10

15

20

25

30

35

40

|I| E ﬂ- H iE -x.- E ﬁ http://www.paper.edu.cn

Electrodeposition of a protective Cu/Ni-P deposit on AZ91D
magnesium alloy
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(Department of Chemistry, Zhejiang University, HangZhou 310027)

Abstract: High corrosion resistance Cu/Ni-P coatings were electrodeposited on AZ91D magnesium
alloy via suitable pretreatments, such as one-step acid pickling-activation, once zinc immersion and
environment-friendly electroplated copper as the protective under-layer, which made Ni-P deposit on
AZ91D Mg alloy in acid plating baths successfully. The pH value and current density of the Ni-P
solution were optimized to obtain high corrosion resistance Ni-P coatings. With increasing the
phosphorous content of the Ni-P coatings, the deposits were found to gradually transform to amorphous
structure and the corrosion resistance increased synchronously. The anticorrosion ability of AZ91D Mg
alloy was greatly improved by the amorphous Cu/Ni-P deposits, which was investigated by
potentiodynamic polarization curve and electrochemical impedance spectroscopy (EIS). The corrosion
current density (Icorr) of the coated Mg alloy substrate is about two orders of magnitude less than that
of the uncoated.
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0 Introduction

The high strength-to—weight ratio makes magnesium alloy very desirable in many industries.
However, their high chemical reactivity and poor corrosion resistance have limited their
widespread applications [1]. Therefore, it is necessary to make a protective surface before their
applications.

Several surface coating treatments have been proposed to meet the requirements of corrosion
protective for Mg alloy, such as metal coatings [2-4], conversion coatings [5], anodization [6],
micro-arc oxidation treatment [7], organic coatings [8] and vapor-phase processes [9]. Compared
with these surface coating treatments, electrodeposition technique has been proved to be less
energy consumption, lower cost and easier to control. Ordinary coatings, such as nickel, copper
and zinc coating electrodeposited on Mg alloy were very well documented in the literatures [3, 4,
10-12], can only provide the under-layer for further metal plated and a physical barrier to
corrosion attack of magnesium substrate. So, any coatings on magnesium alloys should be as
uniform and pore-free as possible.

P-containing alloy coatings obtained by electrodeposition have been widely used to prevent
corrosion. Ni-P coatings have proved to be high corrosion resistance owning to their special
amorphous, microcrystal or nanocrystalline structure changing with various phosphorus contents
[13]. A. Bai [14] and 1. V. Petukhov [15] reported that the corrosion potential of Ni-P deposits in
brine media was nobler than that of Ni deposit and the corrosion current of Ni-P deposits was less.
Therefore, the application range of magnesium alloy can be widely enlarged by electrodepositing
Ni-P coatings. Generally, there are two main difficulties in electrodeposition on magnesium alloy.
One is that the chemical reactivity of Mg alloy which is unstable below pH of 10.0 is extremely
high; the other is that there are heterogeneous phases with different standard electrode potentials
in Mg alloy and then galvanic corrosion will destructively affect the work electrode be
electroplated in solution media [16]. Meanwhile, phosphorus co-deposition with nickel are usually
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in low pH value electrolyte [17, 18] in which Mg alloy is prone to corrosive dissolution. Therefore,
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the pretreatment with an aim to make a protective layer for Mg Alloy is an essential part before
Ni-P coatings being electrodeposited. The chromium trioxide and poisonous cyanide used in
conventional pretreatment process (degrease— acid pickling— acid activation — zinc immersion
— copper cyanide electroplating ) [16] are acutely toxic to human and contaminative to
environment. Electrochemical behaviors of the magnesium alloy substrates in various pretreatment
solutions were studied by G. Yu et al. [19], the pretreatments processes, K4P,07 activation after
HNO;+H;PO4 pickling and one-step KMnO, pickling-activation for AZ91D Mg alloy, were
suggested for Ni and Cu electroplating, respectively. A pretreatment with galvanostatic etching
before copper electrodeposition on Mg alloy was developed by Neubert and Huang et al. [4, 10,
11]. The results indicate the copper electrodeposition is an effective pretreatment of magnesium
alloy. In our previous study, Zhao et al. [12] investigated the effect of zinc immersion
pretreatment on the electrodepositing of Ni on AZ91D magnesium alloy and twice zinc immersion
which is complex was used in the pretreatment process. All these studies above are about
electrodepositing physical protective Ni or Cu coating and electroless Ni-P coatings on Mg alloy.

