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Abstract: The composition of magnesium alloys is greatly associated with initial deposition behavior of electroless 
Ni−P coatings. Thus, the initial deposition behavior of electroless Ni–P coatings on ZK60 and ME20 alloys was 
investigated. The results indicated that differences in the alloy compositions significantly influenced the initial 
deposition process and the adhesive strength, corrosion resistance, and crystal structure. The initial deposition of 
coatings on ZK60 and ME20 alloys preferentially occurred on the precipitates. The precipitates in ZK60 alloy had 
higher chemical activity after HF activation and controlled the initial deposition rate of the coating. The initial 
deposition rate of the coating on ME20 alloy mainly depended on the density of the MgF2 film formed by HF activation 
rather than on the precipitates. Owing to differences in the initial deposition process, the coating on ZK60 alloy had 
higher adhesive strength and better corrosion resistance than that on ME20 alloy. The coatings on ZK60 and ME20 
alloys mainly had crystalline structures, and the coating on ME20 alloy had also a slight microcrystalline structure. 
Key words: ZK60 magnesium alloys; ME20 alloys; electroless Ni plating; initial deposition; adhesive strength; 
corrosion resistance 
                                                                                                             
 
 

1 Introduction 
 

Magnesium (Mg) alloys afford advantages 
such as low density, high specific strength and 
specific stiffness, good biocompatibility, and good 
electromagnetic shielding. Therefore, they are 
widely used in a variety of applications that require 
lightweight structures, including the automotive, 
electronics, medical and health, and aerospace 
industries. However, Mg alloys have higher 
chemical activity and poorer corrosion resistance 
relative to aluminum alloys, which limit their 
applicability. Due to the increasing demand for  
Mg alloys, many studies on surface protection 
technologies have been conducted to improve the 
environmental adaptability of Mg alloys [1,2]. Mg 
alloys can be protected from corrosion through the 
formation of a surface coating using methods such 

as chemical conversion, electroplating, electroless 
plating, microarc oxidation, thermal spraying, laser 
surface treatment, chemical or physical vapor 
deposition, organic/polymer coating, and sol–gel 
coating. For a given engineering application, a 
suitable surface treatment method is selected 
according to the uses of the Mg alloy parts [3−6]. 

Compared with other technologies, electroless 
nickel (Ni) plating on Mg alloys has been 
extensively investigated because it affords excellent 
conductivity, corrosion resistance, and thickness 
uniformity, and is facile in terms of solution system 
and plating parameters such as the temperature and 
pH [7,8]. A nickel–phosphorus (Ni−P) composite 
coating on Mg alloys containing hard ceramic 
particles such as SiC, TiO2, and Al2O3 has been 
developed to improve the corrosion and wear 
resistance [9,10]. However, performing uniform  
and dense electroless Ni plating on Mg alloys is  
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extremely difficult because Mg alloys have higher 
chemical activity in the plating solution and 
different phases with electrochemical heterogeneity 
in the substrate [11,12]. The deposition process of 
electroless Ni plating on Mg alloys is also highly 
complicated because of the replacement reaction 
between Ni and Mg in the initial stage of plating 
and the solution autocatalytic reaction [13−15]. 
Therefore, the surface state of the substrate directly 
affects the initial deposition behavior of the  
coating. For example, the AZ91D alloy coating 
preferentially grows with β-phase due to the 
electrical coupling between the β-phase and the 
eutectic α-phase [16,17]. The initial deposition of 
the coating on AZ31 alloy occurs preferentially at 
MgF2 film defects because of the potential difference 
between α-phase and Mn−Al phase [18,19]. 

ZK60 and ME20 magnesium alloys possess 
high tensile strength and excellent welding 
performance, respectively, and are therefore widely 
used in aerospace electronic products. Electroless 
Ni−P coating is the main protection technology 
applied to these alloys. In the present study, the 
phase compositions of the substrates of ZK60 and 
ME20 alloys were investigated to clarify the initial 
deposition behavior during electroless Ni−P coating. 
Zn−Zr and Mg−Ce precipitates exist on ZK60 and 
ME20 alloy surfaces, respectively [20,21]. The 
number and activity of the Zr−Zn and Mg−Ce 
precipitates were found to affect the initial 
deposition mode and deposition rate of plating. The 
effects of the initial deposition on the corrosion 
resistance, microstructure, and adhesive strength of 
the coating were also investigated.  
 
2 Experimental 
 
2.1 Materials 

Rolled sheets of ME20 and ZK60 alloys were 
used in this study. Table 1 lists the chemical 
compositions of these alloys. The specimen size 
was 10 mm × 10 mm × 2 mm, and the surface was 
mechanically polished with 2000-grit sandpaper 
and cleaned with deionized water. 

