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The present work shows a full study of the pulse electroplating of cobalt hard gold on a nickel
substrate. Certain parameters in the pulse galvanostatic method, including pulse height (current
amplitude), relaxation time (to), pulse time (ton) and bath temperature, were effectively optimized by
the “one at a time" method to obtain a suitable nanostructured layer. SEM, XRD, EDS, micro-hardness
testers, roughness measuring instruments and the Auto Lab electrochemical analyzer were utilized in
studying the influence of pulse electrodeposition variables on the surface morphology, particles sizes,
film composition, mechanical characteristics and electrochemical behaviors of the deposited layer. The
obtained results indicate that under the optimized conditions for pulse electroplating, the pulse height,
the tofr the ton, and the bath temperature are 3 mA.cm™, 1.5 s, 0.5 s, and 25 'C respectively. The
electroplated surface in the optimum conditions includes a uniform nanostructured layer with low
porosity and fine grains, with an average diameter of 70 nm which has excellent mechanical and
electrochemical properties such as hardness and anticorrosion.

Keywords: Pulse electroplating, Pulse galvanostatic, Nanostructured hard gold, gold-cobalt alloys,
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1. INTRODUCTION

In the pulse electroplating, electrodeposition of the nanostructures depends on two fundamental
processes: the nucleation rate and the growth of existing grains. The favorable factors are the ones that
cause a high nucleation rate (current density) and a slow grain growth (inhibiting molecules) [1]. The
pulsed current plating of this alloy may lead to a more reduced density of pores than that obtained by
the conventional direct current plating [2]. Pulse plating can produce a significant change in the
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morphology of the electrodeposits, which may also improve its other mechanical and electrical
properties [2].

The electrodeposition of nanostructured coatings by pulse current often proceeds as a
parametric study [3]. That is, the variables of the process that can produce a refined grain size in the
deposit are optimized through experimental iteration [3]. In the conventional dc plating there is only
one parameter, called the current density, which can be varied. In pulse electroplating, there are at least
three parameters, including pulse height (current amplitude), relaxation time (tor) and pulse time (ton)
whose values can be effectively optimized. Each pulse consists of a t,, during which the potential or
the current is applied, and a tos during which the zero current is applied as shown in Fig. 1. In the
current pulse, the duty cycle (y) corresponds to the percentage of the total time of a cycle and is given
by [4, 5]:

%y =t /(to, +1s)x100 = ft,, x100 (1)

Where, f is the pulse frequency that defined as the reciprocal of the cycle time (t).
| avg (average current density) is calculated from [6]:

I avg = I Pton/(ton + toff ) (2)

Where, 1, is the pulsed current density.
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Figure 1. Typical pulse-current diagram

When a current pulse is exerted into the electroplating bath, a negatively charged layer is
formed around the cathode as the process continues. When using dc, this layer charges to a defined
thickness and obstructs the ions from reaching the part. In pulse electrodeposition the output is
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periodically turned off to cause this layer to discharge to an extent. This process allows the ions to pass
through the layer and onto the part more easily [7]. In pulse-plated gold, the polymer is no longer
distributed continuously, as observed for dc deposits [8]. Hardness changes only a little or increases
slightly by pulse plating [9].Whereas due to voids or inclusions the density of dc plated gold-cobalt (17
g.cm™) is about 15 per cent less than the theoretical value, the pulse-plated gold cobalt, nearly free of
polymer, has a density of 19.2 g.cm™ which is closer to the theoretical value as determined by the
pycnometer method [9].

The reduction in resistivity resulting from pulse plating is more pronounced for gold-cobalt
than for high-purity gold [9]. This decrease must be caused by the reduced polymer content or the
microstructural difference only, because the cobalt content of pulse-plated deposits is greater by % 25,
which should cause an increase in resistivity [9]. The decisive effects of pulse plating are the
restoration of the diffusion layer during off-times by gold and cobalt complexes and the removal of
byproducts consisting of hydrogen, carbon and nitrogen compounds from the cathode film [9].

As for metal electroplating, pulse electrodeposition is applied to produce a deposit with a finer
grain size in comparison with that obtained through direct current (dc) electrodeposition [10-17].
According to the ultimate conclusion of the studies, it is difficult to predict the influence of pulse
electroplating parameters on gold or other metals a priori; this is owing to the fact that each
electrochemical system reacts in a different way. For example, the grain size in Zn electrodeposition
[18] decreases with the pulse time whereas the grain size in Ni electrodeposition [14] increases with
the pulse time. Surface roughness is usually related to the grain size of electrodeposited thin films.

