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Abstract: An in situ method was designed to measure a continuous open circuit potential (OCP) curve of AZ31 magnesium alloy and
to observe the morphology variation of Ni—P coating during the process of the electroless plating. The deposition mechanism of the
electroless Ni—P plating on AZ31 Mg alloy was studied by OCP curve, scanning electron microscopy (SEM), and energy dispersion
spectroscopy (EDS). The process of electroless Ni—P plating contains the coating formation stage and the coating growth stage. The
formation stage includes three procedures, i.e., the nucleation and growth of Ni crystallites, the extension of the coating in
two-dimensional (2D) direction and the coalescence of the coating along three-dimensional (3D) direction. SEM investigations
demonstrate that the spherical nodules of the Ni—P coating are not only formed during the coating growth stage, but also generated in
the initial deposition stage of electroless Ni—P plating. The variation of the coating rates at different deposition stages corresponds to

the deposition mechanism of their respective deposition stage.
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1 Introduction

Compared with the conventional metals, Mg alloys
have drawn wide interests because of their better
properties, such as high specific tenacity and specific
stiffness, high damping characteristics, and well
electromagnetic shielding properties. In particular, their
high specific strength makes them attractive for mass
reduction in portable microelectronics, aeronautical and
aerospace, telecommunications and  automobile
industries, etc [1-3]. However, the poor corrosion
resistance is still a consistent issue that limits the
extensive use of Mg alloys [4]. Because of the low
standard electrode potential (—2.37 V vs SHE) [5], Mg
will easily form a galvanic corrosion system with another
metal and/or a microgalvanic corrosion system with
impurities and secondary phases (such as Mgj;Al,,
AlMn and AlgMns) in an aqueous environment [5—8].
Consequently, the corrosion resistance of Mg and its
alloys is unsatisfied in practical environment.

In general, there are two methods for improving the
corrosion resistance of Mg alloys, namely metallurgy
and surface treatment [9]. Metallurgical manipulation

can provide an effective way to enhance the corrosion
resistance of Mg by adding some beneficial elements,
such as Al, Zn and Mn, and/or reducing the impurity
elements content [8, 10—11]. Another effective way to
suppress the corrosion of Mg alloys is the surface coating
technique [3, 12]. If the coating is uniform, non-porous
and chemically stable, the coating on the surface of Mg
alloys can form a barrier between the matrix metal and
the corrosion medium, thereby suppressing the corrosion
of Mg alloys. Among the various surface treatment
techniques, electroless Ni—P plating is considered one of
the most effective coating methods due to its perfect
comprehensive properties, such as good corrosion and
wear resistance, deposit uniformity, magnetic and
solderability [13—14]. However, Mg and its alloys are
known as “difficult to plate” metals because of their poor
corrosion resistance, thus electroless Ni—P deposition on
Mg alloys needs special bath formulations and
pretreatment methods to restrain the corrosion of Mg
matrix metal in the plating bath [15]. According to the
previous literatures [1-2, 14—15], the fluoride film
formed on Mg alloys during hydrofluoric acid activating
treatment process is capable to not only prevent the Mg
substrates from being oxidized, but also inhibit the
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corrosion of the Mg substrates in the plating bath during
the initial deposition stage of electroless Ni—P plating. LI
et al [16] have studied the passive mechanism of AZ91
Mg alloy in the fluoride solution and indicated that an
insoluble Mg fluoride (MgF,) film was generated on the
surface of the Mg alloy during the hydrofluoric acid
activating process. Moreover, the deposition mechanism
of electroless Ni—P plating on the different fluorinated
Mg alloys was also investigated in Refs. [1, 17—18].

However, the literature regarding the study on the
morphology variation of the coating in the initial
deposition stage presented an obvious randomness for
the timing for observing the morphology of the coating.
This randomness is caused by the different coating rates
which different Mg substrates, pretreatment technologies
and bath formulations would contribute to. In addition,
there is no standard observation time for the morphology
variation, which may affect the analysis for the
deposition mechanism in the initial deposition stage. In
this work, in order to make the timing of observing the
coating morphology more reasonable, an in situ measure
method was designed to obtain a continuous OCP—time
curve and the morphology variation of the coating during
the electroless plating process. The relationship among
the OCP, the plating time and the surface morphology of
the samples was investigated to illustrate the deposition
mechanism of electroless Ni—P plating on the fluorinated
AZ31 Mg alloy.