2.2 Electroless Ni−P plating 
Firstly, the specimens were pickled in a 

pickling solution comprising 20 mL/L H3PO4 (85%) 
and 10 mL/L HNO3 (65%) for 20 s to roughen their 
surface to improve the adhesive strength between 
the coating and the substrate. Subsequently, they 
were activated in 150 mL/L HF (40%) for 2 min at 
room temperature. After these pretreatment steps 
were executed, the specimens were immediately 
transferred into the electroless plating solution 
containing 15 g/L NiCO3ꞏ2Ni(OH)2ꞏ4H2O, 5 g/L 
C6H8O7ꞏH2O, 20 g/L NaH2PO2ꞏH2O, 10 g/L NH4HF2, 
12 mL/L HF (40%), and 1 mg/L CS(NH2)2 at 80 °C. 
The specimen was rinsed with distilled water at 
each step. Thereafter, the deposition rate, 
microstructure, adhesive strength, and corrosion 
resistance of the coating were compared. 

To study the initial deposition behaviors of 
electroless Ni−P coating on ZK60 and ME20 alloys, 
the specimens were polished twice to a mirror 
surface (Fig. 1) and were corroded with specific 
solutions at room temperature for 20 s to obtain 
clear grain boundaries. ME20 alloy was corroded 
with C6H8O7ꞏH2O solution (5 g/L) and ZK60 alloy, 
with a solution containing 1 mL/L HNO3 (65%), 
20 mL/L C2H4O2, 60 mL/L C2H6O2, and 19 mL/L 
H2O. After HF activation, the specimens were 
immersed in the plating solution for different 
durations, namely, 20, 30, 40, 50, and 60 s. The 
evolution of the microstructure and elemental 
composition of different phases was characterized 
using scanning electron microscopy (SEM; ZEISS 
SUPER 55VP) with energy-dispersive spectroscopy 
(EDS). 

 
2.3 Coating characterization 

The deposition rate (ν, μm/min) of the coatings 
was measured using the mass gain method and 
calculated as 
 
ν=104Δm/(ρSt)                           (1) 
 
where Δm (g) is the mass increment of the 
electroless Ni−P coating, ρ (g/cm3) is the   
average density of the plating (Ni−P coating  
density: 8.1 g/cm3), S (cm2) is the surface area of the  

 
Table 1 Chemical compositions of ME20 and ZK60 Mg alloys (wt.%) 

Alloy Mn Zr Ce Al Zn Si Fe Cu Be Other Mg 

ME20 1.3−2.2 − 0.15−0.35 ≤0.20 ≤0.30 ≤0.10 ≤0.05 ≤0.05 ≤0.01 ≤0.30 Bal. 

ZK60 ≤0.10 0.30−0.90 − ≤0.05 5.0−6.0 ≤0.05 ≤0.05 ≤0.05 ≤0.01 ≤0.30 Bal. 
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Fig. 1 Specimens after secondary mechanical polishing 

 

specimen, and t (min) is the plating duration. 
The microstructure and elemental composition 

of the coatings were analyzed using SEM and EDS. 
The crystal characteristics of the coatings were 
determined using X-ray diffractometry (XRD; 
DMAX−3B). 

The adhesive strength of the coatings was 
evaluated using the thermal shock method. The 
process was repeated 30 times. The electroless 
Ni−P coating specimens were kept in a constant 
temperature oven at 200 °C for 1 h and then quickly 
placed into cold water. The specimens were 
removed from the water and dried using 
compressed air. Finally, the appearance of the 
specimens was checked. 

The potentiodynamic polarization curve and 
potentiostatic polarization curve of the coatings 

were measured in 0.1 mol/L NaCl solution using  
an electrochemical workstation with a saturated 
calomel electrode as a reference electrode, platinum 
as a counter electrode, and specimens with an 
exposed area of 1 cm2 as a working electrode. 
 
3 Result and discussion 
 
3.1 Microstructure of substrates 

As shown in Fig. 2, clean grain boundaries of 
specimens were obtained through polishing and 
corrosion. As indicated in Fig. 2(a), a large number 
of precipitates were observed in the ZK60 alloy; 
these were mainly distributed near the grain 
boundaries, and their particle size was <2 μm. EDS 
linear scanning results of the precipitates indicated 
that their Mg content was significantly lower and 
their Zn and Zr contents were significantly higher 
(approximately 35 and 10 wt.%, respectively). The 
grains mainly comprised Mg and Zn (>5 wt.%) and 
only a small quantity of Zr (<1 wt.%). The inner 
grains and grain boundaries of the ZK60 alloy 
comprised Mg−Zn eutectic compounds (MgxZny) 
and a Mg-rich phase [22]. The precipitates were 
mainly Zn−Zr eutectic compounds, such as   
Zn2Zr [23]. Fewer precipitates were observed in the 
ME20 alloy, and most of them were distributed at 
the grain boundaries and in the grains. EDS   
linear scanning maps of the precipitates indicated a 

 

 

Fig. 2 Microstructures of substrate after corrosion and EDS linear scanning maps: (a) ZK60 alloy; (b) ME20 alloy 
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decreased Mg content and an increased Ce content. 
The inner grains and grain boundaries mainly 
comprised simple manganese and a Mg-rich  
phase. The precipitates were mainly Mg12Ce [24], 
and the Ce content of some larger precipitates 
(approximately 1 μm) exceeded 30 wt.%. 
 

