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Abstract Copper–zinc alloy coatings were deposited

on mild steel substrates using sodium citrate electro-

lytes at room temperature and under direct current.

For the bath composition studied, factorial design was

used to verify the influence of deposition parameters,

such as current density and mechanical stirring, on the

cathodic efficiency, the contents of copper and zinc,

and the amount of hydrogen evolution. Moreover, the

four responses were simultaneously studied by using an

optimization methodology. The results suggest that the

optimum point for reaching good quality copper–zinc

alloy deposits from the proposed citrate electrolytes

are 29 A m–2 and 247 rpm for bath 3 and 13 A m–2 and

67 rpm for bath 4. Applying these conditions, a yellow-

reddish coating was obtained from bath 3, while a

bright red deposit was produced from bath 4.

Keywords Alloy electrodeposition � Citrate

electrolytes � Copper–zinc alloys � Desirability

function � Response surface methodology

1 Introduction

The electrodeposition of metal alloys coatings requires

the simultaneous reduction of all the metal ions that

are forming the alloy at the electrode surface [1, 2].

Therefore, high quality metallic alloy coatings are

usually obtained by using complexing agents, which

decrease the activity of the nobler ion in the solution

[3]. Cyanide baths have been efficiently used for

Cu–Zn alloy coating production, despite their high tox-

icity and the rigorous maintenance control [4, 5].

Searching for alternative electrolytes to the traditional

cyanide ones, several proposed bath compositions have

been presented [3, 6, 7]. Some of these are based on

citrate for copper [8–10] or zinc [11], and for Cu–Zn [12]

alloy electrodeposition. However, even for baths con-

taining only one of the metal ions neither the chelation

mechanism nor the electroplating process have yet been

clarified, these being dependent on several parameters

such as the stability of the metal ion/citrate complex, the

citrate concentration and the medium pH [8–10].

The plating of Cu–Zn alloys from citrate bath has

not been extensively studied, probably due to the low

stability of the baths [12, 13]. Moreover, metal alloy

coating electrodeposition is a complex process involv-

ing the control of several chemical and operational

parameters. In practice, these parameters are often

chosen empirically and the alloy is then produced at

these ‘‘optimum conditions’’. Therefore, to improve

deposition conditions and produce layers that better

fulfill industrial needs, it is important to develop a

more scientific approach leading to a clearer funda-

mental understanding of the co-deposition phenome-

non. This will lead to improved process performance

and reliability, as well as to the establishment of new

alloy systems.

In this work Cu–Zn alloy coatings were produced on

mild steel substrates from citrate electrolytes. Using

experimental design procedures, the deposition

parameters, including current density and mechanical

stirring speed, were evaluated for their effects on the
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cathodic current efficiency, alloy coating composition

and hydrogen evolution. The aim of this study was to

contribute further insights into the behavior and trends

of Cu–Zn electrodeposition from citrate electrolytes in

order to attain a more efficient control of the coating

properties.

2 Experimental methodology

2.1 Cathodic polarization curves

Cathodic polarization curves were galvanostatically

obtained in the current density range of 0.13–267 A m–2.

AISI 1028 mild steel discs (exposed area of 1.70 · 10–4 m2)

were used as working electrodes, while a 1.60 · 10–3 m2

brass plate (63% m/m Cu, 37% m/m Zn) acted as a

counter electrode. The reference electrode was a saturated

mercury (I) sulfate electrode (Hg/Hg2SO4), SSE. The

experiments were carried out at room temperature and the

stirring speed ranged from 0 rpm to 400 rpm. Table 1

describes the chemical composition, pH and conductivity

values of the baths.

2.2 Alloy electrodeposition experiments

In order to improve the alloy electrodeposition process

and attain a coating composition around 70–80% m/m

Cu and 20–30% m/m Zn (commercial brass), an

experimental central composite design 22 with a central

point was employed [14]. A quadratic model was ap-

plied to quantitatively evaluate and describe the re-

sponse surfaces concerning the effects of current

density (I) and mechanical stirring speed (S) on the

cathodic current efficiency (CCE), the alloy chemical

composition (Cu and Zn) and the hydrogen partial

current density (IH) (Table 2). These assays were

performed using the same reference and counter

electrodes mentioned earlier and mild steel disks with

5.31 · 10–4 m2 of exposed area as the working elec-

trode. The CCE data were obtained gravimetrically.

