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Abstract: The purpose of this study is to improve the number and distribution of active particles on
the MAO layer by changing the activation method, thus improving the corrosion resistance of the
coating. The structure of the coatings was characterized by SEM, XRD, XPS, and AFM, as well as
the corrosion resistance of the coatings by polarization curves, EIS tests, immersion tests, and salt
spray tests. The conductive resistance and adhesion of different composite coatings were compared.
The results demonstrate that the properties of the composite coating are significantly affected by
different activation methods, and the Ni-P coating prepared with more active particles offers superior
corrosion protection to the inner layer. The quantity and distribution of active particles affect the
compactness of the coating by influencing the initial deposition process. The size of nickel particles is
larger and the inter-grain porosity increases in the case of fewer active sites, and as the number of
active sites increases, the size of nickel particles decreases, and the coating compactness increases.
The mechanism of the effect of the number of active particles on the deposition process of electroless
Ni-P coating was proposed.

Keywords: electroless coating; pretreatment; activation; EIS; corrosion resistance

1. Introduction

As the demand for lightweight alloys has increased rapidly in advanced manufactur-
ing industries due to environmental concerns and technological advances, over the past
decade, magnesium alloy has become one of the most promising structural materials [1–4].
However, the relatively low hardness and wear resistance, especially the electrochemical
activity, limits its wide applications [5–8]. The need to improve the corrosion resistance of
magnesium alloys has inspired the development of protective coating technologies, such as
anodic oxidation [9,10], conversion coatings [11,12], vapor deposition [13,14], and thermal
spraying [15,16]. These surface treatment technologies offer significant advantages for the
development of magnesium alloy applications [17].

With the widespread use of magnesium alloys in aerospace, wear resistance, electrical
conductivity, and corrosion resistance are essential requirements for coatings. However,
the application of surface treatment technologies for magnesium alloys is limited by some
drawbacks. MAO coatings provide excellent hardness and wear resistance, but without
electrical conductivity [18–20]; the chemical conversion coating exhibits poor wear resis-
tance [12]. Electroless nickel plating produces coatings that possess high wear resistance,
electrical conductivity, and corrosion resistance, and thus could be a preferred solution
in commercial production [21]. However, the nickel coating on magnesium alloys poses
significant problems, as the excessive potential difference between the substrate and the
coating can lead to serious galvanic corrosion. A growing interest has been placed in the
use of hybrid processes to create middle layers to prevent this problem. Huo [22] and Song
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et al. [23] used a chemical conversion coating or MAO coating as a middle layer to reduce
the potential difference between the substrate and the nickel coating so as to reduce the risk
of galvanic corrosion and the rough porous structure of the conversion coating, making so
that the MAO layer can provide better adhesion.

However, a substrate that exhibits catalytic activity would be necessary for the de-
position process of the electroless plating, a characteristic that MAO coatings do not
possess [24,25]. Therefore, the key challenge in electroless plating of MAO layers is the
need for a catalytic surface to initiate deposition. V. Ezhilselvi et al. employed NaBH4 to
reduce Ni2+ during the activation process to provide nucleation sites for the deposition of
Ni-P coatings on MAO layers [26].

Various processes have been developed to achieve selectivity in the electroless plating
of inert surfaces. Sun et al. applied an epoxy film layer containing TiB2 powders on the
surface of anodized magnesium alloy to obtain catalytically active surfaces [27]. Song and
coworkers employed silver ion inks as the activating agent for the electroless plating of
MAO coatings [23]. Zhang et al. immersed ceramics in a solution containing nickel sulfate
and sodium hypophosphite, and the deposition was triggered by the addition of trace
amounts of sodium borohydride, which resulted in the formation of a large number of
spherical active nanoscale Ni-P particles on the ceramic’s surface [28]. However, most
studies on activation are aimed at making inert surfaces catalytically active. The formation
of active sites on the surface of the MAO coating where adsorption and nucleation can
take place is the purpose of activation. In contrast, studies on whether the number and
distribution of active sites will have an effect on the Ni coating are still lacking.

The study aims to improve the number and distribution of active particles on the
MAO layer by changing the activation method, thus improving the corrosion resistance of
the coating. The surface and cross-sectional morphology, phase composition, conductive
resistance, adhesion, and corrosion resistance of coatings obtained by different activation
methods were characterized. The effect of different numbers and the distribution of active
particles on the initial deposition process was investigated. The mechanism of the influence
of different numbers of active particles on the coating deposition process was proposed.

2. Experimental
2.1. Materials

The AZ91D magnesium alloy was used as the substrate. The specific composition
of the alloy is as follows: Al 8.96 wt. %; Zn 0.64 wt. %; Mn 0.16 wt. %; Si 0.01 wt. %;
Fe ≤ 0.005 wt. %; Ni ≤ 0.005 wt. %; Cu ≤ 0.001 wt. %; Ca ≤ 0.001 wt. %; Zr ≤ 0.001 wt. %;
and Mg balance. The substrates were cut into 20 mm × 20 mm × 5 mm pieces before being
ground sequentially with 400, 600, and 1000 grit silicon carbide sandpaper. The substrates
were all cleaned ultrasonically in anhydrous ethanol before being dried and then prepared
for composite coating.