3.2 Initial deposition behavior 
Figures 3 and 4 show the microstructures of 

ZK60 and ME20 alloys specimens, respectively, 
which were immersed in the plating solution for 0, 
20, 30, 40, 50, and 60 s, respectively. 

The precipitates on the surface of the ZK60 
and ME20 alloys did not dissolve or degrade after 
HF activation. The F content of the corresponding 
precipitates was 1.4 and 7.9 wt.%, respectively 
(Zone I in Figs. 3(a) and 4(a)); however, the F 
content of the grains was approximately 1.5 wt.% 
(Zone II in Figs. 3(a) and 4(a)). The Mg in the 
precipitates and grains reacted with HF to form 

MgF2 (Reaction 2) that could prevent the corrosion 
of the magnesium alloy in the plating solution and 
that controlled the initial deposition rate [25,26]. 
The other three constituents Zn, Zr, and Ce of the 
precipitates probably reacted with HF to form ZnF2, 
ZrF4, and CeF4, respectively (Reaction 3). 

The difference in F content between the two 
precipitates was related to the solubility of fluoride. 
ZnF2 and ZrF4 are slightly soluble in water, whereas 
MgF2 and CeF3 are insoluble in water. 
 
Mg+2HF→MgF2+H2↑                     (2) 
 
M(Zn,Zr,Ce)+HF→MFx+H2↑               (3) 
 

The EDS analysis revealed that Ni and P were 
absent on the surface of the ZK60 and ME20 alloys 
after these specimens were immersed in the plating 
solution for 20 s (Figs. 3(b) and 4(b)). After 30 s, 
the morphology of the grains and grain boundaries 
was not significantly changed for both ZK60 and 
ME20 alloys (Zone II in Figs. 3(c) and 4(c)). MgF2 

 

 
Fig. 3 Microstructures of ZK60 alloy specimen after plating for 0 s (HF activation) (a), 20 s (b), 30 s (c), 40 s (d),    

50 s (e), and 60 s (f) 
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Fig. 4 Microstructures of ME20 alloy specimen after plating for 0 s (HF activation) (a), 20 s (b), 30 s (c), 40 s (d),    

50 s (e), and 60 s (f) 
 
film was formed on the alloy surface after HF 
activation. This film could prevent the solution 
from contacting the substrate, the substitution 
reaction between Ni and Mg and the solution 
autocatalytic reaction. 

However, Ni and P were detected on the 
precipitates (Zone I in Figs. 3(c) and 4(c)). The Ni 
and P contents of the precipitates in ZK60 alloy 
were 53.63 and 9.04 wt.%, respectively, and those 
in ME20 alloys were 41.09 and 2.39 wt.%, 
respectively (Tables 2 and 3); the content difference 
was mainly caused by the elements constituting the 
precipitates. The detection of P indicated that the 
solution autocatalytic reaction occurred on the 
precipitates. For the ZK60 alloy, few fluorides were 
detected on the precipitates. Fluorides could not 
form a continuous and dense film on the 
precipitates of ME20 alloy due to the presence of 
Ce. Consequently, the precipitates possessed higher 
chemical activity than the grains. The elements in 

the precipitates were preferentially replaced with Ni 
ions in the solution to form Ni catalytic active sites 
(Reaction 4), thereby undergoing a solution 
autocatalytic reaction: 
 
N(Mg,Zn,Zr,Ce)+Ni2+→Ni+ 

Nx+(Mg2+, Zn2+, Zr4+, Ce4+)                   (4) 
 

Meanwhile, the P and Ni contents of the 
precipitates in ZK60 alloy were higher than those of 
the precipitates in ME20 alloy, indicating that the 
precipitates in ZK60 alloy possessed higher 
chemical activity. For the ZK60 alloy, the main 
component of the precipitates was Zn−Zr eutectic 
compounds. After HF activation, Zn and Zr were 
dissolved in the solution as fluorides, and only a 
small quantity of MgF2 remained in the precipitates. 
Therefore, the element could be rapidly replaced by 
Ni ions to form catalytic active sites. By contrast, in 
ME20 alloy, the main component of the precipitates 
was Mg12Ce. During HF activation, the fluorides 
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Table 2 Contents of main elements in ZK60 alloy for 