2 Experimental
Commercially extruded AZ31 Mg alloy, with

dimensions of 5 cmx2 cmx0.1 c¢cm, was selected as the
substrate material. The nominal chemical composition of

Table 2 Process steps of electroless Ni—P plating on AZ31 Mg alloy
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the alloy is listed in Table 1. The detailed procedures of
electroless Ni—P plating in this experiment are given in
Table 2. The pretreatment technology was comprised of
ultrasonic degreasing, alkaline cleaning and fluoride
activation. In some literatures [1-2, 12—13], the acid
pickling was used to roughen the surface of the Mg
alloys for improving the adhesion strength between the
coating and the substrate; but in this experiment, the acid
pickling was not implemented in the pretreatment
process to avoid the detrimental effect of a rough surface
on the nucleation observation and the coating growth on
the fluorinated AZ31 Mg alloy.

Table 1 Chemical compositions of AZ31 Mg alloy (mass
fraction, %)

Al Zn Mn Ca
2.5-3.5 0.7-1.3 >0.2 <0.04

Si Cu Fe Mg

<0.03 <0.001 <0.001 Bal.

The AZ31 Mg alloy electrodes were prepared by the
following methods. Because the thickness of the AZ31
samples is only 0.1 cm, the common mechanical contact
by a screw followed by a sealing is not applicable. The
AZ31 substrates were electroless plated to insure that the
AZ31 alloy and the copper wires can be welded together.
The as-deposited samples were cut into small pieces of
1 cmx1 cmx0.1 cm. Then, the small samples were
welded with plastic isolated copper wires separately.
Subsequently, they were sealed with epoxy resin and
made the working area to be 1 cm”. After the epoxy resin
solidified, the as-prepared electrodes were mechanically
polished to expose the Mg alloy substrate with emery
paper (600# and 1000#) and polishing cloth, and then

Step No. Process Solution composition Process parameter
. . 10 min, ambient
1 Ultrasonic degreasing Ethanol absolute
(20 °C)
NaOH 16 g/L _
2 Alkaline cleaning Na,HPO,4 20 gL lé)onilél 5
Na,CO; 20 g/L
3 Fluoride activation HF(40%, volume fraction) 150 mL/L > myzl’oafé];lem
NiSO,6H,0 20 g/L
NaH,PO,H,0 2 gL 90's,200's, 700's,
C¢HsNa;0,2H,0 10 g/L 1200s,2100s,
4 Electroless Ni—P plating NH4HF, 10 g/L 3600s,
Thiourea(TU) 1 mg/L 80 °C,
Surfactant 10 mg/L pH 6.5-7
NH;-H,O To adjust pH
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washed with water and degreased with ethanol.

The OCP—time curves of AZ31 alloy electrodes
were measured during the plating process on a CHI 660B
electrochemical workstation. A three-electrode cell was
set up with six AZ31 working electrodes, a graphite
counter electrode and an Ag/AgCl reference electrode, as
shown in Fig. 1. The evident difference between the
present work and the usual case is that several multipled
AZ31 alloy electrodes were used as the working
electrodes simultaneously when measuring the OCP—
time curve during the plating. The distance between each
working electrode and the reference electrode was
equivalent. The electrodes were taken out of the bath at
different time intervals of 90, 200, 700, 1 200, 2 100 and
3 600 s and washed with absolute ethanol. The surface
morphologies and the composition of the coating were
characterized by a JSM—5610LV scanning electron
microscope (SEM) with energy dispersive spectroscope
(EDS).
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Fig. 1 Schematic diagram of three-electrode system
3 Results and discussion

Figure 2 shows the OCP of the AZ31 electrodes as a
function of plating time. The curve demonstrates that the
OCP of the AZ31 electrodes in the bath increased rapidly
and reached a relatively steady value after 300 s (stage
A), flattened for a while (stage B), then decreased
quickly (stage C). Eventually, the OCP became relatively
stable even though there was a slight increase after
2 000 s.

