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Abstract: To improve the corrosion resistance, electrodeposition of Cu coating on Mg—3.0Nd—0.2Zn—0.4Zr (mass fraction, %

NZ30K) magnesium alloy via an appropriate pretreatment was investigated. The surface morphologies, compositions and
microstructures of the pretreated films and Cu coating were characterized in detail. The results show that the activation film consists

of fluoride and phosphates and Zn immersion film forms preferentially on the eutectic compound Mg;,Nd phase region. A smooth,
uniform and dense Cu coating is successfully obtained. Potentiodynamic polarization tests reveal that Cu coating can greatly improve
the corrosion resistance of NZ30K magnesium alloy. Open circuit potential (OCP) and electrochemical impedance spectroscopy
(EIS) tests during long-term immersion further demonstrate that Cu coating can provide an effective protection for NZ30K
magnesium alloy from corrosion up to ~60 h, due to its dense structure and a stable passive film formed. In addition, Cu coating
exhibits good adhesion to substrate as confirmed by thermal shock test.
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1 Introduction

As one of the lightest engineering materials,
magnesium alloys have demonstrated a wide range of
industrial applications, owing to their high specific
strength, low density and excellent machinability [1].
However, the poor corrosion resistance has become an
obstacle to their widespread application in larger
scale [2,3]. Coating of magnesium alloys is the most
effective way to improve their corrosion resistance [4,5].
Among them, electrodeposition has been considered as a
convenient and versatile process due to its low cost,
high efficiency, simple operation and decorative
appearance [6—8].

Electrodeposition of Cu coating is often carried out
as an under-layer on magnesium alloy to subsequently
electroplate other metal coatings (i.e., Ni and Cr). Thus
far, electrodeposition of Cu coatings on magnesium
alloys via suitable pretreatments has extensively
investigated [9—12]. Prior to electrodeposition, an

appropriate pretreatment is indispensable to obtain a Cu
coating with high corrosion resistance and good adhesion
on magnesium alloys, due to their high chemical activity
and asymmetrically distributed potentials on the
substrate surface [1,13]. ZHANG et al [9] developed a
pretreatment including HF pickling-activation and Zn
immersion prior to Cu electroplating on AZ91D
magnesium alloy. HUANG et al [10,11] proposed
galvanostatic etching to electroplate Cu coatings on pure
Mg, AZ31 and AZ61 magnesium alloys. More recently,
electrodeposition of Cu coatings on Mg—Li magnesium
alloy via acid pickling in CrO; solution containing a
small amount of Fe’" ions and Zn leaching was also
studied by YIN et al [12], and the coatings exhibited
corrosion potentials in a range from about —1.25 to —0.64
V (vsSCE), implying their imperfect structures. However,
most of the researches focused on the commercial
Mg—Al magnesium alloys as substrates, and there was
limited literature available related to the electro-
deposition and corrosion resistance of Cu coatings on
Mg—RE magnesium alloys.
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Mg—3.0Nd—-0.2Zn—0.4Zr (mass fraction, %, NZ30K)
alloy is a kind of newly developed Mg—RE magnesium
alloys with moderate strength and good toughness in
as-cast condition [14,15]. Previous investigations show
that NZ30K magnesium alloy owns great potential
application in the automobile,
telecommunications, and aerospace. Therefore, it is
considerably useful for electroplating Cu coating on

fields such as

NZ30K magnesium alloy via an appropriate pretreatment
to improve the corrosion resistance, and thus to spread its
practical application.

In this work, a highly corrosion-resistant Cu coating
was electrodeposited on NZ30K magnesium alloy via an
appropriate pretreatment. The surface morphologies,
compositions, and microstructures of the pretreatment
films and Cu coating were investigated in detail. The
corrosion behavior of Cu coating was evaluated by
including potentio-
dynamic polarization, open circuit potential (OCP) and
electrochemical impedance spectroscopy (EIS) in 3.5%

electrochemical measurements

NaCl (mass fraction) solution. And also, the adhesion
strength of Cu coating to NZ30K substrate was examined
by thermal shock test.

