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_________________________________________________________________________________ 

ABSTRACT— In this work, the electroplating of copper on an aluminum substrate without electrochemical surface 

treatment was investigated. Electroplating of copper on aluminum substrate was prepared from copper sulfate 

electrolyte bath with various current densities 1 mA/cm², 3 mA/cm², 10 mA/cm², and 40 mA/cm². The effects of current 

density on the samples properties were characterized using a different technique. The surface morphology, 

crystallographic orientation, and corrosion resistance of the Copper film were analyzed using a scanning electron 

microscope, energy dispersive spectroscopy (SEM-EDS), X-ray diffractometer (XRD), and potentiostat. The samples' 

surface morphology is changed with different current densities because nucleation is driven by transferring the 

copper ion rate onto the aluminum substrate. The Cu-10 sample exhibits (111) peak higher and the best corrosion 

resistance than other samples. Moreover, Cu-1 samples have shifted to positive corrosion voltage (Ecorr) than the other 

samples. 
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1. INTRODUCTION 

The copper layer, prepared by copper deposition on an aluminum substrate, offers many benefits over bulk copper, 

namely cost advantage[1], [2]. Copper deposition can be achieved by many techniques, such as physical vapor deposition 

(PVD) [3], chemical vapor deposition (CVD) [4], electroplating [5] and electro less plating [6]. Electroplating one of the 

easiest to control and cheapest for deposition methods [7]. Electroplating of copper has been used widely in many 

industrial fields to improve decorative, antifouling, antibacterial, and corrosion properties [8]. The electroplating of 

copper often used sulphate [9], chloride [10], sulphate-chloride [11] gluconate [12], and acetate [13] solution. In the 

electroplating process, the microstructure of deposited depends on the electroplating parameters, among which is current 

density [1]. Moreover, as the current density of electrodeposition of copper change, varies surface morphology, 

crystallographic orientation and crystallite size are formed [13] 

Electroplating copper directly onto an aluminum substrate is difficult to practice. Copper is an active metal with low 

ionization energy. Hence it does not easy to deposit copper ions onto a passivized surface such as aluminum[14]. 

Kanungo et al. reported electroplating copper onto aluminum by immersing aluminum substrate from an electrolyte 

containing perchloric acid as a complexing agent prior plating [15]. Jiahe et al. was reported copper layers deposited on 

aluminum by galvanic displacement [16]. The other research used double zincate pretreatment before deposited copper 

onto aluminum substrate [1], [17]. Genna et al. optimized the sandblasting process before the electrodeposition of copper 

on the aluminum substrate by a feed-forward neural network [14]. This method will achieve the best adhesion of the 
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coating without complex equipment or solution which is harmful to the environment. But the process of the sandblasting 

is used special protective equipment because the dust of the sand is harm full for the healthy. Moreover, waste of the 

sand after sandblasting processing is need for treatment before release on nature. For that reason, in this paper it used 

abrasive sandpaper for surface treatment of the substrate before the electroplating process. Moreover, this paper is also 

study and observes the surface morphology, crystallographic orientation, and corrosion behavior of copper film plated on 

aluminum substrates in sulfate solutions with various current densities. 

2. EXPERIMENTAL METHODS 

The copper layer has been electroplated using DC Power Supply with various current densities. The various current 

densities used were 1mA/cm², 3mA/cm², 10mA/cm², and 40mA/cm², and it was designated as Cu-1, Cu-3, Cu-10, and 

Cu-40, respectively. The copper electroplating was carried out for 120 minutes in the electrolyte at temperature 30 °C. 

The electrolyte was 300 ml solution containing CuSO4.5H2O (220 g/L), and sulfuric acid (10 mL/L). Before 

electroplating, the electrolyte solution was stirring for 1 hour to make homogeneous. Copper plate (99.99%) was used as 

an anode, and an aluminum alloy plate (see Table 1) was used as a cathode. The distance between the copper plate and 

aluminum plate was maintained for 50 mm to achieve better copper layers. Before the electroplating process, the samples 

were polished with SiC grit 220, 500, and 2000 then ultrasonic cleaning with acetone. The electroplating processes of 

copper layers were performed without stirring the solution. 
 

