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Abstract: This report describes a new route for direct electroless Ni-P plating on magnesium
alloys using nickel sulfate as the main salt component. The surface morphology, chemical
composition and corrosion resistance of coatings were determined using SEM, EDX and
electrochemical polarization techniques. Ni-P coatings with good corrosion resistance and high
adhesion were obtained using this route and improved pretreatments. A mixture of H;PO, and
HNO; was used as a pickling solution for Mg substrate pretreatment. A coarse surface was
produced via the developed pickling procedure. A mechanical occlusive force is believed to exist
between the coatings and the substrates. Twice activations, K4P,0; and NH4HF, as activation
components, respectively, were applied for the pretreatment of magnesium alloy plating. An
optimal F/O ratio on the Mg substrate surface was obtained by this pretreatment method. The
activation film has insoluble partial fluorides which can depress the active points on substrate
surface against the reaction of Mg with Ni*" and H" in the plating bath. A highly stable bath with
pH 5 buffer was identified. The advantages of the developed process include chromium-free, low
fluoride, and high bath stability. It is applicable for the production of motorcycle part plating.
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1. Introduction

Magnesium (Mg) alloys are used in
aerospace, automobile manufacturing and
electronics industry due to a number of
advantages such as conductive, anti-
electromagnetic interference, high intensity,
etc[1-4]. However, the electrochemical
potential of magnesium is very negative (-2.36
V vs. NHE), which leads to high chemical
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reactivity and poor corrosion resistance of
magnesium alloys. This is one of the major
reasons why the widespread applications of
magnesium alloys have been greatly limited [5-
7]. Hence, it is of great importance to increase
the corrosion resistance of magnesium alloys by
the surface treatments. Among several
techniques, electroless nickel plating has
exhibited increasing high popularity due to its
excellent materials properties such as high
hardness, wear resistance, corrosion resistance.
This technique has attracted extensive interests
from both the industry and other fields [8-13].
In electroless nickel plating, many researchers
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believe that the bath containing CI” and SO:",
should be avoided since they enhance corrosion
rather than nickel deposition. If alkaline nickel
carbonate is used as the source of nickel, there
are two main adverse causes. Firstly, HF
concentration will inevitably increase in order
to elevate the solubility of carbonate nickel.
Excessive F~ will produce NiF, and NaF
precipitation after several cycles of additions.
Secondly, nickel carbonate is a very expensive
nickel salt (nearly double the price of NiSOy,),
which increases the cost of production. The use
of nickel sulfate as the main salt can not only
reduce costs and improve economic efficiency,
but also help to extend bath life. It is therefore
much practical to develop the electroless nickel
plating with NiSO, main salt.

The heterogeneous microstructure of the
magnesium alloy has the potential to make the
alloy distribution on a substrate surface non-
uniform, which makes the deposition of nickel
difficult. Therefore, magnesium alloy is a kind
of difficult-to-plate substrate [14]. Appropriate
pretreatments of magnesium alloys are required
for successful plating. Currently, typical
pretreatment processes of electroless nickel
plating on magnesium alloy mainly include (1)
zinc immersion-cyanide copper plating, and (2)
direct electroless nickel plating. The former
process involves cyanide plating, and is thus
harmful to humans and the environment [15].
The pretreatments in traditional direct
electroless nickel often uses CrO; and HNO; for
acid pickling and activation in HF. CrO; is
highly toxic, HF 1is wvolatile and highly
corrosive. The DOW process developed earlier
era not only used the highly poisonous cyanide,
but also the hexavalent chromium ions which
were cancerous to human body. For a safe
production it is therefore required to develop a
green process for direct electroless nickel
plating.

Electroless Ni-P plating solution is an
unstable system in terms of thermodynamics.
Some solid microparticles are often inevitably
introduced 1in the plating Dbath. The
microparticles with high specific area have

some catalytic activity for the decomposition of
the bath, which increases the production cost
and causes environmental pollution [16].
Therefore, it is particularly necessary to
develop high stability of the chemical bath.
Some of the stabilizers commonly used in
electroless nickel plating can be grouped into
four types: (1) sulfur compounds, such as
thiourea and mercapto benzothiazole (MBT);
(2) oxygenated compounds, such as KIO; and
MoO;s; (3) heavy metal ions, such as Pb** and
Cd*"; and (4) water-soluble organic compounds,
such as dimethyl succinate and fumarate. Since
lead and cadmium are toxic, they have
gradually been abandoned. Thiourea and iodate
as stabilizers in the electroless nickel plating on
magnesium alloy are wise choices [17]. There is
a clear need for the investigation of optimum
dosage of the stabilizers need, which is an
important focus of the work reported herein.