2 Experimental

2.1 Materials and solutions

As-cast NZ30K magnesium alloy (3.02% Nd,
0.26% Zn, 0.41% Zr and Mg balance, mass fraction) was
used as the substrate. Specimens were cut into disks with
dimension of d12 mmx5 mm, mechanically polished
using 1200 grit SiC papers, cleaned with deionized water,
and then degreased ultrasonically in acetone for 10 min.
All the chemicals prepared for the pretreatment and
electroplating solutions were of analytical reagent grade
and used as received without further purification.

2.2 Pretreatments and electrodeposition of Cu coating
The pretreatment steps of NZ30K magnesium alloy

were as follows: alkaline cleaning, acid pickling,

activation, Zn immersion, and the specimens were rinsed
with deionized water after each step. Electrodeposition
of Cu coating on the Zn-pretreated NZ30K substrate was
carried out using a pulse power supplier, by a two-step
galvanostatic method including a strike by 50 mA/cm?
for 1 min, immediately followed by 15 mA/cm® for
20 min. Two parallel Cu plates were used as anodic
electrodes to ensure a homogeneous electrical field
around the cathodic electrode. The distance between
anodic electrode and cathodic electrode was 20 mm. The
detailed process flow,
operating conditions are listed in Table 1.

solution compositions and

2.3 Characterization

The surface and cross-section morphologies of
NZ30K substrate after different pretreatment steps and
Cu electrodeposition were observed using field emission
scanning electron microscope (FE-SEM, SIRION 200,
FEI, America), coupled with energy-dispersive X-ray
spectrometer (EDX, INCA, Oxford, UK). The crystalline
structures were determined by X-ray diffraction (XRD,
D/MAX 2000 V) with a Cu K, target. XRD was
executed in the range of 26=20—80° with scanning speed
of 4 (°)/min and step of 0.01°. The corrosion resistance
of Cu coating was evaluated by electrochemical
measurements including open circuit potential (OCP),
potentiodynamic  polarization and electrochemical
impedance spectroscopy (EIS) using a PARSTAT 2273
advanced electrochemical
Applied Research. All the electrochemical tests were
preformed in 3.5% NaCl solution and carried out at
(25+2) °C. A three-clectrode electrochemical cell was
used, with the specimen as working electrode, a saturated

system from Princeton

calomel electrode (SCE) as reference electrode and a
platinum plate as counter electrode. The specimen area
exposed to test 0.5 cm® Prior to
potentiodynamic  polarization, the
immersed in the electrolyte for 1 h, allowing the system

solution was
specimen  was

to be stabilized. The scan rate of potentiodynamic
polarization curves was 1 mV/s. EIS tests were conducted

Table 1 Process flow, solution compositions and operating condition of pretreatments and Cu electrodeposition on NZ30K substrate

Process

Solution composition

Operating condition

Alkaline cleaning

0.1 g/L SDS
Acid pickling 30 ml/L HNO;(65%), 605 ml/L H3PO4 (85%)
Activation 100 g/L NH,HF,, 200 ml/L H3PO, (85%)

Zinc immersion

Cu electrodeposition
0.08 g/L vanillin

80 g/L NaOH, 40 g/L Na,COs, 30 g/L Na;PO,,

30 g/L ZnSO,-7H,0, 120 g/L K4P,0510H,0,
5 g/L Na,CO;, 7 g/L KF
60 g/L CUZP207, 300 g/L K4P2073H20, 25 g/L
(NH4)3C6H507, 40 g/L KzHPO4H20, 0.2 g/L phyth acid,

80 °C, 10 min
Room temperature, 30 s
Room temperature, 3—5 min
80 °C, 3—5 min

First step: 50 mA/cm?, 1 min; Second step:
15 mA/cm?, 20 min; pH = 8.5-9.1, 4050 °C
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at OCP and the measuring frequency was ranged from
10° Hz down to 107" Hz, with a sinusoidal signal
amplitude of 10 mV. The adhesion strength of Cu coating
to NZ30K substrate was examined by thermal shock
method according to ASTM B33-04. The specimen was
annealed at 150 °C for 1 h, and then quenched in room
temperature water. The procedure was recycled for 10
times. Then the specimens were examined for blistering,
crinkle and/or breaking off.

