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In this paper, the electrodeposition process of Cu-Zn alloy powders from pyrophosphate-based
electrolytes was investigated as a function of deposition parameters under direct current. The effects of
deposition parameters such as current density, electrolyte composition (Cu/Zn mole ratio), mechanical
stirring speed, and temperature on the Cu content of alloy powder and cathodic current efficiency were
evaluated using the response surface methodology. The empirical models developed in terms of
deposition parameters have been found statistically adequate to describe the process responses. The
study revealed that as far as the copper content was concerned in the alloyed powders; all parameters
selected have positive correlations. However, high stirring speed and low current density lead a greater
current efficiency. The morphology and chemical composition of the electrodeposited Cu-Zn alloy
powders were investigated using SEM, EDS, and ICP analysis. SEM analysis showed that the powder
morphology is considerably affected by the cathodic current density and stirring speed.
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1. INTRODUCTION

Commercial copper alloy powders, including brasses, bronzes and nickel silvers are
manufactured by utilizing the same technologies such as gas and water atomization [1-3]. Alloy
powders with specific properties can also be obtained by electrochemical deposition [4-10]. In
comparison to atomization and mechanical alloying techniques, the electrodeposition has significant
advantages: such us the easy preparation of materials of high purity exhibiting different structures and
morphologies, ability to work in a closed-circuit, and possibility of changing composition and
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morphology within a broad range by adjusting only the deposition parameters [4,5]. Electrodeposition
of alloys on a cathode surface can only be obtained when the reduction potentials of metal ions are
similar. Their reduction potentials depend on the correspondent standard potential, the overpotential
and their respective activities in the solution. Thus, the reduction potentials of metal ions with different
standard potentials can be approximated by varying their activities in solution [11]. In order to produce
electrodeposited metal alloys, it is necessary to add a complexing agent into a solution. The agent
helps to decrease the activity of the noble ions and allow simultaneous deposition [11-14]. Cyanide has
been conventionally used complexing agent in Cu-Zn electrolytes [15-19]. On the other hand, due to
its high toxicity and rigorous maintenance control, alternative Cu-Zn electrolytes have been proposed
[11-13,15,20-27]. Among them, pyrophosphate electrolytes are the most promising due to their high
stability. Also, the final treatment, maintenance and control of these electrolytes are much easier than
the cyanide ones. However, work of these investigations [11,12,15,21-24,26] concerning the
electrodeposition of Cu—Zn alloy from pyrophosphate electrolyte, have been employed for producing
high-quality coatings, and not powder.

Although, there has been a significant amount of work accomplished on the electrodeposition
of copper-zinc alloys from various electrolytes, no study has been found in the literature on the
production of Cu-Zn alloy powders. In this study, the response surface methodology (RSM) has also
been used in order to understand the effect of electrodeposition parameters on both the current
efficiency and the copper content of the Cu-Zn powders. The results were analyzed using analysis of
variance (ANOVA) and regression analysis, and models were developed in order to obtain alloy
powders with desired composition. Also, a comprehensive study has been made on the morphology of
the powders. Finally, a series of electrochemical tests were carried out so as conducted to explain the
results obtained from the experiments.

2. EXPERIMENTAL

2.1. Experimental design

RSM is an efficient statistical tool for optimization of multiple variables [28]. In order to
describe the response surfaces, a five-level, four-variable central composite design (CCD) was adopted
in this study. The four independent variables and their levels for the 27 experiments in the CCD study
are shown in Table 1.