2.2. Preparation of Composite Coatings

The preparation process of the composite coating is shown in Figure 1. The preparation
of the composite coating consists of five main steps: (1) The MAO coating of the magnesium
alloy was prepared in pulse mode. (2) The samples were immersed in the chemical solution
for sealing. (3) In order to obtain different numbers and distributions of activated particles,
various concentrations of silver nitrate were used for sensitization, followed by activation
under different methods. The specific activation methods are listed in Table 1. (4) The
activated samples were immersed in an alkaline bath for pre-plating. (5) The pre-plated
samples were immersed in the acidic bath. The final composite coating obtained after five
steps was recorded as N2-EN, N10-EN, and US10-EN, respectively. Specific experimental
parameters and compositions are listed in Table 2.
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(SEM, XL-30 FEG, Philips, Amsterdam, The Netherlands), and the samples were sprayed 
with gold before observation. The elemental distribution was analyzed with the energy 
dispersive X-ray spectroscope (EDS) affiliated with SEM. An Xpert Pro X-ray 

Figure 1. Process of Composite Coating Preparation. (1) MAO process of AZ91D; (2) Sealing;
(3) Activation; (4) Alkaline electroless nickel plating; (5) Acid electroless nickel plating.

Table 1. Activation methods of different samples.

AgNO3 (g/L) NaBH4 (g/L) Ultrasonic

N2 2 10 ×
N10 10 10 ×
US10 10 10

√

Table 2. Chemical compositions and the experimental conditions.

Process Formula Content (g/L) Experimental
Conditions

MAO

Na2SiO3·9H2O 20–30 Duty cycle: 30%,
Current density:
2.5 A dm2, 480 V,

20–30 min

KF·2H2O 3–4
NaOH 2–3

MAO-Sealing

MnSO4·H2O 20–40
pH: 3.0−3.2, 55 ◦C,

5–15 min
NaNO3 1–3

NH4H2PO4 20–40
EDTA-4Na·4H2O 2–4

Sensitization AgNO3 2–10 Room temperature,
30−60 s

Activation
NaBH4 10 Room temperature,

pH: 13, 30−60 sNaOH 2

Pre-EN

NiSO4·6H2O 20–30

pH: 8.8−9.2, 60 ◦C,
15–20 min

NaH2PO2·H2O 20–30
Na3C6H5O7·2H2O 20–30

Na2CO3 20–30
NH4HF 5–10

EN

NiSO4·6H2O 20–30

pH: 5.0−5.5, 80 ◦C,
80–120 min

NaH2PO2·H2O 20–30
C6H8O7 5–10

CH3CH2OONa·3H2O 20–30
CH4N2S 1–3 mg

(NH3·H2O) pH adjustment

2.3. Microstructural Characterization

The microstructure of the sample was observed via scanning electron microscope (SEM,
XL-30 FEG, Philips, Amsterdam, The Netherlands), and the samples were sprayed with gold
before observation. The elemental distribution was analyzed with the energy dispersive
X-ray spectroscope (EDS) affiliated with SEM. An Xpert Pro X-ray diffractometer (XRD)
was used to analyze the phase composition of the different coatings. X-ray photoelectron
spectroscopy (XPS) was employed to analyze the XPS spectra and valence band information
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of the samples with an excitation source of Al-Ka (1486.6 eV). The operating parameters
were 1 µA and 1 kV. Roughness analysis of coated surfaces was performed by Atomic Force
Microscope (AFM).

2.4. Conductive Resistance and Adhesion Tests

The conductive resistance of coatings was tested by ROOKO Surface Resistance Tester
(FT-400AHXM, Ningbo, China) according to MIL-DTL-81706B. For adhesion tests, which
were performed with automatic adhesion tester (AT-A, DeFelsko, New York, NY, USA)
according to ASTM D4541-09. The tensile test column was stuck to the surface of the sample
by means of tensile glue, after the adhesive was fully cured, connect the tensile test column
to the adhesion tester and perform the tensile test.

2.5. Corrosion Resistance Test

A Princeton P4000 potentiostat from Germany was used to measure the open circuit po-
tential (OCP), potentiodynamic polarization, and electrochemical impedance spectroscopy
(EIS). A conventional three-electrode electrochemical cell was used for the electrochemical
tests. The exposed area of the sample for electrochemical testing is 1 cm2, and the corrosive
medium was a 3.5 wt. % NaCl solution. Furthermore, a constant temperature water bath at
30 ± 1 ◦C was used for the tests. The sample was immersed in solution to reach a steady
state and then tested at open circuit potential.

For the potentiodynamic polarization tests, polarization was set at a scan rate of
0.333 mV/s. cathodic polarization ranged from −0.3 V to Eoc, and anodic polarization
ranged from Eoc to 1.6 V, or a resultant current exceeding 0.01 A/cm2. The EIS was tested
with a 10 mV sinusoidal perturbation signal, with a frequency range of 105 to 10−2 Hz.
The EIS data were analyzed and fitted by ZSimpWin. The salt spray test was performed
according to the ASTMB 117-03 (5 wt. % NaCl, 35 ◦C, pH: 6. 5 to 7.2).