Table 1: Composition of Al alloy substrate (wt.%) for the electroplated copper layer
 

Element Mg Fe Al 
Concentration 1.49 1.63 balance 

The surface morphology and oxygen content were capture and observe using SEM-EDS (FE-SEMFEI INSPECT F50 

EDAX EDS Analyzer). The crystallographic orientation has been analyzed using XRD (Malvern Panalytical Ltd., UK). 

The XRD observations were performed with scans resolution 0.01º of 2 from 40º until 80º. The corrosion behaviors of 

the copper layer were used potentiodynamic polarization observation (Digi-Ivy DY2311). The Ag/AgCl as a reference 

electrode (RE), platinum wire as a counter electrode (CE), and the aluminum as the working electrode (WE) with 

exposing area of 1cm² . The potentiodynamic polarizations were perform in 3.5 % sodium chloride (100mL) with scan 

rate 50mV/s from -1.5V to 0.5V. 

3. RESULTS AND DISCUSSION 

4.1 SEM-EDS 

Figure 1 shows SEM images detail electroplated samples of Cu-1, Cu-3, Cu-10, and Cu-40. The surface of the 

electroplated samples is seen uniform. At lower current density (Cu-1), grain form sharper than at higher current density 

(Cu-40). Moreover, a more compact surface is seen on Cu-1 than Cu-40, based on Figure 1. 


  

(a)  (b) 

  

(c) (d) 

Figure 1: SEM Images of copper film at different current density (a) Cu-1, (b) Cu-3, (c) Cu-10, and (d) Cu-40  
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The increased supply of copper ions at higher current density (Cu-40) facilitates the decrease in sharp edges and more 

smaller of copper grains, as shown in Figure 1 (c) compare to Figure 1 (a). The surface morphology of the samples is 

change with different current densities because nucleation is driven by the rate transferring of copper ions onto the 

aluminum substrate. The increase of the current density is influenced by the increase of the throwing power copper ions 

into aluminum surfaces [13]. It seems that the Cu-10 sample has smooth and compact morphology surfaces than the other 

samples—the higher current density resulting in a high crystal nucleation rate that leads to a fine-grain structure. The 

fine-grained structure leads to a tremendous large amount of grain boundary, resulting in higher resistivity and rigidity 

[18]. A similar morphology is found in the other's research and it has been plated copper onto aluminum with current 

density1 A/dm². [19]. Other parameter such as temperature of the solution would significantly affect the surface 

morphology of the copper layer [20]. 

Knowing the chemical composition of the copper film is important. Other element incorporate in copper film may 

affect the properties of the film such as wetting property. The surface of the copper layer was characterized using the 

EDS apparatus to examine the elemental composition. The FE-SEMFEI INSPECT F50 EDAX EDS Analyzer is used for 

surface observation. Figure 2 shows the EDS spectra electroplated samples of Cu-1, Cu-3, Cu-10, and Cu-40 onto 

aluminum substrate. The copper layer's EDS analysis usually shows a significant peak of copper and a small peak of 

oxygen [21]. The other research only found copper and oxygen before treatment, and after treatment, the sulfur atom on 

the copper surfaces are found, this is caused by inhibitor adsorption on the copper surfaces [22]   

 

  
(a) (b) 

  
(c) (d) 

Figure 2: EDS Spectra at Different Copper Electroplated Samples (a) Cu-1, (b) Cu-3, (c) Cu-10, and (d) Cu-40 

Base on the EDS spectra in Figure 2, the percentage of phase or element is resumed in Table 2. Table 2 shows the 

resulting of EDS analysis electroplated samples of Cu-1, Cu-3, Cu-10, and Cu-40 onto aluminum substrates. 
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Table 2: EDS analyze at different electroplated copper samples onto an aluminum substrate
 

