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Ni-W-P ternary coating was successfully deposited on AZ91D magnesium alloy by electroless
plating with low energy consumption. The effect of Na,WO, concentration on the microstructure,
deposition rate, corrosion behavior, adhesion force, porosity test and micro-hardness of Ni-W-P
ternary coatings were evaluated. Results reveal that when the concentration of Na,WO, is 15 g/L in
the plating solution, the coating with the average thickness of 17 pum is uniform and dense, and the
content of phosphorus and tungsten reached 9.63 wt.% and 1.14 wt.% respectively, which presents
amorphous structure. Meanwhile, when the concentration of Na,WO, is 15 g/L, the amorphous Ni-W-P
ternary coating has the best corrosion resistance, among which £ is -0.326 V, [ is 0.003 A/cm?
in 3.5 wt.% NaCl solution. In addition, the mechanisms of corrosion resistance for the substrate and

the coating were exploded.
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1. Introduction

Magnesium and magnesium alloys, due to their excellent
properties such as low density, high strength and stiffness and
electromagnetic shielding, have been widely used in various
industries such as acrospace, automobile, medical treatment
and electronics'. Regrettably, the poor corrosion resistance,
wear resistance, creep resistance and high chemical activity
in aggressive environment limits the magnesium alloy in
practical application>. Thereby, improving the performance
of magnesium alloys is a hot research topic at present”?.

The poor corrosion resistance of magnesium alloy is a
problem that needs to be solved in time. For this purpose, the
effective way of preventing corrosion is through the formation
of'a protective coating which acts as the barrier between the
corrosive medium and the substrate®!!. Among various surface
treatments'>'?, environmentally friendly electroless plating
without external power is advantageous to form a uniform
and crack-free coating'“'®. Therefore, electroless may be a
promising candidate to face with the inevitable problems
and extend the use of magnesium alloys'**.

Electroless Ni-P binary alloy coatings have unique
physical and chemical properties and have been widely used in
industry?'?2, As we all known, the P content largely determines
the properties of Ni-P coatings?. Because amorphous state
without grain boundaries prevents corrosive media to diffuse,
the amorphous structure Ni-P coatings with high content P act
as a protective role in corrosive media'. Nevertheless, with
the development of industrial production, the requirements
for materials in terms of corrosion resistance, wear resistance,
magnetic properties, and hardness are higher?**, but binary
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Ni-P alloy coatings often cannot meet the requirements®-2’.
Electroless Ni-based ternary coating has better properties
than electroless Ni-P coating in all aspects, such as thermal
stability, wear resistance, corrosion resistance and so
on. It shows a very considerable application prospect in
engineering application®.

It is well-known that tungsten can easily be included in
electroless Ni-P coatings and has good corrosion resistance®*’.
At the same time, the amorphous Ni-W-P coating has high
resistivity and low resistance temperature coefficient, which
can be used as the protective layer of medical devices and
other parts. Shao et al.>! confirmed that the Ni-W-P coating
can be applied for corrosion protection in salty environment
and exhibited superior corrosion resistance. Owning to
the Ni-W-P coating has so many excellent properties and
is widely used, a growing number of people research it.
Shu et al.? researched coating mechanical properties including
hardness and wear resistance. Biswas et al.** analyzed the
effect of various heat treatment conditions on the phase
transformation behavior of electroless Ni-P-W coating and
tried to link them with the tribological characteristics of
the coating hardness, friction, wear and scratch hardness.

Herein, the synthesis of a novel and robust anti-
corrosion Ni-W-P ternary amorphous coating on AZ91D
magnesium alloy substrates was achieved by electroless.
The microstructure, deposition rate, corrosion behavior,
bond strength, porosity test and micro-hardness of Ni-W-P
ternary coatings containing various Na, WO, concentrations
were comparatively investigated. The corrosion mechanism
of magnesium alloy and the corrosion resistance mechanism
of coating were discussed.
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2. Experimental Methods

2.1. Pretreatments

AZ91D magnesium alloy substrates with a size of
15 mmx10 mmx20 mm were polished initially with abrasive
paper of 150, 600, 800, 1200, 1500 grit by sequence to remove
impurities. The substrates were washed by ultrasonic vibration
in acetone for 10 min, and subsequently eliminated via a
15 min process employing alkaline solution. Subsequently,
the samples were immersed in zinc dipping solution to
obtain zinc layer with the purpose of improving the adhesion
between the magnesium alloy substrate and the copper layer
and preventing the magnesium alloy substrate from corrosion
in the copper plating solution. In the end, the surface of the
magnesium alloys was plated with copper as undercoat layer
by electroless, which can improve the adhesion between
the substrate and the Ni-W-P coatings*. The formulas and
operating conditions of zinc dipping and copper preplating
are shown in Table 1 and Table 2 respectively.