3. Results
3.1. Characterization of MAO Layers Activated by Various Methods

The morphology of the MAO coatings after being processed with various activation
treatments is presented in Figure 2. The surface of the activated samples becomes yellowish
green, and no obvious difference in the macroscopic morphology could be observed for
various activation methods (Figure 2a–c). The unevenly dispersed nanoparticles could
be observed on the surface of the MAO coating at low concentrations of silver nitrate
(Figure 2d). The particles could be confirmed as Ag by the EDS analysis of point A in
Table 3. For the following deposition process, the Ag particles would play an extremely
relevant role, namely both the adsorption and reduction of Ni2+ would be taking place
on these nucleation sites. For the purpose of confirming whether the increase in active
particles had an effect on the performance of Ni-P coatings, the content of silver nitrate
was increased to 10 g/L to increase the number of active particles. A difference in surface
irregularities could be observed in Figure 2e, and the Ag particles were agglomerated in
large quantities. To minimize the agglomeration and clustering of particles, the samples
were reduced via ultrasonic assistance. As shown in Figure 2f, the agglomeration of Ag
particles was significantly improved. The shock wave formed by the ultrasonic “cavitation
phenomena” could destroy the agglomeration of nanoparticles [29–31]. A large quantity
of Ag particles was uniformly dispersed on the surface of the MAO coating, and the
number and distribution of active particles were significantly improved compared to the
previous samples.
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Figure 2. Macroscopic and microscopic morphology of MAO coating activated by different methods:
(a,d) 2 g/L AgNO3; (b,e) 10 g/L AgNO3; (c,f) 10 g/L AgNO3+ Ultrasonic.

Table 3. EDS results of chemical composition obtained from selected location in Figure 2.

Element O Mg Si Ag

Point A 58.74 25.74 14.09 1.43
Point B 56.36 14.95 7.83 20.86
Point C 72.30 14.18 10.68 2.84

The EDS analysis of the coatings further revealed the improvements of ultrasonic to
the activation process (Table 3). Compared to point B in Figure 2e, the results of point C
demonstrate that the agglomeration was significantly improved with the incorporation
of ultrasonic.

The XRD patterns of the coatings are presented in Figure 3 for different activation
methods, respectively. For silver nitrate at a concentration of 10 g/L, almost only Ag peaks
could be identified due to the agglomeration of Ag particles, the other components are
undetectable due to their relatively low content. For the ultrasonically activated samples,
the peak of Ag was definitely identified, as well as other phases also could be detected.
Such behavior confirmed the Ag particles were uniformly dispersed.
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Figure 3. XRD analyses of coatings activated by different methods.

The XPS results (Figure 4) were also useful to confirm the phenomenon. For the
normally activated coating, the appearance of Ag2O proved that not all the silver nitrate
was reduced to Ag (Figure 4a,b). As a result of sufficient activation, only Ag could be found
on the surface of the MAO coating for the ultrasonically activated sample (Figure 4c).
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Figure 4. XPS results of coatings activated by different methods: (a) 2 g/L AgNO3; (b) 10 g/L AgNO3;
(c) 10 g/L AgNO3+ Ultrasonic.

3.2. Characterization of Ni-P Coating
3.2.1. Effect of Different Activation Methods on the Deposition Process

To further investigate the effect of different activation methods on the coating during
the deposition process, the evolution of the surface of Ni-P coatings was investigated for
various deposition times.

Figure 5 presents the SEM results of various activated samples being processed in an
alkaline bath for 10–20 s. During the initial 10 s, for the silver nitrate at a concentration
of 2 g/L, nickel particles were found to be sparsely distributed on the MAO coating
due to the low content of active particles (Figure 5a). As shown in Figure 5b, increasing
the concentration of silver nitrate causes significant agglomeration. Figure 5c reveals
that a significant improvement of the distribution was observed in the case of ultrasonic
activation, and that a considerable quantity of nickel particles are uniformly distributed
on the surface of MAO coating. The nickel particles grew significantly and increased in
number and size after immersion in the plating bath for 20 s (Figure 5d). For the silver
nitrate at a concentration of 10 g/L, the agglomeration of nickel was more pronounced
at 20 s (Figure 5e), which may cause less homogeneity for the coating. It should be
noticed that homogeneous nickel particles were distributed on the MAO coating at the 20 s
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for ultrasonically activated samples (Figure 5f), and the grain size was obviously small
compared to others, which could be beneficial from a corrosion resistance point of view.
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Figure 5. SEM results of the initial deposition process: (a,d) 2 g/L AgNO3; (b,e) 10 g/L AgNO3;
(c,f) 10 g/L AgNO3+ Ultrasonic.

To better understand the depositional behavior due to different activation methods,
the surface morphology of the different samples after being immersed in the alkaline bath
for 3–30 min was taken (Figure 6). It can be seen that the coatings obtained via different
activation methods showed a significant distinction at 3 min (Figure 6a–c). The surface
of the sample, which was activated by the silver nitrate at a concentration of 2 g/L, has
been completely covered by nickel particles, which were distributed minutely and densely
with diameters ranging from 0.1 to 1 µm (Figure 6a). As can be seen from Figure 6b, a large
quantity of tiny spherical particles was distributed on the surface of the sample, which
activated by the silver nitrate at a concentration of 10 g/L, and some cluster particles have
appeared simultaneously while a part of the substrate was still exposed. Moreover, the
size of the nickel particles in Figure 6b was significantly larger than that in Figure 6a at
3 min. As shown in Figure 6c, the growth rate of the ultrasonically activated sample was
distinctly higher than others. The nickel particles had grown and clustered with each other
into larger nodulars, which varied in size from 1 to 2 µm.

At 10 min, the surface of samples in Figure 6d,e were completely covered by a nickel
coating. The nodular of both samples was larger than before; however, a high porosity
could be observed between the nodulars. The samples in Figure 6f exhibit a flat and
compact structure at 10 min. It could be confirmed that the surface morphology of the
ultrasonically activated sample was considerably better than others in all cases. As can be
seen in Figure 6g–i, the nickel coating was deposited flatly on the surface after 30 min, it
could be observed that the apparent pores were still present between the nodular of the
samples in Figure 6h, while the coating of the samples in Figure 6g,i had become complete
and compact, in which the ultrasonically activated samples were more homogeneous. The
SEM results demonstrate that the deposition process of electroless plating was actually
affected by the different activation treatments: the increased number of active particles
facilitates the adsorption and reduction, which results in a faster coating formation rate.
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Figure 6. Surface morphology of nickel coatings with different activation methods at different time
intervals. (a,d,g) 2 g/L AgNO3; (b,e,h) 10 g/L AgNO3; (c,f,i) 10 g/L AgNO3+ Ultrasonic.