different plating time (wt.%) 
Time/ 

s 
Zone 
code 

F Mg Zn Zr Ni P 

0 
I 1.38 53.71 34.87 9.42 − − 

II 1.53 90.42 7.01 1.04 − − 

20 
I 0.71 64.16 28.07 5.60 − − 

II 1.13 89.37 6.96 − − − 

30 
I − 15.52 1.21 − 53.63 9.04

II 1.22 87.88 7.53 1.20 − − 

40 
I − 7.80 1.53 − 80.70 9.09

II 1.36 89.16 6.04 0.84 − − 

50 

I − 5.29 1.52 − 80.96 9.88

II 2.53 86.27 6.82 − 0.68 0.45

III 2.21 81.61 7.05 − 4.79 0.92

60 

I − 15.39 1.12 − 74.60 7.11

II 3.17 84.41 5.52 − 3.28 0.64

III 3.27 72.48 5.68 − 14.37 1.72

 

Table 3 Contents of main elements in ME20 alloy for 

different plating time (wt.%) 
Time/ 

s 
Zone 
code 

F Mg Mn Ce Ni P 

0 
I 7.93 67.65 − 20.08 − − 

II 1.53 96.19 1.25 − − − 

20 
I 5.46 72.24 − 20.17 − − 

II 2.06 93.47 1.43 − − − 

30 
I 4.38 45.64 − 6.50 41.09 2.39

II 1.49 96.91 1.61 − − − 

40 

I 4.84 30.92 − 4.84 55.05 2.91

II 1.04 95.93 1.64 − − − 

III 2.09 95.26 1.23 − 2.49 1.02

50 

I 2.24 28.29 − 2.72 60.95 3.92

II 2.10 91.10 1.51 − 2.53 0.40

III 2.59 86.45 1.24 − 6.85 1.09

60 

I 2.46 17.33 − 2.56 70.72 5.34

II 3.76 71.23 1.42 − 18.75 2.69

III 2.18 59.75 0.91 − 30.72 4.15

 

formed by Mg and Ce remained in the precipitates 
because they were insoluble in the solution, and this 
reduced the displacement reaction rate. 

After immersion for 40 s, a large number    
of precipitates in ZK60 alloy were observed 

(Fig. 3(d)); these could be divided into two types. 
One type was exposed on the top surface of the 
substrate. The other type was embedded in the 
substrate and was enveloped by the MgF2 film; 
therefore, it could not react with the solution. MgF2 
film near the precipitate was loose, and cracks were 
even formed in MgF2 film as its thickness  
increased [27,28]. As the immersion time increased, 
the Ni ions in the solution gradually passed through 
MgF2 film and reacted with the precipitates. 
However, MgF2 film on the grains was compact, 
thereby preventing Ni ions from migrating to the 
substrate; therefore, Ni and P were not detected on 
the grain surface (Zone II in Fig. 3(d)). For the 
ME20 alloy, the microroughness of the grains and 
grain boundaries increased significantly (Fig. 4(d)). 
Ni and P were detected at the grain boundaries but 
not on the grains. This is because MgF2 film at the 
grain boundaries was looser than that on the surface 
of grains owing to surface defects [29], and Ni ions 
could easily migrate to the substrate. In short, the 
substitution reaction between Ni ions and Mg 
occurred preferentially at the grain boundaries. 

As the immersion time increased, the size and 
quantity of precipitates on the surface of ZK60 
alloy gradually increased (Zone I in Figs. 3(e) and 
(f)), and small amount of Ni and P were detected on 
the grains (Zone II in Figs. 3(e) and (f), and 
Table 2). The Ni content in the dense area of the 
precipitates (Zone III in Figs. 3(e) and (f)) was 
much higher than that on the grains. This was 
probably because the coating initially deposited on       
the precipitates. As the autocatalytic reaction 
progressed, the coating grew into round precipitates 
and expanded in two dimensions, and the MgF2 
film around the precipitates was torn by coating 
growth. Consequently, the compactness of the MgF2 
film decreased and the autocatalytic reaction around 
the precipitates was promoted. 

