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Abstract- The impact of effective parameters on the electrochemical deposition rate 
optimization of Au-Cu alloy at high thicknesses on the silver substrate was investigated in the 
present study. To have co-deposition of gold-copper alloy with the cartage of 18 K (750 ppt) 
and appropriate deposition rates values of 6mA

cm2 , 6 gr
lit

 , 55 gr
lit

 , 24 gr
lit

, 66 ˚C, 12.3, 100 rpm and 

1 ml
lit

, the specified parameters in this method, including current density, ions concentrations of 
gold, copper and cyanide, temperature, pH, agitation and additive concentration were 
effectively optimized by the "one factor at a time" method. Scanning electron microscopy 
(SEM) and surface chemical analysis system (EDS) were used to study the effect of deposition 
on the cross-sections of the formed layers. The results showed that under the optimum 
conditions obtained at about 18K, the average current density (Iavg = 0.6 mA

cm2) and a duty cycle 
(30%) at the same time, the deposition rate was 0.841 µm

min
 and in this method, that was 

significantly higher than the commercial methods. It should be noted that in a pulsed 
electrodeposition, with increasing percentages in duty cycle, the deposition rate of the layers 
was reduced, which can be explained by the reduction of the double layer thickness due to 
shortening of the pulse off-time. 
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1. INTRODUCTION 

Gold-Jewelry artifacts production methods can be divided into four main categories: hand-
made, casting, pressing and electrochemical forming. One of the unique features of the 
electrochemical deposition method is the ability to make complex and voluminous pieces of 
jewelry, which have high value and low weight in the case of making with conventional 
procedures. The application of this method can reduce the amount of consumed precious metal 
and the cost of production would be added to the final price. The jewelry value will be 
increased. Also in this field, in the production of some hallow gold artifacts with standard carats 
(9 K, 12 K, 14 K, 17 K, 18 K) since the base metal alloy has silver, copper, zinc, nickel, etc., 
in addition to gold, the color change is likely due to the oxidation of the alloying metals. Thus, 
the need for thick electrochemical deposition of gold and its alloys is essential for the color 
stability of the piece. Au-Cu alloy deposition processes are used to create thick layers and form 
the hallow gold-jewelry. The deposition of Au-Cu alloys is usually performed in cyanide 
electrolyte solutions. The alloys formed by the deposition of Au-Cu alloys, where gold is the 
matrix metal, are used in the 14 K to 24 K carats ranges to produce hollow gold artifacts [1]. 
Electrodeposition of gold and its alloys in high thicknesses, which can be used in the 
manufacturing of hallow gold-jewelry artifacts, dentistry and watch cases, is a process that 
produces pure gold or layer by layer alloys with a thickness of at least 0.005 inches [2]. 

In recent years, novel electrochemical processes have developed [3,4]. The features of 
products in electrode posited metals is influenced by various deposition parameters [5]. There 
are many recorded reports about the use of the pulsed current in the thick deposition of gold 
and its alloys. Some of the electrolytes have used high concentrations of gold and even gold 
anodes are suggested for these baths. Reaching the proper deposition rate is one of the basic 
issues in creating thick gold and its alloys in the production of gold artifacts by electroforming 
[6,7]. The rate of gold electrodeposition with these solutions to produce high thickness layers 
in alkaline solutions and especially cyanide is at about 0.5 µm per minute, but it is still low for 
the formation of thick, pure and alloyed gold alloys. Increasing the current density may play a 
very important role in the deposition rate [8,9], as well as 26 the surface roughness [10,11]. 
Thick electrodeposition of alloyed gold is usually difficult, especially in baths with low metals 
concentrations. This is because the layers are becoming rough and powdery during the 
deposition time. Pulsed current is used to overcome this problem. The percentage of alloy 
composite can also be controlled by optimizing the pulsed current and process parameters [12]. 
In Au-Cu alloy electrodeposition at higher current densities, the pulsed current also prevents 
the deposition of more copper. In addition to changing the percentage of the alloy composition, 
it also prevents the layer from becoming a sponge. Moreover, in the case of direct current, the 
higher current density will burn the deposited layer [13]. In the pulsed current, the pulse off-
time is more important than the pulse on-time. Because it allows the cathodic reaction to reach 
equilibrium before the next on-time arrives. One of the goals of using pulsed current is to obtain 
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the desired thicknesses while maintaining the percentage of alloying metals and its mechanical 
quality [14]. Some of the most important advantages of pulsed electrochemical deposition, 
especially in the creation of thicker layers including increased deposition efficiency, is the 
creation of higher density and finer layers, very low variations in the thickness of the layers at 
different points of the surface and lower demand for organic additives than direct current [15]. 
The use of pulsed current provides a denser layer than direct current, which results in the 
increased nucleation and formation of finer layers [16]. 

