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Abstract

Copper electrodeposition on AZ91 Mg alloy was studied in views of preferential deposition on α- or β-
phases and how to achieve uniform deposition over the entire surface on α- and β-phases in a cyanide solution.
The inhomogeneous microstructure of AZ91 Mg alloy, particularly α- and β-phases, was found to result in
non-uniform deposition of zincate layer, preferential deposition of zincate on β-phases, which leads to non-
uniform growth of copper layer during the following electrodeposition process. The preferential depositions
of zincate can be attributed to higher cathodic polarizations on the β-phases. Pin-hole defects in the copper
electrodeposit were observed at the center of large size β-phase particles which is ascribed to gas bubbles
formed at the β-phases. The activation of AZ91 Mg alloy in hydrofluoric acid solution was used to obtain
uniform growth of zincate layer on both the α- and β-phases. By choosing an optimum activation time, a
uniform zincate layer was obtained on the AZ91 Mg alloy surface and thereby uniform growth of copper
was obtained in a cyanide copper electroplating solution.
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1. Introduction

Mg alloys, as an important family of advanced

light metal materials, have been used in many

aspects of industrial fields such as aerospace,

automobile, electronic and communication equipment

recently [1, 2]. One of the main challenges for use of

Mg alloys, particularly for outdoor applications, is its

poor corrosion resistance [2]. Surface coating techni-

ques are applied extensively onto Mg alloys to

protect them from corrosion [2-6]. Plasma electrolytic

oxidation and anodization treatments are popular

processes that significantly improve the corrosion

resistance of Mg alloys. Nevertheless, these coatings

are generally nonconductive, rough and porous.

Therefore, the fabrication of a metallic layer with

low resistivity, good protective capabilities on Mg

alloys and electromagnetic shielding property, is

gaining interest.

Electrochemical plating, including electro- and

electroless plating, has been previously explored on

Mg alloys [7-10]. Metallic coatings can impart good

surface appearance, and protect Mg alloys from

corrosion. Electroless plating has been extensively

investigated for Mg alloys [7, 9, 10]. The main

advantage of electroless plating is the formation of a

uniform coating thickness on complex shaped

products. However, its slow deposition rate and the

short lifetime of the baths limit more application of

this process. The lifetime of electroless bath is

seriously shortened when the process is used for Mg

alloys due to rapid saturation of the bath with Mg2+

ions due to fast dissolution of Mg into solution.

Additionally, thinner electroless coatings have many

micro pin-holes defects, which decrease the corrosion
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resistance of coatings on Mg alloys [7, 9]. The

electroplating process has also been investigated at

length for Mg alloys [7-18]. Disadvantages of

electroless plating such as short lifetime of plating

baths and slower deposition rate are easily resolved

by using electroplating method.

Copper remains the most famous choice for

electroplating as it offers many benefits. Copper is a

soft and malleable metal, making it an excellent

choice for electroplating with other flexible metal

materials or objects [19, 20]. Copper plating has very

high plating efficiency, excellent coverage even on

difficult-to-plate parts, and also, copper is highly

conductive. The three basic types of copper

electroplating baths are acidic copper bath, alkaline

copper cyanide bath and alkaline copper non-cyanide

bath such as copper pyrophosphate [19]. The acidic

copper bath is most commonly used to electrodeposit

copper due to its low-cost, easy to control the

deposition process and high deposition efficiencies.

However, the acid solution is not suitable for

magnesium alloys due to very fast dissolution of Mg.

Less corrosive and nontoxic copper solution containing

pyrophosphate ions, with good throwing power, has

been used to deposit copper onto active metals, such

as zinc die castings, steel and aluminum [19, 20].

However, magnesium can also react with pyrophosphate

ions to form magnesium pyrophosphate complexes

dissolvable into the electroplating solution, decreasing

the lifetime of the bath. Moreover, copper pyro-

phosphate bath is difficult to control. Therefore, the

plating of copper on Mg alloys from pyrophosphate

solutions has been rarely reported [21, 22]. Alkaline

copper cyanide bath, although has high toxicity, is

still regarded as a good candidate for copper plating

on Mg alloys [19, 22].  