For the ME20 alloy, after being immersed in 
the plating solution for 50 or 60 s, the grain 
boundary contour became clearer due to the 
increased Ni and P contents (Figs. 4(e) and (f)). Ni 
and P were also detected on the surface of grains, 
indicating that the autocatalytic reaction occurred. 
Compared with the grain and grain boundary after 
immersion for 40, 50, and 60 s, the Ni and P 
contents at the grain boundaries were much higher 
than those on grains mainly owing to the higher 
chemical activity at grain boundaries. 
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The MgF2 film was porous and contained 
MgO (or Mg(OH)2) [30,31]. The Ni ions in the 
plating solution could react with the substrate 
through the pores or the defects formed by the 
dissolution of MgO (or Mg(OH)2). Under the same 
HF activation conditions, the compactness of the 
MgF2 film was related to the elemental composition 
of substrates [27,32]. Further, the compactness of 
the MgF2 film determined the deposition rate of the 
coating. After 50 and 60 s, the Ni content of the 
grains in ZK60 alloy was 0.68 and 3.28 wt.%, 
respectively, and that of the grains in ME20 alloy 
was 2.53 and 18.75 wt.%, respectively. To compare 
the MgF2 film of ZK60 and ME20 alloys, 
potentiodynamic polarization curves of specimens 
with and without HF activation were obtained 
(Fig. 5). The corrosion potentials of the ZK60 alloy 
with and without HF activation were −1.36 and 
−1.23 V, respectively, and those of the ME20  
alloy were −1.31 and −1.28 V, respectively. The 
difference in corrosion potential indicated that the 
compactness of the MgF2 film on ZK60 was better 
than that on ME20. For the ME20 alloy, a large 
quantity of simple manganese dispersed on the 
surface and reduced the compactness of the MgF2 
film. However, for the ZK60 alloy, Zn and Mg in 
the grains existed as eutectic compounds that had 
no influence on the compactness of the MgF2 film. 
After HF activation, the MgF2 film on the ZK60 
alloy could improve the corrosion resistance of the 
substrate. Owing to the higher density of the MgF2 
film on the grains of the ZK60 alloy, fewer 
dissolution defects were formed. Consequently, the 
Ni and P contents of grains were lower during the 
same period. 
 

 

Fig. 5 Dynamic potential polarization curves of 

substrates before and after HF activation 

The deposition process indicated that, in the 
early stage of electroless Ni–P coating, the 
deposition rate of ZK60 was controlled by 
precipitates, whereas that of ME20 was controlled 
by the MgF2 film. 

Figure 6(a) shows the initial deposition 
process of electroless Ni−P coating on the ZK60 
alloy. Three findings were obtained. Firstly, after 
the substrate was corroded, a large number of 
precipitates were exposed on the surface. Owing to 
the formation of soluble fluoride on the precipitates 
after HF activation, the quantity of fluoride was 
small. Therefore, the precipitates had higher 
chemical activity relative to the grains and grain 
boundaries, and the initial deposition of the coating 
preferentially occurred on the bare precipitates, 
especially on larger ones. Secondly, as the 
immersion time increased, the precipitates 
embedded in the substrate and enveloped by the 
MgF2 film came into contact with the solution; 
subsequently, the replacement and solution 
autocatalytic reactions occurred, resulting in the 
tearing of the MgF2 film around the precipitates. 
Thirdly, the coating surrounded the precipitates in 
the early stage of growth and then expanded in two 
and three dimensions through the solution 
autocatalytic reactions. At the same time, the 
replacement reactions or autocatalytic reactions 
occurred on the grains and at grain boundaries. 

The electroless Ni−P coating deposition 
process significantly differed between ME20 and 
ZK60 alloys. Insoluble fluoride was formed on the 
precipitates after HF activation; however, the 
replacement reaction could not be prevented 
because of the poorer density relative to that of the 
grains. Therefore, the coating was preferentially 
deposited on the precipitates. However, the growth 
trend of the coating was not affected due to the 
small quantity of precipitates. In addition, the 
porosity of the MgF2 film on ME20 alloy was 
higher, and more soluble (MgO (or Mg(OH)2)) 
defects were observed due to the presence of simple 
manganese. Therefore, the substitution reaction 
easily occurred on the grains or at grain boundaries 
of the ME20 alloy. However, the coating growth 
was mainly related to the compactness of the MgF2 
film in different regions of the substrate, as shown 
in Fig. 6(b). The MgF2 film on the grains was 
denser than that at grain boundaries, and, therefore, 
the replacement reaction between Ni ions and Mg 
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Fig. 6 Initial deposition process of electroless Ni−P coating on ZK60 (a) and ME20 (b) alloys 

 
occurred firstly at the grain boundaries and then on 
the grains. As the immersion time increased, Ni 
catalytic active sites were formed on the substrate, 
and the coating gradually covered the whole 
substrate. 
 
3.3 Deposition rate 

Figure 7 illustrates the mass increment and 
plating deposition rate of the same specimens at 
different time. At the initial stage, the mass 
increment and plating deposition rate of the ZK60 
alloy were much higher than those of the ME20 
alloy. The difference in deposition rate was related 
to the initial deposition process. At the initial 
deposition stage of coating on the ZK60 alloy, the 
solution autocatalytic reaction mainly occurred 
around the precipitates, and large number of 
precipitates on the substrate could form more 
catalytic active centers. Therefore, the two- 
dimensional deposition rate was accelerated at the 
early stage. 