To attain comprehensive information about hard gold pulse electroplating, all effective
parameters were investigated and optimized through the "one-factor-at-a-time" method by the present
study. Hard gold is generally plated from a cyanide bath containing KAu(CN), in the presence of a
citrate buffer, and a cobalt or nickel salt as a hardening additive [19,20], although the use of other
metals [21,25] and of additive-free gold [26,29] has also been reported.

Some previous reports there are about pulse electroplating and specially about gold
electroplating but in any of them, investigation of the effects of the main parameters of a pulsed
current technique was not complete [7-17]. In the present work, the effects of all parameters of the
pulsed current electroplating technique on the morphology, particles sizes, composition and the
electrochemical and mechanical properties of the coated hard gold layer are fully investigated in wide
range and optimized by the "one at a time" method. Optimization experiments are carries out to
determine the optimized conditions for electrodepositing of hard gold nanostructes. The current report
investigates the effects of two important transition metal ions on the morphology, particles sizes and
the mechanical properties of the hard gold electrodeposited nanostructured layer.

2. EXPERIMENTAL

2.1. Materials

Citric acid, Potassium citrate monohydrate, Potassium gold cyanide, Cobalt sulfate, Potassium
hydroxide and Sulfuric acid purchased from Merck.
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2. 2. Instrumental

All of the electrodeposition experiments were carried out by a pulse equipped electrolyzer
(BTE 04, Iran). After the electrodeposition of the gold alloy on the nickel-coated parts, the
morphology and the sizes of the sample particles were studied by means of scanning electron
microscopy (SEM; Philips XL-30), and the hardness testing was conducted by the micro-hardness
tester M-400. The chemical composition of the alloy was studied and the preferred orientation of the
deposit under the optimized conditions was determined by energy-dispersive spectroscopy (Rontec
QX2) and X-ray Diffractometer (Bruker D8). Measurements of the surface roughness were obtained
through the topographic curves of a surface roughness measuring instrument (Goéttingen Mahr M2).
Corrosion resistances of the samples synthesized under conventional galvanostatic and pulse
galvanostatic methods were studied by Auto Lab (Eco Chimie, PGSTAT 102).

2. 3. Procedure

For this study, the phosphor-bronze sheets were used as the substrate with dimensions of
1cmx1cm. The substrate is similar to some electronic connectors which have a copper alloy as the base
metal, a layer of nickel as the diffusion barrier and then a layer of gold alloy [2]. The thickness of the
nickel layer used on the substrate was about 5-8 um. Prior to nickel coating, the surfaces of substrates
were carefully polished by an automatic polishing and buffing machine. Before gold plating, samples
were rinsed with deionized water and immersed in 10% sulfuric acid for 10 minutes, and subsequently
double-rinsed with deionized water [2]. The electroplating bath was a cylindrical cell made of stainless
steel (316 L) used as the anode. The laboratorial heater/stirrer was used for heating and agitation (350
rpm). A gold-cobalt alloy can generally be plated from a cyanide bath containing KAu(CN),, citrate
buffer, and a small amount of Co?* as the hardening agent [19,20], operated at an acidic pH of 4-5 [31,
32]. In the proposed method, the layer of the gold-cobalt alloy was electrochemically deposited on the
nickel-coated surfaces from a 30 g.L™ citric acid and 50 g.L™ K3CgHsO7, 4 g.L ™ KAU(CN), and 2.5
g.L™ CoSO,. 7H,0 solution. The pH of the solution was adjusted to 4-5 [30, 31] by adding KOH
and/or H,SO4 10%, at room temperature. Potassium cyanuarate (KAu(CN),) does not have suitable
stability in the strong acid media (pH 3 or lower) [19]. The recommended current density in Ref [33]
was 1 to 50 Aft? and in the present investigation it was 1-7.5 mA.cm™. Cheh [34] has done
theoretical calculations and experimental measurements which conclusively demonstrate that for
phosphate, citrate and cyanide gold electrolytes, the limiting current density is higher in the pulse
than in the dc plating because of the higher concentration of gold ions in the diffusion layer,
regardless of the fact that the limiting rate of the overall plating is lower. Although the square-wave
pulses have been used with periods in the range of 1-10 seconds for a few decades, recent applications
tend to use the squre-wave pulse in the millisecond range. The values of the pulse parameters,
including pulse amplitude (pulse height or current density), pulse time (to,), relaxation time (tof) and
solution temperature, were modified and optimized by means of the "one-factor-at-a-time" method.
Morphology and hardness were among the paramteres to be optimized. Energy-dispersive
spectroscopy (EDS) and X-ray Diffractometer (XRD) measurements on the optimized sample were
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carried out to determine the chemical composition of the alloy and the preferred orientation of gold-
cobalt deposits. The surface roughness was studied by the DIN EN I1SO 4287 (1998) standard. The
roughening of the surface described by the available parameters mean surface roughness Ra, surface
roughness depth Rz, and the maximum grain height Rmax. The electrochemical method was applied to
evaluate the performance of the corrosion. The results of the tests on the optimized sample were
compared with those obtained from the conventional dc plated sample.