3.2.2. Cross-Section and AFM Morphology of Different Coatings

Figure 7 illustrates the cross-sectional morphology of different samples after 30 min of
immersion in an alkaline bath. For the activation method with silver nitrate at a concentra-
tion of 10 g/L, highly pronounced inhomogeneities of the nickel coating were observed,
and part of the matrix was still exposed (red circle in Figure 7b), which may result in
susceptible to severe corrosion of the MAO layer. Both other activation methods resulted
in a complete and compact coating, and the ultrasonically activated sample had a slightly
thicker coating than the other samples.
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Figure 8 shows the cross-section morphology of the US10-EN sample. The coating
exhibits a distinct triple-layered structure, with a total thickness measured to be 40–50 µm.
There was no phosphorus present inside the MAO layer or the matrix, which is characteris-
tic of compact coating, indicating that the inner layer was not being damaged when the
acid bath was performed. The results confirmed that alkaline EN coating plays a major role
in protecting the inner layer.
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Figure 8. Cross-section observation and EDS analysis of US10-EN composite coating.

The AFM results of different activated samples after being immersed in an alkaline
bath for 30 min are shown in Figure 9. Some differences in the surface could be observed
for different activation methods. For coatings obtained by activation with silver nitrate at a
concentration of 10 g/L, the roughness was slightly higher than others (Figure 9b). This
indicates that the agglomeration of active particles causes an increase in the roughness of
nickel coating. As could be noticed from Figure 9c, the ultrasonically activated samples
exhibited tiny and homogeneous particles and a flat coating.

Materials 2023, 16, x FOR PEER REVIEW 9 of 19 
 

 

 
Figure 8. Cross-section observation and EDS analysis of US10-EN composite coating. 

The AFM results of different activated samples after being immersed in an alkaline 
bath for 30 min are shown in Figure 9. Some differences in the surface could be observed 
for different activation methods. For coatings obtained by activation with silver nitrate at 
a concentration of 10 g/L, the roughness was slightly higher than others (Figure 9b). This 
indicates that the agglomeration of active particles causes an increase in the roughness of 
nickel coating. As could be noticed from Figure 9c, the ultrasonically activated samples 
exhibited tiny and homogeneous particles and a flat coating. 

   
Figure 9. AFM results of coatings after immersion in alkaline bath for 30 min with different 
activation methods. (a) 2 g/L AgNO3; (b) 10 g/L AgNO3; (c) 10 g/L AgNO3+ Ultrasonic. 

3.2.3. Conductive Resistance and Adhension Strength Test 
Figure 10 presents the comparison of the conductive resistance and adhesion strength 

of the different activated samples immersed in an alkaline bath for 30 min. The 
ultrasonically activated samples exhibit the lowest conductive resistance and highest 
adhesion strength. The worst performance was observed for samples activated with a 
silver nitrate concentration of 10 g/L. As expected, the most probable reason for the phe-
nomena is the inhomogeneity of the coating. Thus, it is likely that the number of active 
particles plays a major role in the initiation of the deposition process. 

Figure 9. AFM results of coatings after immersion in alkaline bath for 30 min with different activation
methods. (a) 2 g/L AgNO3; (b) 10 g/L AgNO3; (c) 10 g/L AgNO3+ Ultrasonic.

3.2.3. Conductive Resistance and Adhension Strength Test

Figure 10 presents the comparison of the conductive resistance and adhesion strength
of the different activated samples immersed in an alkaline bath for 30 min. The ultrason-
ically activated samples exhibit the lowest conductive resistance and highest adhesion
strength. The worst performance was observed for samples activated with a silver nitrate
concentration of 10 g/L. As expected, the most probable reason for the phenomena is the
inhomogeneity of the coating. Thus, it is likely that the number of active particles plays a
major role in the initiation of the deposition process.
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3.2.4. XRD Analysis

The XRD patterns of 30 min alkaline nickel coatings obtained by different activation
methods are shown in Figure 11. It can be observed that the phase compositions of the
coatings are basically the same, which proves that different activation methods do not
affect the composition of the coatings. Combined with the above analysis of the structure
of the coatings as well as the bonding and conductive resistance, it can be seen that the
MAO coating has been subjected to different activation methods that change the number
and distribution of Ag particles, which in turn changes the initial deposition of the coating,
thus having an effect on the morphology and properties of the coating, with the exception
that this does not change the coating composition.
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3.3. Corrosion Resistance
3.3.1. Potentiodynamic Polarization Tests

The potentiodynamic polarization curves of N2-EN, N10-EN, and US10-EN samples
are shown in Figure 12. The corrosion current density (icorr), corrosion potential (Ecorr),
breakdown potential (Eb), and passivation range of the composite coatings could be ac-
quired from the polarization curves. The corrosion current density was determined by Tafel
extrapolation [32]. The specific corrosion parameters are summarized in Table 4. Compared
to MAO coating, the Ecorr of the samples that have been electroless nickel plated was
dramatically increased, with the icorr of the US10-EN samples not differing much from that
of the MAO coating. N10-EN has the lowest Ecorr of the three samples, and icorr is obviously
higher than the other two samples, indicating a lower corrosion resistance. Compared to
the N2-EN sample, the US10-EN sample has a reduction in icorr by one order of magnitude,
and the breakdown potential was increased by about 200 mV, with the range of passivation
nearly doubling. As demonstrated through the result, a significant improvement in the
corrosion properties was observed for the US10-EN sample.
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Table 4. The corrosion parameters of potentiodynamic polarization curves for different composite
coatings.