The current distribution is of great importance in electrochemical deposition processes. The 
non-uniform distribution of voltage in the electrolyte solution will lead to a non-uniform 
distribution of current at the cathode surface. As a result, it will deposition undesired layers 
and will not function properly in different deposition processes [17]. The basis for the 
electrochemical deposition of the alloy is to find a way to bring the reduction potential of the 
ions closer together. This is accomplished by changing polarization and using complexing 
agents to limit the reductive potential of metal ions present in the electrolyte. The reductive 
potential of some noble metal alloys can be reduced by having a complex shape and form. By 
applying the current during electrochemical deposition of the alloy, the composition of the 
electrodeposited layer can be controlled by the applied potential, weight changes according to 
Archimedes law, and electrolyte cations concentration [18]. As the current density increases, 
the deposition efficiency of the Au-Cu alloy decreases rapidly and the percentage of gold in 
the deposit decreases [19]. In addition to current density increment, the dilution of Au-Cu alloy 
bath content is also a reason for the efficiency decrement [20]. As the concentration of copper 
increases in the bath, its percentage in the alloy will increase [21]. There is a strong correlation 
between the free cyanide and copper concentration, and the efficiency of copper deposition is 
very sensitive to the concentration of free cyanide. Also, studies of Doule show that by 
increasing the temperature of the Au-Cu alloy bath, the gold deposition efficiency decreases 
[22]. 

Most work described on factors affecting the electrodeposition of iron group alloys, consist 
of extensive empirical work. Durut et al., [23] reported that free cyanides stimulate a decrease 
of the copper over potential and promote the formation of Cu(CN)43 that conduct to an 
immediate three-dimensional nucleation of copper. This phenomenological model well 
illuminates why the growth mechanism changes and why only gold is deposited for thick 
deposits. Based on this model, CEA has developed a specific process to remove the free 
cyanides from the cathode using ultrasonic waves. This process allows CEA to perform thick 
gold-copper deposits with a constant concentration in copper through all the thickness. Xu et 
al. [24] reported that a novel strategy for the fabrication of nanoporous gold (NPG) films. 
Energy dispersive x-ray (EDX) analysis indicates that there are no impurities in the Au–Sn 
alloy film. After dealloying, only gold remains in the NPG film indicating the effectiveness of 
this technique. They demonstrate that this approach enables the fabrication of NPG films, either 
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freestanding or supported on various conductive substrates such as copper foil, stainless steel 
sheet and nickel foam. Their strategy provides a general method to fabricate high quality NPG 
films on conductive substrates, which will broaden the application potential of NPG or NPG-
based materials in various fields such as catalysis, optics and sensor technology. Brun et al. 
[25] reported that an increase in the temperature of the plating bath as well as the reduction 
potential result in an increase in copper content of deposits. The surface morphology of the 
deposits was showed by scanning electron microscopy. Smooth, columnar and nodular 
coatings were obtained as a function of copper content and thickness of the deposit. 

Seo et al. [26] reported that a simple electrodeposition of Au nanoplate structures from 
Au(CN)2− on Au surfaces in the absence of additives or premodification of electrode surfaces. 
They reported that the shape of the Au nanoplates as well as their surface structures is unique 
compared to other Au nanostructures electrodeposited from commonly employed 
AuCl4− complexes. Kumar et al. [27] reported that changes in the deposited layers, following 
a unique growth mechanism strongly dependent on applied potential and electrodeposition time 
using microstructural analysis. Accordingly, more negative potentials resulted in changes in 
morphology from highly branched standing flakes to flat dense surfaces, whereas higher 
electrodeposition times led to the evolution of nanodendrites. 

In this study, the impact of electrochemical deposition of Au-Cu alloy by the pulsed current 
on the gold percentage stabilization in the cast and the deposition rate of the alloy was studied. 
The role of effective parameters, such as current density, gold, and cyanide concentration 
besides temperature on the composition percentage of gold in the deposited alloy layer, was 
investigated. After optimizing the above parameters to stabilize the percentage of gold (750 K 
standard carat), the deposition rate of the alloy layer was determined in different duty cycle 
and then metallographic studies besides SEM and EDX analyses were performed on the 
samples. 
 