Table 1. Processing parameters involved in central composite design

Process variables

Cu/Zn mole ratio X1 1 3 5 7 9

Current density (mA cm™) X2 75 100 125 150 175
Temperature (°C) X3 25 30 35 40 45
Stirring speed (rpm) X4 0 125 250 375 500
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In this work, the objective was obtain Cu-Zn alloy powders containing 80-95%wt. Cu, and the
process parameters were chosen accordingly. The STATISTICA 8.0 software (StatSoft Inc., USA) was
used to conduct regression and the analysis of variance. The statistical significance of the model
equation was evaluated by ANOVA, which shows that the regression is statistically significant at a
95% confidence level (P < 0.05). The ANOVA was also performed to test the effect of linear,
quadratic and interaction terms on the predicted responses. A Stepwise regression procedure was
performed using the backward elimination method in order to exclude non-significant interaction terms
from the initial response surface model. The fit quality of model was expressed by the multiple
correlation coefficients (R?). The statistical significance of each parameter was determined via P-
values. According to Myers and Montgomery [28], smaller P-values identify the effective parameters.
The response surface and contour plots can be used to show the individual and cumulative effect of the
variables on the responses. These graphical representations for models are plotted as a function of two
variables, while keeping other variables at central level.

2.2. Materials and equipments

In all experiments, a mixture of copper and zinc sulphates and potassium pyrophosphate
(K4P,07) was used as electrolyte. Potassium pyrophosphate of 0.5 M (K4P,0;) was the main ligand.
The electrolyte was prepared using, distilled water and high quality pure chemicals (Merck and
Aldrich) in a constant volume of 250 mL. In the experiments, the total ion concentration of (Zn**) and
(Cu?") was 0.22 + 0.005 M and pH was controlled in a range of 8.7-9.1 + 0.05. The experiments were
carried out in a cylindrical glass laboratory type electrolytic cell with three electrodes. The cap of the
cell was circular with guidance holes allowing the symmetrical arrangement of the electrodes. The cell
was equipped with a thermostatic water jacket connected to a thermostatic bath. Stirring was provided
by a magnetic stirrer. The cathodes were square plates of stainless steel with an area of 4 cm?
Platinum plate was used as anode. The reference electrode was a saturated calomel electrode (SCE)
which was connected to the cathode by a Luggin capillary positioned at the distance of 0.2 cm from the
cathode surface. The surface of the cathodes was grinded and polished prior to each experiment. In all
experiments, the deposition time was constant at 60 min. The cell voltage varied between 3.00 and
3.75 V due to the electrolysis parameters. The deposited powders were washed, first with large
amounts of distilled water and then with ethanol until the powders were free from traces of electrolyte.
The powder was dried under vacuum at 80 °C before the analysis.

The electrochemical tests were carried out using a potentiostat/galvanostat (Gamry model PCA
750) equipped with PHE200 Physical Electrochemistry software. Cyclic and linear sweep voltammetry
measurements have been conducted. The cyclic voltammogram and polarization curves were recorded
in solutions with Cu/Zn mole ratios of 1 and 5, respectively. All electrochemical experiments were
performed at room temperature. The working electrode was made of stainless steel with a surface area
of 0.25 cm?. A platinum plate was used as counter electrode and saturated calomel electrode (SCE)
was used as reference electrode. The cyclic voltammetry experiments were carried out by scanning at a
constant scan rate of 300 mV s' from the initial potential of 0 V to the final potential of -1.6 V. For
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the polarization curves, the potential was scanned from -0.25 to -1.7 V at a scan rate of 2 mV s~ ' and

from -0.5 to -2.5 V at a scan rate of 300 mV s .

In order to characterize the as-deposited surfaces and to determine the alloy composition, a
scanning electron microscope (JEOL JSM 5600) with EDS attachment was used. The chemical

analysis of the alloy powder was made by using an ICP-OES (Spectro Ciros Vision) spectrometer.

