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ABSTRACT

The impact of effective parameters on the electrodeposition rate optimization of Au-Cu alloy at high thicknesses on the sil-
ver substrate was investigated in the present study. After ensuring the formation of gold alloy deposits with the desired and
standard percentage of gold with the cartage of 18K and other standard karats that should be observed in the manufacturing
of the gold and jewelry artifacts, comparing the rate of gold-copper deposition by direct and pulsed current was done. The
rate of deposition with pulse current was significantly higher than direct current. In this process, the duty cycle parameter
was effectively optimized by the”one factor at a time” method to achieve maximum deposition rate. Particular parameters
in this work were direct and pulse current densities, bath temperature, concentration of gold and cyanide ions in electrolyte,
pH, agitation and wetting agent additive. 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 revealed that the Au-
Cu alloy layer formed with concentrations of 6gr-L”" Au, 55gr-L" Cu, 24 gr-L"' KCN and 1 mI-L"' Lauryl dimethyl amine
oxide (LDAO) in the 0.6 mA-cm™ average current density and 30% duty cycle, had 0.841 pm-min” Which was the highest
deposition rate. The use of electrodeposition of pure and alloy gold thick layers as a production method can reduce the use
of gold metal in the production of hallow gold artifacts, create sophisticated and unique models, and diversify production
by maintaining standard karats, hardness, thickness and mechanical strength. This will not only make the process eco-
nomical, it will also provide significant added value to the gold artifacts. By pulsating of currents and 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. 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 depo-
sition rate of Au-Cu alloy.
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1. Introduction

The modern electroplating was first introduced in
18th century [1]. Until the present, many studies have
been done of electrodeposition. Giurlani et al. [2]
have provided a brief history of the use of this
method. In electrodeposition different parameters
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such as the electrolytic composition, deposition tem-
perature, applied current density, and pH of the solu-
tion can be regulated [3]. 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 [4]. Alloy gold layers, which are
formed by the electrochemical deposition method,
are characterized by a certain gold percentage,
mechanical properties, hardness and ductility for
making gold artifacts. Gold electrolytes are widely
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utilized in the production of hollow artifacts of gold-
jewelry and watch cases, which have standard gold
values, by using an electrochemical deposition
method with various combinations of alloy baths.
These layers are very shiny, uniform, ductile and yet
capable of creating more thicknesses [5].

Such layers are usually formed with cyanide based
gold solutions with a concentration of gold up to
10 gr-L!, and thicknesses of about 150 to 200 pm are
obtained at a maximum current density of 8 mA-cm™
[6]. Formation thick layers by these solutions
requires a relatively large amount of time. The two
main types of alloyed baths used to produce thick
electrodeposits include: (1) alkaline-cyanide baths,
mostly of gold-copper-cadmium and gold-copper
baths, and (2) acidic baths containing citrate and
EDTA compounds [6].

In recent years, novel electrochemical processes
have developed [7,8]. The features of products in
electrodeposited metals is influenced by various
deposition parameters [9]. There are many recorded
reports about the use of pulsed current in the thick
deposition of gold and its alloys. Some of the electro-
lytes have used high concentrations of gold and even
gold anodes are suggested for these baths. Reaching
proper deposition rate is one of the basic issues in
creating thick gold and its alloys in the production of
gold artifacts by electroforming [10-11]. The rate of
gold electrodeposition with these solutions to pro-
duce high thickness layers in alkaline solutions and
especially cyanide is at about 0.5 micron 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
[12-13], as well as the surface roughness [14-15].
However, increasing the direct current density
reduces the quality of the deposited layers. One of the
goals of using pulse current is to achieve the accepted
thickness at a shorter time, having the desired alloy-
ing properties, as well as its mechanical properties. In
order to compare the structure of deposits and the rate
of deposition with direct current and pulse current,
the average current rate of the pulsed current is used
[12-13].

Some of the most important advantages of deposi-
tion with pulsed current, especially in the formation
of thick layers, include increased deposition rate and
efficiency, the formation of higher density and fine-
grained layers, much less variation in the thickness of

the layers in different points of the surface and less
need for organic additives than direct current [16].