Plating of metals onMg alloys is generally carried

out in five steps: mechanical cleaning → alkaline

cleaning → acid pickling  zincating → electroplating

[4, 7, 8]. Pre-treatment process is the most important

step for successful electroplating on Mg alloys. Some

problems expected to occur during electroplating of

copper onto Mg alloys are [7-10]: (1) Mg rapidly

reacts with plating solution, releasing Mg2+ ions into

the solution, which decreases the life time of the

plating bath and lowers the coating quality; (2) the high

electrical resistance of magnesium oxide/hydroxide

films, which is rapidly formed on the surface, can

hinder successful electrodeposition and decrease the

adhesion of the coating; (3) the different cathodic

polarizations on α-phase and β-phase may result in

non-uniform deposition of metal on the surface.

Therefore, to study the electrodeposition behavior of

copper on AZ91 Mg alloy is of great interest.

Thus, the purpose of this paper is to study the

electrodeposition behavior of copper on AZ91 Mg

alloy in views of non-uniform deposition of copper on

α- and β-phases in a cyanide solution by controlling the

pre-treatment processes. The effects of zincating

treatment time and activation time were investigated to

find the optimum pretreatment process for a uniform

electrodeposition of copper layer on AZ91 Mg alloy.  

2. Experimental

The AZ91 Mg alloy with composition (in weight

percent) of Al, 8.88; Zn, 0.73; Mn, 0.196; Si < 0.02;

Fe, < 0.01; Cu, < 0.01; Ni, < 0.005; and Mg balance,

was used in this study. Samples with a size of

50 mm × 25 mm × 2 mm were cut from an as-cast

ingot. The samples were ground in ethanol using SiC

abrasive papers successively up to 2000 grit, and

then rinsed with ethanol. The bath compositions and

operation conditions for deposition of copper are

shown in Table 1. An optical microscope (OM,

Hirox, Japan) was used to observe the surface and

Table 1. Bath compositions and operation conditions for pretreatments and electrodeposition of copper on AZ91 Mg
alloy.

Process Bath composition Concentration (M) Condition

(a) SiC-abrasion #2000 grit

(b) Activation HF 0.5 R.T.

(c) Zincating ZnSO4·7H2O 0.2 pH 10.3, 60oC, various times

K4P2O7 0.42

Na2CO3 0.05

KF 0.1

(d) Copper plating CuCN 0.3 pH 12.2, Temp. 55oC,

KCN 0.15 10 mA/cm2

KOH 0.75
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cross-sectional morphologies of AZ91 after activation,

zincating and copper electroplating. Samples for

metallographic examination were prepared by

mechanically grinding successively to 2000 grit SiC

abrasive paper, followed by finishing with 1 μm

diamond paste and then, etched in a solution

containing of 19 mL water, 60 mL ethylene glycol,

20 mL acetic acid and 1 mL nitric acid for 30 s.

3. Results and Discussion

Figure 1 displays optical-microscopy images of

copper electrodeposited onto the AZ91 plate specimen

for various deposition times. The pretreatments used

were abrasion by SiC (up to #2000 grit) and

zincating treatment for 5 min. Electroplating for 5

min resulted in non-uniform copper deposition and

many pores were found at β-phases. The scratch

lines induced by mechanical polishing process were

visible, indicating that thin copper coatings were

deposited. Increasing the deposition time to 15 min,

resulted in the formation of micro pin-holes defects

at the β-phases and preferential deposition of copper

layer in the β-phases. The size of pin-holes became

reduced from 5 ~ 8 µm after 15 min of electroplating

to about 1 ~ 3 µm for 30 min of deposition time, and

small pin-holes less than 1 µm remained after

deposition time of 60 min. The number of pin-holes

also decreased with increasing deposition time. The

surface morphology obtained after 60 min of

deposition was non-uniform, and contained only a

few very small pin-holes. 

Figure 2 shows cross-sectional views of electro-

deposited copper on the AZ91 specimen with various

deposition times. The cross-section was etched

slightly to show the microstructure of the AZ91

substrate. Figs. 2(e) ~ 2(h) show α- and β-phases of

the underlying substrate. Very thin and non-

continuous copper layer was deposited on AZ91

surface after 5 min of electroplating. The copper

layer almost fully covers the AZ91 surface after

more than 15 min of deposition but its thickness was

non-uniform. After 60 min of electrodeposition, the

thickness of deposited copper layer ranged from 5 to

10 µm. The cross-sectional views of electrodeposited

copper layer observed after etching of the polished

cross-sections (Figs. 2(e) ~ 2(h)) clearly show a very

thick copper layer grown locally on the β-phases and

a thin copper layer deposited on the α-phase. 