2.2. Electroless of the Ni-W-P coatings

The reasonable composition of the plating solution is the
basis for the preparation of high quality electroless nickel
alloy. And the main components of the plating solution in
this experiment are: main salt NiSO,-6H,0, reducing agent,
complexing agent, accelerator and stabilizer. The specific
formula of plating solution and operating conditions of Ni-
‘W-P coatings is shown in Table 3.

2.3. Characterization

The surface morphologies of Ni-W-P coatings were
analyzed by scanning electron microscope (SEM, JSM-6390A,
Japan). The composition of the coatings was analyzed using
the energy dispersive spectroscopy (EDS) spectrometer
provided with the SEM. And the phase composition of the
Ni-W-P coating was determined by X-ray diffractometer
(XRD-7000, Shimadzu, Japan). The Cu-Ka target was used,
with a scanning speed of § °/s and a scanning range of 10°-80°.

2.4. Electrochemical measurements

The polarization curves of the samples were measured
by three electrode system in 3.5 wt.% NaCl solution.
The paraffin sealed sample (10 mmx10 mm in area) was used
as the working electrode, the saturated calomel electrode
was put into the salt bridge as the reference electrode, and
the platinum sheet as the auxiliary electrode. 3.5wt % NaCl
solution was the corrosion electrolyte.

PGSTAT302N electrochemical workstation produced by Swiss
Wantong company was used. The samples were immersed in the
corrosive solution for 30 min before the EIS tests to establish
the steady state condition. The scanning rate of polarization
curve was 1 mV/s and the scanning range of potential was
-1.8 V~0 V. Impedance spectrum is an electrical measurement
method with small amplitude sine wave potential as disturbance
signal. The parameters of EIS were as follows: amplitude is
10 mV, frequency scanning range is 10 kHz~0.01 Hz at open
circuit potential (OCP) with 20 mV sinusoidal perturbation.

The corrosion rate of the Ni-W-P coating was measured
by total immersion corrosion test. The weight loss method was
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Table 1. The formulation and process of zinc immersion reaction.

Composition and operating

parameters Values
ZnSO,-7H,0 60 g/L
Na,CO, 140 g/L
KF 3g/L
PH 9~9.5
Temperature 71°C
Plating time 17 min
Stirring rate 100 r/min
Bath volume 05L

Table 2. The formulation and process for the preparation of copper layer.

Composition and operating

parameters Values
CuSO,-5H,0 50 g/L
KNaC,H,0,-4H,0 140 g/L
NaOH 40 g/L
PH 11
Temperature Room temperature
Plating time lh
Stirring rate 100 r/min
Bath volume 05L

Table 3. Electroless bath composition and operating conditions of
Ni-W-P coatings.

Composition and operating

parameters Values
NiSO,-6H,0 30 g/L
Na,WO, 5~20 g/L
NaH,PO, 50 g/L
Na,CH,0,-2H,0 25 g/L
NH,F 10 g/L
CN,H,S 0.5~1 mg/L
PH 7~1.4
Temperature 60°C
Plating time lh
Stirring rate 300 r/min
Bath volume 05L

used to calculate the corrosion rate. The calculation formula
is shown in Equation 1. The corrosion rate was characterized
by the change of coating mass per unit time and unit area.

m —mg
y=1"70

Where Vis Corrosion rate (g/m? x h), M, is mass of the sample
after corrosion (g), 71, is mass of sample before corrosion (g),
o 1s immersing surface area (m?) and t is immersing time (h).
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2.5. Adhesion test

Adhesion test between Ni-W-P coatings and Mg alloy
substrates were measured using a scratch test (WS-2005).
The scratch speed was 5 mm/min, the loading rate was
50 N/min, and the scratch length was 4 mm. When the
acoustic emission intensity is abrupt, the corresponding
load is recorded as the critical load.