3 Results and discussion

3.1 Pretreatment of NZ30K magnesium alloy

The microstructure of the as-cast NZ30K substrate
is mainly composed of a-Mg matrix with an average
grain size about 40—50 pm and the eutectic compound
Mg;,Nd distributes along the a-Mg dendrite boundaries,
as shown in Fig. 1(a). EDX analysis in Table 2 reveals
that Zn mainly exists in Mg;,Nd phase, and Zr is added
to refine the grain size of NZ30K magnesium alloy [16].
Such microstructural heterogeneity leads to potential
diversity on the substrate, and has an adverse effect on
Cu electrodeposition. Hence, an appropriate pretreatment
is indispensable to obtain a Cu coating with high
corrosion resistance and good adhesion on NZ30K
substrate.

After acid pickling, both a-Mg matrix and Mg;,Nd

l\"1g| JN(‘ .

phase are uniformly corroded, and some cavities are
observed along the boundaries between the a-Mg matrix
and Mg;,Nd phase, thus producing a relatively rough
surface (Fig. 1(b)). The formation of these cavities can
be attributed to the fierce galvanic corrosion between the
o-Mg matrix and Mg;,Nd phase when the substrate is
immersed in pickling solution. Such rough surface is
benefitial for improvement of the adhesion strength
between the subsequent coatings to substrate, due to the
enhanced mechanical interlocking effect. Moreover,
numerous irregular agglomerates are randomly
distributed on the surface of a-Mg matrix (spot 1) and
Mg,Nd phase (spot 2). The presence of P and O
elements in EDX analysis (Table 2) indicates that
insoluble Mg;(PO), is formed loosely on the surface of
NZ30K substrate during acid pickling. After activation,
the corrosion products formed via acid pickling are
removed in activation solution, and an activation film is
formed on the surface of NZ30K substrate (Fig. 1(c)). It
is obvious that most surface Mg;,Nd phase is covered by
irregular clusters (the inset in Fig. 1(c)), which is
considerably different from that on a-Mg matrix. EDX
further confirms that the F and O contents on Mg;,Nd
phase are significantly higher than those on a-Mg matrix,
suggesting that the activation film consisting of MgF,,
NdF;, magnesium oxides/hydroxides and phosphates
is preferentially formed on Mg;;Nd phase. After Zn

Fig. 1 SEM images of NZ30K substrate after different pretreatment steps: (a) Untreated; (b) Acid pickling; (c) Activation; (d) Zn

immersion
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Table 2 EDX results of NZ30K magnesium alloy after different pretreatment steps (mass fraction, %)
Pretreatment step Region Mg Nd Zn (0] F P
o-Mg matrix 96.78 2.77 0.46 - - -
Untreated
Mg,Nd phase 70.82 27.43 1.75 - - -
a-Mg matrix 95.87 1.05 - 3.08 - -
Acid pickling
Mg;,Nd phase 71.53 23.57 1.21 3.32 - 0.37
a-Mg matrix 94.26 3.97 - 0.98 0.79 -
Activation
Mg;,Nd phase 62.04 24.42 1.30 7.70 3.98 0.57
0-Mg matrix - - 100 - - -
Zn immersion
Mg ,Nd phase - 5.57 94.43 - - -
immersion, a smooth, uniform and compact Zn film is
formed on the entire surface of NZ30K substrate 5 T mg Nd
(Fig. 1(d)). The insets with higher magnification and re T
EDX analysis further indicate that there is no obvious . *—Cu
diversity of film compactness on Mg,Nd phase and (e) = L A _.L__
0o-Mg matrix. Such uniform and dense Zn film could d o l o e9o B,
: GNP N 7 N O O T -
equalize the potential diversity distribution on the
substrate, and effectively decrease the potential (©) = R N
difference between the magnesium alloy and the (b) l L
' A
subsequent Cu coating. However, it should be noted that
a significant diversity and preferential reduction of Zn e i A . Al .
film on Mg;,Nd phase are observed when Zn immersion 20 30 a0 30 60 70 30