2. EXPERIMENT PART 

In this study, pure silver electrodes were used as cathode substrates to deposition Au-Cu 
alloy. These electrodes were lost wax cast to the required number after designing and providing 
silicone molds and after mechanical polishing steps, electrical degreasing, acid washing, and 
distillation by deionized water they were prepared for alloy electrodeposition. 1cm×1cm of 
cathodes surface was considered for deposition and the connection site of the cathode substrates 
was also insulated with nonconductive coatings to prevent gold alloy deposition. The 
electrochemical deposition bath was a Pyrex glass beaker with a diameter of 110 mm and a 
height of 140 mm with a volume of 1 L. Heating, agitation and temperature control in the bath 
were performed with a precision of ±0.1 °C by a magnetic heater-stirrer (IKA C-MAG HS7 
German). The anodes were made of platinized Titanium (Pt / Ti) with a size of 80 mm×100 
mm, which were fixed to the beaker wall during deposition. The source of the pulsed current 
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was an SL20 PRC switch-mode rectifier (Iran) capable of performing a variety of 
electrochemical deposition in the laboratory and semi-industrial scale by the pulsed method. 
This device connects to the control panel while it is in operation and it can define a program to 
input the values of pulsed current parameters. The current density in the range of 2-12 (𝐦𝐦𝐦𝐦

𝐜𝐜𝐦𝐦𝟐𝟐) 

was used to deposited layers with a specified percentage of gold and it was used to investigate 
the thickness and efficiency of the deposition rate of the samples. Before and after deposition, 
the weighing of cathodes was performed by Sartorius GK1203 analytical scale with 0.0001 g 
accuracy. 
  
2.1. Electrodeposition efficiency of a gold-copper alloy 

The cathodic efficiency percentage (ε) was calculated according to the following equation 
[28]: 

%ε = m2−m1
mtheory

× 100                                                                                                                  (1) 

In this equation, m2-m1 is the weight difference created by the electrodeposition of the gold 
alloy layer on the substrate surface and the mtheory is also the theoretical weight according to 
Faraday low [28] (equation. 2): 

mtheory =  MiAt
nF

                                                                                                                        (2) 

In this equation, mtheory is weight theory in grams, M is the atomic weight in ( gr
mol

), i is the 

current density in (mA
cm2), A is the cathode electrode surface in (cm2), t is the time required for 

the deposition of the layer in (s), n is the number of electron moles required to reduce the Mn+ 
cation to M ͦ, and F is the Faraday constant in (Amper.Sec

mole
). The theoretical weight calculation of 

the Au-Cu layer can be obtained from equation (3) [29]. 

mt alloy = � 
MAu+iAt

nAu+F
� + � 

MCu+iAt

nCu+F
�                                                                                                (3) 

2.2. Optimization of conditions for the production of samples with 75% gold in the alloyed 
layer 

At first, the parameters affecting the electrochemical deposition of Au-Cu alloy were 
optimized in a way that the percentage of gold in the alloy of the electrodeposited samples 
approaches to a value around 75% weight percentage (18 K or 750 K), which is equivalent to 
the international official carats and national standards of Iran. Pulsed current parameters, gold 
ions concentration, potassium cyanide, and bath temperature were optimized by one "factor at 
a time" method to forming of Au-Cu alloy layer with the desired gold content. The pulse on 
and off-time parameters were set to 0.01 s time scale. Thickness measurements of the formed 
layers were carried out using SEM CamScan MV2300 scanning electron microscope equipped 
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with EDX Bruker XFlash6l10 to accurately determine the percentage of elements in the alloy. 
To investigate the stabilization conditions of the standard gold content (75% wt. % Au) in Au-
Cu alloy deposition, the alloyed layers were electrochemically formed from cyanide electrolyte 
bath using a 10% duty cycle and pulsed current on the pure silver cathode in the first place. 
 
2.3. Rate and efficiency optimization of Au-Cu alloy electrodeposition 

The deposition rate and the efficiency of the deposited layer were also optimized by varying 
the duty cycle percentage parameter (% θ) from 20 to 90%. The highest electrodeposition rate 
with the highest percentage of gold was also selected. 
 
2.4. Weight survey of the formed Au-Cu alloy samples 

The cathode samples were completely dried by hot air before and after electrochemical 
deposition and weighed according to ISO 1940-1: 2003 (E) [30]. The laboratory scale used for 
weighing had 0.0001 gr precision and was auto-calibrated. The weighting of each sample had 
the lowest error in comparison to the previous weighting of samples. 
 
2.5. The thickness of Au-Cu alloy layers deposited on the cathode 

The thickness evaluation of the formed layers under optimum conditions of pulsed current 
was done by SEM CamScan MV2300 scanning electron microscopy. 

 
2.6. EDS analysis from the cross-section of deposited Au-Cu alloy layers  

Percentage determination of gold and copper metal contents present in the formed layers 
under optimized pulsed current conditions was performed by the EDX Bruker XFlash6l10 
system. 
 