3. RESULT AND DISCUSSION

3.1. Effects on copper content of brass powder

Table 2. Design layout and experimental results

Run Parameters (Input Variables) Responses
Number Cu/Zn Current Temperature  Stirring  Cu Content Current
Mole Density (x,) (X3) Speed (X4) (%) Efficiency (%)
Ratio (x1)
1 -1 1 -1 1 96.90 85.73
2 0 0 0 0 85.14 95.21
3 -1 -1 1 -1 84.13 95.57
4 -2 0 0 0 81.05 85.33
5 -1 1 1 -1 83.84 97.24
6 1 -1 -1 1 94.15 99.03
7 0 0 0 0 86.24 96.77
8 0 0 2 0 96.21 91.03
9 1 -1 1 1 97.47 95.71
10 -1 1 1 1 92.61 84.71
11 -1 1 -1 -1 87.23 84.32
12 -1 -1 -1 1 89.41 93.29
13 1 -1 -1 -1 89.00 71.37
14 -1 -1 -1 -1 82.34 90.74
15 1 1 1 -1 93.02 77.67
16 2 0 0 0 93.88 83.97
17 0 0 0 -2 84.54 81.88
18 1 1 -1 -1 92.42 68.49
19 0 2 0 0 93.55 92.15
20 -1 -1 1 1 93.62 89.12
21 1 1 1 1 93.54 96.06
22 0 0 0 0 86.08 96.25
23 0 0 -2 0 91.89 87.43
24 0 -2 0 0 90.41 93.37
25 0 0 0 2 95.15 99.38
26 1 -1 1 -1 95.60 86.22
27 1 1 -1 1 97.34 96.40
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Table 3. Regression and ANOVA analysis on the Cu content (%)

R’ 95.69 % |
R? adjusted 93.00 %

Source DF SS MS F P value
Regression 10 614.82 61.48 35,52 0.00
Residual 16 27.69 1.73

Lack of fit 14 26.99 1.93 546 0.17
Pure error 2 0.71 0.35

Total 26 642.51

Model Terms Coefficient P value

Constant (5) 86.72 0.00

X1 2.84 0.00

X2 0.73 0.02

X3 0.57 0.05

X4 2.86 0.00

Xo© 1.47 0.00

X3" 1.98 0.00

X4” 0.93 0.00

X1. X2 -0.69 0.05

X1. X4 -1.41 0.00

X2. X3 -1.68 0.00

The CCD experimental design the results gathered from the experiments are shown in Table 2.
Table 3 shows the ANOVA and regression analysis’ results for the Cu content of brass powder. The
terms without statistical significance were eliminated from the full second-order model. The reduced
model for Cu content gives R? and adjusted R? values of 95.69% and 93.00%, respectively presenting
the significance of the model.

The regression model for Cu content (y;), in coded factors, is expressed by the following
second-order polynomial equation:

y1 (% Cu content) = 86.72 + 2.84x; + 0.73x, + 0.57X3 + 2.86xs + 1.47X,° + 1.98x5° + 0.93x4° — 0.69X1X>
— 1.41%1X4 — 1.68X2X3 [1]

Eq.[1] indicates the main effects of each parameter correlate positively with copper content.
The magnitude of coefficients for Cu/Zn mole ratio and stirring speed are larger than the coefficients
for current density and temperature, indicating that these parameters have a more significant effect on
the copper content. The other parameters (current density, and temperature) seem to have a quadratic
effect on the copper content.

It is known that the Cu-Zn codeposition process is influenced by the electrolyte composition
[11,27]. As expected, there is a linear and positive correlation between the Cu/Zn mole ratio and Cu
content (Figure 1). Also, the current density significantly influences the Cu content.
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Figure 1. Response surface and contour plot of copper content (%) as a function of current density and
Cu/Zn mole ratio.

In Figure 1 it is obvious that this influence is positive and quadratic. Additionally, the
interaction effect of current density and Cu/Zn mole ratio can be observed. Due to the main effect, the
increment of Cu/Zn mole ratio conducts to increasing of the Cu content.
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Figure 2. Cyclic voltammogram for copper and zinc reduction from the pyrophosphate electrolyte
with a scan rate of 300 mV s,
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The copper ion concentration is higher than zinc ion concentration in the solutions having high
Cu/Zn mole ratios i.e., Cu/Zn is 9 (+2 level). In this case, the amount of copper ions, that are ready to
be reduced, ions in the region near the cathode are more than zinc. Therefore, it is reasonable to have
high copper content in brass powders with increasing Cu/Zn mole ratio. In solution which contains the
same amount of copper and zinc (Cu/Zn 1, -2 level), an increase of copper content in the alloy with
increasing current density is dependent on the reduction potentials of copper and zinc in alkaline
solution as well as the cathodic polarization values.