2.6. Porosity test

The Ni-W-P coatings on magnesium alloy must be pore-
free, so we use the filter paper method to test the porosity
of the coating®. The basic principle of filter paper method
is to use a special reagent solution to contact the surface of
the coating. The reagent solution reacts with the underlying
metal or base metal through the pores of the coating to
produce colored products. The porosity of the coating can be
determined according to the number of spots. Reagent solution:
10 g/L NaCl, 106 g/L ethanol and 0.1 g/L phenolphthalein
dissolved in deionized water. Then the filter paper with the
reagent solution was pasted onto the samples for 10 min.
After taking the filter paper away, red spots or red areas were
noted on the surface of the coating. The porosity of coating is
evaluated relatively by the ratio of red spot area to the zone
area previously pasted by the filter paper®.

2.7. Vickers micro-hardness

The micro-hardness of the Ni-W-P coatings was tested
using an HV-1000 type hardness tester with a load of 200 gf
and duration of 10 s. Three tests were performed for each
coated sample and the results were averaged.

3. Results and Discussion

3.1. Microstructures and composition of Ni-W-P
coating

The surface morphologies of the Ni-W-P coatings deposited
by electroless with different Na,WO, concentrations are
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indicated in Figure la-d. As can be seen from Figure la-d
that the surface morphologies of Ni-W-P coatings present
cellular protrusion, and the coatings are relatively flat without
obvious defects such as pores, cracks and holes. However,
by comparing Figure 1c with Figure la, b, d, we can see
that the surface morphology of the Ni-W-P coating is more
uniform and denser in Figure 1c in which the concentration
of Na,WO, is 15 g/L.

Figure 2a-d shows the cross-sectional morphologies of
the Ni-W-P coating with different concentrations of Na,WO,,
which are 5 g/L, 10 g/L, 15 g/L and 20 g/L, respectively.
It can be found that from the cross-section morphologies
presented in Figure 2a-d that the grey area on the left is
magnesium alloy substrate, the dark grey part on the right is
the Ni-W-P coatings, and in the middle is a thin copper layer.
When the concentration of Na,WO, is 15 g/L, the thickness
of the coating is the largest, reaching 17 um. The Ni-W-P
coatings have good adhesion with the magnesium alloy
substrate, and the coatings are uniform without obvious
cracks, voids and other defects from Figure 2. Compared
with Figure 2c and Figure 2a, b, d, the interface between
the Ni-W-P coating and the resin is flatter, and it is further
verified that the surface morphology of the Ni-W-P coating
with 15 g/L Na,WO, is more compact. In theory, there is a
zinc layer formed in the process of zinc dipping between
magnesium alloy substrate and copper layer. However, the
zinc layer is too thin to be observed clearly. At the same
time, the interface is clear and smooth.

Known from EDS analysis of Ni-W-P coatings with
different Na,WO, concentrations presented in Figure 3a-d.
Samples No. 1 to 4 represent Ni-W-P coatings with 5 g/L,
10 g/L, 15 g/L, and 20 g/L Na,WO, in the plating solution
respectively. The EDS shows that the Ni-W-P coatings
consist of Ni, P and W. The mass percentages of elements
in Ni-W-P coating are listed in Table 4. It can be observed
from Table 4 that with the increase of Na, WO, concentration
in the plating solution, the mass percentage of P in No. 1 to
No. 4 samples decrease from 9.89% to 7.90%, while the mass

Figure 1. The surface morphologies of Ni-W-P coatings with different Na,WO, concentrations. (a) 5 g/L (b) 10 g/L (c) 15 g/L (d) 20 g/L.
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Figure 3. EDS of Ni-W-P coatings with different Na,WO, concentrations. (a) 5 g/L (b) 10 g/L (c) 15 g/L (d) 20 g/L.

percentage of W increase from 0.61% to 1.24%. The results
show that the addition of W has a certain blocking effect on
the deposition reaction of P, thus reducing the mass fraction
of P in the Ni-W-P coatings.

In addition, the mass fractions of P in the coatings of
samples No. 1 to 3 all exceed 9%, Ni-W-P coatings have
an amorphous structure. The mass fraction of P in sample
No. 4 is 7.9% less than 9%, so the Ni-W-P coatings have
a microcrystalline structure. In the process of deposition,
with the increase of P content, the disorder degree of the
Ni-W-P coating becomes larger and the amorphous structure

is present. That is, with the increasing concentration of
Na,WO, in the plating solution, the Ni-W-P coatings evolve
from an amorphous structure to a microcrystalline structure.