The initial deposition of the plating on the 
ME20 alloy also occurred on precipitates; however, 

the precipitates did not influence the deposition rate 
due to their small quantity and low activity. The 
initial catalytic active sites on ME20 alloy were 
mainly formed by the replacement reaction of Ni 
ions with Mg. The migration rate of Ni ions was 
low due to the shielding of the MgF2 film, and this 
further affected the replacement reaction rate. 
Consequently, the compactness of the MgF2 film on 
ME20 alloy determined the initial deposition rate. 

After 5 min, the plating deposition rate of 
ZK60 alloy decreased, whereas that of ME20  
alloy continued to increase. Figure 8 displays the 
microstructures of the coatings after 5 and 15 min. 
After 5 min, the Mg contents on the substrate of the 
ZK60 and ME20 alloys were 2.18 and 16.68 wt.%, 
respectively (Figs. 8(a) and (b)). The substrate of 
the ZK60 alloy was completely covered by the 
coating, and the solution autocatalytic reaction 
mainly occurred on the surface. However, the 
coating on the ME20 alloy did not completely cover 
the substrate. The solution autocatalytic reaction 
and replacement reaction were suggested to occur 
simultaneously on the surface. Ni catalytic active 
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Fig. 7 Mass increment (a) and plating deposition rate (b) of specimens at different plating time 

 

 
Fig. 8 Microstructures with electroless Ni plating for different time: (a) ZK60 alloy, 5 min; (b) ME20 alloy, 5 min;    

(c) ZK60 alloy, 15 min; (d) ME20 alloy, 15 min 

 

sites and the early Ni–P coating with smaller 
nodules had high catalytic activity. With the growth 
of the coating, the microstructure of the coating, 
including the size and number of nodules, tended to 
be consistent (Figs. 8(c) and (d)). The deposition 
rates between the two magnesium alloys did not 
differ significantly. As the compactness of the 
coating increased, the surface activity decreased 
and deposition rate tended to decrease. 
 

3.4 Microstructure 
Figure 9 shows the microstructures of 

magnesium alloys after electroless Ni–P coating for 
30, 45, and 60 min. For ZK60 and ME20 alloys, the 

nodule size of the coating increased with increasing 
the plating time, but the microstructure of the 
coating did not. Figure 8 shows that after 15 min, 
the substrates were completely covered by the 
coating and that the microstructures of the coatings 
were consistent. Subsequent coating growth was 
mainly achieved through the solution auto-  
catalytic reaction. The microstructural changes were 
dependent on the solution system rather than on the 
initial deposition method. However, under the same 
conditions, the P content in the coating on the 
ME20 alloy was slightly higher than that in the 
coating on the ZK60 alloy; this may be related to 
the slightly faster deposition rate of the coating on  
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Fig. 9 Microstructures with electroless Ni plating for different time: (a) ZK60 alloy, 30 min; (b) ZK60 alloy, 45 min;  

(c) ZK60 alloy, 60 min; (d) ME20 alloy, 30 min; (e) ME20 alloy, 45 min; (f) ME20 alloy, 60 min 

 

the ME20 alloy at the end of plating. 
The crystal structure of the electroless Ni–P 

coating depends on the P content. Generally, 
coatings with low, intermediate, and high P  
contents (≤3%, 3%−6%, and ≥9%, respectively) 
have crystalline, amorphous, and microcrystalline 
structures, respectively [33]. Figure 10 shows XRD 
patterns of the Ni–P coating on these two Mg  
alloys; no significant differences were seen in the 
number and position of the diffraction peaks. The 
diffraction peaks near 2θ value of 45° corresponded 
to the Ni (111) plane. The Mg (100), (002), (101), 
and (103) diffraction peaks in the XRD profiles 
were attributable to the substrate of Mg alloys. This 
was probably because X-ray penetrated the thin 
coating (12−13 μm in 60 min) to the substrate [34]. 
The full width at half maximum values of the Ni 
characteristic peak of the coating (60 min) on ZK60 

and ME20 alloys were 0.866 and 0.887, 
respectively, indicating that the coating on the 
ZK60 alloy was more crystalline. This result was 
consistent with the EDS result. The coatings on the 
two Mg alloys were mainly crystalline, and a small 
amount of microcrystalline structure was mixed in 
the coating on the ME20 alloy. 
 

3.5 Adhesive strength 
The thermal shock test can be used to 

determine the adhesive strength of the coating when 
the thermal expansion coefficients of the coating 
and the substrate are not identical. The thermal 
expansion coefficients of the electroless Ni plating 
and Mg alloy were approximately 13×10−6 and 
22×10−6 °C−1, respectively. After the thermal shock 
test, the coating on the ME20 alloy peeled and 
cracked whereas that on the ZK60 alloy almost 
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remained, indicating higher bonding strength of the 
ZK60 alloy (Fig. 11). When the Ni−P coating and 
Mg alloy were rapidly cooled from a high to a low 
temperature, their respective deformations differed 
greatly. If the intrinsic stress of the coating     
was large, peeling and cracking were likely to  
occur [35]. The intrinsic stress of the coating was 
caused by lattice defects or lattice growth defects 
during deposition and was closely related to the 
 