Sample O (Wt %) Cu (Wt %) 
Cu-1 00.93 99.07 

Cu-3 01.30 98.70 

Cu-10 02.97 97.03 

Cu-40 03.44 95.56 

 

Based on Table 2, only the copper and oxygen element are shown. There is no iron, or other elements are shown base 

on EDS analysis. The rise in current density leads to an increase in oxygen content on the surface of the copper layer by 

increase. This is indicated the copper layer was fabricated with 40 mA/cm² is easy to form CuO than 1 mA/cm². The 

solution contain also OH-1 ion resulting from dissociation of water. The current can generate oxygen gas at anode. But 

the sample was placed at cathode where the Hydrogen gas may be generated. The oxygen can also exit due to Oxygen 

dissolved which reach 8 mg/L. Oxygen incorporate at copper film may come from oxygen dissolved which is dissociate 

more at higher current density and lead to form copper oxide or form as oxygen adsorption at the surface of the film. 

4.2 XRD 

The X-ray diffraction (XRD) usually used to determine the phase of the materials. It has the detection limit. If the 

phase contain in the material is less than the limit detection of the XRD equipment, the phase will not appear at the 

diffraction pattern. The XRD patterns of electrodeposited copper with various current densities are shown in Figure 3. 

The phase observed is only copper. The copper oxide is not detected. It may be due to the small amount which is less 

than the detection limit. Three diffraction peaks are displayed at 43.97±0.1, 51.08±0.1, and 74.68 (022) for (111), (002), 

and (022) plane, respectively. Comparison with copper standard (JCPDS 04-0836), copper is FCC structure system, and 

three characteristic diffraction peaks of copper are located at 43.7°, 50.7°, and 74.3° with (111), (200) and (220) planes 

respectively [23].  

 

Figure 3: XRD Pattern of Electroplated Copper Samples 

The crystal system of various samples is Cubic FCC with Space Group Fm-3m base on refinement with highscore 

plus software (Table 3). Moreover, the samples show different intensities of (111), (002), and (022) crystal plane; this is 

similar to the salee et al. report [19]. Jianhong et al.  investigate K3Fe(CN)6 addition on electro less copper plating. 

Without K3Fe(CN)6 addition, preferred orientation is seen on (111) plane, and more addition of K3Fe(CN)6 will increase 

the (022) plane resulting in the preferred orientation of (002) plane [6]. These phenomena are contradictive with our 

result, the preferred orientation of (111) plane is seen on Cu-3, Cu10, and Cu-40. Moreover, decrease the current density 

to 1mA/cm² (Cu-1) was resulting preferred orientation on (022) plane. The Cu-10 sample has the highest intensity of 

(111) plane than the other samples, and the highest intensity of (022) plane is seen on the Cu-1 sample (about 5000 a.u). 

Figure 4 shows the difference phenomena of Full Width at Half Maximum (FWHM) at different the current densities. 

Based on Figure 4 (a), FWHM for the peak (111) has continuously decreased with the rise of the current density. This 

result has contradictive with the previous study where increasing current densities gave effect to increase the FWHM 

[17]. This might cause by of zincate pretreatment effect that was used before electroplating of copper. Figure 4 (b) shows 

that FWHM for the peak (002) has continuously decreased when the current density increases. But the peak (111) 

increase as the current density increase.  
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Table 3: Crystal parameter of the various samples 

Parameter 
 Samples 

Cu-1 Cu-3 Cu-10 Cu-40 
Crystal System Cubic FCC Cubic FCC Cubic FCC Cubic FCC 

Space Group Fm-3m Fm-3m Fm-3m Fm-3m 
Rwp (%) 8.99 6.730 6.926 5.984 

GOF 2.7 1.20 1.38 0.96 

 

Figure 4 (c) also show similar phenomena, FWHM for the peak (022) has continuously increased when the current 

density is increase.
 

