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Abstract In this study, a protective Ni—Co alloy coating
was prepared on sintered NdFeB magnet applying electro-
deposition technique. A pure nickel coating was also studied
for a comparison. The microstructure, surface morphologies,
and chemical composition of coatings were investigated
using X-ray diffraction, scanning electron microscope, and
energy dispersive spectroscopy, respectively. The corrosion
protection properties of coatings for NdFeB magnet in
neutral 3.5 wt.% NaCl solutions were evaluated by potentio-
dynamic polarization and electrochemical impedance spec-
troscopy (EIS) techniques. The microstructure and surface
morphologies analysis showed that the addition of cobalt
element into matrix metal Ni altered the preferential ori-
entation of pure nickel coating from (2 0 0) crystal face for
pure nickel coating to (1 1 1) crystal face for Ni-Co alloy
coating, and made the surface morphologies more compact
and uniform due to the grain-refining. The results of po-
tentiodynamic polarization test showed that compared with
pure nickel coating, Ni-Co alloy coating exhibited much
nobler corrosion potential (E.,,) and lower corrosion
current density (j.or), indicating better anticorrosive prop-
erties. The long-term immersion test by dint of EIS indi-
cated that the Ni—Co alloy coating still presented high
impedance value of 1.9x10° Q cm?® with the immersion
time of 576 h indicating the excellent anticorrosive proper-
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ties, and corrosion protection properties of nickel coating for
NdFeB magnet practically disappeared with the immersion
time of 144 h, which also indicated that the Ni—Co alloy
coating provided better corrosion protection properties for
the NdFeB magnet compared with nickel coating.
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Introduction

The sintered NdFeB (neodymium-iron-boron) magnet,
which was developed at the beginning of the 1980s, has
been used for many applications in various fields such as
acoustics, communications, and automation due to its ex-
cellent properties such as high remanence, high coercivity,
and large energy product [1-3]. However, sintered NdFeB
permanent magnet is highly vulnerable to the attack of
corrosive environment due to the presence of the Nd-rich
phase, which impedes and limits their extensive applications
[4, 5].

In order to improve the corrosion resistance of sintered
NdFeB magnet, numerous attempts have been made, such
as alloy additions and surface treatment [6—20]. Within our
knowledge, most of the researches mentioned above are
focusing on the tests of the short-term anticorrosive prop-
erties of coatings or films [6—19] but seldom the tests of the
long-term anticorrosive properties [20]. Of the two, the
latter is far better than the former to reflect the actual cor-
rosion protection properties of coatings or films for sintered
NdFeB magnet. Electroplating of metal coatings, as a
traditional surface treatment technique, has been brought
for surface modification of many metals, such as Al, Fe,
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NdFeB, and Mg. The electrodeposited Ni—Co alloy coating,
which possesses good adhesion, high strength, good wear
resistance, corrosion resistance, thermal stability, heat-
conductive, and electrocatalytic activity properties [21—
31], has attracted much attention. Unfortunately, most of
these reports are focusing on the investigation on the prep-
aration, electrocatalytic activity properties, and mechanical
properties, etc.; however, little information on anticorrosive
properties of Ni—Co alloy coating is available. Moreover, so
far, no work has reported on the changes in the electro-
chemical corrosion behaviors and anticorrosive properties
of Ni—Co alloy coating in the course of long-term immer-
sion test which may be necessarily an indicator of a prac-
tically useful coating.

In this study, Ni—Co alloy coating was successfully
applied to sintered NdFeB magnet. The main aim of this
study is to understand the changes in the electrochemical
corrosion behaviors and anticorrosive properties of Ni—Co
alloy coating in neutral 3.5 wt.% NaCl solutions, which are
the most adopted corrosive medium, and get some
fundamental information on the feasibility of the long-
term corrosion protection for NdFeB magnet.

Experimental details
Materials

The commercial powder-sintered NdFeB magnet for this
investigation was purchased from Shenzhen (Dongsheng
Magn. Mater. Co. Ltd., China). They were composed of
60.9 wt.% Fe, 28.6 wt.% Nd, 1.0 wt.% B, and other ele-
ments, and were in disk form with diameter and thickness
of 12.0 and 2.0 mm, respectively. The nickel plate with the
purity of 99.99 wt.% was used as anode on the side of the
electrolytic cell.

Pretreatment of substrates

Before electrodeposition, the disk NdFeB magnet (sub-
strate) was sequentially polished with silicon carbide paper
from grit #400 to #2000, rinsed with deionized water,
ultrasonically degreased in an alkaline solutions containing
70 g L' NasP0O,12H,0, 50 g L' Na,CO;, 10 g L'
NaOH, 0.5 g L' sodium dodecyl sulfate, and 0.5 g L'
OP-10 (pH adjusted to 10~11 by formic acid) at 70 °C for
2 min, and then rinsed with hot and cold deionized water,
respectively. In order to remove the oxide film on the sur-
face of NdFeB magnet, the above pretreated NdFeB magnet
was dipped into an acid solutions containing 40 mL L'
HNO; (65.0 wt.%) and 0.5 g L' thiourea with the pH
adjusted to 4~5 by ammonia, for approximately 10 s at
room temperature. At last, the NdFeB magnet was activated
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by the anhydrous PdCIl,/EtOH solutions, with the PdCl, of
0.4 g L', for 2~5 s at room temperature.