time is shorter than 3 min (not presented here). Hence, a
suitable Zn immersion time should be controlled to
prepare a Cu coating with good adhesion and high
corrosion resistance.

Figure 2 presents the typical XRD patterns of
NZ30K substrate after different pretreatments and Cu
electrodeposition. Figure 2(a) reveals that NZ30K
substrate is mainly composed of «-Mg matrix and
Mg;,Nd phase. After acid pickling (Fig. 2(b)), the
intensities of the diffraction peaks corresponding to
0-Mg matrix become obviously weaker than those of the
untreated NZ30K substrate  (Fig. 2(a)), due to the
preferential dissolution of a-Mg matrix. After activation
(Fig. 2(c)), the diffraction peaks of NZ30K substrate
become further weakened, but no peaks ascribed to MgF,
and/or NdF; are detected, possibly owing to its
amorphous structure. After Zn immersion (Fig. 2(d)),
four new characteristic diffraction peaks for Zn appear,
indicating that a Zn film is formed. After Cu
electrodeposition (Fig. 2(e)), the diffraction peaks
corresponding to NZ30K substrate almost disappear and
three characteristic diffraction peaks for Cu are observed,
indicating that a Cu coating 1is electrodeposited
successfully on the surface of NZ30K substrate.

3.2 Electrodeposition of Cu coating
A Cu coating with bright red-brown appearance and
metallic luster is electrodeposited on NZ30K substrate

20/(%)

Fig. 2 XRD patterns of NZ30K substrate after different steps:
(a) Untreated; (b) Acid pickling; (c) Activation; (d) Zn

immersion; (e) Cu electrodeposition

via the appropriate pretreatments, as shown in Fig. 3(a).
SEM image (Fig. 3(b)) shows that the Cu coating is
uniform, dense, with numerous nodular structures.
Figure 3(c) indicates that there are no visible holes and
defects on the cross-section and no obvious boundary or
interface between the Cu coating and Zn film. This
suggests a good adhesion of Cu coating to NZ30K
substrate. Thermal shock test shows that no blistering,
crinkle, breaking off are observed on the surface of Cu
coating after 10 cycles (the inset in Fig. 3(d)), further
strongly indicating the good adhesion. It should be
mentioned that a strike by high deposition current
density (50 mA/cm®) for a short time (1 min) could
effectively decrease the replacement reaction between Zn
film and Cu®" ions in the plating bath, which is benefitial
for improving the adhesion of the subsequent Cu coating
to substrate. The composition distribution of Mg, Zn and
Cu elements along the line from Cu coating to substrate
are also given in Fig. 3(d). The average thickness of Cu
coating and Zn film is about 8.5 um and 3.5 pm,
respectively.
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Cu coa}ing

Zn film

NZ30K substrate

Distance/um

Fig. 3 Photograph and micrograph of Cu coating electrodeposited on NZ30K substrate: (a) Photograph; (b) Surface morphology;
(c) Cross-section morphology; (d) Corresponding EDX line scanning profile (inset in (d) is optical image of Cu coating after thermal

shock test)

3.3 Corrosion behaviors of Cu coating
3.3.1 Potentiodynamic polarization

Figure 4 shows the typical potentiodynamic
polarization curves of NZ30K substrate and Cu coating
in 3.5% NaCl Corrosion characteristics
including corrosion potential (@) and corrosion current
density (Jeon) are derived from the potentiodynamic
polarization curves by Tafel extrapolation, and are
summarized in Table 3. It is clear that Cu coating can

solution.