To date, no literatures have been reported about electrodepositing Ni-P coatings on Mg alloy.
The crucial pretreatment and suitable electrodeposition technology for Ni-P coatings is thought to
be the key points. In the present work, suitable pretreatments, such as one-step HF acid
pickling-activation, once zinc immersion and environment-friendly plated copper as under-layer,
were applied in order to electro-deposit high corrosion resistance Ni-P coatings on AZ91D
magnesium alloy successfully. Furthermore, the effect of solution pH value, current density on the
phosphorus content and corrosion resistance of Ni-P deposits was also investigated.

1 Experimental procedure
Die-cast AZ91D magnesium alloy composed of 91.0% Mg, 8.77% Al, 0.74% Zn and other

elements (in mass fraction) was used as the testing material. Prior to experiment, the testing
specimens were cut into cylinder pieces (P8 mm) covering with polytetrafluoroethylene (PTFE).
A Cu bar was used to provide electric connection to the specimens. The surface of each specimen
was gradually polished with silicon carbide papers up to 1000 grade, followed by polishing with
2.5 pm diamond spray, rinsed with distilled water, then washed with acetone and dried in cool air.
The test electrolyte was neutral 3.5 wt. % NaCl solutions. All of the solutions were prepared with
analytical-purity reagents and distilled water.

The process flow, the main parameters for pretreatment and electrodeposition of Ni-P
coatings on AZ91D Mg alloy were listed in Table 1.

Table 1 The process flow and the parameters for pretreatment of AZ91D Mg alloy and electrodeposition of Ni-P
coatings on AZ91D Mg alloy (RT=room temperature).

Process Solution compositions Conditions
1 Acetone cleaning |Acetone 1-3 min RT
2 Pickling -activation HF (40% ) 54 ml/L 30s RT
ZnSO,7H,O 30 g/L 3.5-5 min
3 Zinc immersion K4P,0, 180 g/L 70 'C
Na,CO; 5 g/L H=10.0+0.2
Cu,P,0, 28 o/ ié e
4 Copper plating K4P,0 100-150 g/L bH=8.2-8.8
(NH4);CsHs0O- p0-70 g/L Di=1.20 A/dm
INiSO46H,0O 20 min
INiCl, 6H,O igog/gl/‘l‘ pH=0.84-2.20
5 Electrodeposition Ni-P H;PO; 40 o/L 70°C
H;PO,4 50 gL Dy=1.0-10.0 A/dm’
|Additives r=900 r/min
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A transistor constant potential/current device (Model ZF-9, China) was used to provide dc

current during Cu and Ni-P electroplating. Potentiodynamic polarization measurements were
performed on CHI660A electrochemical workstation (Shanghai Chenhua Instruments Company,
China) at a scan rate of 0.5 mV/s from -250 mV to 250 mV vs. open circuit potential (OCP). The
electrochemical impedance spectroscopy (EIS) measurements were conducted at the OCP. The
employed amplitude of the sinusoidal signal was 10 mV peak to peak and the frequency range
studied was from 100 KHz to 10 mHz. A saturated calomel electrode (SCE) as reference electrode
(separated by a salt bridge from the cell solution), a large platinum sheet as auxiliary electrode and
the specimen of exposed area of 0.5027 cm’ as working electrode were used in a traditional
three-electrode system in electrochemical measurements.

The surface morphology and composition were characterized by SEM and EDX using a
SIRION (FEI Co., Holland). The structure of AZ91 substrate after different steps of pretreatment
and Ni-P deposit was examined by XRD with Cu Ko radiation using a XPERT-PRO (PANalytical
B.V, Holland).

2 Results and discussion

2.1 Pretreatment of AZ91D Mg alloy
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Fig. 1 SEM images of AZ91D Mg ally after different pretreatment steps: (A) after HF pickling-activation, (B)
after Zn immersion, (C) after copper plating, (D) Ni-P coated without Cu plated as under-layer.