3.2. Effect of Na,WO, concentration on
deposition rate and phase composition of
Ni-W-P coatings

The effect of the concentration of Na, WO, in the plating
solution on the deposition rate of the coatings is presented
in Figure 4, which can be seen that the deposition rate
of Ni-W-P coatings is accelerated with the increase of
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Na,WO, concentration in the plating solution. When the
concentration of Na,WO, is 15 g/L, the deposition rate of
Ni-W-P coating is the fastest, about 17 pm/h. When the
concentration of Na, WO, exceeds 15 g/L, the deposition
rate of Ni-W-P coating decreases rapidly. The reason for
the accelerated deposition rate of Ni-W-P coatings may be
that WO,> may promote the co-deposition reaction. When
the concentration of Na,WO, in the plating solution exceed
15 g/L, the reason for the decrease of deposition rate is that
the concentration of each component in the plating solution
gradually decreases due to the continuous consumption
of deposition reaction, resulting in the loss of the original
proportion of each component content, thus reducing the
deposition rate.

Figure 5 indicates the XRD spectra of the Ni-W-P
coatings. Samples No.1 to 4 represent Ni-W-P coatings with
5¢g/L, 10 g/L, 15 g/L, and 20 g/L Na,WO, in the plating
solution respectively. It can be seen from Figure 5 that the
peaks corresponding to samples No.1, No.2 and No.3 are Ni
(111) when the diffraction angle is 26=45°, which is a broad
hump. Therefore, it can be inferred that the Ni-W-P coatings
present an amorphous structure when the concentration of
Na,WO,is 5 g/L, 10 g/L and 15 g/L. Moreover, the peak of
sample No.3 is lower than that of sample No.1 and sample
No.2, which indicates that sample 3 has the highest degree
of amorphization. According to the XRD spectra, the sharper
the diffraction peak appears, the smaller the half-width of
diffraction peak is, indicating that the crystallinity is better.
Large half-width and low peak intensity show that the coating
is microcrystalline or amorphous. The mass percentage of
W in the Ni-W-P coatings of sample No. 4 increases and the
mass percentage of P decreases to 7.90%, which eventually
leads to the decrease of the driving force of the amorphous
Ni-W-P coatings. However, the diffraction peaks of sample
No. 4 are Ni (111) peak and Ni (220) peak, both of which are
weak peaks and have a certain half-height width, indicating
that the Ni-W-P coating has an amorphous structure. The result
means that the Ni-W-P coating of sample No. 4 presents a
microcrystalline structure mixed with amorphous structure
and crystalline structure. This is consistent with the results
of the energy spectrum analysis shown in Figure 3 and
Table 4 above.

3.3. Corrosion resistance mechanism of Ni-W-P
coating

Mg is relatively active and can easily form an oxidation
film in the air. and its structure was shown in Figure 6.
This oxide film consists of three layers. The outer layer is
lamellar, the middle layer is the densest oxide layer, and
the inner layer is porous. The oxide film of this structure is
brittle and porous, which is easy to be corroded, and has no
protective effect on magnesium alloy substrate.

Unstable passivated magnesium hydroxide films formed
on the surface of magnesium can be destroyed in the presence
of CI, SO,*and NO, plasma or exposed to water containing
acidic gases (such as CO,). Therefore, they cannot provide
long-term protection for the matrix alloy, resulting in
pitting corrosion. Due to the addition of solute element W
with self-passivation property, the grain size of the coating
is refined, and more W is diffused to the surface by the

Table 4. The results of energy spectrum analysis of Ni-W-P coatings.

Sample Ni (wt.%) P (wt.%) W (wt.%)
No. 1 89.50 9.89 0.61
No. 2 89.34 9.81 0.85
No. 3 89.23 9.63 1.14
No. 4 90.86 7.90 1.24
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Figure 4. Effect of the concentration of Na,WO, in plating solution
on deposition rate.
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Figure 5. XRD spectra of Ni-W-P coatings with different Na, WO,
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Figure 7. Anti-corrosion mechanism for Ni-W-P coating.