Ecorr (mV) icorr (µA/cm2) Eb (mV) Passive Range (mV)

N2-EN −394 ± 23 2.04 ± 0.11 302 ± 17 59 ± 28
N10-EN −485 ± 17 17.1 ± 0.92 154 ± 21 −157 ± 31
US10-EN −357 ± 19 0.62 ± 0.07 577 ± 24 343 ± 38

MAO −1402 ± 28 0.37 ± 0.13

3.3.2. EIS Tests

Figure 13 presents the EIS results of N2-EN, N10-EN, and US10-EN samples after being
immersed for various times. The corrosion resistance can be assessed by the magnitude
of the low frequency impedance on the Bode plot [33,34]. The tendency is obvious: the
corrosion resistance of all three coatings first increases and then decreases with the increase
in the immersion time. Remarkable phenomena should be noted. For example, the diameter
of the capacitance loop of US10-EN was consistently larger than that of N2-EN and N10-EN
during the immersion process. As a result, the corrosion resistance of the US10-EN sample
was significantly greater than that of the other samples, which agrees with the results of
the potentiodynamic polarization tests.
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Rct and CPEdl indicate the charge transfer resistance and the constant phase element of the 
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Figure 13. EIS results of different composite coatings immersed in 3.5 wt. % NaCl solution. (a) 2 g/L
AgNO3; (b) 10 g/L AgNO3; (c) 10 g/L AgNO3+ Ultrasonic.

The equivalent circuit shown in Figure 14 was used to fit the EIS data. Instead of pure
capacitance, constant phase elements (CPEs) were used in the equivalent circuit, with the
aim of obtaining accurate fitting results [35–37]. The Rs represent the solution resistance,
Rct and CPEdl indicate the charge transfer resistance and the constant phase element of the
double layer, while Rf and CPEf refer to the resistance and constant phase element of the
coating [38]. The fitting results are listed in Tables 5–7.
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Table 5. Fitting results of EIS data for N2-EN samples.

Time
(h)

CPEf
(10−5 Ω−1 s−n cm−2) nf

Rf
(104 Ω cm2)

CPEdl
(10−5 Ω−1 s−n cm−2) ndl

Rct
(104 Ω cm2)

24 3.77 ± 0.12 0.87 ± 0.03 6.73 ± 2.74 5.66 ± 1.80 1 ± 0.00 0.314 ± 0.048
120 9.78 ± 1.05 0.96 ± 0.09 0.0523 ± 0.0025 3.56 ± 1.01 0.911± 0.023 11.1 ± 1.287
216 15.0 ± 2.43 0.93 ± 0.15 0.0181 ± 0.0036 2.61 ± 0.72 0.909± 0.129 13.4 ± 2.89
312 50.3 ± 4.62 0.79 ± 0.17 7.99 ± 1.83 2.54 ± 0.98 0.937± 0.185 11.6 ± 3.62
408 4.07 ± 0.98 0.95 ± 0.06 6.42 ± 1.64 0.17 ± 0.12 0.851± 0.076 4.50 ± 1.24

Table 6. Fitting results of EIS data for N10-EN samples.

Time
(h)

CPEf
(10−5 Ω−1 s−n cm−2) nf

Rf
(105 Ω cm2)

CPEdl
(10−4 Ω−1 s−n cm−2) ndl

Rct
(104 Ω cm2)

24 8.49 ± 1.08 1 ± 0.00 0.332 ± 0.059 3.95 ± 0.51 0.89 ± 0.02 7.47 ± 0.92
120 49.9 ± 5.37 0.98 ± 0.05 0.101 ± 0.032 6.24 ± 1.48 0.93 ± 0.04 10.3 ± 2.36
216 36.1 ± 4.72 0.94 ± 0.08 2.51 ± 0.74 7.19 ± 2.56 0.92 ± 0.07 4.57 ± 1.03
312 131 ± 20.76 0.96 ± 0.13 1.55 ± 0.65 7.60 ± 1.87 0.94 ± 0.06 5.02 ± 0.59
360 7.84 ± 1.98 0.94 ± 0.09 4.34 ± 1.26 1.43 ± 0.36 0.96 ± 0.09 1.27 ± 0.39

Table 7. Fitting results of EIS data for US10-EN samples.

Time
(h)

CPEf
(10−5 Ω−1 s−n cm−2) nf

Rf
(104 Ω cm2)

CPEdl
(10−5 Ω−1 s−n cm−2) ndl

Rct
(104 Ω cm2)

24 2.75 ± 0.24 0.92 ± 0.04 16.5 ± 2.62 34.7 ± 5.99 0.97 ± 0.06 6.76 ± 1.26
144 2.66 ± 0.39 0.90 ± 0.03 12.1 ± 1.79 6.78 ± 1.03 0.94 ± 0.04 23.4 ± 3.67
264 2.30 ± 0.37 0.91 ± 0.07 8.53 ± 2.98 5.99 ± 2.58 0.92 ± 0.12 22.2 ± 3.42
426 7.94 ± 1.28 0.91 ± 0.08 14.7 ± 2.03 2.25 ± 1.12 0.91 ± 0.07 9.66 ± 3.58
528 7.94 ± 1.34 0.97 ± 0.07 8.19 ± 1.24 5.11 ± 1.07 0.89 ± 0.07 3.32 ± 0.98

Figure 15 shows the result of the polarization resistance which was plotted according
to the calculated results. The polarization resistances of three samples can be calculated by
Equation (1) [39]. The polarization resistance were proportional to the corrosion resistance.
This indicated that the polarization resistance of all samples tended to increase and then
decrease, and that the polarization resistance of the US10-EN sample was remarkably
greater compared to that of N2-EN and N10-EN with the extension of the immersion time.
The results indicate a significant improvement in the corrosion performance of Ni-P coating
in the case of increasing the number of active particles.