2.7. Influence of pulsed current on the percentage of gold in deposited alloy layers 

By comparing the gold content in the pulsed samples, it was observed that the use of the 
pulsed current in the gold alloy deposition led to the weight percentage of gold reach the desired 
amount in the alloy. The results showed that increasing the current density would increase the 
weight of the alloy and decrease the percentage of gold content in the alloy. By comparing the 
gold content in the pulsed samples, it can be determined that the use of pulsed current and other 
optimized parameters in the gold alloy electrodeposition results in the approximation of the 
weight percentage of gold to the optimum amount in the alloy. 
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2.8. Comparison of Au-Cu alloy deposition with pulsed current 

In Au-Cu electrochemical deposition with high thicknesses, the percentage control of 
alloying metals besides the weight and the thickness of the formed layer is influenced by 
various parameters, in particular, the current density. Under stabilized electrodeposition 
conditions and in the case of using the same current density value, the pulsed current 
significantly increased the deposition rate. Deposition rate increased up to 30% duty cycle. Due 
to reaching to the highest gold content and deposition rate, electrodeposition with this duty 
cycle was selected as the optimized one and the results of this effect were compared with the 
theoretically calculated values. 
 
2.9. Heat treatment of sequenced Au-Cu alloy layers 

The Au-Cu alloy depositions formed on the silver substrate are brittle, which are not 
suitable for cross-sectional cutting and preparation for recording SEM microscopy 
micrographs. Therefore, heat treatment (400-500 °C) was carried out in an ammonia furnace 
for 15 to 20 min [26]. 
 

3. RESULTS AND DISCUSSION  

To investigate the stabilization conditions of the standard gold content (75% Au wt.%) in 
Au-Cu alloy deposition, the alloy layers were electrochemically formed from cyanide 
electrolyte bath using pulsed current on the pure silver cathode in the first place. 

 
3.1. Optimization of Au-Cu deposition to form a gold alloy with a weight percentage of 
75% wt. Au 

According to the method of "one factor at a time", the other parameters were kept constant 
and only the pulsed current density parameter was changed in the range of 2-12 mA

cm2 and 

different samples were electrodeposited. The precise weights and the composition of the 
deposited samples were reviewed by an analytical scale with 0.0001 g accuracy and EDS 
device to obtain the best value for the current density parameter to reach an optimum amount 
of gold, respectively. After determining the optimum value of the current density, the optimum 
values of this parameter was used in subsequent experiments. The other parameters were 
optimized as well. The various values used to optimize the pulsed current parameters are 
presented in Table 1. Increasing the current density will increase the weight of the alloy and 
decrease the amount of gold in the alloy. The different values considered for the pulsed current 
in the range of 2-12 mA

cm2 besides the weight percentages of gold and the weights of the alloys 

obtained for each sample are also presented in Table 1. By comparing the gold values in the 
pulsed samples, it is found that the use of the pulsed current in the gold alloy electrodeposition 
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brings the weight percentage of gold closer to the optimum amount in the alloy. After 
determining the optimum current density, the rest of the parameters were kept constant to 
determine the optimum concentration of gold in the solution and only the gold concentration 
parameter in the solution was changed to different values and the samples were deposited. Due 
to the optimum amount of gold weight (75.2%) at a concentration of 6 g/L, this concentration 
was selected as the optimum value. Different values of gold concentration in each case besides 
gold weight percentage and alloy weight are presented in Table 1.  
 
Table 1. Values of various parameters to optimize current density, gold concentration, 
potassium cyanide concentration in solution and bath temperature in stabilizing of gold content 
in the alloy 
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After obtaining the optimum values of current density and gold concentration, the 
remaining parameters were kept constant to reach the optimum amount of potassium cyanide 
concentration in solution and only the potassium cyanide concentration parameter was changed 
to different values. The different amounts of deposition weight and the percentage of gold 
obtained in the deposition are presented in Table 1. To make alloy deposits with the desired 
weight percentage of gold, the other parameters were kept constant except for bath temperature 
and samples were electrodeposited at different temperatures. The different values used to 
optimize temperature, deposit weight and percentage of gold in each sample, are also presented 
in Table 1. 

Figure 1 shows a graph of the pulsed current density changes with the percentage of gold 
in the electrodeposited alloy layer. The diagram shows that the layer formed with a current 
density value of 6 𝐦𝐦𝐦𝐦

𝐜𝐜𝐦𝐦𝟐𝟐 has 74.8% wt. Au and as it is the closest value to 75% wt. These values 

have been chosen as the pulsed current density for the deposition of this alloy. 
 