The layers produced were dissolved in 20% v/v HNO3

and the alloy composition was determined by flame

atomic absorption spectrometry (FAAS). Table 3

presents the codified and normal values of the studied

variables. A commercial software package (STATIS-

TICA for Windows, release 7.0) was used for the

experimental data regression analysis.

2.3 Optimization of alloy electrodeposition

The four responses obtained in the electrodeposition

experiments (CCE, Cu and Zn contents in the alloy,

and IH) were used to optimize the alloy production

using the simultaneous optimization methodology

proposed by Derringer and Suich [15]. This is based

on the definition of a desirability function for each

response, whose values are restricted to an interval of

(0,1). The global desirability is then obtained by the

geometric average of the individual desirability.

2.4 Corrosion experiments

The coatings obtained in solution 3 (Table 1), at the

optimum conditions determined by the optimization of

the deposition parameters (I and S), were electro-

chemically evaluated by anodic potentiostatic polari-

zation curves. The experiments were performed at

room temperature in a 0.5 mol L–1 NaCl solution. The

counter electrode was a platinum spiral, while the

reference electrode was saturated calomel (SCE).
Table 1 Chemical composition, pH and conductivity values of
the citrate-based electrolytes

Solution Chemical composition/
mol L–1

pH Conductivity/
mS cm–1

CuSO4 ZnSO4 Na3C5H6O7

1 0.02 0.20 0.05 4.08 21.1
2 0.02 0.20 0.10 4.41 23.8
3 0.02 0.20 0.50 5.81 48.7
4 0.02 0.20 1.00 6.30 56.1

Table 2 Central composite design 22 experimental matrix

Run no. Stirring speed Current density

1 –1 –1
2 +1 –1
3 –1 +1
4 +1 +1
5 0 0
6 0 0
7 0 0
8 �

ffiffiffi

2
p

0
9 0

ffiffiffi

2
p

10
ffiffiffi

2
p

0
11 0 �

ffiffiffi

2
p

Table 3 Codified and normal values of the studied variables

Level Current density/A m–2 Stirring speed/rpm

ffiffiffi

2
p

46 341
+1 40 300
0 25 200
–1 10 100
�

ffiffiffi

2
p

4 58
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3 Results and discussion

The low stability of baths 1 and 2 (Table 1) made it

difficult to observe the reproducibility of the results

and hindered their further use in the electrodepos-

ition experiments. Similar results were obtained

earlier [8, 12]. Therefore, the results presented here

are related only to baths 3 and 4.

3.1 Polarization curves

Figure 1 shows the cathodic polarization curves of the

steel electrode in solutions 3 and 4 (Table 1) for all S

values used. The goals of these assays were to select

the current density range for the electrodeposition tests

and to verify the effects of both I and S on the cathodic

performance of the electrolyte. The first part of these

aims was wholly satisfied and the range between 1 and

50 A m–2 was chosen (Table 3).

For both solutions, the polarization curves have

different slopes in different current density ranges,

which is probably associated to several deposition

mechanisms [16]. Additionally, the curves plotted at

0 rpm were more polarized than the others, especially

for the current density range around 1 and 20 A m–2.

Increased S caused better ion transportation to the

electrode surface. It is also important to note that the

curves obtained in solution 4, with higher citrate

amounts (Fig. 1b), were more polarized than those

from solution 3 (Fig. 1a), irrespective of the S value

used. Increasing the amount of citrate probably pro-

duces a joint effect of enhanced metal complexation

and changed pH value to cause the observed polari-

zation, as has been earlier verified for copper and zinc

deposition in citrate medium [8, 10, 11]. Moreover,

blocking species could also contribute to this polari-

zation, making it difficult to deposit the metals.

3.2 Electrodeposition experiments

The effects of I and S can be better evaluated by

applying experimental factorial procedures. Hydrogen

evolution was also measured as IH, obtained as the

difference between the total current density and the

(Cu+Zn) partial current densities (ICu+Zn). The values

of ICu+Zn were calculated from the element contents in

the alloy coating and the current efficiency [2, 3, 12].

The complete quadratic surface model between the

response and the studied factors is given by Eq. (1).

y
^
¼ b0 þ b1X1 þ b2X2 þ b11X2

1 þ b22X2
2 þ b12bX1X2

ð1Þ

where ŷ is the estimated response, X1 corresponds to I,

X2 represents S, X1X2 is the interaction between I and

S (IS), and bi are the equation coefficients. Statistical

tests (p = 0.05) were used to verify if the analyzed

effects present any statistical significance. It is impor-

tant to point out that even though some individual

trends were observed in the responses based on the

influence of I and S parameters, the final results were

obtained by the complete quadratic response surfaces.