The use of pulsed current provides the basis for
formation a denser layer than direct current, which
results in an increase in the nucleation rate and the
deposition of fine-grained layers [17-18]. In direct
current deposition, the only variable is the current
density, but in pulsed electrodeposition, at least three
parameters including the pulse height (I,,), on-time
and off-time of pulses, which are different in deposi-
tion processes, can be optimized. Typically, the pulse
on-time can vary from 1.0 to 9.9 milliseconds and the
pulse off-time varies from 1 to 99 milliseconds.
Using an ampere meter will show the average current
density. In order to have the same deposition rate
using pulse current instead of direct current, the aver-
age current density should be equal to direct current
[19]. By using the pulse current at each instant, the
current density can be adjusted by the time the pulse
is switched on and off. By carefully selecting the
optimal electrochemical parameters of metals and
alloys deposition, the properties of the deposited lay-
ers can be very carefully controlled. By adjusting the
pulse current parameters, in comparison with the
direct current and passing the same values of electric-
ity from the electrolyte, there will be a significant
increase in the deposition rate of the layers [11].

The aim of this investigation according to the low
electroforming rate of alloyed gold, was the deposi-
tion of Au-Cu layers by direct and pulsed current and
optimization of working conditions by pulse current
to the achieve maximum deposition rate which can
be higher than some commercial processes.

2. Experimental

2.1. Materials

Potassium cyanide, Copper (I) Cyanide, Lauryl
Dimethyl Amine Oxide (LDAO), Sodium hydroxide
and Sulfuric acid were purchased from Merck and
potassium gold cyanide was purchased from Umi-
core GmbH.

2.2. Research Instruments

Electrodeposition bath was a Pyrex glass with a
diameter of 110 mm and a height of 140 mm in the
volume of one liter. The temperature control in the
bath was performed with an IKA C-MAG HS7 heater
with accuracy of £0.1°C. The anodes are platinized-
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titanium mesh beads with dimensions of
80x100 mm, which were fixed in the wall of a bea-
ker. Pure silver was prepared as cathode in the
dimensions of 1 cm? and 1mm thick by casting, and
then by finishing and polishing operations [5]. The
agitation of the solution was carried out by a mag-
netic stirrer. The pH of the bath was also adjusted by
the HANNA HI 98107 pH meter. All experiments
were performed by the pulsed power supply of the
SL20 PRC switch mode, made in Iran. The current
density (pulse and direct) in the range of (2-
12 mA-cm™) was used to study the thickness and
deposition rate of the layers. Before and after deposi-
tion, weighing of the cathodes was carried out using
the Sartorius GK1203 analytical balance with a preci-
sion of 0.0001 g. EDX Bruker XFlash6110 to deter-
mine the percentage of gold and copper elements in
the alloy were carried out. The thickness evaluation
of the formed layers under optimum conditions of
pulsed current was done by SEM CamScan MV2300
scanning electron microscopy.

2.3. Procedure

In this research, having the necessary conditions
for the formation of gold-copper alloy layers with a
specified percentage (standard karat of gold, wt.75%
Au), and comparison of the deposited alloy layers
with direct and pulsed current at 10% duty cycle,
resulted in an approximate accepted gold percentage
in the deposited alloys. In order to achieve the maxi-
mum rate of gold-copper alloy deposition, by using
pulse current, the optimization of deposition rate was
done by changing the duty cycles from 20 to 90%.
Duty cycle values changed with other factors remain-
ing constant, this method is called “one factor at a
time” [20].

During the pulse electrodeposition, the percentage
of duty cycle (% 0) represents the percentage of total
pulse cycle time [11] and is calculated from the fol-
lowing equation:

%Duty Cycle = —2
oDuty Cycle T
on ' of

In this process, the average flow density (I,y,) is:

x 100 (1)

tOVI (2)

Pulse height or lavg = 1
pton + tu/f

Where I, and I, are the mean values of the aver-
age current density and pulse current density [11].