204
25
304
354
40
« 45
2 504
2
£ 55
% 601
©
65
701 Mg alloy substrate — 5 ¢g/L
5] —l0gL
50 —15gL
s ——20gL
2. EEET 14 ‘08 Y06 Y04 Y02 0.0
Potential/V

Figure 8. Polarization curves of magnesium alloy and Ni-W-P coatings
with different Na,WO, concentrations in 3.5 wt.% NaCl solution.

Table 5. Fitting parameters for the polarization curves of magnesium
alloy and Ni-W-P coatings in 3.5 wt.% NaCl solution.

Na,WO,
Sample concentration E_ V) I (Alem?)
(gD

xg;lrﬁz 0 -1.710 23.188
No. 1 5 -0.410 0.254
No. 2 10 -0.344 0.012
No. 3 15 -0.326 0.003
No. 4 20 -0.334 0.057

diffusion channel, thus forming a complete passive film on
the surface. Based on the advantages of Ni-W-P coating in
the field of corrosion protection, it can well block water
molecules, oxygen molecules and other ions in the air, thus
protecting the magnesium alloy substrate. The anti-corrosion
mechanism of Ni-W-P coating is shown in Figure 7.

3.4. Effect of Na,WO, concentration on corrosion
resistance of Ni-W-P coatings

The electroless Ni-W-P coatings are designed to improve
the corrosion resistance of the magnesium alloy substrate
to protect it. The polarization curves of magnesium alloy
substrate and Ni-W-P coatings in 3.5 wt.% NaCl solution
are shown in Figure 8. Table 5 shows the fitting results of
the polarization curves of the magnesium alloy substrate and

the Ni-W-P coatings. As can be seen from Table 5, the self-
corrosion potential of the magnesium alloy substrate is about
-1.71V, and the corrosion current is 23.188 A/cm?. According
to Figure 8 and Table 5, the corrosion current of sample No.
1is 0.254 A/cm? and the self-corrosion potential is -0.41 V,
which much higher than that of the magnesium alloy substrate
(-1.710 V). The corrosion current is significantly lower
than that of the magnesium alloy substrate (23.188 A/cm?).
It shows that the corrosion rate of the coatings of sample
No. 1 is slow and it is not easy to be corroded.

The corrosion potential of sample No.3 is -0.326 V, and
its corrosion current is 0.003 A/cm?. The results show that the
mass fraction of W in the coatings of No.3 increases, while
the mass fraction of P only decreases slightly. Therefore,
the self-corrosion potential of the No.3 is shifted forward
compared with that of the sample No.1 and No.2, and the
corrosion current of No.3 is decreased. In summary, the
Ni-W-P amorphous coatings of sample No.3 with 15 g/L
Na,WO, added has the optimal corrosion resistance and can
well protect the magnesium alloy substrate from corrosion.

Figure 9 shows the impedance spectra of Ni-W-P coatings
in 3.5 wt.% NaCl solution (Figure 9a) and the corresponding
bode spectra (Figure 9b, ¢). The Nyquist diagram is drawn
with the imaginary impedance value as a function of the
real part. In the impedance spectrum in Figure 9a, only one
capacitive reactance arc appears. The impedance spectrum in
Figure 9a only shows a capacitive reactance arc. Generally,
the polarization resistance of the sample is negatively
correlated with the corrosion rate. The polarization resistance
is represented by the impedance semicircle radius. When
the radius is larger, the polarization resistance is higher; the
corrosion rate is smaller, so the corrosion resistance is better.
As can be seen from Figure 9a, the corrosion resistance of
sample No. 1 is the weakest. With the increase of the amount
of Na,WO, in the plating solution, the corrosion resistance
of samples No. 1 to No. 3 gradually increases, while the
corrosion resistance of sample No. 4 decreases compared
to that of No. 3. The above results are related to the degree
of amorphization of the Ni-W-P coatings. The corrosion
resistance of the amorphous coatings is stronger than that
of the microcrystalline and crystalline coatings. Because the
Ni-W-P coating of sample No. 4 shows a microcrystalline
structure, its corrosion resistance is not as good as that of No. 3.

The Bodel diagram (Figure 9b) is drawn based on the
impedance modulus |Z| as a function of frequency. The Bode
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Table 6. Electrochemical parameters from EIS data of magnesium alloy and Ni-W-P coatings with different Na,WO, concentrations in

3.5 wt.% NaCl solution.