Fig. 1 shows the SEM images of the specimen surface after different process. EDX results for
element composition (wt%, mass fraction) of specimen surface are listed in Table 2 and the data
of untreated specimen are quoted from our previous study [12]. AZ91D Mg alloy is composed
mainly of a phase (Mg) and B phase (Mg;Al;;). After 30s HF acid pickling-activation, the
specimen surface is smooth and slightly non-uniform dissolved along the interface of B phase and

_3-
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o phase, where some micro-cracks and pits are found as shown in Fig. 1A. In Table 2, after HF

acid pickling-activation, EDX results show that the quantity of Mg and Al element in § phase is

less than that of untreated B phase and oxygen is also detected, especially in the dissolution parts

along boundaries between o phase and [ phase (Point a). Therefore, the HF acid

pickling-activation results in the slight dissolution of B phase on the specimen surface and o phase

is passivated correspondingly, which decreases the difference of the chemical activity between o

phase and [ phase. Therefore, one-step HF pickling-activation not only removes the loose film on

the magnesium alloy surface, but also avoids fierce replacement which is propitious to plate

smooth layers.

Table 2 EDX results of AZ91D Mg alloy after different pretreatment steps (wt %)

Samples Regions Mg Al Zn (0] Cu
Untreated [12] a phase 92.12 7.83 _ _ _
B phase 59.82 35.86 4.32 _ _
After HF acid a phase 92.45 7.55 _ _
pickling-activation B phase 55.24 32.99 4.74 7.03 _
Point a 58.19 27.64 6.30 7.87
After Zn immersion o phase 95.71 _ 4.29 _ _
Point b 33.35 - 66.65 - -
After copper plating 100

After the process of zinc immersion, the deposited network-Zn layer is formed on the

specimen after one-step HF pickling-activation as shown in Fig. 1B. No Al element and more Zn

element are detected as EDX results shown in Table 2, indicating the B phase is gradually

dissolved and then coved by Zn layer during the process of Zn immersion. The reduction of Zn

occurs preferentially on B phase of the electrode surface in the Zn immersion bath and then the Zn

layer will extend to o phase until all the surface of specimen is covered. Therefore the difference

between a phase and B phase is reduced, in other words, the chemical activity and Volta electrode

potential diversity distribution on the substrate is equalized and potential difference between

magnesium alloy substrate and subsequent deposits is reduced after zinc immersion process.

Potential (V vs. SCE)
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Fig. 2 A. OCPs with time of AZ91D Mg alloy in Cu plating bath after (a) HF acid pickling-activation, and (b) Zn
immersion, temperature was controlled at 40°C; B. OCPs with time of AZ91D Mg alloy in Ni-P plating bath after
(¢) Zn immersion and (d) Cu plated, temperature was controlled at 70°C.

The changes of OCP with time of AZ91D Mg alloy specimen after different pretreatments in

Cu plating bath are shown in Fig. 2A. The potential of specimen after acid pickling first deceases

4.
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from -1.27 Vgscg to -1.34 Vscg during the initial 9s, suggesting activation dissolution of the

substrate. Then the potential slowly increases to a steady lower potential (-1.21 Vscg) within about
75s, indicating some Cu is deposited on the substrate. However, the OCP of the specimen after Zn
immersion immediately ascends to a steady nobler potential stage (-0.63 Vscg) within 40s without
decrease, indicating that Zn layer can efficiently prevent the corrosion attack of the plating
solution to the substrate. The results of OCP in Fig. 2A indicate that the electrode surface covered
by Zn layer is more thermodynamically steady than that of the one after HF acid
pickling-activation in the Cu plating bath. Therefore the specimen is more difficult to be
electroplated than to be dissolved during copper plating without Zn immersion.

Integrated and compact Cu as-deposited layer with a typical nodular surface morphology is
shown in Fig. 1C. XRD pattern (Fig. ommited.) also shows the sharp peaks corresponding to Cu.
Therefore, a Cu layer is electroplated on the AZ91D specimen successfully.