 
 
Fig. 1. Diagram of changes in the percentage of gold with an average current density in 
electrodeposited samples to determine the optimum pulsed current density 
 

Figure 2 shows the graph of changes in the concentration of gold with the percentage of 
gold in the electrodeposited alloy layer. The graph shows that the formed layer with a 
concentration of 6 𝐠𝐠𝐠𝐠

𝐥𝐥𝐥𝐥𝐥𝐥
  which has 75.2% wt. Au has been chosen as the optimum concentration 

of gold to deposit this alloy. 
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Fig. 2. Diagram of changes in the percentage of gold in the formed layers with different 
amounts of gold concentration in alloy solutions to determine the optimum concentration of 
gold 
 

Figure 3 shows a graph of the changes in the concentration of potassium cyanide with the 
percentage of gold in the electrodeposited alloy layer. The graph shows that the weight 
percentage of gold in the alloy is directly proportional to the concentration of potassium 
cyanide in the bath and the formed layer with a concentration of 24 𝐠𝐠𝐠𝐠

𝐥𝐥𝐥𝐥𝐥𝐥
 potassium cyanide has 

0.75% wt. Au that has been selected as the optimum concentration of potassium cyanide for 
deposition of Au-Cu alloy. 

 

 
Fig. 3. Diagram of changes in the percentage of gold in the formed layers with different 

amounts of potassium cyanide concentrations in alloy solutions to determine the optimum 
concentration of potassium cyanide 
 
Figure 4 shows the diagram of changes in bath temperature values with the percentage of gold 
in the electrodeposited alloy layer. The graph shows that the weight percentage of gold in the 
alloy has an inverse relation with the bath temperature, and the formed layer at 66 °C has 74.9% 
wt. Au that has been chosen as the optimal bath temperature for deposition of the Au-Cu alloy. 
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Fig. 4. Diagram of changes in gold percentage in the formed layers with different values of 
bath temperature to determine its optimum value 
 

Figure 5 shows the diagram of the changes in pulsed current density, gold concentration, 
potassium cyanide concentration, and bath temperature values with the percentage of gold in 
the electrodeposited alloy weight.  

 

 
                                     (a)                                                                          (b) 

 
                                       (c)                                                                      (d) 
Fig. 5. Diagram of the weight changes of the electrodeposited alloy by pulsed current density 
(a); gold concentration (b); potassium cyanide concentration (c); and bath temperature value 
(d) 
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The diagram shows that the weight of the formed layers increases with increasing current 
density and at the current density of 6mA

cm2, the deposition weight has reached 220.432 mgr. In 

addition, since it has the best percentage of gold (74.8% wt. Au), this value has been selected 
as the optimum weight of Au-Cu alloy samples in this section. The weight of the formed layers 
decreased with increasing concentration of gold in solution and at 6𝐠𝐠𝐠𝐠

𝐥𝐥𝐥𝐥𝐥𝐥
, the deposition weight 

was 229.316 mgr. Since it contains 75.2 wt. % Au this value has been chosen as the optimum 
weight of Au-Cu alloy samples in this section. The weight of the formed layers decreased with 
increasing concentration of potassium cyanide in the solution and at 24𝐠𝐠𝐠𝐠

𝐥𝐥𝐥𝐥𝐥𝐥
, the deposition weight 

was 216.657 mgr. As it has 75% wt. Au this value has been selected as the optimum weight of 
Au-Cu alloy samples in this section. The deposition weight of the bath temperature was 
240.385 mgr and as it has 74.9% wt. Au, it has been chosen as the optimum weight of Au-Cu 
alloy samples here. The values obtained for each parameter in optimizing the percentage of 
gold in the pulsed current deposition (in the 10% duty cycle) to electrodeposit samples with 
around 75% wt Au are summarized in Table 2 

 
 Table 2. Optimized conditions of Au-Cu alloy electrochemical deposition with pulsed current 
(θ=10%) to stabilize 75 wt.% gold in the alloy 
 

Temp  
(˚C) 

𝐂𝐂𝐂𝐂𝐂𝐂− 
(g/L) 

𝐂𝐂𝐂𝐂𝐂𝐂+ 

(g/L) 

𝐂𝐂𝐦𝐦𝐂𝐂+ 

(g/L) 
Average 
C.D 

�
𝐦𝐦𝐦𝐦
𝐜𝐜𝐦𝐦𝟐𝟐� 

66 24 55 6 6/0  

 

3.2. Comparison of gold percentage values in electrodeposited samples with pulsed 
current (at 10% duty cycle) in Au-Cu thick layers 

In high-thickness Au-Cu electrochemical deposition, the percentage control of alloying 
metals, the weight and the thickness of the formed layer is influenced by various parameters 
especially the current density. Under stabilized electrodeposition conditions and in the case of 
using the same current density value, the pulsed current significantly increases the deposition 
rate [32]. Figures 6 and 7 show the SEM micrograph and EDS analysis of the Au-Cu deposit 
cross-section with the pulsed current which has been formed at the same optimum condition 
with mean pulsed current density values of 6 mA

cm2 and the average thickness of the layer. The 

mean layer thickness formed by the pulsed current is about 151 μm with 74.4% wt Au. 
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Fig. 6. SEM micrograph from the cross-sectional area of the electrodeposited samples to 
measure the average thickness of the layers with a pulsed current of 10% duty cycle 
 