A cyclic voltammogram for brass deposition in pyrophosphate solution is presented in Figure
2. It is observed that two cathodic peaks of copper and zinc are approximately -1150 and -1500 mV,
respectively. In addition to this, the values of cathodic polarization in the experiments vary in the range
of about 1000-1200£50 mV and depend on the deposition parameters. For this reason, the copper
content of alloy powder is high at equal Cu and Zn ion concentration.
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Figure 3. Response surface and contour plot of copper content (%) as a function of current density and
temperature.

Figure 3 shows the effect of both current density and temperature on the copper content of
brass powders. It is clear that temperature has a quadratic positive effect on the copper content.
However, there is also a positive linear effect of temperature on the copper content, especially at lower
levels of current density. This phenomenon could partially be explained by the fact that at low levels of
current density, a temperature increase leads to a decrease in the cathodic polarization value. Thus,
than increase in temperature causes an increase in the copper content. However, at high values of
current density, the change of cathodic polarization value becomes insignificant. Senna et al.[11]
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indicated that the copper content of Cu-Zn alloy coatings decreases with an increase in current density
although their study war conducted under different electrodeposition conditions. In our work, this was
only observed at high temperature values. On the other hand, there is a linear increase in Cu content
with an increase in the current density at lower temperatures, as shown in Figure 3. Also, Table 3 and
Eq. [1] reveal that the interaction effect between temperature and current density is very significant.
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Figure 4. Response surface and contour plot of copper content (%) as a function of Cu/Zn mole ratio
and stirring speed.

Figure 4 illustrates the response graph for Cu content as a function of the Cu/Zn mole ratio and
the stirring speed. Stirring speed significantly influences the Cu content (see Table 3). This effect is
linear, positive and steep. Although the fitted response surface shows a quadratic influence, the linear
effect seems to influence predominantly the Cu content, which is in agreement with the P values. The
quadratic effect of stirring speed is observed only at higher Cu/Zn mole ratios, as shown in Figure 4.
Moreover, the effect of the Cu/Zn mole ratio on the copper content is fairly low for high values of the
stirring speed. In addition to main effects, the interaction effect between the Cu/Zn mole ratio and the
stirring speed is considerable. Note that the Cu content is found to increase with the simultaneous
increase in Cu/Zn mole ratio and stirring speed. This is because the copper ion concentration within the
diffusion layer is reduced with time when optimal hydrodynamic conditions prevail. Forced convection
obtained by stirring helps the diffusion in the layer near the cathode. Hence an increase of stirring
speed leads to an increase in the transfer of ions from the bulk electrolyte to the electrode surface.
Ferreira et al. [27] and Silva et al. [29] also observed that an increase in stirring speed can enhance the
transfer of any free ligand from the electrode surface to the solution after discharge. Therefore, forced
convection obtained by stirring can help the transport of the free ligand, avoiding the surface blocking
and favoring copper reduction.
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3.2. Effects on current efficiency

In this part of the study, the effect of selected parameters on the current efficiency of the
process is investigated. The current efficiency results gathered were also analyzed by ANOVA and
regression analysis as shown in Table 4.