 

Fig. 10 XRD patterns of Ni−P coating for different 

plating time: (a) ME20 alloy; (b) ZK60 alloy 

 

 
Fig. 11 State of plating after thermal shock test 

electroless Ni plating solution system and the 
plating parameters [36,37]. The adhesive strength of 
the metal plating and the substrate mainly depended 
on the metal bonding and mechanical joint, which 
was roughened by pickling or sandblasting [38−40]. 
After pickling and activation, the microroughness 
of the substrates on the ZK60 and ME20 alloys did 
not differ significantly. After 60 min, the P content, 
microstructure, and thickness of the coating on the 
ME20 alloy were approximately the same as those 
of the coating on the ZK60 alloy. However, the 
coating on the ME20 alloy peeled and cracked, 
indicating that it had a larger intrinsic stress. 
Because the plating conditions of ZK60 and ME20 
alloys were the same, the difference in intrinsic 
stress was closely associated with the initial 
deposition behavior of the coating. 

The coating was peeled off from the substrate 
using a surgical blade. SEM was used to analyze the 
stripped plating (i.e., contact surface with substrate) 
and stripped area (Fig. 12). The nodules of the 
stripped plating on ZK60 alloy exhibited obvious 
divisions between each other. However, the nodules 
of the stripped plating on ME20 alloy were stuck 
together. This indicated that the initially deposited 
plating on ZK60 alloy had a smaller internal stress. 
The difference in microstructure was closely related 
to the initial deposition method. When the coating 
on ZK60 alloy was peeled off, a large quantity    
of precipitates were exposed on the substrate.  
These precipitates contained Mg (57.34 wt.%), P 
(3.11 wt.%), Ni (34.64 wt.%), and Zn (2.20 wt.%), 
indicating that they were Zn−Zr eutectic 
compounds covered with Ni−P coating. The 
nonprecipitate region contained Mg (91.82 wt.%), 
Zn (7.48 wt.%), and Zr (0.70 wt.%), and Ni and P 
were not detected. This further illustrated that the 
initially deposited coating on the ZK60 alloy 
mainly surrounded the precipitates and expanded in 
two dimensions through the solution autocatalytic 
reaction. A large number of precipitates achieved 
independent deposition of the coating, and these 
could further reduce the internal stress of the 
coating. The initial Ni–P coating was combined 
with precipitates through metal–metal bonds. The 
precipitates exhibited excellent adhesive strength 
with the substrate and connected the coating with 
the substrate-like rivets. Therefore, the coating on 
the ZK60 alloy had excellent adhesive strength. 
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Fig. 12 SEM images showing microstructure of stripped plating (a, c) and stripped area (b, d) 

 
When the coating on the ME20 alloy was 

peeled off, the exposed surface mainly contained F 
(5.84 wt.%), Mg (14.17 wt.%), P (9.37 wt.%), and 
Ni (66.9 wt.%). This demonstrated that the initially 
deposited plating remained on the substrate and was 
mixed with MgF2. A large number of Ni catalytic 
active sites were formed during the initial 
deposition stage, and these promoted the solution 
autocatalytic reaction, especially the reduction 
reaction of Na2H2PO2. Consequently, the P content 
was higher in the initially deposited plating. 
Because the P content of the stripped plating was 
low (approximately 4 wt.%), the crystal structures 
of the initial and final coatings differed. Ni could 
bond with the substrate through a metal–metal bond, 
and the initially deposited coating obtained through 
Ni active site catalysis had higher adhesive strength 
with the substrate. The stripped plating grew on the 
initial coating. Due to the mismatch of the crystal 
structure between the initial Ni−P coating and the 
stripped plating and the presence of MgF2, the 
adhesive strength of the coating was reduced. 
 
3.6 Corrosion resistance 

Figure 13 displays the potentiodynamic polari- 
zation curves of the Ni−P coating after plating for 
10, 20, 30, 40, 50, and 60 min. The polarization 
curves were analyzed using the cathodic Tafel 
extrapolation technique [41]. Table 4 lists the 
corrosion current density (Jcorr) and corrosion 
potential (φcorr). It indicated that the corrosion 

potential of the coating increased and the corrosion 
current density decreased as the plating time 
increased, indicating that the corrosion resistance of 
the coating exhibited an upward trend. In addition, 
the corrosion potential of the Ni–P coating on ZK60 
alloy was higher than that of the same coating on 
ME20 alloy, indicating that the former coating had 
higher corrosion resistance. Figure 14 displays the 
potentiostatic polarization curves of the coating for 
different time. Figure 14(a) indicated that the 
corrosion of the coating on ME20 and ZK60 alloys 
for 40 min occurred at approximately 15 and 
25 min, respectively. The coating on ME20 alloy 
for 60 min exhibited corrosion at approximately 
20 min, whereas that on the ZK60 alloy for 60 min 
did not exhibit corrosion (Fig. 14(b)). This result 
further demonstrated that the Ni−P coating on 
ZK60 had better protection capability. 