The results obtained for CCE are represented by

Fig. 2, and by Eqs. (2) and (3) for baths 3 and 4,

respectively. Each magnitude effect was presented only

for conditions where significant influences were

detected (p < 0.05). It is evident that, with a confi-

dence level of 95%, neither I nor S had a significant

effect (p > 0.05) on CCE for both baths. Therefore, a

saddle point is observed in Fig. 2 for both solutions,

indicating that high CCE values can probably be
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Fig. 1 Galvanostatic polarization curves in the solutions of
Table 1: (A) Solution 3 and (B) Solution 4
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obtained at high stirring speed and low current density,

or at high current density and low stirring speed.

E
^
¼ 92 ð2Þ

E
^
¼ 88 ð3Þ

where E
^

represents CCE.

Similarly, it is possible to evaluate the effect of the

studied factors on other electrodeposition parameters.

Figure 3 presents the fitted surface responses for Cu

content in the coatings produced from both solutions,

while Eqs. (4) and (5) represent their models. For bath 3,

where the copper-to-citrate concentration ratio was 1:25,

both factors significantly influence the Cu content

(p < 0.001 and p < 0.02, respectively). This influence

is linear and negative for I, while linear and positive for S,

as shown in Eq. (4) and Fig. 3a. Since Cu is a noble metal

its ions are usually easily reduced and this is probably the

main reaction observed at low values of current density.

However, increasing I causes other parallel reduction

reactions, such as Zn or H ion reduction, decreasing the

amount of copper in the coating.

It is widely known that metallic ion transportation is

favored by S, thus increasing the Cu content in the

coating. Additionally, the proposed mechanisms for Cu

deposition in citrate medium [8, 10], taking into account

pH variation and citrate concentration, established that

several Cu–citrate complexes are directly reduced with-

out previous dissociation. After reduction, the resulting
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Fig. 2 Fitted surfaces of standardized effects for cathodic
current efficiency (A) Bath 3; (B) Bath 4
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Fig. 3 Fitted surfaces of standardized effects for %m/m Cu (A)
Bath 3; (B) Bath 4
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species can be either directly incorporated into the

deposit or undergo decomplexation, yielding molecules

of free complexing agent. Therefore, an increase in S can

enhance the transportation of any free ligand from the

electrode surface to the solution bulk after discharge.

%Cu
^
¼ 53� 31I þ 36S ð4Þ

In bath 4 (rate Cu:Citrate = 1:50), although the

negative and linear influence of I is still apparent

(p < 0.00009), there is no significant influence of S.

Instead, there is a significant quadratic effect of I on

the evaluated parameter (p < 0.02), as shown in Eq.

(5) and Fig. 3b. Chassaing et al. [8] have shown that

the direct inclusion of the copper-reduced complexes is

proportional to the current density and to the surface

concentration of the species to be included. In the

present case, an increase in the amount of citrate in the

bath would probably enhance the direct incorporation

of the Cu–citrate complex species, mainly at high val-

ues of current density. Although the final response in

Fig. 3b shows a quadratic influence, the linear effect

seems to influence predominantly the copper content

in the coating, which is in agreement with the p values.

%Cu
^
¼ 36� 23I þ 13I2 ð5Þ

Figure 4 shows the fitted surface responses for zinc

content in the coating, while Eqs. (6) and (7) describe

the resulting response of the model for both solutions.

The studied factors affected the zinc reduction simi-

larly, irrespective of the composition used. A direct

influence of I on the Zn content (p < 0.001 and

p < 0.0002 for baths 3 and 4, respectively) is noted,

since large current densities are needed to promote the

reduction of zinc ions to metallic zinc. On the other

hand, a linear and negative influence of S on Zn con-

tent is also observed (p < 0.004 and p < 0.003 for

baths 3 and 4, respectively). As seen earlier, forced

convection may improve copper deposition, decreasing

the zinc content in the coating. The fitted surfaces

shown in Fig. 5 correspond to the model for zinc

deposition using the studied citrate baths.

%Zn
^
¼ 40þ 31I � 6:3S ð6Þ

%Zn
^
¼ 54þ 28I � 4:0S ð7Þ

Therefore, based on Fig. 4, only coatings produced

with high I and low S values had high zinc content.