 

  
(a)  (b) 

 
(c) 

Figure 4: The FWHM Various Electroplating Samples (a) (111), (b) (002), and (c) (022)  

The FWHM of the various sample used to determine the crystallite size of the copper film. Crystallite size can be 

calculated using the following Debye-Sherrer equation [6], [23].  

    (1) 

Where D is crystallite size, k is constant (1),  is the wavelength (1.54056 A° for Cu-K),  is FWHM in radian, and  is 

Bragg angle in radian. Crystallite sizes of the various sample copper plating onto an aluminum substrate are presented in 

Table 4. 

Based on Table 4, crystallite sizes of the sample are reduced with the decrease of current density from 40mA/cm² 

until 3mA/cm². But on the one mA/cm² of current density, crystallite size becomes higher than other samples. This 

phenomenon is caused by shifting the preferred orientation from (111) plane to (022) and the value of the FWHM copper 

layer sample.
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Table 4: Crystallite size of the various samples  

Parameter 
 Samples 

Cu-1 Cu-3 Cu-10 Cu-40 
The crystallite size  (nm)
 125 97.74 106.71 109.86 

hkl (022) (111) (111) (111) 

FWHM 0.0835 0.0916 0.0839 0.0815 

2 74.7 43.98 43.98 43.98 

 

It is clear that the preferred orientation depend on many factors such as current density and the solution 

 

4.3 Potentiodynamic Polarization 

To explore corrosion resistance, potentiodynamic polarization was performed [24], [25]. Figure 5 shows the 

potentiodynamic polarization curve of various samples in 3.5% sodium chloride.  Anodic dissolution of various sample 

copper layer in 3.5 % sodium chloride is described as the following equation[26]: 

  (2) 

  (3) 

 (4) 

Based on equation 2, CuCl can be readily adsorbed and insoluble. However, the adhesion of CuCl on the surface of 

copper is not enough to protect the copper from corrosion. In equation 3, the CuCl is transformed into a soluble copper 

(I) chloride complex, which can quickly diffuse into the bulk of the solution[26].  

 

Figure 5: Variation Potentiodynamic Polarization Samples in 3.5 wt% Sodium Chloride 

As shown in Table 5, the entire sample shows different corrosion current density, corrosion potential, and corrosion 

rate phenomena. Sample Cu-1 has more positive corrosion potential (Ecorr) and also has the highest corrosion rate than the 

other sample. The Cu-10 sample exhibits the best corrosion resistance than other samples because it has a peak intensity 

of (111) plane higher than the other sample. For the copper layer, (111) peak is a densely packed one; hence preferred 

growth along [111] direction offers additional benefits like better corrosion resistance[17]. Moreover corrosion current 

density (Icorr) for entire electroplated copper sample are less than previous research (Icorr = 6.06x10-5 A/cm2) [27]. This 

indicated the entire sample has better corrosion resistance than bulk copper. 
 

Table 5: Potentiodynamic polarization measurement of the samples at various current densities  

Sample ICorr (A/cm²) ECorr(V vs Ag/AgCl) Cor Rate (mmpy) 
Cu-1 2.98E-05 -0.544 0.325 

Cu-3 9.36E-06 -0.842 0.102 

Cu-10 6.22E-06 -0.817 0.067 

Cu-40 9.70E-06 -0.722 0.106 

 

4. CONCLUSIONS 

Copper electroplating onto aluminum substrates with various current densities has been successfully 

fabricated. The surface morphology of the samples is change with different current densities because nucleation 
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is driven by the rate transferring of copper ions onto the aluminum substrate. There are three significant peaks of 

(111), (002), and (022) based on XRD investigation at various samples of the copper layer. The Cu -10 sample 

exhibits (111) peak higher and the best corrosion resistance than other's samples. The Cu -1 samples have the 

highest positive voltage (ECorr) than the other samples. 
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