Rp = Rf + Rct (1)
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3.3.3. Immersion Tests

The immersion test gives an indication of the protective properties of different coatings
for the substrate. The open circuit potential would drop rapidly as the coating failed due to
the attack of Cl−. It could be noticed that the open circuit potential of three samples shows
a small increase at the beginning and remains at a steady state during the subsequent
immersion time (Figure 16). Another result that could be observed is the US10-EN sample
reaching a steady state later than the other two samples. It could be deduced from the
failure time of coating that the US10-EN coating provides the best corrosion resistance,
followed by N2-10 and N10-EN samples, which is attributable to the fact that the coating
and the magnesium matrix form a mixed-electrode system. The open circuit potential
of the mixed electrode system depends not only on the corrosion potentials of the Ni-P
layer, the MAO layer, and the magnesium matrix, but also the surface area ratio of the
galvanic coupling of the outer layer and the magnesium substrate [21]. It has been reported
that different coatings lead to the different adsorption energy of the chloride ions on the
surface of the coating, which results in different corrosion rates [40]. For the early stages of
the immersion process, The Cl− ions cannot penetrate the coating and enter the substrate
because the outermost electroless nickel layer was complete and compact with low porosity.
Therefore, the open circuit potential of the sample was mainly determined by the outermost
Ni-P coating. As the immersion time increases, the Cl− gradually infiltrates the interior of
the composite coating to the substrate, which certainly contributes to the decrease in the
open circuit potential of the sample.
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Equations (2)–(4) show the passivation process of Ni-P coatings [41]. During the
process of immersion testing, the reaction of nickel with the solution produces Ni2+, which
dissolves into the solution, contributes to the P enrichment of the coating surface. The
reaction between the P-rich layer and the solution formed an H2PO2

− adsorbed layer
on the surface, which prevents the dissolution of Ni [42]. Therefore, the passivation was
associated with the dissolution of Ni, and there is no doubt that the less porosity the coating
has leads to a slower dissolution rate of Ni. In accordance with this conclusion, the reason
for US10-EN reaching a steady state last was that the compactness of the coating was
the greatest.

Ni→ Ni2+ + 2e (2)

2H + 2e→ H2 ↑ (3)

3P + 6H2O→ 3H2PO−2 + 6H+ + 3e (4)
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3.3.4. Neutral Salt Spray Tests

Figure 17 presents the results of the neutral salt spray test for different samples. The
samples were not visibly changed during the first 192 h (8 days). Some differences in the
surface could be observed for different samples after 384 h (16 days), the corrosion products
started to appear on the surface of the N10-EN sample; in addition, the surfaces of the
N2-EN and US10-EN remained undamaged. The corrosion area of the N10-EN sample
was expanded after 576 h (24 days), and the N2-EN and US10-EN samples were slightly
damaged. When the test lasted for 768 h (32 days), the corrosion area of the N10-EN
and N2-EN samples was further expanded. In contrast, the US10-EN sample remained a
comparatively intact surface, i.e., it was only marginally damaged. The results of the salt
spray test corroborate the results of previous experiments that an increase in the number
of active particles during activation is beneficial to improve the corrosion resistance of
Ni-P coating.
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4. Influence of the Number and Distribution of Active Particles on the Deposition
Process of Nickel Coatings

Typically, compared to coatings obtained from alkaline baths, coatings obtained from
acid baths possess a higher phosphorus content and exhibit better corrosion resistance [43–45].
However, they become damaged when the MAO coating is directly immersed in the acid
bath. Therefore, the sample was immersed in the alkaline bath to achieve an alkaline
pre-coating before being immersed in the acid bath. The pre-coating would not only
provide protection for the MAO layer, but it also possess catalytic properties. Furthermore,
the double Ni layers result in fewer perforated holes, which means superior corrosion
resistance compared to the single Ni layer [46]. Therefore, the compactness of the alkaline
pre-coating is critical for the corrosion resistance of the composite coating.

The deposition process of electroless nickel coating was similar to the island structure.
At the beginning of the electroless plating process, a large quantity of Ni2+ moves rapidly
to the surface and then is adsorbed on the active particles. These Ni2+ were reduced
subsequently and functioned as the new catalytic center, and many island structures were
formed during the process. With increasing deposition time, the island structure grows
continuously, and while in contact and fusing with each other, the final result is a continuous
coating on the surface [47].
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Combing the mentioned results, the deposition mechanism of the coating obtained
via different activation treatments has been summarized and presented in Figure 18. As
compared with Figure 18a, the number of active sites was decreased in Figure 18b due
to the agglomeration of Ag particles. Therefore, the growth of nickel particles ceased to
be limited by the grains from other sides, and the increased porosity between grains as
a consequence of the large size of nickel particles, which implies that the compactness of
the coating, will be reduced. Since the plating bath has the same chemical composition,
which means that the growth rate of the coating would be equal in parallel or perpendicular
directions. The formation of a complete coating will be slow during the same time in
case the number of active particles is smaller (Figure 18b). As shown in Figure 18c, the
significant increase in the number of active sites was represented by the numerous and
uniform dispersion of Ag particles on the surface, which means the number of nickel nuclei
were increased during the nucleation stage, restricting the growth of grains and making
the pores between the grains become smaller. As a result, more active particles facilitate
the formation of a complete coating in a quicker manner during the same time.
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5. Conclusions