2. Experiments

(1) Specimen preparation: The substrates
used for plating in the experiments were
prepared from a plain die cast of magnesium
alloy AZ91D(rectangular coupons of size 30 X
20 x 2 mm®). The specimen surface was first
grounded on a grinding wheel and then further
leveled by 1200 grade SiC wet emery paper. All
the experiments were performed at least 3 times
in order to confirm the reproducibility of the
results.

(2) Plating rate detection: The plating rate
(vi umh™") was determined by weighing
method and can be calculated according to the
following equation:

10 (w; - W)
v= At (1)
where w, (mg) is the mass of the specimen
plated for time ¢, wy (mg) is the initial mass of
specimen, A, (cm’) is the surface area of
specimen, p (g-em™) is the density of Ni-P
coating, and 7 (h) is the plating duration.
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(3) Bath stability characterization:
Ryabinina et al. advocated that the estimation of
the bath stability is reasonable by considering
the stability constant, b, defined as the ratio of
the weight of Ni in a coating to the total weight
of metal deposited from the EN solution [19].
The equation can be expressed as follows:

b="25100% )
myp

where m, (g) is the weight of Ni in the coating,
m, (g) is the total weight of Ni deposited.

“) Concentration detection and
electrochemical measurement: The
concentration of hypophosphite was estimated
by an iodometric back-titration method [20].
Potentiodynamic polarization experiments were
carried out in a 500 cm® glass cell containing
300 cm’ 3.5 % NaCl aqueous solution at a scan
rate of 1mV-s™'. An freshly EN deposit was
used as the working electrode in
electrochemical measurements, and the
electrode was sealed by epoxy resin, leaving a
1x1 ecm’® effective working area. The auxiliary
and reference electrodes were Pt foil and
saturated calomel electrode (SCE), respectively.

5) Characterization of coating
morphology and composition: A FEI Quanta
200 scanning electron microscope (SEM) was
employed to examine the surface and cross-
section morphologies of the immersion coating.

The Ni and P content of the EN deposits were
determined using a Genesis XM2 Energy
dispersive X-ray (EDX) analyzer attached to the
SEM microscope.

3. Results and discussion
3.1. Baths with different main salts

In order to investigate the feasibility of
plating bath using nickel sulfate as the main
salts, the baths were composed of the main salt
of nickel sulfate and nickel carbonate, as shown
in Tablel. The pretreatments involved the use
of chromate and hydrofluoric acid. The
deposition rate and the quality of coatings for
two baths are shown in Table 2. The qualities of
the coatings obtained in the two baths were
evaluated through immersing in 3.5 wt.% NaCl
solution for 2 hours. After 2.5 h immersion,
corrosion spots were observed on the coatings
deposited in the nickel carbonate bath, whereas
no corrosion spots were observed on the coating
deposited in the nickel sulfate bath even though
the coating was immersed for 3 h. It is therefore
concluded that the electroless nickel in the bath
containing nickel sulfate as main salts is more
successful than that in the nickel carbonate bath.

Table 1. Two main salts bath and plating processes

Nickel sulfate bath

Nickel carbonate bath

NiSO,-6H,0 20 g-:dm™
HF (40%) 12 em’-dm™
CeHs0,-H,0 5g-dm™
NH,HF, 10 g-dm™
NH;'H,0 (25%) 30 cm®-dm™
NaH,PO,-H,0 20 g-dm™
H,NCSNH, 1 mg-dm™
pH 4.0

Plating temperature 75-85 C
Plating time 60 min

NiCO;-2Ni(OH),"4H,0 10 g-dm™
HF (40%) 12 cm®-dm™
CeHs0;,-H,0 5g-dm™
NH,HF, 10 g'dm™
NH;-H,0 (25%) 30 cm’-dm™
NaH,PO,-H,0 20 g-dm™
H,NCSNH, 1 mg-dm™
pH 6.5+1.0,
Plating temperature 802 C
Plating time 60 min
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3.2. Pretreatment process

Pretreatment in direct electroless nickel
plating generally includes ultrasonic cleaning,
alkaline pickling, and pickling and activation.
The former two steps were to clean the oil and
grease on Mg substrates. The purpose of acid
pickling is to remove the loose surface layer of
substrate, including oxides, hydroxides,
passivation film embedded in the dust, so as to
ensure that the substrate can reacts with the
activation solution in the next step. One
purpose of the activation was to form catalytic
center for Ni deposition on Mg substrate.

Another purpose was to enable the substrate to
produce an insoluble film (often MgF,) for
efficiently protecting the substrate from
corrosion when the specimen was immersed in
the bath.

A chromium-free pretreatment process was
developed in our investigation by using
phosphoric acid plus nitric acid, pyrophosphate,
and ammonium hydrogen fluoride. The
composition and condition of the developed
pretreatment process is compared with
conventional pretreatment process containing
chromium, as shown in Table 3.