During electroless Ni plating, closed or open 
holes appeared on the coating surface due to the 
release of hydrogen [42]. The resulting open pores 
affected the corrosion resistance. The difference in 
open pores in the coating on the ZK60 and ME20 
alloys was closely related to the initial deposition 
behavior. After the Ni−P coating was peeled from 
the substrate, numerous pit defects were observed 
on the surface of the ZK60 alloy (Fig. 15(a)). An 
EDS analysis revealed that the pit defects mainly 
contained Mg and Zn. These pit defects were 
formed by the peeling of precipitates with the 
coating. As shown in Fig. 15(b), microhole defects 
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Fig. 13 Dynamic potential polarization curves of Ni−P coating after plating for different time: (a) 10 min; (b) 20 min;  

(c) 30 min; (d) 40 min; (e) 50 min; (f) 60 min 

 

Table 4 Corrosion potential and corrosion current density of Ni−P coating after plating for different time 

Time/min 
φcorr(vs SCE)/V Jcorr/(10−5Aꞏcm−2) 

ME20 ZK60 ME20 ZK60 

10 −0.91 −0.86 2.51 1.63 

20 −0.87 −0.82 1.67 1.35 

30 −0.63 −0.60 0.74 0.68 

40 −0.62 −0.48 0.65 0.49 

50 −0.53 −0.39 0.56 0.46 

60 −0.48 −0.39 0.54 0.37 
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Fig. 14 Potentiostatic polarization curves of Ni−P coating after plating for 40 min (a) and 60 min (b) 

 

 
Fig. 15 Microstructures of substrate after coating being peeled off: (a) ZK60 alloy; (b) ME20 alloy 

 

on ME20 alloy comprised Mg and F rather than Ni 
and P. These defects were supposed to be the denser 
MgF2 film that could prevent the formation of Ni 
catalytic active sites. These defects did not possess 
catalytic activity and could only be covered by the 
Ni−P coating in two or three dimensions; this 
increased the probability of open pores and thereby 
affected the corrosion resistance of the coating. 
Consequently, the Ni−P coating on the ZK60 alloy 
had better continuity and higher corrosion 
resistance relative to the coating on the ME20 alloy. 
 

4 Conclusions 
 

(1) The initial deposition of the coating on 
ZK60 alloy occurred preferentially on highly active 
Zn−Zr precipitates and then expanded in two 
dimensions through the solution autocatalytic 
reaction. The Mg−Ce precipitates on ME20 alloy 
did not affect the initial deposition rate of the 
coating due to their lower activity. The initial 
deposition of the coating on ME20 alloy was 
mainly controlled by the compactness of the MgF2 
film. 

(2) The precipitates on ZK60 alloy reduced the 
internal stress of the initially deposited coating. 
This contributed to the excellent adhesive strength 
of the Ni−P coating with the substrate. The crystal 
structure of the initial Ni−P coating with high P 
content and the final coating on the ME20 alloy did 
not match. Meanwhile, the MgF2 film was mixed in 
the initially deposited coating. Consequently, the 
adhesive strength of the Ni−P coating on ME20 
alloy was lower. 

(3) The morphologies of the coatings on ME20 
and ZK60 alloys did not differ significantly. 
However, the probability of pores in the coating on 
ME20 alloy was higher. Consequently, the Ni–P 
coating on ZK60 alloy was denser than that on 
ME20 alloy, and the former exhibited excellent 
corrosion resistance. 
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摘  要：镁合金材料组分与化学镀 Ni−P 合金镀层初始沉积行为密切相关。研究 ZK60 和 ME20 镁合金化学镀   

Ni−P 镀层的初始沉积行为。研究结果显示，镁合金组分差异显著影响镀层初始沉积过程以及镀层的结合强度、耐

蚀性能和晶体结构。镀层初始沉积均优先发生在两种镁合金基体表面沉淀颗粒上。而 ZK60 镁合金沉淀颗粒经 HF

活化后具有更高的化学活性，控制镀层的初始沉积速率。ME20 镁合金的初始沉积速率与基体表面 MgF2 膜层的

致密性有关，而非沉淀颗粒。由于初始沉积行为的差异，ZK60 镁合金镀层较 ME20 镁合金镀层具有更高的结合

强度和更好的耐蚀性能。ZK60 和 ME20 镁合金表面镀层主要是晶体结构，且 ME20 镁合金镀层中混有少量的微

晶结构。 

关键词：ZK60 镁合金；ME20 镁合金；化学镀镍；初始沉积；结合强度；耐蚀性能 
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