In stage A, the OCP increased rapidly as a
consequence of the rapid formation of spherical nodules
on the exposed Mg substrate, as presented in Fig. 3(a)
and Fig. 3(b), excepting for the adsorption of ions and
the charging of double electron layers. When the exposed
Mg substrate was coated entirely, the OCP reached a
steady value. Yet the formation mechanism of the
spherical nodules in the initial deposition stage had not
been reported. A possible explanation of this
phenomenon was proposed. Because the defect of the
flouride film was formed by the potential difference
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Fig. 2 OCP—time curve recorded for AZ31 electrodes during
plating

between a phase and Mn—Al phase [19—22], the exposed
Mg substrate was preferentially dissolved into Mg**
when the electrodes were immersed into the bath. Based
on the corrosion mechanism of Mg alloys proposed by
SONG and ATRENS [4], the active hydrogen atoms were
produced during the corrosion process of the exposed
AZ31 substrate, as shown in Eq. 1 and Eq. 2. Next, Ni*"
ions in the bath were reduced to Ni grains by these
hydrogen atoms. But the effect of Mg corrosion was just
limited to the beginning time before the Mg substrate
was coated. As exhibited through Egs. 3-5, the
autocatalytic reactions of electroless Ni—P plating began
to proceed with Ni as the catalyst of the oxidation
reaction of hypophosphite. All the reaction equations of
the reaction process are as follows:

Mg——Mg" +e €))
Mg" +H,0——>Mg®" +OH™ +H (2)
Ni?* +2H——>Ni+2H" 3)
H,PO; +H,0—Y»H,PO2 +H" +2H (4)
H,PO, +H——H,0+0H +P (5)

During the reaction process, the Ni grains grew up
into the spherical nodules, as shown in Figs. 3(a), 3(b)
and Fig. 4. In addition, the chemical composition of the
spherical nodules is shown in Fig. 4. Less P content was
found in the early deposition stage, which is consistent
with Refs. [17] and [18], indicating that the spherical
nodules are the product of the autocatalytic reaction with
sodium hypophosphite participating as stated in Eq. 5.
The peaks of Al and Mg are due to the characteristics of
the EDS analysis, which contains the analysis area and
depth. This means that the Al and Mg peaks are mainly
caused by the influence of substrate.
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(b) Element x/% w/% Error
Mg (0] 5.88 268 £0.18
F 0 0 0
Zn 0 0 0
Mg 56.95 3939 £0.36
Al 403 3.1 +0.19
Mn 0 0 0
Ni Ni 3248 5425 =+1.33
P 0.67 059 £0.07
Total 100 100
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Fig. 4 Morphology (a) and composition (b) of spherical nodules on surface of AZ31 electrode plated for 200 s

In the next stage (stage B), the nodules acted as the nucleation and the extension of the coating [17, 23], the
deposition active site for the deposition reaction and the reaction rate in this stage was so slow and the OCP
coating extended into 2D direction, centering on the reached a steady state. Figure 5(c) demonstrates that
spherical nodules, as shown in Fig. 3(c). Because the some rectangular block Ni crystallites nucleated beneath
fluoride (MgF,) film can inhibit the process of the the fluoride film around the spherical nodules during the
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same period as the spherical nodules grew, owing to the
replacement reaction as exhibited in Eq. 6, which is the
same as the result reported by Refs. [1] and [17].

Mg + Ni** ——>Mg*" + Ni (6)

The Ni crystallites were beneficial to the extension
of the coating into 2D direction and made the
coalescence of the coating along 3D direction easier.
Eventually, they were embedded in the Ni—P coating
after the coalescence of the coating, as presented in
Fig. 5(b). Consequently, in view of the variation of the
OCP and the surface morphology of the coating in the
initial stage of electroless deposition, it can be deduced
that the generation of rectangular block Ni crystallites
around the spherical nodules is the rate controlling step
in the coating formation stage. Moreover, it was
predicted from Fig. 3(c) that the different states of the
spherical nodules and the rectangular block Ni

x588

S8 rm

crystallites existed simultaneously in the initial
deposition stage, which may be attributed to the different
formation mechanisms of the spherical nodules and the
rectangular block Ni crystallites, including the
autocatalytic reaction and the Ni replacement reaction.
With a drastic decrease of the potential after 1 000 s
(stage C), the coalescence of the coating along 3D
direction became the major process of electroless Ni—P
plating, as presented in Fig. 3(d). There are two possible
reasons for this process. One is that an increasing
number of rectangular block Ni crystallites nucleated
through the MgF, film accelerated the extension of the
coating along 2D direction. The other is that the
as-formed coating which had the catalytic activity for the
autocatalytic reaction promoted the further growth of the
coating. It can be found in Fig. 6 that there are two layers
at the edge of the coating and the grains of Ni—P deposits
in the upper layer are bigger than those in the lower

24/JUN/18

‘a ’
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Fig. 6 SEM images at different magnifications of AZ31 electrode plated for 1 200s
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layer, which indicates that the coating is thickened by
layers.