Table 2. Qualities of coatings obtained from the two baths

.1 Coatin Corrosion Corrosion
No.  Bath type Rate/jum-cm *h morphflogy time/h spots/cm
. luculent and 20 0
1 Nickel sulfate bath ~ 33.16 compact 2.5 0
3.0 0.13
Nickel carbonate luculent and 20 0
2 bath 17.36 compact 2.5 0.33
3.0 1.03
Table 3. Pretreatment solution and operation condition
Pickling- Process name Solution composition Operation
activation (PA) condition
PA1 Pickling 1 CrO; 125 g-dm™ Room temperature
HNO; (68%) 110 cm’-dm™  30~60s
Activation 1 HF (40%) 385 cm’-dm™ Room temperature
8~19 min
PA2 Pickling 2 HNO; (68%) 30 g dm™ Room temperature
H,PO, (85%) 605 cm®dm~=  30~40s
Activation 2 K4P,0;  120~200 g-dm™ 70+5 °C
Na,CO;  10~30 g-dm™ 2~3 min
KF2H,0 11 gdm”
Activation 3 NH,HF, 95 g-dm™ Room temperature
H;PO, 180 g-dm™ 2~3 min

The morphologies and compositions of the
etched substrate surface obtained by the
pretreatment process are shown in Figure 1 and
Table 4.

Figure 1 shows that the crude substrates
were etched. The crude surface could increase
the mechanical occlusive force between the
substrate and the coating, leading to an

increased adhesion. According to the F and O
contents in Table 4, the activation films
containing less MgF, and more Mg(OH), by the
improved pretreatment were better than that by
the conventional pretreatment. However, higher
O content can provide more active dots on the
exposed Mg substrate via Mg(OH), dissolution,
which is propitious to replace nickel in the plating
bath and increases the initial deposition rate.
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Figure 1. Morphologies of two substrates obtained via pretreatment processes (A) PA1 and (B) PA2.

Table 4. EDX composition of the activation films on AZ91D magnesium alloys (atom %)

Pretreatment O F Mg Al Na

PA1 2.61 9.81 83.78 3.80 -

PA2 3.09 371 86.34 6.18 0.68

The morphologies and characteristics of the after immersing in 3.5 wt.% NaCl solution for 2

coatings acquired by the two pretreatment hours. Nevertheless, the adhesion of the coating
processes are shown in Figure 2 and Table 5, obtained by the developed pretreatment process
respectively. The compact coatings with high P is superior to those obtained by the traditional
content were obtained via the two pretreatment process.

processes. We did not observe corrosion spots

Figure 2. SEM images of the two coatings obtained via (A)PA1 and (B)PA2.

Table 5. Corrosion resistance and phosphorus content of two Ni-P coatings

Pretreatment Corrosion spots/crn’2 Adhesion
PAl 0 A
PA2 0 (0]

Note: “A” indicates that sometimes small plating swelling occurs but no peeling off.
“O” represents good quality plating without swelling and peeling- off.
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Potentiodynamic polarization curves for Ni-
P coating and bare Mg substrate were
determined in 3.5 wt.% NaCl solution at room
temperature, as shown in Figure 3. Corrosion
potentials of the coatings are increased and the
corrosion currents are decreased compared with

those for the bare Mg substrate. Moreover, the
corrosion potential of the coating obtained by
the developed pretreatment process is more
positive than that by the traditional pretreatment
process.
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Figure 3. Polarization curves of the two coatings
and bare Mg substrate in 3.5%NaCl solution.

3.3. Bath stability

The effects of various stabilizers on the
deposition rate from the bath in Table 1
containing nickel sulfate as the main salt are
shown in Figure 4. The deposition rate was
firstly increased. It reached a maximum value
at 0.5 mg-dm™ thiourea, and then decreased as
thiourea continued to increase. Han et al [21]
suggested that thiourea may participate in the
formation of the reactive intermediate and
facilitate the oxidation of hypophosphite ion
through adsorption on the catalytic metal
surface, which thereby results in the
acceleration of EN plating. However, the
deposition rate was decreased under a higher
concentration as the strong adsorption of
thiourea on the metal surface depressed the
active sites. The dependence of the deposition
rate on the potassium iodate concentration was
similar to that using thiourea, but the maximum
rate was found at 5 mg-dm™ potassium iodate.
The dependence of bath stability constant (b) on
concentration of the stabilizers is shown in
Figure 5. The situation is similar to that in
Figure 4. It indicates that the maximum b is

Figure 4. Plating rate at various concentrations of

the stabilizers.