The theory thickness (Tiheory) in micrometers, also

follows the relation
m, % 10*

It is calculated that m, is the mass of the deposited
layer in grams, A is the cathode surface area in cm?
and Py, and the density of the deposited layer is in
grams per cubic centimeter [21].

In this study, the pure silver cathodes were used as
substrate with dimension of 1 cm x 1 cm. Prior to the
electrodeposition, the samples were catholically
degreased with a 10% sodium hydroxide solution,
and washed with ion-free water and neutralized with
5% sulfuric acid solution and finally washed with D.I
water [5]. The electrodeposition bath was a 1000 mL
cylindrical beaker and platinized titanium anodes
were used. The laboratory heater/stirrer was used for
heating and agitation. A gold-copper alloy can gener-
ally be deposited from a cyanide bath containing
KCN, K,Cu(CN);, KAu(CN), and a small amount of
C14H3NO as the wetting agent [22-23]. The deposi-
tion process was carried out by the pulsed power sup-
ply (SL20 PRC) switch mode and the deposition time
in all of samples was 240 min. The current density
(pulse height) values were I, = 2-12 mA-cm?, the on
time (T,,) pulsed was 0.01 s-0.09 s and the off time
(Totr) pulsed were varied as invert on time values.
After electrodeposition, the samples were removed
from the electrolyte solution, washed with distilled
water and dried at 70°C hot air and annealed at 450°C
for 20 min. The layers of the gold-copper alloy was
the formation on the silver substrate from 18-35 gr-L™!
Potassium cyanide, 55 gr-L"'Copper as Potassium
copper (I) cyanide, 5-10 gr-L™' Gold as Potassium
gold cyanide and 0.5-1.75 mL-L"' LDAO [24]. The
pH of the solution was adjusted to 11.5-12.5 [23] by
adding NaOH and/or H;PO4 10%, at 60-70 (°C) tem-
perature. In this work, first, the current density was in
the range of 2-12 (mA-cm), the gold and potassium
cyanide concentration, the bath temperature, pH, agi-
tation at 50-175 rpm and the amount of additive were
carried out by one factor at a time method, in order to
check the rate of deposition of the Au-Cu deposited,
alloys (containing approximate wt.% 75 Au) were
optimized [25]. Due to the possibility of changes in
the deposited alloy karats, changing in the concentra-
tion of copper in the solution were not done, and in
all experiments, the concentration of copper was con-
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stant and 55 gr-L"'[26]. Then, the deposition rate and
the efficiency of the layers were investigated by pul-
sating with the help of changing the parameters of
various duty cycles. Pulse on and off time parameters
were set at 0.01 seconds [19]. Formation of layers
with the same values of electricity, will be thicker
than the direct current if the pulse current is applied.
By applying a certain amount of potential during a
pulse cycle, the potential decreases with a pulse off-
time, and because of this, the electrochemical reduc-
tion is also observed during the off-time period [13].

Thickness measurement of the formed layers was
performed using the SEM CamScan MV2300 scan-
ning electron microscope and the alloy composition
determination were done with EDXBruker
XFlash6110.

3. Results and Discussion

In this investigation, a thick gold-copper layer was
deposited by the direct and pulsed current on pure sil-
ver substrate by a cyanide base solution. The opti-
mized working conditions were selected for the
formation of a gold-copper alloy layer from a range
of parameters including current density, gold and
potassium cyanide concentration, temperature, pH,
agitation, wetting agent and duty cycle at 2-12
(mA-cm, 5-10 (gr-L™"), 18-35 (gr-L™"), 60-70°C,
11.5-12.5, 50-175 rpm, 0.5-1.75 mI-L"' [23-27]. The
details of the optimization process are discussed in
the following sections.

3.1. Determination of the Au-Cu electrodeposition
condition

The deposition of gold-copper with the 6 mA-cm?,
direct current density was done according to previous
works where the bath composition (at 65°C) was
7.5(gr-L'Au asKAu(CN),, 55(gr-L"'Cu as
K,Cu(CN); and 24(gr-L™")KCN [23-27]. This bath
composition is used to produce standard 18k gold
alloy layers for gold-jewelry artifacts and watch
cases [24-27]. The thickness of the deposited layer by

the above gold-copper solution was investigated by
SEM (Fig. 1).