Na, WO
2 4 com? .l om2 cem?2 21103
Sample concentration (g/L) R (Q-em?) Y, (8- Q'em?) n R (Q-em?) x*/10
Ma alloy substrate 0 16.62 2.54x107 0.82 3.76x10? 1.3
No. 1 5 12.25 1.83x10° 0.93 1.24x10* 3.6
No. 2 10 12.21 1.41x10° 0.93 2.72x10% 2.3
No. 3 15 11.87 1.27x10° 0.92 3.51x10* 4.1
No. 4 20 11.93 2.48%107 0.85 2.03x10* 3.2
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Figure 9. The impedance spectra of magnesium alloy and Ni-W-P coatings in 3.5 wt.% NaCl solution.
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Figure 10. Equivalent Circuit for the impedance spectra.

2 diagram (Figure 9c) shows that the Ni-W-P coatings have
a single time constant in the NaCl solution. The results
show that the coating containing W can prevent the contact
between corrosion solution and magnesium alloy substrate,
and has excellent corrosion resistance. However, in the
Bodel diagram, the |Z| of the coatings of sample No. 1 is
the smallest. With the increase concentration of Na,WO, in
the plating solution, the |Z| value of sample No. 4 decreases
instead. The results indicate that the Ni-W-P coating containing

15 g/L Na,WO, has the best corrosion resistance of sample
No. 3, which is consistent with the polarization curve.
Figure 10 is the equivalent circuit diagram fitted by the
Nyquist diagram of Ni-W-P coatings. In the fitting circuit,
R is the resistance of the electrolyte solution, Q,, represents
the constant phase angle component of the electric double
layer capacitor, and R , is the charge transfer resistance, which
controls the circuit. The data after fitting the equivalent circuit
diagram is listed in Table 6. According to the fitted data,
the concentration of Na,WO, added in the plating solution
has a greater impact on the charge transfer resistance Rct.
The charge transfer resistance Rct of samples No. 1 to No. 4 is
significantly larger than that of the magnesium alloy substrate
(3.76x107 Q-cm?). It observes that the Ni-W-P coatings with
different Na,WO, concentrations in the plating solution can
greatly improve the corrosion resistance of the magnesium
alloy substrate. Table 6 shows that with the increase of
Na,WO, concentration in the plating solution, the Ret of
samples No. 1 to No. 3 increase from 1.24x10* Q-cm? to
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3.51x10* Q-cm? Sample No. 3, the Ni-W-P coatings with
15 g/L of Na,WO, added in the plating solution, has the
largest charge transfer resistance Ret, but Ret of sample No.
4 is reduced to 2.03x10* Q-cm?.

The above fitting results illustrate that with the increase of
Na,WO, concentration in the plating solution, the corrosion
resistance of Ni-W-P coatings gradually raises. When the
concentration of Na,WO, is 15 g/L, the R of Ni-W-P
coatings is the largest, and the corrosion performance is the
best. Whereas the concentration of Na, WO, exceeds 15 g/L,
the corrosion resistance of the Ni-W-P coatings will decline
instead. The conclusion is consistent with the result drawn
by the above polarization curve and Nyquist diagram.

The corrosion rates measured for the Ni-W-P coatings
after immersion in 3.5 wt.% NaCl solution for 72 h are
shown in Figure 11. It can be observed that the corrosion
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Figure 11. Corrosion rate of Ni-W-P coatings with different
concentrations of Na,WO, in 3.5 wt.% NaCl solution for 72 h.
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rate of sample No. 1 is the fastest, about 0.6146 g/m?-h, that
of sample No. 2 is 0.1076 g/m?-h, and that of sample No.
35 0.0903 g/m*h. The corrosion rates of sample No. 2 and
No. 3 are obviously lower than those of No. 1. It shows that
the increase of Na, WO, concentration in the plating solution,
the corrosion rates of the coatings gradually decrease, and
the corrosion resistance gradually improves. However, the
corrosion rate of sample No. 4 (0.4401 g/m?-h) is accelerated,
indicating that its corrosion resistance is not as good as that
of samples No. 2 and No. 3.

