack of polar groups, and the hydrophobic character 

inhibiting its interaction with polar water molecules [40]. 

 

 
 

Figure 5. Contact angle of substrate materials 

 

The pull-off test is a popular method of evaluating the 

adhesion strength [41-43]. The adhesion strengths between the 

Cu coating layer and the HDPE and ABS substrates were 1.42 

and 1.94 MPa, respectively. The mechanical interlocking 

between the coating and substrate is achieved by in situ 

structuring of the substrate during the application of the 

coating. This requires precise control of the heat input into the 

substrate and the particle impact. 

A few different types of sample failure may be identified in 

a pull-off test: adhesive failure at the interface surface; 

cohesive failure inside the coating, substrate or glue; and 

mixed failure. The test panel and the dolly still had a coating 

after failure, indicating that cohesive failure occurred in all the 

samples examined [44].  

The electrical conductivity of the Cu on the HDPE and ABS 

substrates was 4.746×104  and 5.589×104  Ω -1.cm-1, 

respectively. In comparison, the electrical conductivity of bulk 

copper was 5.96×105 Ω -1.cm-1. The reason for the lower 

electrical conductivity of the Cu coating layer than that of the 

copper is that the nanoparticles in the coating layer increased 

the number of grain boundaries [45]. The difference between 

the electrical conductivities of the Cu coating layer on the 

HDPE and ABS polymeric substrates is due to the denser and 

less porous Cu coating layer on the ABS than that on the 

HDPE [46].  

 

Table 3. Corrosion parameters of Cu layer 

 
Substrate HDPE ABS 

Coating layer Cu Cu 

Ecorr (V) -0.889 -0.347 

𝛽𝑎 (V) 0.478 0.097 

𝛽𝑐 (V) -0.249 -0.572 

Icorr (𝜇𝐴/𝑐𝑚2) 10-5 1.266×10-5 

Corrosion rate(mm/year) 2.763×10-2 1.361×10-2 

i 2.349×10-6 1.157×10-5 

 

The corrosion parameters are presented in Table 3. 

According to the Tafel diagram in Figure 6 for the copper 

coating on the HDPE and ABS polymeric substrates, the 

cathode current increases gradually and steadily, leading to a 

greater negative voltage. When electrons are abundant, the 

cathode current rises, stimulating reduction. The reduction 

current drops beyond a certain point owing to mass transfer 

constraints on the reactant surface at substantially negative 

potentials; the voltage is sufficient to allow the reaction, but 
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materials cannot quickly reach the electrode surface to sustain 

the current. 

The corrosion behaviour of the coating layer is similar to 

that of the cathodic and anodic reactions. However, the 

corrosion rate on the HDPE substrate is higher than that on the 

ABS substrate, which indicates that the coating layer on the 

ABS substrate is denser and less porous than that on the HDPE 

substrate. 

Since copper is only resistant to corrosion in the passive 

state depending on the solution pH and component [47], the 

passivation process is crucial. It can be considered that the 

weakly conducting passive layer covering the Cu-coated 

surface further inhibits the corrosion reaction. Due to copper 

dissolution, the potential–current density plots of the two 

coatings evaluated in this study indicated an increase in the 

anodic current density. There is a break in this growth due to 

the production of complicated corrosion products on the 

surface of the coating. 

 

 
 

Figure 6. Tafel diagram of Cu layer on HDPE and ABS 

polymers 

 

 

 
 

Figure 7. XRD of Cu layer on HDPE substrate, a) before 

corrosion, b) after corrosion 

The XRD data in Figure 7(a) indicate diffraction peaks at 2-

theta values of 44.1, 51.33 and 74.8°, corresponding to (111), 

(200) and (220) diffraction peaks of the Cu coating on the 

HDPE, respectively. In addition, the two diffraction peaks at 

37.3 and 62.2° were indexed to (111) and (220) peaks of 

cuprous oxide (Cu2O), respectively. The presence of Cu2O 

suggests partial oxidation of the Cu layer. Figure 7(b) shows 

the XRD data of the Cu coating layer after the corrosion test. 

Corrosion products such as NaCl, NaOH, Cu5Zn8 and CuCl 

were observed on the corroded Cu layer deposited on the 

HDPE. The debye-Scherrer formula is used to calculate the 

average crystalline size. From the half-width of the (111) 

diffraction peak, the average size of the crystallites was 

calculated to be 454.9 nm before the corrosion test and 377.87 

nm after the corrosion test. 