The mentioned bath composition produced repeat-
able gold-copper electrodeposited layers with stan-
dard and well-considered gold content in deposited
alloy [28]. Table 1 shows the results of gold-copper
deposition by direct current and the deposited mass,
gold percent and thickness of layer in 240 min.

3.2. Effect of pulsed current on electrodeposition
rate

By applying the same amount of current density
values, the pulse current will be significantly
increased in comparison with direct current [11]. The
deposition of metallic nano films by uniform and
defect-free structures is of significant value [29]. For
optimization of the deposition rates for the formation
of deposits with the thicker layers, under the follow-
ing conditions (Table 2), gold-copper deposition was
done.

Au-Cu deposited layer was achieved with pulsed
currents at 10% duty cycle (0.01 s On-time and 0.09 s

Fig. 1. The SEM image of average thickness of the
deposited layer cross-section, 82 pm with 6 mA-cm™ direct
current within 240 min

Table 1. Specifications of the gold-copper deposition by direct current (deposited mass, gold content and thickness of

layer) in 240 min.

Direct current Density Moy Alloy Composition (ppt) A Palloy T Tave T
(mA-cm?) (mgr) Cu Au (cm?) (grem™) (pm) (um) (pm)
6 82.327 267 733 1 14.49 88 82 240
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Table 2. Optimized conditions of the Au-Cu electrodeposition for stabilization of gold content in deposited alloy (Approx.

wt. % 75 Au)

C C C

Direct Current Density AUt oN' CcN Agitation Temp pH Additive
mA-cm” . . . m °C ml-L"!
(mA-cm?) N () (0 (mI-L")
6 66 55 24 100 66 12 1

Table 3. Effect of average pulse current density on deposited mass, gold content and thickness of layer in 240 min under

optimum conditions

Pulse height Alloy Composition
Ty Ty 6 CUTEN g, (o0 L Pyt Ta Ty
s s % Ve r cm rem” min m m
© O ) e @) o ) (@en?) (min) (um) ()
0.01  0.09 10 0.6 153.211 256 744 1 14.92 240 160 151

Fig. 2. The SEM image of average thickness of the
deposited layer cross-section, 151 pm with 0.6 mA-cm?
Current (10% duty cycle, 0.01 s on-time and 0.09 s off-
time), within 240 min.

Off-time), under the same conditions presented in
Table. 2. Fig. 2 shows the SEM image of the cross
section of Au-Cu deposit with 10% duty cycle of
pulsed current. The average layer thickness formed
by the pulse current is about 151 pum.

3.3. Effect of the duty cycles percentage variation
on the Au-Cu electrodeposition rate

In the following, the effect of changes in the duty
cycle percentage on the electrodeposition rate of the
Au-Cu alloy was investigated by keeping the opti-
mized parameters constant. Fig. 3 shows the SEM-
EDX images of the cross-section of all formed layers

with different duty cycles (20-90%) that are depos-
ited with the same values of other parameters.