3. RESULTS AND DISCUSSION

In this work, a uniform nanostructured gold-cobalt layer was electrochemically deposited by
the pulsed current on nickel-coated surfaces from a solution, including potassium gold cyanide, cobalt
sulfate and potassium citrate, under different conditions of electrodeposition, changing the pulse
height, the ton, the to and the temperature into 1-7.5 mA.cm?, 0.1-1 s, 0.25- 2 s, and 5- 45 C
respectively. The above parameters, including pulse height, relaxation time (tos), pulse time (to,) and
temperature, were optimized by the "one-factor-at-a-time” method. In the following sections, the
optimization process will be described.

3. 1. The effect of pulsed current amplitude

Firstly, the effect of the pulse amplitude (current density amount) on the morphology, porosity
and hardness of the deposits was investigated.

150kV x150k | 1

-

15.0kV x15.0 k ]

Figure 2. SEM images of the samples prepared by pulse electroplating at different current densities,
(a) 1 mA.cm™, (b) 3 mA.cm?, (c) 5.5 mA.cm?, (d) 7.5 mA.cm™, and (e) by dc constant current
(without pulsed) 3 mA.cm™
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The pulse amplitude was varied from 1 mA.cm™ to 7.5 mA.cm™ while the other parameters
were kept constant (at 25 'C, 4 g.L.™" KAU(CN),, 50 g.L™* K3CgHs07, 2.5 g.L ™ CoSO.. 7TH,0, 0.5 s Ton,
and 1.5 s Ty ). The morphology and porosity of the deposits were studied using SEM (Fig. 2).

As it can be seen in Fig. 2, the Au—Co electrodeposits have fined grains due to the effect of the
pulse current.

The pulsed current amplitude controls the nucleation and particle growth rates of gold. At
lower currents, the rate of the particle growth is higher than that of the nucleation; at higher currents,
however, the nucleation is of a higher rate. Further, the agglomeration is considerable and the film
porosity increases at higher currents as well. Figure 2.b shows that the pulse amplitude of 3 mA.cm™
causes the most uniformity with indistinguishable grain boundaries and a smaller nanostructure grains
diameter than the other current densities. Since the nanoparticles were less than 90 nm in diameter, 3
mA.cm™ was selected as the optimum current density, though a certain number of voids were noted in
image2.e and plated with the conventional dc. In the higher current densities, the Au - Co deposits
were dark due to the overpotential and inhibitory of vertical growth of the deposited particles.
According to Raub and Knodler, hardness changes only a little or increases slightly through pulse
plating [9].

The hardness of coatings was measured under 10 g loading and the full load was applied for 15
s. The hardness of the sample synthesized by 3 mA.cm™ pulsed current density was measured 160 HV
while the same value for the sample electrodeposited by the conventional dc current was 150 HV. The
study of the hardening mechanism performed by Lo et al. [35] shows that the major factor determining
the hardness is the grain size.

3.2. Optimization of relaxation time (tof)

In order to investigate the effect of the relaxation time on the morphology, porosity and
hardness of the deposits, the relaxation time (t,ff) was varied from 0.25 to 2 seconds at the optimized
pulsed current while the other parameters were kept constant. Figure 3 displays the SEM images of the
different samples which were electrodeposited at different relaxation times.

The SEM images of Fig. 3 indicate that the relaxation times of 1.5 s and higher are more
suitable in forming a uniform nanostructured layer with acceptable hardness (about 160 HV). Based on
the Cheh diffusion model [34] and due to the compensation of concentration drop of the co-deposited
metal ions, their concentrations are increased in the next pulse. As it is clear, at longer relaxation times
(more than of 1.5 s) the mechanical and electrochemical properties of the deposit will be decreased.
When a current pulse is exerted into the electrodeposition cell, some ions start to reduce and form a
particle.