In this paper, we aim to improve the corrosion resistance of nickel coatings by im-
proving the number and distribution of active particles on the surface of the MAO layer.
The microstructure, chemical composition, conductive resistance, adhesion, and corrosion
resistance of the coatings obtained by different activation methods were discussed. The
effect of different numbers of active particles on the deposition process and the properties
of electroless plating were investigated

(1) Elevating the silver nitrate content and its reduction via ultrasonic eliminate the
agglomeration caused by simply increasing the silver nitrate content during the
activation process, which effectively increases the number of active sites on the surface
of the MAO layer.

(2) The number and distribution of active particles affect the initial deposition process
of nickel particles which affects the compactness of the coating. As the number of
active sites decreases, highly pronounced inhomogeneities of the nickel coating are
observed. When the number of active sites increases, the nickel particles exhibit a
uniform distribution with a smaller size.

(3) Based on the results of conductive resistivity and adhesion tests, the coating obtained
from the method with a higher number of active sites results in the best coating
conductivity and adhesion.

(4) The results of electrochemical and salt spray tests indicate that the activation method
with a higher number of activated particles and uniform distribution provides coatings
with better corrosion resistance.
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24. Chen, C.-A.; Jian, S.-Y.; Lu, C.-H.; Lee, C.-Y.; Aktuğ, S.L.; Ger, M.-D. Evaluation of microstructural effects on corrosion behavior of
AZ31B magnesium alloy with a MAO coating and electroless Ni-P plating. J. Mater. Res. Technol. 2020, 9, 13902–13913. [CrossRef]

25. Li, J.; Zhang, Q.; Cai, H.; Wang, A.; Zhang, J.; Hua, X. Controlled deposition, electrical and electrochemical properties of electroless
nickel layers on microarc oxidized magnesium substrates. Mater. Lett. 2013, 93, 263–265. [CrossRef]

26. Ezhilselvi, V.; Balaraju, J.N.; Subramanian, S. Chromate and HF free pretreatment for MAO/electroless nickel coating on AZ31B
magnesium alloy. Surf. Coat. Technol. 2017, 325, 270–276. [CrossRef]

27. Sun, S.; Liu, J.; Yan, C.; Wang, F. A novel process for electroless nickel plating on anodized magnesium alloy. Appl. Surf. Sci. 2008,
254, 5016–5022. [CrossRef]

28. Zhang, Y.; Meng, Y. Eco-friendly, cost-effective electroless Ag plating based on a novel Ni–P activation process on magnesium
titanate ceramic. Ceram. Int. 2022, 48, 27334–27342. [CrossRef]

29. Chiba, A.; Haijima, H.; Kobayashi, K. Effect of sonication and vibration on the electroless Ni–B deposited film from acid bath.
Surf. Coat. Technol. 2003, 169–170, 104–107. [CrossRef]

30. Wu, H.; Zhao, G.-L.; Mu, J.-W.; Li, X.-S.; He, Y. Effects of ultrasonic dispersion on structure of electrodeposited Ni coating on
AZ91D magnesium alloy. Trans. Nonferrous Met. Soc. China 2010, 20, s703–s707. [CrossRef]

31. Jin, J.-G.; Lee, S.-K.; Kim, Y.-H. Adhesion improvement of electroless plated Ni layer by ultrasonic agitation during zincating
process. Thin Solid Film. 2004, 466, 272–278. [CrossRef]

32. McCafferty, E. Validation of corrosion rates measured by the Tafel extrapolation method. Corros. Sci. 2005, 47, 3202–3215.
[CrossRef]

33. Li, Z.; Jing, X.; Yuan, Y.; Zhang, M. Composite coatings on a Mg–Li alloy prepared by combined plasma electrolytic oxidation and
sol–gel techniques. Corros. Sci. 2012, 63, 358–366. [CrossRef]

34. Zhang, X.; Wu, G.; Peng, X.; Li, L.; Feng, H.; Gao, B.; Huo, K.; Chu, P.K. Mitigation of Corrosion on Magnesium Alloy by
Predesigned Surface Corrosion. Sci. Rep. 2015, 5, 17399. [CrossRef] [PubMed]

35. Gnedenkov, A.S.; Sinebryukhov, S.L.; Mashtalyar, D.V.; Gnedenkov, S.V. Protective properties of inhibitor-containing composite
coatings on a Mg alloy. Corros. Sci. 2016, 102, 348–354. [CrossRef]

36. Zarebidaki, A.; Mahmoudikohani, H.; Aboutalebi, M.-R. Microstructure and corrosion behavior of electrodeposited nano-
crystalline nickel coating on AZ91 Mg alloy. J. Alloys Compd. 2014, 615, 825–830. [CrossRef]

37. Arunnellaiappan, T.; Ashfaq, M.; Krishna, L.R.; Rameshbabu, N. Fabrication of corrosion-resistant Al2O3–CeO2 composite coating
on AA7075 via plasma electrolytic oxidation coupled with electrophoretic deposition. Ceram. Int. 2016, 42, 5897–5905. [CrossRef]