Electrodeposition process

Ni—Co alloy coating was prepared under direct current con-
ditions. The optimized bath compositions and other param-
eters obtained from large numbers of orthogonal experiments
are given in Table 1. Pure nickel coating was prepared in
almost the same solutions mentioned above except the
addition of CoCl,'6H,O under the same electrodeposition
conditions.

Test

The phase structures of coatings were analyzed by X-ray
diffractometer (XRD) (Beijing Purkinje general instrument
Co. Ltd., China) operated at 36 kV and 20 mA with Cu K,
radiation. The average crystallite size was determined with
reference to (1 1 1) and (2 0 0) crystal face using Scherrer
equation.

The surface morphologies and compositions of coatings
were studied using a scanning electron microscope (SEM;
Model TESCAN VEGAIILMU, Czech) coupled with energy
dispersive analyzer system (EDS).

The coating adhesion was evaluated according to
ASTMBS571 standard (heat quenching test, 220 °C aging
treatment for 1 h, then water quenching at room temperature).

The electrochemical corrosion tests were carried out
using a classical three-electrode cell with platinum as
counter electrode, saturated calomel electrode (+0.242 V
vs standard hydrogen electrode) as reference electrode, and
the samples with an exposed area of 1 cm® as working
electrode. The potentiodynamic polarization curves were
performed by PS-268B system (Zhongfu, Beijing, China)
with a constant voltage scan rate of 0.5 mV s '. The
electrochemical impedance spectroscopy (EIS) measure-
ments were performed with CS350 electrochemical work-
station (Wuhan CorroTest Instrument Co. Ltd., China). The
amplitude of sinusoidal signal employed was 5 mV, and the

Table 1 Bath compositions and operating conditions for electrodeposition

Bath compositions and operating conditions Quantity
NiSO4-6H,0 250 g L'
CoCl,-6H,0 16 g L'
H;BO; 32 g L
NaCl 12 g L
Current density 5 A dm?
pH 3.6
Temperature 40 °C
Time 30 min




J Solid State Electrochem (2010) 14:1601-1608

1603

frequency range studied was from 10° to 102 Hz. The
acquired data were curve fitted and analyzed using
ZsimpWin 3.10 software. The corrosive medium used for
electrochemical corrosion tests was neutral 3.5 wt.% NaCl
solutions, and the test temperature was maintained at 30 °C.
All the electrochemical corrosion tests were normally at
least repeated three times under the same conditions,
checking that they presented reasonable reproducibility.

Results and discussion
XRD measurements

Figure 1a, b shows the XRD diffract patterns of pure nickel
coating and Ni—Co alloy coating, respectively. It is apparent
that pure nickel coating exhibited intense (2 0 0) preferred
orientation, and Ni—Co alloy coating exhibited (1 1 1)
preferential orientation, which indicated that the embedding
of cobalt element in Ni matrix metal altered the preferential
orientation from (2 0 0) crystal face for pure nickel coating
to (1 1 1) crystal face for Ni—Co alloy coating. The average
grain size of pure nickel coating and Ni—Co alloy coating
was measured to be 47 and 35 nm, respectively, indicating
the reduction of average crystallite size after the addition of
cobalt element in Ni matrix metal. The peaks corresponding
to Co phase was not found in the diffract patterns, which could
be ascribed to the fact that crystal lattice in Ni matrix had been
replaced by Co partly and formed solid solution [21].

SEM and EDS measurements

The surface morphologies of pure nickel coating and Ni—-Co
alloy coating are displayed in Fig. 2. Figure 2 illustrates
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Fig. 1 X-ray diffraction patterns of pure nickel coating (a) and Ni-Co
alloy coating (b)

that Ni—Co alloy coating presented more uniform and
compact surface morphologies compared with pure nickel
coating, and many raised grain congeries were observed in
pure nickel coating, which may be attributed to the smaller
average grain size for Ni—Co alloy coating compared with
pure nickel coating. The EDS analysis of Ni—Co alloy
coating indicated the existence of cobalt element in the
alloy coating. In each EDS measurement, an area of 10 um
in diameter was examined to a depth of about 2 um, and the
measurements were at least repeated three times. The
examinations showed that the content of Co in the alloy
coatings amounted to 19-21 wt.%. According to the
adhesion test, the phenomena of blisters and crackles were
not found. Thus, the adhesion of between Ni—Co alloy
coating and the NdFeB substrate was good. From the cross-
section morphologies, as shown in Fig. 3, it can be seen
that the thickness of Ni—Co alloy coating was approximate-
ly 25 pm, which was almost the same with that of pure
nickel coating (not shown).