Table 4. Regression and ANOVA analysis on the current efficiency (%)

R? 93.20 %

R? adjusted 89.59 %

Source DF SS MS F P Value
Regression 9 1566.35 174.04 25.87 0.00
Residual 17 114.35 6.73

Lack of fit 15 113.09 7.54 11.97 0.08
Pure error 2 1.26 0.63

Total 26 1680.70

Model Terms Coefficient P Value

Constant (o) 94.28 0.00

X1 -1.35 0.02

X2 -1.37 0.02

X3 1.67 0.01

X4 4.31 0.00

X1° -2.70 0.00

X3~ -1.56 0.01

X4 -1.20 0.04

X1. X4 6.15 0.00

X3. Xa -3.16 0.00

The values of R? and adjusted R? were found to be 93.20% and 89.59%, respectively. After
eliminating the non significant terms, the final response equation for current efficiency (y2) is given as
follows:

y> (% current efficiency) = 94.28 — 1.35x; — 1.37x, + 1.67Xs + 4.31x, — 2.70x;% — 1.56x3% —1.20x,> +
6.15X1X4 - 3.16X3X4 [2]

From Eq. [2], it is clear that the Cu/Zn mole ratio and current density decreases the current
efficiency. On the other hand there is a positive effect of temperature and stirring speed on the current
efficiency. The stirring speed and the interaction of stirring speed with the Cu/Zn mole ratio have the
largest effect on the current efficiency. Electrolytic Cu-Zn alloy powders with various compositions
could be obtained with a current efficiency of 68.5 to 99.4 % corresponding to a specific energy
consumption of 2.55 to 3.50 kWh kg™.
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Figure 5. Response surface and contour plot of current efficiency (%) as a function of Cu/Zn mole
ratio and stirring speed.
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Figure 6. Polarization curves for the electrodeposition of Cu-Zn from the pyrophosphate electrolyte at
different stirring speeds with a scan rate of 2 mV s™.

Figure 5 shows the effect of the Cu/Zn mole ratio and the stirring speed on the current
efficiency. The stirring speed has a greater positive linear effect on the current efficiency. In addition
to this, the negative quadratic effect of stirring speed is important (see Table 4). As seen in Figure 5,
increasing stirring speed leads to an increase in the current efficiency at higher values of Cu/Zn mole
ratio. For lower values of Cu/Zn mole ratio, this trend is reversed. Similar trends are observed for the
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effect of Cu/Zn mole ratio on the current efficiency. By the polarization curves corresponding to Cu-
Zn alloys electrodeposition, it now becomes easy to correlate the current efficiency of the powder with
the stirring speed. The polarization curves for the electrodeposition of Cu-Zn from pyrophosphate
electrolyte with 125, 500 rpm and without stirring are shown in Figure 6. At 125 and 500 rpm, the
polarization curves exhibit same slope in different current density, while the slope of polarization
curves at 0 rpm is different from the others, especially at lower current density. As seen, the curve
plotted at O rpm is more polarized than the others at a fixed current density. As mentioned earlier, the
increase of the stirring speed leads to an enhancement of ion transfer at the electrode-electrolyte
interface, and consequently, results in an increase in limiting diffusion current density. In other words,
a limiting current plateau is easily reached at O rpm. This indicates that secondary reactions (water
decomposition), which take place on the cathode surface along with the primary cathode reaction
(alloy reduction), increase at lower stirring speeds, resulting in lower current efficiency.

The significant interaction effect of stirring speed and temperature, on the current efficiency is
shown in Figure 7.
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Figure 7. Response surface and contour plot of current efficiency (%) as a function of stirring speed
and temperature.

The influence of temperature is also affected by interaction effects between variables. As one
can see, temperature has a positive linear effect on the current efficiency, especially at lower levels of
stirring speed. Due to a negative quadratic effect, increasing the temperature leads to a slight decrease
of the current efficiency at higher stirring speeds. On the other hand, for higher values of temperature,
the influence of stirring speed becomes insignificant. As seen in Eq. [2] and in Table 4, the current
density has only a negative linear effect on the current efficiency. The effect of current density on
current efficiency is the lowest one if compared with the effect of other variables.
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3.3. Morphology of Cu-Zn Alloy Powders

To understand the effect of electrolysis parameters on the electrolytic Cu-Zn alloy powder
morphology, alloy deposits were examined by SEM.