0

greatly improve the corrosion resistance of NZ30K
magnesium alloy, with an ennoblement of @, from
—1.70 to —0.22 V (vsSCE) and an obvious decrease of
Jeor from 2.16x107° to 1.17x10°° A/em?, due to its dense
and pore-free structure.

Table 3 Corrosion characteristics of NZ30K substrate and Cu

coating summarized from potentiodynamic polarization curves
in 3.5% NaCl solution

Sample @corr (V8 SCE)/V Joonl (Arcm?)

=o= NZ30K substrate
—o= Cu coating

-0.52

o(vs SCE)/V

=-2.0 L Il L L L 1
-8 7 -6 -5 -4 3 2

Ig[J/(A-cm™)]
Fig. 4 Potentiodynamic polarization curves of NZ30K substrate
and Cu coating in 3.5% NaCl solution

NZ30K substrate 2.16x107

1.17x10°¢

-1.70

Cu coating -0.22

3.3.2 Long-term immersion test

To further evaluate the long-term corrosion
resistance and corrosion mechanism of Cu coating, the
changes in OCP and EIS characteristics as a function of
immersion time were also carried out in 3.5% NaCl
solution.

Figure 5 shows the change in the OCP of Cu coating
as a function of immersion time in 3.5% NaCl solution.
During the initial 60 h immersion, the OCP maintains
steadily in a range from —0.22 to —0.23 V (vs SCE),
suggesting that Cu coating can effectively serve as a
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barrier layer to prevent NZ30K substrate from corrosion.
However, the OCP decreases slightly to about —0.39 V
after 72 h immersion, then drops dramatically to about
—0.80 V after 74 h immersion, and finally to about
—1.31 V after 76 h immersion. This indicates that Cu
coating starts to deteriorate after 60 h immersion, and
totally breaks down after 72 h immersion, owing to the
severe galvanic corrosion between Cu coating and
NZ30K substrate. A visible deep corrosion pit is
observed on the surface of Cu coating after 76 h
immersion. Hence, Cu coating can effectively protect
NZ30K substrate from corrosion for 60 h in 3.5% NaCl
solution.

@(vs SCE)V

-1.4 . .
0 10 20

30 40 50 60 70 80
Immersion time/h

Fig. 5 Change in OCPs of Cu coating as a function of

immersion time in 3.5% NaCl solution

Figure 6 shows the EIS plots and fitting results of
Cu coating with different immersion time in 3.5% NaCl
solution. During the initial 24 h immersion, the Nyquist
plots in Fig. 6(a) are characterized with two capacitive
loops with gradually increased diameter, and meanwhile
the Bode plots in Fig. 6(b) display smoothly higher |Z]
and broader phase degree in the middle frequency region
with the increase in immersion time. This suggests that a
passive film (corrosion products of Cu coating) is formed
on the surface of Cu coating during the initial immersion
period. It has been reported that a passive film consisting
of CuCl and/or Cu,0O is formed on the surface when Cu
is immersed in neutral and weakly acidic media
containing Cl" ions [17,18]. During 24—60 h immersion,
the shape and diameter of EIS plots hardly change,
indicating that the passive film is relatively stable during
this immersion period and could provide corrosion
protection for NZ30K substrate. However, with further
prolonging immersion time, the diameter of capacitive
loop in Nyquist plots and |Z|~,, in Bode plots starts to
shrink, implying that the passive film begins to
deteriorate and the electrolyte penetrates into the Cu
coating to interact with magnesium alloy substrate. The
diameter of capacitive loop is only about 85 Q-cm” after

(a) @ 72h
6k O 74h
# 76h

m— it result

*— 76 h

304050 6070 8090
£ /0 .em?)