Figure 8(a) shows the XRD data for the Cu layer on ABS, 

where the diffraction peaks correspond to (111), (200) and 

(220). Corrosion products such as CuCl and Cu(OH)2 were 

observed in the corroded Cu layer deposited on ABS, as shown 

in Figure 8(b). The average crystalline size was calculated to 

be 454 nm before the corrosion test and 324.5 nm after the 

corrosion test from the half-width of the (111) diffraction 

peak. 

 

 

 
 

Figure 8. XRD of Cu layer on ABS substrate, a) before 

corrosion, b) after corrosion 

 

Corrosion reduced the grain size because the grain became 

weaker as the depth of the pits and the pit density increased, in 

turn weakening the entire structure. This resulted in the 

granules being divided into smaller pieces [1]. 

Figure 9 shows the interface between the polymer substrate 

and the Cu coating layer before the corrosion test. The SEM 

image indicates that the coating layer on the sample surface 

has a smooth and homogeneous structure, increasing its 

corrosion resistance. 

The percentage porosity of the Cu layers on the HDPE and 

ABS substrates was determined using ImageJ software to be 

7% and 4%, respectively, indicating that the Cu layer on the 

ABS substrate was denser than that on the HDPE substrate. 
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Figure 9 shows the interface between the polymer substrate 

and the Cu layer. 

 

 
 

Figure 9. The interface between polymer substrate and Cu 

layer 

 

SEM was used to examine the surface morphology of the 

Cu-coated substrates to evaluate the surface of each coating 

after corrosion to determine its effects. The surface was rough 

and the Cu layer had peeled off. The corrosion layer, as shown 

in Figures 10 and 11, was in the form of flaky of different sizes 

depending on the severity of the corrosion of the solution with 

the coating layer. This led to it collecting on the surface and 

not dissolving in the solution.  The anodic reaction is the 

electron loss process—also known as the copper's dissolving 

process. The oxygen's depolarisation response forms the 

cathodic reaction. Thus, the corrosion primarily results in 

copper oxide. When the chloride ion in the salt dissolves into 

a thin film of liquid, it sticks to the metal's surface or the 

passivated film. This creates a strong electric field that 

damages the oxide coating on the surface and speeds up the 

metal's dissolution. The chloride ions can enter the matrix 

through the passivation layer, combine with the copper 

element to form soluble CuCl2, and then react with oxygen to 

form Cu2O, CuCl2, and 3Cu (OH)2 [48]. 

 

 
 

Figure 10. SEM for the Cu layer on HDPE after the 

corrosion test 

 
 

Figure 11. SEM for the Cu layer on ABS after corrosion test 

 

Figure 10 shows the Cu coating layer on the HDPE substrate 

after the corrosion test. It can be observed that the surface 

broke down and became rough because of deposited of 

corrosion product in the form of flaky layer.  

As illustrated in Figure 11, a high surface roughness 

resulted from the decomposition the surface of the coating 

layer with flaky corrosion product layer after corrosion.  

 

 

4. CONCLUSION 

 

This paper examined the morphology, corrosion 

performance and adhesion of Cu coatings on HDPE and ABS 

substrates. The following are the main findings of this work: 

1. The Cu layer is deposited on HDPE and ABS successfully 

without deformation of the polymer structure. 

2. Air cooling and bond coating are used to produce a more 

homogeneous coating structure and prevent the degradation of 

polymer. 

3. The surface of the uncoated ABS sample was hydrophilic 

and had superior wettability and adhesiveness to the uncoated 

HDPE sample, which had a contact angle of 57.227°. 

4. The adhesion strength between the ABS substrate and the 

Cu coating was greater than that between the HDPE substrate 

and the Cu coating. 

5. A Tafel diagram for the Cu coating on the HDPE and 

ABS polymeric substrates revealed that the coating layer on 

the ABS substrate was denser and less porous than that on the 

HDPE substrate. 

6. SEM images obtained after the corrosion of the Cu 

coating indicated that the surface of the coating after corrosion 

decomposed, resulting in a high surface roughness. 

7. XRD data obtained after the corrosion test revealed that 

corrosion products covered the Cu surface.  
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8. The Cu layer on the ABS substrate had higher electrical 

conductivity than that of the Cu layer on the HDPE substrate. 

9. In future research, it is possible to strengthen the polymer 

used as a substrate with fibers or particles before the coating 

process for comparison with the current research. 
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