Figure 8. SEM micrograph of Cu-Zn alloy powder electrodeposited at different current densities:
a) 75, b) 125 and ¢) 175 mA cm (Cu/Zn 5, 35°C, 250 rpm).
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The effect of the current density on the morphology of the Cu-Zn alloy powder was
investigated at current densities of 75, 125 and 175 mA cm™. The SEM results obtained under
conditions of runs 24, 22 and 19 are shown in Figure 8.

As seen in Figure 8a, the alloy powder obtained at a value of 75 mA cm™ is a dense. In this
case, the morphology of alloy powder obtained at 75 mA cm™ is in accordance with the position of this
current density in the polarization curve. The polarization curve for the electrodeposition of Cu-Zn
alloy from a pyrophosphate electrolyte at a stirring speed of 250 rpm is given in Figure 9.
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Figure 9. Polarization curves for the electrodeposition of Cu-Zn from the pyrophosphate electrolyte
containing 0.5M K4P,0; with a scan rate of 300 mV s,

It can be seen that the range of over potentials belonging to the plateau of the limiting current
density is approximately between 990 and 1150 mV, respectively.

With an increase in current density, outgrowth features can be observed. It can be seen from
Figures 8b and 8c that the surface protrusions are corncob-like.

The corncob-like structures forming branches constitute the dendritic character of these
particles. Primary and secondary branches of the particles are in the powder deposits obtained at 125
and 175 mA cm™. Furthermore, at 175 mA cm, dendrites have more pronounced secondary branches
and high-order branches. The deposits obtained at low current densities consist of a low number of
nuclei [30]. However, the number of growth sites increase and the grain size of the deposit decreases
by increasing the current density.

The effect of the stirring speed on the morphology of the Cu-Zn alloy powder was investigated
at different levels. Figure 10 displays, the morphologies of powder obtained under conditions of runs
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17 and 25. In the case of electrodeposition without stirring, spongy-like structures are detected in alloy
powder (Figure 10a). The top surface of all particles is practically identical, being characterized by
small fern-like dendrites [5,6]. As mentioned earlier, increasing stirring speed to 250 rpm (run 22),
branched dendrites are formed (see Figure 8b).

Figure 10. SEM micrographs of Cu-Zn alloy powder electrodeposited at different stirring speeds:
a) 0 rpm and b) 500 rpm (Cu/Zn 5, 35°C, 125 mA cm™).

The alloy powder obtained at 500 rpm is more dense has a cauliflower-like structure (Figure
1b). In addition to this, partially compact deposits are formed at 500 rpm. Sharp edges could be
detected on the top of the particles, indicating the crystallinity of deposited powder. It is known that
the cathodic polarization as well as the limiting current density increase with increasing stirring speed
[31]. In this case the morphology of powders become similar to those obtained at lower current
densities before the initiation of dendritic growth, despite working at higher current density than the
limiting current density.

The correlation between the stirring and the limiting current density is explained in more detail
in a previous paper [32].
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4. CONCLUSIONS

Cu-Zn alloy powders were produced by electrochemical deposition in pyrophosphate
electrolyte, with different chemical composition, as well as current density, stirring speed and
temperature conditions.

The use of a statistical approach allowed us to see individual and/or interaction effects of
deposition parameters in order to obtain alloy powders with a desired composition and to determine the
optimum experimental conditions that lead to the maximization of current efficiency. In order to gain a
better understanding of the effect of the variables on copper content and current efficiency, the
predicted models were presented in three-dimensional response surface graphs. Coupled with the
response surface method, the analysis of variance gives high R? values showing that the second-order
polynomial equation developed in this study is statistically adequate fit to the experimental results.

SEM analysis showed that current density and stirring speed powder morphology. The alloy
powder morphology changes from spongy-like to caulifiower-like structures with increasing stirring
speed. With increasing current density, highly branched dendritic particles are formed. These powders
are highly branched dendrites, consisting of corncob-like structures.
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