0 2 4 6 8 10 12

ZJ10°Q-cm?)

o lh
0 3h
A 12h
v 24h
4 36h
—_ P 48h
L] L
E o] ';“‘I:
g 2
. O 74h
o * 76h
= - Fit result
N
10°
107! 107 10 102 10° 104 10°
Frequency/Hz
80
alh
0 3h
A 12h
60 v 24h
q 36h
o B 48h
{5’ O 60h
_— 0 72h
2 40 O T4h
= % Toh
2 == Fit result
@ 3
£ _ |
20F
0

10 10 104 10°

Frequency/Hz

107 10 10!
Fig. 6 EIS plots and fitting results of Cu coating with different

immersion time in 3.5% NaCl solution: (a) Nyquist plot;
(b, ¢) Bode plots

76 h immersion, demonstrating a total breakdown of Cu
coating, owing to the fierce galvanic corrosion between
Cu coating and NZ30K substrate. Such changes in EIS
data are in good agreement with the analysis of
OCP-time curve in Fig. 5.

An equivalent circuit in Fig. 7(a) is proposed for
fitting of EIS plots to further understand the corrosion
mechanism of Cu coating on the surface of NZ30K
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S 75
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Immersion time/h
Fig. 7 Equivalent circuit proposed for fitting of EIS plots in
Fig. 6(a) and change in R, and R, as a function of immersion
time in 3.5% NaCl solution (b)

substrate. R, refers to the solution resistance, Q... and
Qg are used instead of the capacitance of coating and the
double layer capacitance originated from the
electrochemical corrosion activity at alloy surface,
respectively. R, represents the resistance of the coating,
and R, is the charge transfer resistance representing the
resistance of electron transfer during electrochemical
reaction course. A good correspondence between the
fitted and measured spectra is obtained, as shown in
Fig. 6. The corrosion process of Cu coating can be also
described by the changes in the R..,; and R parameters
as a function of immersion time, as depicted in Fig. 7(b).
Both R, and R, gradually increase in the initial 24 h
immersion due to a growth of passive film formed by the
anodic dissolution of Cu coating, then maintain relatively
steady during 24—60 h immersion, and finally decrease
rapidly after 72 h immersion, owing to the breakdown of
Cu coating and galvanic corrosion between Cu coating
and NZ30K substrate. These results further confirm that
the Cu coating can provide a long-term corrosion
protection performance for up to 60 h, which is also
consistent with the analysis of OCP—time curve in Fig. 5.

It is known that the electrodeposited Cu coating
cannot provide long-term corrosion protection for
magnesium alloy due to the existence of pinholes/defects,
and thus is often used as an under-layer to electroplate
the subsequent metal coatings, i.e., Ni and Cr. However,
in the present work, a highly corrosion-resistant Cu
coating is successfully electrodeposited on NZ30K

magnesium alloy via an appropriate pretreatment, and
could effectively protect NZ30K magnesium alloy from
corrosion for 60 h in 3.5% NaCl solution, based on the
above OCP and EIS characteristics during long-term
immersion tests.

4 Conclusions

1) In the pretreatment process, both activation film
containing MgF,, NdF; and/or Mg;(PO)s, and Zn
immersion film are formed preferentially on Mg;,Nd
phase. A uniform and compact Zn immersion film is
covered on the entire surface of NZ30K magnesium
alloy via an appropriate pretreatment.

2) A smooth, uniform and dense Cu coating with
good adhesion to substrate is electrodeposited on NZ30K
magnesium alloy, as confirmed by SEM observations
and thermal shock test.

3) Potentiodynamic polarization tests in 3.5% NaCl
solution indicate that Cu coating can greatly improve the
corrosion resistance of NZ30K magnesium alloy, due to
its dense and pore-free structure.

4) OCP and EIS characteristics during long-term
immersion demonstrate that the Cu coating can protect
NZ30K magnesium alloy from corrosion for 60 h. And
the corrosion process of Cu coating can be described as
follow: (1) a passive film forms in the initial 24 h
immersion; (2) the coating is relatively stable during
24—60 h immersion; (3) the coating starts to deteriorate
after 60 h immersion, and a visible through-going
corrosion pit is observed after 76 h immersion.
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