Fig. 2B shows the evolutions of Eqcp with time of the specimens after different pretreatments
in Ni-P plating bath. The curve d descends first and then quickly stay steady potential (-0.57 Vscg)
within initial 2.0 s, which indicates the specimen after copper plated has the higher steady
potential in the Ni-P plating bath. The specimen after Zn immersion without Cu plated has a lower
potential (-1.0 Vscg) as shown in the curve ¢ which descends first and then ascends to a fluctuant
potential stage, indicating the specimen after Zn immersion without Cu plated is unsteady in Ni-P
plating bath. In other words, the AZ91D Mg alloy after once Zn immersion uncoated by Cu layer
tends to be seriously corroded in the acid Ni-P plating bath, on which Ni-P coatings can’t be
electrodeposited successfully. However, the specimen coated by dense Cu layer after Zn
immersion can effectively prevent specimen being corroded in the acid Ni-P plating bath in the
initial stage, on which Ni-P coatings can be electrodeposited successfully. Fig. 1D shows the
surface morphology of Ni-P coatings without Cu plated as a protective under-layer. Obviously, the
Ni-P coatings is rough, loose and porosity, comparing with the dense and pore-free surface
morphology of Ni-P coatings with Cu as a protective under-layer (Fig. 4). Ni-P coatings on
magnesium alloy function as the cathode coating due to that the standard electrode potential of
Ni-P alloy is higher than that of the AZ91D Mg alloy specimen. The Ni-P deposits must be
pore-free; otherwise, the corrosion of the substrate will be accelerated. In addition, as the standard
electrode potential of Cu is higher than that of Ni-P alloys, the Cu layer can function as a
long-term protective layer for Mg alloy substrate during the long-term anodic dissolution of Ni-P

coatings.

2.2 Morphologies and Microstructure of Ni-P coatings

The electrodepositing technology parameters, current density (Dy) and the solution pH value,
are the main factors to affect the phosphorus content and then the phosphorus content further
influence the microstructure, morphology, and anti-corrosion performance of Ni-P coatings. Ni-P
coatings with different phosphorous content are obtained by various Dy from 1.0 to 10A/dm’ and
pH value from 0.84 to 2.2. The effect of different phosphorous content on the microstructure and
morphology of the Ni-P coatings obtained by various Dy is studied (Figs. 3 and 4).
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Fig. 3 XRD patterns of the electrodeposited Ni-P coatings with different P content (a) Ni-18.92 at% P, (b) Ni-
16.71 at% P and (c) Ni- 7.42 at% P.

Fig. 4 SEM morphologies of Ni-P coatings obtained under different ent densities: (A) 1.0 A/dm™ (B) 4.0 A/dm
(C) 10.0 A/dm?, pH=2.0.

X-ray diffraction patterns of Ni-P coatings with various phosphorus contents are shown in
Fig. 3. Besides the peaks of Cu under-layer, there is only a wide diffraction peak corresponding to
pure nickel as shown in curve a, which means the structure of the Ni-P coatings with 18.92%
phosphorus is amorphous. The peaks corresponding to Cu in the Ni-P coatings (curves a and b)
are attributed to that the Ni-P coatings obtained at lower current density are too thin. With the
phosphorus contents decreasing to 7.42 at.%, the peaks around 26=45° corresponding to the
prominent (111) peak of pure nickel become sharp (curves b and c), indicating the Ni-P gain is
gradually coarsening and demonstrating the coatings are amorphous-microcrystalline or
microcrystalline structure. These results indicate that coatings are transformed from amorphous
phase to microcrystalline structure with a decrease of phosphorus contents, which is in agreement
with the results reported earlier [13, 20].

Fig. 4 shows the surface morphologies of Ni-P coatings obtained under various current
densities. The surface morphologies exhibit compact and uniform appearance changing from
“cauliflower-like” to “mirror-like” gradually with an increase of the current density coupled with a
decrease of phosphorus contents (Fig. 4). In Fig. 4A, the surface morphology appears to be
composed of larger nodules of “cauliflower” type structures typical for amorphous materials [21].
As phosphorus content decreases to 7.42 at.% in Ni-P coatings obtained under the current density
at 10 A/dm” (Fig. 4c), the grain size got finer corresponding to microcrystalline structure, in
agreement with X-ray diffraction results.
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Fig. 5 The cross section morphology (A) and EDX line profile (B) for the Ni-P coatings electrodeposited at D=8

A/dm?, pH=2.0.