Moreover, some of these coatings, mainly at high

current densities, presented a grayish color and low

adhesion. Similar results were observed by Ishikawa

et al. [17] and Senna et al. [3], who used pyrophos-

phate baths in alkaline solutions for deposition of

Ni–Zn and Cu–Zn alloys, respectively, relating this

behavior to hydrogen evolution and a consequent

increase in pH near the electrode surface. In solutions

containing only Zn–citrate complexes in the pH range

6.0–7.0, Gusev et al. [11] also suggested that the

cathode could become passivated by hydroxides pro-

duced when the complexes decompose. As these

complexes undergo discharge, the layer adjacent to
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Fig. 4 Fitted surfaces of standardized effects for %m/m Zn (A)
Bath 3; (B) Bath 4
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the electrode becomes alkaline because of hydrolysis

of the released citrate ions according to the reaction

C6H4O7
4– + H2O , C6H4O7

3– + OH–, which also con-

tributes to the appearance of hydroxyl ions in the

near-surface layer. This phenomenon is favored by

low S values, since the removal of Zn(OH)2 precipi-

tate occurs at a lower rate than its production in the

layer next to the electrode.

It is also interesting to investigate the responses for

IH, since hydrogen reduction competes directly with

the zinc reduction. The fitted surface responses (Fig. 5a

and b) show that I and S affect this variable differently,

depending on the bath used. In bath 3 (Eq. (8)), there

is a direct and significant influence of S on IH

(p < 0.02). Additionally, a joint effect of I and S can

be observed (p < 0.04). Analyzing these responses

and the fitted response surface (Fig. 5a), hydrogen

evolution is seen to occur preferentially at high current

densities and at high stirring speeds. At these condi-

tions there is a huge competition between the reduc-

tion process of both zinc and hydrogen ions, since

copper ion reduction is stimulated at high values of

stirring speed but not at high current density. There-

fore, the association of both studied effects would lead

to the removal of zinc hydroxide from the electrode

surface, decreasing the zinc content in the alloy. Al-

though IH is a calculated variable, depending on ICu+Zn

[2, 3, 12], these conditions probably favor hydrogen

reduction.

H
^
¼ 4:3þ 3:1Sþ 4:0IS ð8Þ

On the other hand, there is a significant and negative

quadratic influence of I (p < 0.04) and a significant

and positive effect of S (p < 0.02) on IH obtained

from bath 4 (Eq. (9)). The enhancement of IH with S

might again be explained by the removal of zinc

hydroxide from the surface/solution interface,

decreasing the zinc content and increasing IH. Oppo-

sitely, an increase in IH was expected with high I val-

ues, since under these conditions the formation of H2

(g) is a parallel and competitive reaction to zinc ion

reduction. However, by observing the corresponding

fitted response surface (Fig. 5b) and Eq.(9), it is clear

that the influence of current density on IH cannot be

analyzed alone as a negative quadratic effect. In fact,

the joint effect of both parameters must be evaluated

as a whole response, in which there is a trend toward

increasing hydrogen evolution with stirring speed for a

range of current densities. This is also in agreement

with the p values for both variables.

H
^
¼ 7:7� 3:0I2 þ 2:9S ð9Þ

Moreover, it is important to point out that these

responses may not be completely independent and

must be used with great care to characterize the trends

in the hydrogen reduction process, since the IH

response was calculated from experimental results.

3.3 Optimization using the desirability function

Many response surfaces imply the analysis of several

responses. Simultaneous consideration of multiple

responses involves first building an appropriate

response surface model for each response and then

trying to find a set of operating conditions that, in

some sense, optimizes all responses or, at least, keeps

them in desired ranges. A useful approach to optimi-

zation of multiple responses is to use the simultaneous
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Fig. 5 Fitted surfaces of standardized effects for partial hydro-
gen current density (A) Bath 3; (B) Bath 4
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optimization technique popularized by Derringer and

Suich [15]. Their procedure makes use of desirability

functions. The general approach is to first convert each

response yi, into an individual desirability function di

that varies over the range 0 £ di £ 1 where if response

yi is at its goal or target, then di = 1, and if the response

is outside an acceptable region, di = 0. Next, the design

variables are chosen to maximize the overall desir-

ability, D = (d1�d2� ... dm)1/m where there are m

responses.

The desirability function was used to evaluate all the

responses found in the electrodeposition experiments

for both solutions 3 and 4, in order to find an optimum

point where the desired conditions (CCE values higher

than 80%, Cu/Zn content ratio near the commercial

brass values, and low IH) could be obtained. Figure 6

presents the respective optimization surfaces.