 
Fig. 7. EDS Analysis from the cross-sectional area of the electrodeposited samples to measure 
the amount of gold in the layers, 74.4 wt. % with 10% pulsed current in the duty cycle 
 
Table 3. Effect of pulsed mean current density (0.6(𝐦𝐦𝐦𝐦

𝐜𝐜𝐦𝐦𝟐𝟐)) on 10% duty cycle on weight, gold 

percentage, current efficiency and alloy deposition rate over 240 min 
 

𝐑𝐑𝐚𝐚𝐚𝐚𝐠𝐠 

(
µ𝐦𝐦
𝐦𝐦𝐥𝐥𝐦𝐦

) 
𝛆𝛆 % 
(%) 

𝐓𝐓𝐚𝐚𝐚𝐚𝐠𝐠 

m)µ) 
𝐓𝐓𝐥𝐥𝐭𝐭 

m)µ) 
𝛕𝛕 

(min) 
A 

(𝐜𝐜𝐦𝐦𝟐𝟐) 
Alloy 
(%) 

𝐦𝐦𝐚𝐚𝐥𝐥𝐥𝐥𝐚𝐚𝐚𝐚 

[63] 

𝐈𝐈𝐚𝐚𝐚𝐚𝐠𝐠 

(
𝐦𝐦𝐦𝐦
𝐜𝐜𝐦𝐦𝟐𝟐) 

𝛉𝛉 
(%) 

Cu Au 

629/0  3/94  151 160 240 1 256 744 211/153  6/0  10 

 
Table 3 shows the influence of pulsed current on the weight of the layers, the percentage 

of gold, the current efficiency and the electrochemical deposition rate of the Au-Cu formed 
layers which has been obtained in 240 minutes under optimized conditions. 
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3.3. Effect of duty cycle percentage changes on gold weight percentage in Au-Cu Alloy 
Table 4 shows the effect of the duty cycle percentage change in the range of 20 to 90% on 

the weight percentage of gold in the Au-Cu alloy, with keeping other parameters constant. As 
can be seen in Table 4, electrodeposition with a 30% duty cycle was chosen as the optimized 
duty cycle due to the highest gold weight percentage (74.4 wt. %) and its closeness to the value 
75 wt. %. 
 
Table 4. Influence of duty cycles changes on gold weight percentage values in pulsed current 
precipitated samples 
 

𝛕𝛕 
(min) 

Alloy 
(%) 

A 
(𝐜𝐜𝐦𝐦𝟐𝟐) 

𝐈𝐈𝐚𝐚𝐚𝐚𝐠𝐠 

(
𝐦𝐦𝐦𝐦
𝐜𝐜𝐦𝐦𝟐𝟐) 

𝛉𝛉 
(%) 

Cu Au 
240 267 732 1 6/0  20 
240 256 744 1 6/0  30 
240 265 743 1 6/0  40 
240 273 741 1 6/0  50 
240 257 738 1 6/0  60 
240 269 734 1 6/0  70 
240 273 727 1 6/0  80 
240 260 725 1 6/0  90 

 
Table 5. Influence of duty cycle changes on alloy weight and electrodeposition rate in the 
precipitated sample with pulsed current and their comparison with theoretically obtained values 
 

𝐑𝐑𝐚𝐚𝐚𝐚𝐠𝐠 

(
µ𝐦𝐦
𝐦𝐦𝐥𝐥𝐦𝐦

) 

𝐓𝐓𝐚𝐚𝐚𝐚𝐠𝐠 
(µm) 

𝐓𝐓𝐥𝐥𝐭𝐭 
(µm) 

𝛕𝛕 
(min) 

𝛒𝛒𝐚𝐚𝐥𝐥𝐥𝐥𝐚𝐚𝐚𝐚 

(
𝐠𝐠𝐠𝐠
𝐜𝐜𝐦𝐦𝟑𝟑) 

A 
(𝐜𝐜𝐦𝐦𝟐𝟐) 

𝐦𝐦𝐚𝐚𝐥𝐥𝐥𝐥𝐚𝐚𝐚𝐚 
(gr) 

𝐈𝐈𝐚𝐚𝐚𝐚𝐠𝐠 

(
𝐦𝐦𝐦𝐦
𝐜𝐜𝐦𝐦𝟐𝟐) 

𝛉𝛉 
(%) 

679/0  163 173 240 74/14  1 255/0  6/0  20 
841/0  202 210 240 90/14  1 313/0  6/0  30 
725/0  174 184 240 79/14  1 272/0  6/0  40 
695/0  167 174 240 65/14  1 254/0  6/0  50 
687/0  166 173 240 90/14  1 258/0  6/0  60 
683/0  165 172 240 74/14  1 254/0  6/0  70 
566/0  136 144 240 65/14  1 211/0  6/0  80 
487/0  117 124 240 91/14  1 185/0  6/0  90 