Fig. 5 shows the cross section morphology and EDX line profile of the Ni-P alloy coatings.
The pretreatments prior to electroplating Cu under-layer for the AZ91D Mg alloy provide the
surface pits to act as sites for mechanical interlocking to improve adhesion. The immersion Zn
layer is located in the area where the substrate specimen and Cu layer mutually overlap. Though
the substrate is not completely covered with a coherent zinc layer (Fig. 1B), the deposited Zn layer
strengthens the adhesion of the subsequently deposited Cu layer to Mg alloy substrate. There is no
obvious boundary or interfacial defects observed along the interface between the Cu under-layer
and the Ni-P coatings, indicating Ni-P coating is attached tightly to the Cu under-layer with the
typical nodular surface (Fig. 1C). In addition, the Ni-P coating is very compact and no pores exist
in its cross section morphology (Fig. 5A). The elements distribution from the coating surface to
the substrate along the line labeled in Fig. 5B. Some Ni element which may be brought during the
polishing process is detected in the epoxy resin. Form Fig. 5B, the Ni-P coatings with a thickness
of about 20 pm, a dense Cu layer with a thickness of 6 um, the Zn layer and the AZ91D Mg alloy
substrate are connected closed.

2.3 Corrosion properties of Ni-P coatings

The electrodepositing technological parameters indicate that current density (Dy) and pH
values significantly affect the phosphorus content, morphology, structure and anti-corrosion
character of Ni-P deposits. The Ni-P coatings are gradually transformed to amorphous structure
with increasing the phosphorous content by varying the current density and pH value of Ni-P
electrolyte whose optimize ranges are 2.0~8.0 A/dm” and 1.0~2.0, respectively. In fact, the Ni-P
coatings turned out to be burnt partially at the electrode edge when the solution pH value and the
current density (D)) are higher than 2.3 and 14 A/dn?’, respectively.
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Fig. 6 Polarization curves of substrate and Ni-P coatings in neutral 3.5 wt. % NaCl at room temperature.

The potentiodynamic polarization curves of as-deposited Ni-P coatings obtained at pH=1.6,
Dy=8 A/dm’ with and without plated Cu as a protective under-layer and AZ91D Mg alloy substrate
are shown in Fig. 6. The parameters fitted from the polarization curves are listed in Table 3.

Table 3 The parameters obtained by fitting the Polarization curves of specimens.

Specimens Ecor(V vs SCE) leor (A/cm?) b, (mV/dec)
AZ91D substrate -1.62 30.67 200

Ni-P with plated Cu -0.32 0.30 95

Ni-P without plated Cu -1.45 6758 230

From Table 3, the corrosion potential of Ni-P coatings with Cu under-layer is about 1.3 V
higher than the AZ91D Mg alloy substrate, indicating that the former is a more
thermodynamically steady system. Meanwhile, the corrosion current density of the Mg alloy
substrate is about two orders of magnitude higher than that of Ni-P coatings, indicating the Ni-P
coatings improve the anti-corrosion performance of AZ91D Mg alloy markedly. Therefore, an
electrodeposited Ni-P coating is an ideal corrosion protective layer for AZ91D Mg alloy. The
slope of cathodic curve (b, value) of Ni-P coated decreases to 95 mV/dec from 200 mV/dec of Mg
alloy substrate without Ni-P deposit, indicating that Ni-P coatings can accelerate the hydrogen
evolution [15]. There are great changes of the corrosion potential and corrosion current density
between Ni-P coatings with and without plated Cu as a protective under-layer. The Ni-P coatings
with plated Cu shows a higher corrosion potential (Ecor= -0.32 Vgcg) and a lower corrosion
current density (lgor=0.30 uA/cmz) than the one without plated Cu. Therefore, the Ni-P deposit
without plated Cu has no protective ability for AZ91D Mg alloy, owning to its rough and defective
surface (Fig. 1D) and the fragmentary Ni-P coatings as cathode part prone to galvanic corrosion
with Mg alloy substrate in neutral 3.5 wt. % NaCl solution.
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Fig. 7 Nyquist plots of (A) the coated Ni-P alloys and the AZ91D Mg alloy substrate without coated Ni-P alloys
260 immersion for 10 min, (B) long-term immersion of Ni-P coatings in neutral 3.5 wt. % NaCl solution at room

temperature.