38. Song, G.-L.; Shi, Z. Corrosion mechanism and evaluation of anodized magnesium alloys. Corros. Sci. 2014, 85, 126–140. [CrossRef]
39. Zhang, C.; Zhang, T.; Wang, Y.; Wei, F.; Shao, Y.; Meng, G.; Wang, F.; Wu, K. Effect of SiC Particulates on the Corrosion Behavior of

Extruded AZ91/SiCp Composites during the Early Stage of Exposure. J. Electrochem. Soc. 2015, 162, C754–C766. [CrossRef]
40. Yazdani, S.; Prince, L.; Vitry, V. Optimization of electroless NiB-nanodiamond coating corrosion resistance and understanding the

nanodiamonds role on pitting corrosion behavior using shot noise theory and molecular dynamic simulation. Diam. Relat. Mater.
2023, 134, 109793. [CrossRef]

41. Cui, C.; Du, H.; Liu, H.; Xiong, T. Corrosion behavior of the electroless Ni-P coating on the pore walls of the lotus-type porous
copper. Corros. Sci. 2020, 162, 108202. [CrossRef]

42. Luo, H.; Leitch, M.; Behnamian, Y.; Ma, Y.; Zeng, H.; Luo, J.-L. Development of electroless Ni–P/nano-WC composite coatings
and investigation on its properties. Surf. Coat. Technol. 2015, 277, 99–106. [CrossRef]

43. Hu, B.; Sun, R.; Yu, G.; Liu, L.; Xie, Z.; He, X.; Zhang, X. Effect of bath pH and stabilizer on electroless nickel plating of magnesium
alloys. Surf. Coat. Technol. 2013, 228, 84–91. [CrossRef]

44. Li, X.-S.; Zhang, W.-X.; Jiang, Z.-H. Preparation and property evaluation of electroless Ni-P coatings on AZ91D magnesium alloy.
Trans. Nonferrous Met. Soc. China 2007, 17, S835–S840.

45. Veeraraghavan, B.; Haran, B.; Kumaraguru, S.P.; Popov, B. Corrosion protection of steel using nonanomalous Ni-Zn-P coatings. J.
Electrochem. Soc. 2003, 150, B131–B139. [CrossRef]

https://doi.org/10.1016/j.jallcom.2021.160453
https://doi.org/10.1016/j.jallcom.2021.161501
https://doi.org/10.1016/j.apsadv.2021.100131
https://doi.org/10.1016/j.electacta.2010.01.041
https://doi.org/10.1016/j.corsci.2003.09.023
https://doi.org/10.1016/j.jallcom.2014.10.130
https://doi.org/10.1016/j.jmrt.2020.09.099
https://doi.org/10.1016/j.matlet.2012.11.112
https://doi.org/10.1016/j.surfcoat.2017.06.049
https://doi.org/10.1016/j.apsusc.2008.01.169
https://doi.org/10.1016/j.ceramint.2022.05.043
https://doi.org/10.1016/S0257-8972(03)00171-3
https://doi.org/10.1016/S1003-6326(10)60566-3
https://doi.org/10.1016/j.tsf.2004.02.100
https://doi.org/10.1016/j.corsci.2005.05.046
https://doi.org/10.1016/j.corsci.2012.06.018
https://doi.org/10.1038/srep17399
https://www.ncbi.nlm.nih.gov/pubmed/26615896
https://doi.org/10.1016/j.corsci.2015.10.026
https://doi.org/10.1016/j.jallcom.2014.07.046
https://doi.org/10.1016/j.ceramint.2015.12.136
https://doi.org/10.1016/j.corsci.2014.04.008
https://doi.org/10.1149/2.0631514jes
https://doi.org/10.1016/j.diamond.2023.109793
https://doi.org/10.1016/j.corsci.2019.108202
https://doi.org/10.1016/j.surfcoat.2015.07.011
https://doi.org/10.1016/j.surfcoat.2013.04.011
https://doi.org/10.1149/1.1556015


Materials 2023, 16, 6185 19 of 19

46. Calderón, J.A.; Jiménez, J.P.; Zuleta, A.A. Improvement of the erosion-corrosion resistance of magnesium by electroless Ni-
P/Ni(OH)2-ceramic nanoparticle composite coatings. Surf. Coat. Technol. 2016, 304, 167–178. [CrossRef]

47. Shang, W.; Zhan, X.; Wen, Y.; Li, Y.; Zhang, Z.; Wu, F.; Wang, C. Deposition mechanism of electroless nickel plating of composite
coatings on magnesium alloy. Chem. Eng. Sci. 2019, 207, 1299–1308. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.surfcoat.2016.04.063
https://doi.org/10.1016/j.ces.2019.07.048

	Introduction 
	Experimental 
	Materials 
	Preparation of Composite Coatings 
	Microstructural Characterization 
	Conductive Resistance and Adhesion Tests 
	Corrosion Resistance Test 

	Results 
	Characterization of MAO Layers Activated by Various Methods 
	Characterization of Ni-P Coating 
	Effect of Different Activation Methods on the Deposition Process 
	Cross-Section and AFM Morphology of Different Coatings 
	Conductive Resistance and Adhension Strength Test 
	XRD Analysis 

	Corrosion Resistance 
	Potentiodynamic Polarization Tests 
	EIS Tests 
	Immersion Tests 
	Neutral Salt Spray Tests 


	Influence of the Number and Distribution of Active Particles on the Deposition Process of Nickel Coatings 
	Conclusions 
	References