In the coating growth stage, the Mg substrate was
coated thoroughly and the spherical nodules continued to
grow up, as presented in Fig. 3(e). Because the deposits
had the catalytic activity for the reaction of electroless
Ni—P plating, the coating thickened up quickly. When
the plating time reached 3 600 s, more and more
spherical nodules appeared in the coating. In previous
reports [24], it is commonly recognized that the
formation of the spherical nodular feature is related to
the internal stress accumulation and the lower surface
energy of the hemispherical deposit during the depositing
process, but the spherical nodules were also found in the
initial stage of electroless plating in the present work, as
presented in Fig. 3(b) and Fig. 3(c). Thus, a further
viewpoint about the formation mechanism of the
spherical nodules was proposed that the spherical
nodules not only formed in the coating growth stage
because of the internal stress and the surface energy, as
shown in Fig. 3(f), but also evolved from the
autocatalytic reaction expressed through Egs. (3)—(5) in
the initial deposition stage.

By analyzing Fig. 2 and Fig. 3, the relationship
among the OCP, the plating time and the morphology
alteration of the coating during the process of electroless
Ni—P plating has been built. It can be seen that the whole
deposition process can be divided into two stages,
coating formation stage and coating growth stage.
Moreover, the coating formation stage contains three
simultaneous coating-forming processes, i.c., the
nucleation and growth of Ni crystallites, the extension of
the coating into 2D direction and the coalescence of the
coating along 3D direction. Also the feasibility of the in
situ measuring method mentioned above has been further
proved. The method can also be applied to investigating
electroless depositing other metals on different metal
materials. It was necessary to point out that the OCP—
time curves in other studies may be different as a result
of the difference in substrate materials, bath
compositions or pretreatment technologies. However, the
relationship between the variation of OCP and the
alteration of the coating morphology will still be found in
this method because the OCP of the samples during the
electroless plating process is bound to transform with the
enlarged coverage area of substrate surface.

Figure 7 shows the deposition mass gain as a
function of the plating time, and the coating rate in
different deposition stages can be evaluated. The 2D
extension and the 3D coalescence of the coating were
proceeded rapidly at the same time in stage C, which
resulted in a higher coating rate. The result derived from
the coating rate curve in our work is similar to the result
demonstrated in Ref. [1]. The different coating rates at

different deposition stages corresponded to the
deposition mechanism of the foregoing deposition stage.
The average coating rate of the whole plating process
(1 h) is around 22 pum/h if the density of the Ni—P
deposits is appointed as 8 g/cm’.

Figure 8 shows the chemical composition on the
surface of the specimens plated for different time. The
variations of the matrix elements and the generated
elements on the surface of the samples are presented in
Fig. 8(a) and Fig. 8(b), respectively. The Ni and P contents
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Fig. 7 Deposition mass gains as function of plating time
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increased while the content of the matrix elements
decreased and the variation trend became more distinct
beyond 200 s. The obvious increase in Ni and P contents
after 700 s was in accordance with the rapid increase of
the coating rate in the stage C. The disappearance of the
matrix elements also reflected the compactness of the
coating indirectly. The decline of P content from 5.5% at
2 100 s to 5.0% at 3 600 s is attributed to the periodic
variation of P content in the deposits, which has been
confirmed in Ref. [2].

4 Conclusions

1) A novel in situ measuring method was designed
to investigate the relationship of open circuit potential,
plating time and surface morphology of AZ31 Mg alloy
during the electroless Ni—P plating process. The result
confirms that the OCP of the samples is bound to
transform with the enlarged coverage area of substrate
surface in the plating process, and the method is equally
applied to studying electroless depositing other metals on
different metal materials.

2) From the analysis of the OCP and the surface
morphology variation of the samples, it can be seen that
the deposition process can be divided into two stages,
coating formation stage and coating growth stage. The
coating formation stage contains three simultaneous
coating-forming processes, i.e., the nucleation and
growth of Ni crystallites, the extension of coating into
2D direction and the coalescence of coating along 3D
direction.

3) The spherical nodules of Ni—P coating are not
only formed in the coating growth stage, but also
generated in the initial stage of electroless Ni—P plating.
The variation of the coating rates at different deposition
stages corresponds to the deposition mechanism of their
respective deposition stage.
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