86.32% at 0.5 mgdm™ for thiourea, and
82.45% at 5 mg-dm™ for potassium iodate.
More nickel ions are reduced in bath for
potassium iodate, leading to a decrease of the
stability constant. In comparison, thiourea is a
more adaptive bath stabilizer than potassium
iodate.

The dependence of the deposition rate and
bath stability constant on pH value at 0.5
mg-dm™ thiourea bath is shown in Figure 6.
The deposition rate is gradually increased with
pH from 3.5 to 6.5. However, a maximum b is
found at pH 5.0 from b curve in Figure 6.

The dependences of the deposition rate and
stability constant (b) on temperature are shown
in Figure 7. The deposition rate was found to
speed up with temperature. However, the
stability constant reached the maximum at 82
°C. The increased temperature plating leads to
the bath’s instability.

From the above discussion, we conducted
that electroless nickel plating in pH 5.0 bath

containing 0.5 mg-dm™ thiourea at 82 °C has an
optimal performance.
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22} ° | _F% 188
e, 1
20+ \ 186
® 84
18} .
82
o ter @ /. '80§
£ 1} - 178
=
12} / 176
74
10 ® -
8 , 1 1 1 1 1 72
78 80 8 8 8 8 9
T/°C

Figure 7. Dependence of plating rate and bath stability on temperature.

Figure 8. Photo of the electroplating products of Mg hub and motor engine shell.
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3.4. Application of the electroless nickel plating
process in electroplating production

Magnesium alloy wheels and other parts of
vehicles usually have irregular shapes. It is
difficult to obtain uniform coating via
electroplating for complex work pieces.
However, a uniform coating on Mg substrate
can be obtained by electroless preplating. Thus,
this coating can enable us to successfully
conduct Cu/Ni/Cr composite electroplating. The
test results indicated that the composite
coatings of Cw/Ni/Cr on the wheel hub and
motor engine shell products of the magnesium
alloys were indeed successfully electroplated by
the electroless nickel preplating process, as
shown in Figure 8. The composite layer
coatings showed a high adhesion through
thermal shock testing and scribe grid testing, as
shown in Table 8. The corrosion resistance of
the electroplated products reached to Grade 9
(Chinese Standard GB/T6461-2002) by salt
spray testing.

4. Conclusions

In conclusion, effective pretreatment
processes have been developed. The main
characteristics of these processes include acid
pickling in nitric acid and phosphoric acid,
single activation in potassium pyrophosphate,
and double activation in ammonium hydrogen
fluoride. In addition, the pretreatment involved
chromium-free =~ and  environment-friendly
processes. The developed bath using nickel
sulfate as the main salt not only showed high
stability, but also good coating with high
adhesion and excellent corrosion resistance.
The green production of electroless nickel
plating on magnesium alloys has important
implications for generating enormous economic
and social impacts.
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Phuong phap m&i ma héa hoc truc tiép Ni-P trén hop kim Mg

Tran Tan Nhat', Bui Xuin Vuong®

"Bai hoc Cong nghiép Thiec pham Thanh phé Ho Chi Minh
2qui hoc Sai Gon, 273 An Duong Vwong, Qudn 5, Thanh pho”' Hé Chi Minh

Tém tit: Nghién ctru niy mo ta mot huéng méi trong qué trinh ma héa hoc truc tiép Ni-P trén
hop kim magié bang mubi niken sunfat 1 thanh phan chinh. Hinh dang bé mit, thanh phan héa hoc va
kha nang khang an mon cua 16p phu duge xac dinh bang SEM, EDX va céac k¥ thuat phan cuc dién
hoa. Lép phu Ni-P ¢6 kha | nang chéng an mon tét, ¢ bam dinh cao ciing nhu cai thién duoc van de
tién xur 1y trude khi ma. Hon hop dung dich H;PO4 and HNO; dugc dung dé 1am chat tién xir Iy dé tay
rira bé mit hop kim Mg. Mot bé mit tho cta chét nén duoge tao ra va 1am cho luc lién két gitta 16p ma
va chit nén tang 1én. Hoat hoa bé mat hop kim hai lan béng cac dung dich K4P,0, va NH,HF, trudc
khi ma. Bang phuong phap xtr Iy nay di thu duoc ty 18 F/O tdi uu dugce tao ra trén bé mit hop kim
Mg. Mang hoat héa c6 chira mot phan ion Flo khong hoa tan, no lam giam cac trung tdm hoat dong
trén bé mit hop kim Mg va ngin can phan Gng gitra Mg v6i Ni** va H' trong bé ma. Dung dich ma rét
dn dinh v6i pH = 5. Nhimg vu diém ma phuong phap nay dem lai d6 1a: lugng crom tu do, flo thip va
d6 on dinh cua dung dich ma cao.

Tir khéa: Ni-P, ma hoa hoc, Mg, bé mit, hop kim.