If the relaxation time between two consecutive pulses is very short, it is possible that before the
particle growth of the first pulse finishes, the next pulse will be exerted. Therefore, the deposited layer
is similar to that in the conventional dc electrodeposition. A long relaxation time can separate the
particle growth of two consecutive pulses.
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Figure 3. SEM images of samples obtained by pulse plating at different relaxation time (tof) amounts,
(@ 0.25s,(b) 0.5s,(c)1s,(d)Ll.5sand (e) 2s

3.3. Optimization of pulse time (ton)

The effect of the pulse time on the properties of electroplated samples was duly investigated. In
this section, the different pulse times of 0.1 s, 0.3 s, 0.5 s and 1 s were applied. Figure 4 shows the
SEM images of the obtained samples at different pulse times.

As can be observed in Fig. 4, the pulse time 0.5 s creates more smoothness and better
uniformity with smaller diameters of nanoparticles. In a short current pulse, sum of the electron of a
single pulse is low, so the nucleation is decreased. The microhardness tests confirmed the SEM results.
Each current pulse contains calculable numbers of electrons which can be varied by the pulse time. By
decreasing the pulse time, the electrons of each pulse will be decreased. During the application of the
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pulse, the Au-Co nanoparticles are formed. Any variation in the number of electrons can affect the
morphology and the sizes of the sample particles.

15.0kV x15.0 k —

150KV x150k +——o 1pm

Figure 4. SEM images of samples obtained by pulse plating at different pulse time (t,n) amounts, (a)
0.1 sec, (b) 0.3 sec, (c) 0.5 sec and (d) 1 sec

3.4. Optimization of pulse electrodeposition temperature

Subsequent to the optimization of the pulse parameters, the pulse current density, the relaxation
time (tor), and the pulse time (ton) were 3 mA.cm™, 1.5 s and 0.5 s respectively (at 25+2 'C or room
temperature, in other words). Since the solution temperature can change the mechanism and kinetic of
the chemical and electrochemical reactions, the temperature should be optimized to obtain a suitable
morphology and optimal particle sizes. To optimize this parameter, five samples were pulse
electroplated at different temperatures (5 'C, 15 'C, 25 'C, 35 'C and 45 'C). Figure 5 shows the SEM
images of the prepared samples.

As can be seen in Fig. 5, the samples prepared at 25 'C include uniform, smooth and fine grains
with smaller nanoparticles. The obtained uniformity of the sample at 25 'C can be related to this fact
that the presence of cobalt ions in the double layer is increased so that the Co?" ions slightly enhanced
in the plating layer. The microhardness test result was 170 HV for the optimized sample. Notably, the
average diameter of the particles was 70 nm.
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Figure 5. SEM images of samples obtained by pulse plating at different temperature amounts, (a) 5
C,(b)15 C,(c) 25 Csec, (d)35 Cand (e) 45 C

3.5. Effect of additives

The use of additives in the electrodeposition of gold from cyanide baths leads to considerable
improvement in the structural, mechanical and morphological properties of the deposits [36]. In gold
electroplating baths, various organic and inorganic additives are employed as brighteners, hardening
and cathodic depolarization agents. Based on the previous works, some transition metal ions such as
Cd** and TI* are suitable as cathodic depolarization agents. Use of these additives lead to a significant
improvement in structure, mechanical, electrochemical and morphological properties of the deposits
[37, 38]. In the optimized conditions mentioned above, two samples were electroplated in the presence
of 40 ppm Cd**and TI*. The SEM studies (Fig. 6) showed that the addition of thallium to the solution
led to a brighter and more refined nanostructured grain (70 nm in diameter on average), and a more
compact and coherent deposit with better hardness than those mentioned by previous reports [39-42].
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However, the addition of cadmium ion to the gold-cobalt sample did not result in more suitable
properties (i.e. morphology and hardness). The hardness tests on these samples showed that the
samples prepared in the presence of Cd**and TI* ions were 170 and 180 HV in hardness, respectively.
Thus, thallium improves properties such as hardness, uniformity and brightness in hard gold coatings

[38].