 

3.4. Effect of duty cycle percentage changes on Au-Cu alloy electrodeposition rate 

The effect of the changes in the duty cycle percentage of the deposition rate of the Au-Cu 
alloy was also investigated under the optimized conditions of other parameters. The rate of 
deposition in the duty cycle of 30% had the highest value equal to 0.841 𝜇𝜇𝜇𝜇

 𝜇𝜇𝑚𝑚𝑚𝑚
.  
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Fig. 8. EDS analysis of electrodeposited samples under optimum conditions with mean current 
density of 0.6(𝐦𝐦𝐦𝐦

𝐜𝐜𝐦𝐦𝟐𝟐). The percentages of gold in samples in different duty cycle (20 to 90%) are 

(a) 73.24); (b) 74.33; (c) 73.57; (d) 72/72; (e) 74.32; (f) 73/19; (g) 72/72 and (h) 74.02%, 
respectively. 
 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
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Having 74.4 wt. % of gold in the alloy, this deposition rate is greater than some of the 
commercial electrochemical forming processes of gold artifacts (Approx. average of 0.5 𝜇𝜇𝜇𝜇

 𝜇𝜇𝑚𝑚𝑚𝑚
). 

 
 
     
 
 
 
 
 
 
 

(a)                                                  (b)                                                           (c) 
                                                  

   
  
 
 
 
 
 
 
               (d)                                                    (e)                                                        (f) 

    
                                                     (g)                                                  (h) 
Fig. 9. SEM micrographs from cross-sections of the electrodeposited samples under optimum 
conditions with mean current density of 0.6(𝐦𝐦𝐦𝐦

𝐜𝐜𝐦𝐦𝟐𝟐). Mean thickness of samples in different duty 

cycles (20% - 90%) is (a) 163; (b) 202; (c) 174; (d) 167; (e) 166; (f) 165; (g) 136 and 117 (h) 
µm respectively 
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Table 5 shows the effect of duty cycle changes in the optimum average current density of 
6 (𝐦𝐦𝐦𝐦

𝐜𝐜𝐦𝐦𝟐𝟐) on the Au percentage in the alloy, the deposited weight, the layer thickness and the 

electrochemical deposition efficiency of the Au-Cu alloy. Depositing with a 30% duty cycle 
was chosen as the optimized duty cycle due to reaching the highest gold content (74.4 wt. %) 
and electrodeposition rate (0.841 𝜇𝜇𝜇𝜇

 𝜇𝜇𝑚𝑚𝑚𝑚
). The results of this effect are compared with the 

theoretically calculated values. 
Figures 8 and 9 show the SEM-EDX analysis and cross-sectional micrographs of all formed 

layers with a different duty cycle (20–90%) deposited with the same values of the other 
parameters. 
 

4. CONCLUSION 

The values obtained for each parameter in optimizing the percentage of gold in pulsed 
current depositing (at 10% duty cycle) to electrodeposited samples with an approximate value 
of 75 wt. % Au in the alloy were as follows: current density of 6 (𝐦𝐦𝐦𝐦

𝐜𝐜𝐦𝐦𝟐𝟐), gold concentrations of 

6 g/L and potassium cyanide concentration of around 24 g/L. The optimum temperature of the 
Au-Cu alloy deposition bath at high thicknesses under the optimized condition of pulsed 
current was 66 ˚C, at which the formed layers had the optimum gold content in the alloy and 
the electrodeposition rate was optimized. Increasing the duty cycle means reducing the pulse 
off-time, and if the pulse off-time becomes too short, the electric double layer would not have 
sufficient growth time, and its thickness decreases. The results of deposition of pulsed Au-Cu 
alloy under optimum conditions show that with a 30% duty cycle, the percentage of gold in the 
alloy reached 74.4% and the deposition rate of the alloy became 0.8� µm

min
�. These results show 

the effect of pulsed current on increasing the electrodeposition rate of Au-Cu alloy confirming 
the previous studies on the effect of pulsed current on increasing the deposition rate of Au-Cu 
alloy. 
 

REFERENCES  

[1] B. Bozzini, and P. L. Cavallotti, J. Appl. Electrochem. 31 (2002) 897. 
[2] H. Tang, T. F. M. Chang, N. C. Y. Chen, T. Nagoshi, D. Yamane, T. Konishi, and K. 

Machida, Novel Metal Electrodeposition and the Recent Application (2018). DOI: 
10.5772/intechopen.80755. 

[3] O. Hosu, M. M. Barsan, C. Cristea, R. S. Andulescu, and C. M. A, Brett, Electrochim. 
Acta 232 (2017) 285.  