The values of desirability obtained for both baths

were smaller than 1 (0.53 and 0.36 for baths 3 and 4,

respectively), showing that the estimated function

might not completely represent the experimental

model and the desired conditions, especially for bath 4.

Keeping this in mind, coatings from both solutions

were obtained at their respective optimized points and

evaluated for their CCE values and Cu and Zn con-

tents in the coating. Table 4 presents the optimized

conditions and the attained results for the coatings

produced in each bath. Since the desirability value for

bath 4 was too small, the coating had a low CCE value

and low Zn content, even though a bright red coating

was obtained. Conversely, the CCE was over 80% in

the coating from bath 3 and the Cu and Zn contents

were near the commercial brass amounts. The coating

had a bright yellow-reddish color.

3.4 Corrosion experiments

An optimized coating from bath 3 was again produced

and submitted to corrosion experiments in 0.5 mol L–1

NaCl solution. Figure 7 shows the results for the

Cu–Zn layers produced in this bath and compares their

electrochemical behavior with samples of copper, zinc

and commercial brass. The coating showed a perfor-

mance between that of pure copper and pure zinc, as

expected for brass. Although its behavior was very

different from that of commercial brass, it showed a

superior protective behavior when compared to Cu–Zn

coatings produced from a pyrophosphate bath without

surfactants [3]. It is known that most of the electro-

lytically-obtained alloys produced from different baths

usually consist of fine crystals, non-uniform in com-

position and characterized by a considerable distortion

of the crystal lattice, originated during the formation of

the non-equilibrium phases at the cathode [1]. Lattice

distortion may be responsible for non-homoge-

neous microscopic residual stress and can contribute

D
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Fig. 6 Desirability fitted surfaces for baths 3 (A) and 4 (B)

Table 4 Optimized conditions and results of the experiments
performed for both baths, at their respective optimum points
(29 A m–2 and 247 rpm, and 13 A m–2 and 67 rpm for baths 3
and 4, respectively) based on the desirability function

Responses Bath 3 Bath 4

Cathodic efficiency/% 85.0 23.0
Cu content/% m/m 80.5 82.0
Zn content/% m/m 20.5 0.2
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significantly to the coating microhardness [18, 19].

Therefore, although a very adherent coating was pro-

duced there were probably microdefects on the surface

causing galvanic corrosion of the substrate, which

explains the different behavior observed for the coat-

ing and the commercial brass. After the corrosion

experiments the substrate/coating system showed

localized corrosion.

4 Conclusion

Citrate baths containing sodium citrate concentrations

equal to or higher than 0.5 mol L–1 can be used for

electrodeposition of Cu–Zn alloy, producing shiny

coatings whose colors vary from red to yellow-reddish.

Gray coatings were also produced at high current

density experiments.

The citrate concentration in the bath affected the

electrodeposition process and, consequently, the con-

tent of the metals in the alloy coating. A higher

polarization was noted due to the increase of citrate

concentration in the bath, irrespective of the S value

used. This could be a result of the increasing pH, the

enhancement of metal–citrate complexes and the

presence of blocking species on the electrode surface.

The deposition parameters (I and S) influenced Cu

and Zn contents in opposite ways, mainly for coatings

produced in bath 3. Increasing S favors the copper ion

transport to the electrode surface, decreasing the zinc

content in the coating. On the other hand, large I values

enhance the zinc deposition and diminish the copper

quantity in the coating. There was also a quadratic and

significant influence of the current density on the copper

content in the coating for bath 4, which could be related

to an increase in the direct incorporation of the reduced

complexes with the current density.

The analysis of variance (ANOVA) shows that more

than 85% and more than 90% of the results can be

explained for Cu and Zn contents in the coating,

respectively, irrespective of the bath composition used.

The combined effect of the factors studied on copper

and zinc contents resulted in a non-significant influence

of these factors on the CCE. At high I values, IH

increased, mainly at high S values.

Optimized conditions for producing good quality

Cu–Zn alloy coating (29 A m–2 and 247 rpm) were

obtained by applying the desirability methodology,

mainly for bath 3. The coating produced in this con-

dition had high CCE values and Cu–Zn contents near

to commercial brass. Its anticorrosion behavior was

between pure Zn and pure Cu, showing localized cor-

rosion after the electrochemical experiments. Con-

versely, the coating from bath 4 had a low CCE value

and Zn content.
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