B

15.0kV x150k fF—2

150kV x150k f——2um

Figure 6. SEM images of two Au—Co samples prepared in the presence of additive (a) 40 ppm TI*
and (b) 40 ppm Cd**

3.7. Characterization of optimized Au-Co pulse electrodeposited layer

The optimum conditions for the pulse electrodeposition of the Au-Co alloy obtained from the
optimization experiments presented in sections 3-1 to 3-5 are summarized in Table 1. The electroplated
sample in the optimum conditions was characterized by EDS, XRD analysis, surface roughness
measurements and Tafel plots for corrosion behavior.

Table 1. Optimum conditions for the pulse electrodeposition of Au-Co alloy

Optimum value 3 0.5 1.5 25

In many cases, gold electroplating is hardened through the codeposition of cobalt to the extent
of 0.3-1.6 %. Furthermore, codeposition contains various contents of carbon, potassium, nitrogen,
oxygen and hydrogen. It is worth noting that the combination of these components gives the deposit its
hardness, brightness and wear resistance [43-49]. The most commonly available surface and analytical
methods are a) scanning electron microscopy, and b) energy dispersive spectroscopy. In the optimized
conditions mentioned in Table 1, the cobalt content of the gold deposits obtained through the
conventional dc and a 25 percent pulsed duty cycle were 0.1% and 0.4%, respectively. Based on the
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high cobalt content of the sample prepared in the optimized conditions, therefore, it is clear that the
optimized sample shows more hardness than the sample electroplated through the dc current.

Gold is crystallized in a face-centered cubic structure where the most densely packed planes are
(111) followed by (200) and then (220) [50]. According to studies conducted by Raub and Knodler
[5], a high degree of orientation in the pulse-plated deposits was observed in the X-ray investigation
and the Au (200) orientation in the plated deposit in the conventional dc was about 50 percent less than
that of the pulsed deposit. In the present work, the pulse plated sample under optimized conditions had
the highest growth rate in the orientation of the Au (111) plane. Fig.7 shows the XRD patterns.
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Figure 7. XRD patterns of the deposits obtained in 3 mA.cm™ current density at the (a) optimized
pulse plating condition for 25% Duty cycle (b) conventional dc plating.
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Table 2 displays the mean surface roughness (Ra), the depth of surface roughness (Rz), and the
maximum grain height (Rmax) of the grains of the gold alloy deposit under optimized conditions. As
may be observed, as the pulse plated sample in optimum conditions is more fine-grained and has a
lower vertical growth rate [51], its roughness is less than that of the conventional dc plated sample.

Table 2. Surface roughness for gold-cobalt alloy deposits

Deposition Ra (um) Rz (um) Rmax (um)
By conventional dc 0.182 1.04 1.38
By pulse current 0.54 0.45 0.68

*mean surface roughness Ra, surface roughness depth Rz, and the maximum grain height Rmax

Electrochemically plated cobalt hard gold on nickel substrates is of importance in connector
applications due to high corrosion resistance [52]. In this work, an electrochemical method was
applied to evaluate corrosion performance. Tafel plots of the optimized pulse plated deposits and those
of the conventional dc plated deposits with different amounts of cobalt (0.4% and 0.1%, respectively)
were recorded in 3.5% NaCl solution in order to compare the corrosion resistances (Fig. 8). Based on
the presented Tafel plots, pulse electroplating causes a reduction in the corrosion rate. This is mostly
due to the reduced porosity in the pulse plated deposit which explains why the corrosion resistance is
higher than that of the conventional dc deposit.

1.000} pulsed deposition y
DC deposition ; /"
0.500F
> O
w
-0.500¢
-1.000¢

B i O e ‘
1.000x10° 1.000x10° 1.000x10° 1.000x10° 1.000x10° 1.000x10° 1.000x10°
1fA

Figure 8. Tafel plots for measurement the corrosion resistance of the pulse plated and conventional dc
deposits in in 3.5% NaCl at 1 mV.s™ scan rate.
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4. CONCLUSIONS

Pulse electroplating is a reliable, controllable and powerful technique to prepare a surface layer
with uniform nanostructures and satisfactory hardness. In this method, the pulse height (pulse current
amplitude), the relaxation time, the pulse time and the temperature of the alloy gold bath are the most
effective factors in the morphology, hardness and corrosion behavior. In electroplating hard gold,
thallium (1) ion can be used as a suitable additive to improve the morphology and hardness of the
electroplated layer. It was further observed that the roughness of the gold alloy deposited by the pulsed
current was less than that of the conventional dc plated sample.
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