[4] O. Hosu. M. M. Barsan. C. Cristea, R. S.   Andulescu, and C. M. A. Brett, Microchim. 
Acta 184 (2017) 3919. 

[5] Huo. B, Tong. S, and Li. Y, Int. J. Syst. Sci. 44 (2013) 2365.  



Anal. Bioanal. Electrochem., Vol. 11, No. 9, 2019, 1270-1288                                           1287 

[6] W. Giurlani, G. Zangari, F. Gambinossi, M. Passaponti, E. Salvietti, F. Benedetto, S. 
Caporali, and M. Innocenti, Coatings 8 (2018) 260. 

[7] P. G. Globa. E. A. Zasavitsky, V. G. Kantser, S. P. Sidelinikova, and A. I. Dikusar. 
Mesoscale and Nanoscale Phys. 177 (2007) 0707. 

[8] W. Canning. The Canning Handbook of Surface Finishing Technology, New Delhi, India 
(2005). 

[9] C. Shanthi, S. Barathan, R. Jaiswal, and R. M. Arunachalam, Indian J. Eng. Mater. S 16 
(2009) 2.  

[10] C. G. Kuo. C. Y. Hsu. J. H. Chen, and P. W. Lee. Adv. Mech. Eng. 9 (2017) 1.  
[11] M. Kolli, and A. Kumar, Jestech 8 (2015) 524. 
[12] M. Innocenti, W. Giurlani, M. Passaponti, A. De Luca, and E. Salvietti Substantia 3 

(2019) 29. 
[13] C. Shanthi, S. Barathan, R. M. Arunachalam, and K. Karunakaran, Int. J. Chem. 2 (2010) 

1.  
[14] D. Landolt, and A. Marlot, Surf. Coatin. Technol. 169 (2003) 8. 
[15] E. G. Wolfgang, and S. R. Hansal. Pulse Plating, Leuze, Germany (2012). 
[16] H. Karami, and H. Babaei, Electrochem. Sci. 7 (2012) 601.  
[17] S. Kumar, S. Pande, and P. Verma, Int. J. Current Eng. Technol. 5 (2015) 700.   
[18] G. Zangari, Coatings 5 (2015) 195. 
[19] J. J. Mallett, W. Shao, D. Liang, and G. Zangari, Electrochem. Solid-State Lett. 12 (2009) 

57. 
[20] L. T. DeFarias, A. S. Luna, D. C. Baptista, and L. F. DeSenna, Mat. Res. 11 (2008) 1.  
[21] W. G. Davenport, Gold Alloys, Science Direct, 5th Edition (2011). 
[22] T. Hanawa, Gold Alloys, Science Direct (2011).  
[23] F. Durut, R. Botrel, E. Brun, S. L. Tacon, C. Chicanne, O. Vincent-Viry, M. Theobald, 

and V. Vignal, Fusion Sci. Technol. 70 (2016) 341. 
[24] Y. Xu, X. Ke, C. Yu, S. Liu, J. Zhao, G. Cui, D. Higgins, Z. Chen, Q. Li, and G. Wu, 

Nanotechnology 25 (2014) 445602. 
[25] E. Brun, F. Durut, R. Botrel, M. Theobald, O. Legaie, I. Popa, and V. Vignal, J. 

Electrochem. Soc. 158 (2011) D223. 
[26] B. Seo, S. Choi, and J. Kim, ACS Appl. Mater. Interf. 3 (2011) 441. 
[27] A. Kumar, J. M. Gonçalves, A. Sukeri, K. Araki, and M. Bertotti, Sens. Actuators B 263 

(2018) 237. 
[28] M. Paunovic, and M. Schlesinger, Fundamentals of Electrochemical Deposition, Second 

Edition, John Wiley & Sons, Inc, (2006). 
[29] P. Radhakrishnamurty, Bulletin of Electrochem. (1999) 252.  



Anal. Bioanal. Electrochem., Vol. 11, No. 9, 2019, 1270-1288                                           1288 

[30] Mechanical vibration-Balance quality requirements for rotors in a constant (Rigid)     
state-Determination of gold in gold jewelry alloys - Cupellation method (fire assay), ISO 
(2003) 1940.  

[31] C. W. Corti, Recent Electroforming Developments, Ganoksin Jewelry Making 
Community (2003). 

[32] M. Sajjadnejad, H. Omidvar, and M. Javanbakht, Int. J. Electrochem. Sci. 12 (2017) 
3635. 

 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright © 2019 by CEE (Center of Excellence in Electrochemistry) 

ANALYTICAL & BIOANALYTICAL ELECTROCHEMISTRY (http://www.abechem.com) 

Reproduction is permitted for noncommercial purposes. 

http://www.abechem.com/