To provide a better understanding of the formation

of pin-holes and non-uniform electrodeposition of

copper layer, the deposition behavior of copper was

observed at the same position of AZ91 Mg alloy

Fig. 1. Optical-microscopy images of electrodeposited
copper on AZ91 after for various deposition times of
(a) 5 min, (b) 15 min, (c) 30 min and (d) 60 min.

Fig. 2. Cross-sectional views of electrodeposited copper on AZ91 for various deposition times of (a, e) 5 min, (b, f)
15 min, (c, g) 30 min and (d, h) 60 min. The images were obtained before (a-d) and after (e-f) etching of the
polished cross-section by an etchant for 30 s.
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sample with electrodeposition time after etching of

the polished surface by the etchant solution, as

depicted in Fig. 3. The dashed lines drawn on these

images were to find the position of β-phases easily.

Spots 1 ~ 6 indicate the positions of the β-Mg17Al12
phases. After plating for 10 and 30 min (Figs. 3(b)

and (c)), the pin-holes were found to be formed at

the center of the β-Mg17Al12 phases (spots 1 ~ 4)

while a uniform copper layer was deposited on the α-

phase. The deposition rate of copper surrounding the

β-Mg17Al12 phase was higher than that at the α-phase

(Figs. 3(b) and (c)). The pin-holes obtained at the

smaller β-phases disappeared with increasing deposition

time to 30 min (spots 2 ~ 4), while they were still

visible at the center of a bigger β-phase (spot 1). The

formation of pin-holes can be ascribed to a masking

effect by hydrogen gas bubbles formed on the β-

phases during electroplating. The morphologies of

electrodeposited layer in Fig. 3 confirmed that the

non-uniform growth was due to the different micro-

structure of α- and β-phases in AZ91 Mg alloy.

Figure 4 demonstrates effect of zincating time on

the deposition of copper on AZ91 Mg alloy in a

cyanide copper electroplating solution. The optical-

microscopy images of AZ91 Mg alloy were obtained

at the same position after acid etching, zincating and

copper electroplating for 10 min. Spots 1 and 2

indicate the positions of β-phases and spots 3 and 4

mark the positions of the α-phase. After zincating

treatment, all the β-phases became dark, indicating a

Fig. 3. Optical-microscopy images obtained at the same position of AZ91 after (a) etching by etchant solution and
(b, c) copper electroplating for 10 and 30 min, respectively.

Fig. 4. Optical-microscopy images of AZ91 obtained at the same position with zincating time after etching by
etchant solution (up), zincating treatment (middle) and copper electroplating for 10 min (bottom). The zincating
treatment was carried out for (a) 2, (b) 5, (c) 10 and (d) 30 min. 
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preferential deposition of zinc on the β-phases. For 2

min of zincating treatment time, some bright areas

were also obtained (middle of Fig. 4(a)) which

corresponds to the positions of α-phase (spots 3a and

4a). No deposits were found at these bright areas

during subsequent copper electroplating. With more

than 5 min of zincating treatment, the surface of

AZ91 was entirely covered with a zincate layer on

both the α- and β-phases, as shown by a dark layer.

The deposition of zinc on Mg alloys in a zincating

solution can be explained by the following reactions

1 ~ 3 [13,22]:

Mg(OH)2 + → Mg2(P2O7)x]
4–x + 4OH– (1)

Mg → Mg2+ + 2e– (2)

Zn
2+

 + 2e
–
→ Zn (3)

For AZ91 Mg alloy, the microstructure is inho-

mogenous with the primary α-Mg and the secondary

β-Mg17Al12 phases. Open-circuit potential of the α-

phase (–1.6 VSHE) is more negative than that of the β-

phase (–1.3 VSHE). Therefore, during the zincating

treatment, the α-phase acts as an anodic site where

preferential dissolution of Mg occurs while the β-

phase acts as a cathodic site, where precipitation of

zinc dominates. Zinc was found to initially deposit

on the β-phase rather than on the α-phase. This result

contradicts with the conclusion in another study [16],

where it was reported that the deposition of zinc

mainly occurred at the α-phase of AZ91 Mg alloy.