The anticorrosion performance of Ni-P coatings is also investigated by the EIS. Typical
Nyquist plots of the coated Ni-P alloys and AZ91D Mg alloy substrate without coated Ni-P alloys
265  immersion for 10 min (A) and Ni-P coatings obtained at pH=2.0, D=8 A/dm’ for long-term
immersion (B) in neutral 3.5 wt.% NaCl solution at room temperature are presented in Fig. 7.
Generally, these Nyquist diagrams of Ni-P coatings show a semi-elliptic arc in the investigated
frequency range, while, the one of the Mg alloy substrate exists a low-frequency inductive loop
which may be originated from the pitting corrosion on the Mg alloy electrode surface [24]. In
270  addition, the axial radius of the semi-elliptic arc of Ni-P coatings is larger than that of the Mg
alloy substrate, which indicates that the polarization resistance of the Ni-P coatings is markedly
higher than that of the uncoated AZ91D Mg alloy. In other word, the anticorrosion ability of
AZ91D Mg alloy substrate is greatly improved by the Ni-P coatings, which is in agreement with
the results of potentiodynamic polarization behavior of the AZ91D Mg alloy with and without
275  Ni-P coated (Fig. 6). The high polarization resistance benefits from the dense and pore-free
amorphous or microcrystalline structure of Ni-P coatings, which availably obstructs the attack of

Cl' in NaCl solution.
The EIS of Ni-P coatings in NaCl solution for long-term immersion are shown in Fig. 7B.
With the long-term immersion time, the axial radius of the semi-elliptic arc increases to the
280  maximum after 8 hours immersion and then decreases, indicating the polarization resistance of the
Ni-P coatings first increases and then decreases during the long-term immersion in NaCl solution.
In general, the polarization resistance of the Ni-P coatings decreases during the long-term
immersion as the attack of Cl" [25]. However, the polarization resistance of Ni-P coatings shows a
maximum value after 8 hours immersion in this work, It may be ascribed to the dissolution of the
285  nickel atom on Ni-P coatings surface during the long-term immersion in the NaCl media, resulting
in gradual accumulation of the phosphorus content and thus the Ni-P coatings is passivation in the
initial immersion stage. Meanwhile, as the standard electrode potential of the Cu is higher than
that of Ni-P alloys, the Cu plated under-layer can function as a cathodic protective layer, assisting
Ni-P coatings in obstructing the attack of Cl during the anodic dissolution of Ni-P coatings in the
290  initial immersion stage. Therefore, the polarization resistance of Ni-P coatings in long-term

immersion in NaCl solution exist a maximum value in the initial stage.
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3 Conclusion

The Cu coating as a protective under-layer is electrodeposited on AZ91D Mg alloy after one

step HF acid pickling-activation and once Zn immersion and the nodular surface is of good
adherence to the substrate and the further Ni-P coatings. The optimize ranges of the technology
parameters of the pH value and the current density for Ni-P electrodeposition are 2~8 A/dm” and
1.0~2.0, respectively. High corrosion resistance Ni-P coatings with the phosphorus content from
8.8 to 17.0 at.% are obtained. With increasing the phosphorous content of the Ni-P coatings, the
structure is gradually transformed to amorphous and the corrosion resistance increases
synchronously. The potentiodynamic polarization curves show that the corrosion current density
of the AZ91D Mg alloy coated by Ni-P coatings is about two orders of magnitude less than that of
the uncoated one and EIS shows that the polarization resistance of the Ni-P coatings is larger than
that of the AZ91D Mg alloy substrate. Cu plated under-layer functions as a cathodic protective
layer, assisting Ni-P coatings in obstructing the attack of Cl during the anodic dissolution of Ni-P

coatings in the initial immersion stage in NaCl solution.
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