The Au-Cu alloy which deposited layers in the
30% duty cycle (0.03 s on-time and 0.07 s off-time),
has a deposition rate of 0.841 (um-min™). This rate is
higher than some of the commercial processes of the
gold electroformed artefacts with an average of about
0.5(um-min™") [23]. In duty cycles larger than 30%, a
significant decrease was observed in the deposition
rate of Au-Cu alloy, which was done in the same con-
ditions. Increasing the duty cycle means reducing the
time of the off-time [11], and so a decrease in deposi-
tion rate [30]. If the pulse time is too short, it means
that the electrical double layer has not had enough
growth opportunity, it is very thin and in fact, there
will be no difference with the mode of direct current
deposition [11]. Table 4 shows the effect of duty
cycle variations with 0.6 mA-cm™ on the deposited
mass, thickness and deposition efficiency of the Au-
Cu alloy. Electrodeposition at 30% duty cycle was
selected as optimum duty cycle to reach the highest
deposition rate (0.841 pm-min’!) and the results of
this effect with the calculated values of the theory
have been compared. This decrease in deposition rate
is justified by increasing duty cycle at smaller off-
times and thinning of the double electric layer [20].
The formation of thick alloyed gold layers for the
production of gold-jewelry hallow artifacts has been
commercialized by electroforming machines and
their programmable systems have been developed.
One of the main problems with this equipment is the
low speed of the deposition of layers, which is rarely
higher than 0.5 pum'min™', and according to the need
for a thickness of about 300 pum, it will take more
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Fig. 3. SEM cross section images of Au-Cu alloy (a to h) at the same operating condition, at 20% duty cycle contents
162 um (a), 30% duty cycle contents 202 um (b), 40% duty cycle contents 174 um (c), 50% duty cycle contents 167 pm
(d), and 60% duty cycle contents 166 um (e), 70% duty cycle contents 165 pm (f), 80% duty cycle contents 136 um (g),
and 90% duty cycle contents 117 pum (h).
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Table 4. Influence of duty cycle variation (20-90%) on formed mass, deposition rate and composition of gold-copper alloy,
and comparison of experimental values of the deposition thickness with calculated values.

Alloy
Tnn Toff e Malloy Pu}sfal\;l;lght COHI(pOS;tiOn A ralloy Tth Tan t Ran
o t 2 3 . s
() s (%) (20 (mA-cm?) pp (em?) (greom™) (um) (Mm) (min) (mm-min”)
Au Cu
0.02 0.08 20 0.255 0.6 732 267 1 14.74 173 163 240 0.679
0.03  0.07 30 0.313 0.6 744 256 1 14.90 210 202 240 0.841
0.04 0.06 40 0.272 0.6 735 265 1 14.79 184 174 240 0.725
0.05  0.05 50 0.254 0.6 727 273 1 14.65 174 167 240 0.695
0.06 0.04 60 0.258 0.6 743 257 1 14.90 173 166 240 0.687
0.07  0.03 70 0.254 0.6 731 269 1 14.74 172 165 240 0.683
008 0.02 80 0211 0.6 727 273 1 14.65 144 136 240 0.566
0.09  0.01 90 0.185 0.6 740 260 1 14.91 124 117 240 0.487
1 - method for the formation of layers with standard val-
— ues of gold percentage in alloy gold deposited. In this
.'E 0.8 method, the working conditions (current density, con-
E 06 centrations of gold and cyanide ions, temperature,
f ’ pH, agitation and wetting agent) and pulse electrode-
5 04 position pafameter's (dut)./ cyc.le and current densit)f)
o were effective variables in this study. In the deposi-
;f§ 0.2 tion of Au-Cu, to the formation a layer with an
é acceptable rate of deposition, LDAO can be used as a
] 0 w w wetting agent to create thicker layers. It has also been
0 50 100 found that the average current density is 0.6 mA-cm™

Duty Cycle (%)

Fig. 4. Effect of different duty cycles on the average rate
of Au-Cu alloy electro-deposition.

than 10 hr, the rate of production processes of hallow
gold-jewelry artifacts by electrodeposition method
significantly reduces. By optimizing the process in
these systems, we can achieve higher deposition
rates, which is the main objective of this study [27].

The curves of average deposition rate with duty
cycle’s percent are shown in Fig. 4.

4. Conclusions

According to the results of this study, electrodepo-
sition of gold-copper alloyed layers with a cyanide
base solution containing 6 gr-L™'Au, 55 gr-L"! Cu,
24 gr-L”" KCN and 1 gr-L"! LDAO by pulsed current
was faster than direct current. The deposition of the
Au-Cu alloy by pulsed current is a controllable

and the duty cycle is 30% with the highest percentage
of gold in the layer and the rate of electrodeposition
on pure silver substrates, and these are the optimal
values. It was also observed that the duty cycles more
than 30% lead to lower deposition rate, thickness of
the layer and the cathodic efficiency of the direct cur-
rent were lower than the pulsed current in gold-cop-
per deposition.
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