The above results show that the corrosion rates of Ni-W-P
coatings decrease with the rise of Na,WO, concentration
from 5 g/L to 15 g/L, and the corrosion resistance increases
gradually. However, the corrosion rate (0.4401 g/m*-h) of
sample No.4 with 20 g/L Na,WO, in the plating solution is
faster than that of No.2 and No.3. The result is consistent
with the above polarization curve (Figure 8) and impedance
spectrum analysis (Figure 9).

Figure 12 reveals the corrosion morphologies of the
Ni-W-P coatings after immersion in 3.5 wt.% NaCl solution
for 72 h. From Figure 12a which shows the corrosion
morphology of No. 1, we can see that there is a high degree
of corrosion, and there are serious corrosion pits, so the
surface morphology of the coating cannot be identified.
The sample No. 3 (Figure 12c¢) has a relatively low degree
of corrosion, with a few corrosion pits on the surface, and the
cellular surface morphology is clearly visible. In addition,
the corrosion degree of sample No. 4 (Figure 12d) is heavier
than that of Figure 12c, and the phenomenon of coating
peeling occurs. Therefore, we can conclude that with the
increase concentration of Na,WO,, the corrosion resistance
of the Ni-W-P coatings is gradually improved, so the sample
No. 3 has the best corrosion resistance. On the contrary, the
excessive concentration of Na,WO, in the plating solution
will reduce the corrosion resistance of the Ni-W-P coatings.

X500% /50um

Figure 12. Corrosion morphologies of Ni-W-P coatings with different Na,WO, concentrations immersed in 3.5 wt.% NaCl solution for

72 h.(a) 5 g/L (b) 10 g/L (c) 15 g/L (d) 20 g/L.
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Figure 13. (a) Energy spectrum analysis of Ni-W-P coatings immersed in 3.5 wt.% NaCl solution for 72 h. (b) XRD diffraction of Ni-W-P

coatings immersed in 3.5 wt.% NaCl solution for 72 h.
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Figure 14. Scratch curves of Ni-W-P coatings.

Because the amorphous structure has fewer defects in
grain boundaries and dislocations, its corrosion resistance
is better than that of microcrystalline structures. From the
analysis of the XRD phase composition in Figure 5, the
samples No. 1 to No. 3 all have amorphous structure, while the
sample No. 4 shows crystalline structure. In addition, due to
the supplement of W, the porosity of the coatings is reduced,
and a passivation film is easily formed in the atmosphere,
acidic or alkaline corrosive media. When corrosion occurs,
Ni-W-P coating will be activated and dissolved rapidly,
promoting the accumulation of passivation elements to the
surface, which provides conditions for the formation of a
good passive film. When the passive film is damaged, it can
repair itself quickly, so the Ni-W-P coatings have excellent
corrosion resistance.

However, if the mass fraction of W in Ni-W-P coatings is
too high, the mass fraction of P will be reduced and the phase
composition of Ni-W-P coating will be changed. Under the
same conditions, the corrosion resistance of microcrystalline
structure is not as good as that of amorphous structure.
Therefore, the Ni-W-P ternary amorphous coatings of 15 g/LL
Na,WO, have the best corrosion resistance.

Figure 13 shows the EDS and XRD pattern of Ni-W-P
coatings with 15 g/ Na,WO, added to the plating solution.
From the EDS analysis (Figure 13a), elements such as Mg,
Ni, P, and W exist on the corrosion surface of the Ni-W-P
coatings. From the analysis of XRD pattern in Figure 13b,
the corrosion peak of Ni-W-P coatings shows Mg, which
indicates that the surface of Ni-W-P coatings are partially
exfoliated and the magnesium alloy substrate is exposed.
Similarly, the XRD reveals that the products after corrosion
are mainly Ni-P compounds, WP,, Na,P, etc. There are still
scattered diffraction peaks in the XRD pattern, indicating
that the amorphous structure of the Ni-W-P coatings in some
regions have not changed during immersion. The above
shows that the presence of Ni-W-P coatings can slow down
the corrosion of magnesium alloy and improve the corrosion
resistance of magnesium alloy.

3.5. Adhesion between Ni-W-P coatings and Mg
alloy substrates

Figure 14 is the scratch curves between acoustic emission
signal of Ni-W-P coating surface and pressure loading
(K-L). According to Figure 14, the critical load of sample
NO. 1is 31.55N, that of NO. 2 is 48.2 N, that of NO. 3 is
79.45 N, and that of NO. 4 is 91.4 N. As can be seen from
the above, with the increase of Na,WO, concentration in the
plating solution, the critical load Lc value of Ni-W-P coatings
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Table 7. The Vickers micro-hardness of Ni-W-P coatings with different Na,WO, concentrations.