Non-uniform deposition of zinc on AZ91 Mg alloy

during zincating treatment leads to non-uniform

copper deposition during the subsequent copper

electroplating. It should be noted that zincating

treatment forms a conductive zinc layer on the

magnesium surface which prevents the formation of

Mg(OH)2 insulator film. The conductive layer helps

the deposition of copper and also results in a good

bonding between the metallic substrate and copper

plating layer [7, 9, 16]. Thus, if the zincate layer

does not fully cover the α-phase, areas with no

copper deposition could remain, as can be seen in

Fig. 4(a) for the short zincating time of 2 min. In this

work, more than 5 min of zincating time is

recommended to cover the whole surface of AZ91

including α- and β-phases. 

To obtain a uniformly deposited zincate layer, it is

important to create an equipotentialized film on the

surface of AZ91 Mg alloy before zincating process.

In this work, the AZ91 Mg alloy surface was

activated by immersing in hydrofluoric acid solution

(HF). In HF solution, the dissolution rate of α-phase

is slow due to the formation of stable MgF2 film

over the α-phase, while that of β-phase is fast

because Al in the β-phase can form soluble 

ions. Fig. 5 shows optical-microscopy images of

xP
2
O

7

4−

AlF
6

3−

Fig. 5. Optical-microscopy images of AZ91 after various activation times of (a) 0 s, (b) 30 s, (c) 60 s, (d) 120s in 0.5
M HF solution, 10 min zincating treatment and 10 min copper electroplating.
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AZ91 Mg alloy after various activation times from 0

to 120 s in 0.5 M HF solution, after 10 min zincating

treatment and after 10 min copper electrodeposition.

Scratch lines induced during the mechanical

polishing step by SiC papers were visible on the

abraded AZ91 surface (Fig. 5(a)). On the other hand,

the surface activated for 30 and 60 s in the HF

solution reveals a typical microstructure of AZ91 Mg

alloy with primary α-Mg phase (bright color), the

secondary β-Mg17Al12 phase (dark color) and the

lamellar eutectic α+β mixture (Figs. 5(b) and 5(c)).

The obtained microstructure is explained to be

formed by different dissolution rates of α- and β-

phases in the HF solution. Increasing the activation

time to 120 s, produces a cracked layer on the

surface, which is explained by the formation of a

thick MgF2 film on AZ91 surface. After zincating

treatment, zinc layer was uniformly deposited on the

whole sample surface, over both α- and β-phases,

and large pinholes after copper electroplating were

only observed on the inactivated sample (Fig. 5(a)).

For activated samples for 30 and 60 s, the electro-

deposited copper layer demonstrates a more uniform

morphology with a few small pin-holes (Figs. 5(b)

and 5(c)). Increasing the activation time to 120 s,

again results in non-uniform deposition of both zinc

and copper layers. Thus, it is concluded that the

AZ91 specimen surface should be activated for an

optimum time between 30 and 60 s in 0.5 M HF

solution. The formation of a thin MgF2 film, instead

of Mg(OH)2 film on α-phases, may accelerate the

formation of a conducting layer on the α-phases

during the zincating process, which consequently

leads to uniform deposition of copper layer.

However, if thick MgF2 films are formed on the α-

phases, the formation of a conducting layer is

believed rather to be hindered. 

4. Conclusion

Copper electrodeposition on AZ91 Mg alloy was

studied in views of non-uniform copper electro-

deposition behavior on α- and β-phases and how to

achieve uniform copper layer over the α- and β-

phases in a cyanide solution. It was found that β-

phase is the main reason for the non-uniform

deposition of zincate layer which induce also non-

uniform growth of copper layer during the following

electrodeposition process. The depositions of zincate

layer and copper layer during the following

electroplating process occurred preferentially on the

β-phases, which act as the cathodic sites due to their

higher cathodic polarization than that of α-phase.

Pin-hole defects in the copper electrodeposit were

also observed at the center of large size β-phase

particles which is ascribed to a masking effect by

hydrogen gas bubbles formed preferentially at the β-

phases. The zincating treatment was crucial in

creating a conducting film on AZ91 Mg alloy surface

for subsequent copper electrodeposition. The activation

of AZ91 Mg alloy in hydrofluoric acid solution

employed prior to the zincating treatment, was found

to result in the formation of a uniform zincate layer

which leads to uniform electrodeposition of copper

layer.
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