Sample Test 1, HV Test 2, HV Test 3, HV Average HV/MPa
No. 1(5 g/L) 186.2 130.8 116.2 144.4
No. 2(10 g/L) 157.0 137.2 143.3 145.8
No. 3(15 g/L) 269 267.3 270.9 269.1
No. 4(20 g/L) 359.4 373.8 311.6 348.3

arguments step wisely, and the adhesion strength increases
gradually. At the same time, the Ni-W-P coatings, with the
concentration of Na,WO, is 20 g/L, have the best bonding
strength and the best adhesion. Apparently,the addition of W
in the coatings can effectively reduce and hinder the formation
of cracks, thereby improving the bonding force between the
Ni-W-P coatings and the magnesium alloy substrate.

3.6. Effect of Na,WO, concentration on porosity
of Ni-W-P coatings

The surface of Ni-W-P coatings with different concentrations
of sodium tungstate was observed by visual inspection
porosity test in all cases. The observations depicted that
there is no red spot on the surface of the pasted filter papers.
When the concentration of Na,WO, is 5 g/L and 10 g/L,
only one and three red spots appear on the filter paper.
When the concentration of Na,WO, is 15 g/L and 20 g/L,
there is no red spot, which indicates that the Ni-W-P coating
is completely pore-free and plays a role in protecting the
magnesium alloy substrate.

The results of the porosity tests show that the structure
of'the electroless Ni-W-P coatings is compact enough which
impedes the diffusion of the porosity test solution after about
10 min contact time between the soaked filter paper and the
surface of the coated samples. At the same time, it is verified
that the surface of the Ni-W-P coatings is more uniform
and compact when the concentration of Na,WO, is 15 g/L.

3.7. Effect of Na,WO, concentration on micro-
hardness of Ni-W-P coatings

Table 7 shows the Vickers micro-hardness of Ni-W-P
coatings with different Na, WO, concentrations. Each sample
is tested three times and the average value is obtained by
calculation. It can be seen from Table 7 that with the increase
of Na,WO, concentrations, the micro-hardness of the Ni-
W-P coatings increases gradually. When the concentration
ofNa,WO, is 15 g/L and 20 g/L, the Vickers micro-hardness
of the coating reaches 269.1 MPa and 348.3 MPa. This
may be due to the addition of solute element W with self-
passivation characteristics, which makes the coating finer
grain size, more compact grain boundaries, and homogeneous
crystalline structure.

4. Conclusions

(1) Ni-W-Pternary coatings were successfully deposited
on the surface of AZ91D magnesium alloy substrates
by proposed method of electroless. Ni-W-P coatings
had an obvious amorphous structure when the
Na,WO, concentration was 5~15 g/L, while Ni-
W-P coatings changed from amorphous structure
to microcrystalline structure when the Na,WO,

concentration exceeded 15 g/L. The surface
morphologies of Ni-W-P coatings which were
relatively flat and dense without defects, such as
cracks and holes showed cellular structure, especially
when the concentration of Na,WO, is 15 g/L.

(2) The effects of different concentrations of Na,WO,
on deposition rate, phase composition, and corrosion
resistance of Ni-W-P coatings were analyzed.
When the concentration of Na,WO, in the plating
solution was 15 g/L, the deposition rate of Ni-W-P
coating was the fastest, about 17 um/h, the corrosion
rate was the slowest, about 0.0903 g/m?*h, the
maximum self-corrosion potential was -0.326 V,
the minimum corrosion current was 0.003 A/cm?,
and the capacitance arc radius was the largest.
Therefore, Ni-W-P coating with 15 g/ Na,WO,
can significantly improve the corrosion resistance
of magnesium alloy substrate.

(3) The adhesion between Ni-W-P coating and
magnesium alloy substrate and micro-hardness of
Ni-W-P coatings were gradually improved with an
increasing of Na, WO, concentration in the plating
solution. When Na,WO, was added at 20 g/L, Ni-W-P
coating had the best bond with magnesium alloy
substrate and the maximum Vickers micro-hardness
of Ni-W-P coatings is 348.3 Hv.
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