Potentiodynamic polarization test

The typical potentiodynamic polarization curves of differ-
ent specimens are presented in Fig. 4.

Figure 4 shows that both pure nickel coating and Ni—Co
alloy coating exhibited passive region, which indicated that
anodic reaction was inhibited to a great extent with the
increase of anodic potential. However, the passive region
was not observed for NdFeB magnet which exhibited active
dissolution without any distinctive transition to passivation
within the range of anodic potential studied. With the
increasing anodic potential, the anodic current densities
significantly increased for NdFeB magnet, suggesting a fast
anodic dissolution. It can be also seen from Fig. 4 that
compared with pure nickel coating, Ni—Co alloy coating
showed much lower anodic current densities suggesting
lower corrosion rate.

Corrosion current density (j.or) and corrosion potential
(Ecorr) Were calculated from the polarization curves dis-
played in Fig. 4 using Tafel extrapolation. Ni—Co alloy
coating exhibited the noblest £, with a value of =280 mV
and the lowest j., with a value of 1.6% 1077 A cm 2, while
NdFeB magnet showed the lowest E.,, with a value
of =756 mV and the highest j.,, with a value of 1.2x
107> A cm 2, which suggested that Ni—Co alloy coating
could provide the best corrosion protection for the
NdFeB magnet. The E.. and j.o of pure nickel coating
were measured to be —381 mV and 1.1x10°% A cm 2,
respectively.

From the analysis mentioned above, it can be seen that
both Ni—Co alloy coating and pure nickel coating could
provide corrosion protection for NdFeB magnet. Compared
with pure nickel coating, Ni—Co alloy coating showed
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Fig. 2 Surface morphologies of
Ni—Co alloy coating (a, b) and
pure nickel coating (¢, d)
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the grain-refining for Ni—Co alloy coating.
3
2
1
0

k|
2
=
4
-5
5

Logj (j/ mA cm?)

techniques for investigation and prediction of corrosion

—&— Bare substrate
—e— Nickel coating
—&— Ni-Co alloy coating

L l
-1000

l AL l L l 1 l i L I L l
-800 -600 -400 -200 0 200 400
E (mV)/ SCE

Fig. 4 Typical potentiodynamic polarization curves of different
Fig. 3 Cross-section morphologies of Ni-Co alloy coating specimens
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protection. EIS could provide indication of changes in
coating and metal interface performance long before visual
changes can be observed using traditional exposure test
[32].

In this section, the evolution of electrochemical corro-
sion behaviors and corrosion protection properties of Ni—
Co alloy coating for NdFeB magnet in the long-term
immersion test are studied by dint of EIS. For a
comparison, the changes in the electrochemical corrosion
behaviors and corrosion protection properties of nickel
coating for NdFeB magnet have been also described
simply.

Figure 5 displays the typical Nyquist plot of bare NdFeB
magnet (inserted plots), and the evolution of the impedance
spectroscopy of pure nickel coating with different immer-
sion times.

The Nyquist plot of bare NdFeB magnet (inserted plot)
shows that the diagram was mainly composed of only
one depressive loop over the whole frequency range
corresponding to an active dissolution of NdFeB magnet.
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Fig. 5 Electrochemical impedance spectroscopy plots of pure nickel
coating with different immersion times and NdFeB magnet (inserted

plot)

Some scattered points were observed at low-frequency
region indicating the instability of surface state of NdFeB
magnet in the test process, which may be attributed to
the fast corrosion process. The charge transfer resistance
of bare NdFeB magnet was measured to be approximate-
ly 1,600 2 cm?, which could be estimated from the intersec-
tion of the semicircle with the real axis of the Nyquist
diagram [32].

The Bode plots (impedance modulus |Z| as a function
of frequency) of pure nickel coating indicate that im-
pedance modulus |Z| continuously decreased with the in-
crease in immersion time, especially the immersion time
from 1 to 24 h, in which impedance modulus |Z| de-
creased approximately one order of magnitude. The
decreasing impedance modulus |Z| indicated that the
corrosion was gradually accelerated with the increase in
immersion time and the corrosion protection properties of
the nickel coating for NdFeB magnet decreased. With the
immersion time of 144 h, from the impedance modulus |Z|
at the lowest frequency, it can be seen that the impedance
modulus |Z| of nickel coated NdFeB corrosion system had
decreased to approximately 10°° Q cm? (2,300 © cm?). In
addition, the brown rust was observed in the corrosion
solutions, which indicated that the corrosion protection
properties of nickel coating for NdFeB magnet practi-
cally disappeared.

The EIS plots of Ni—Co alloy coating with different
immersion times in neutral 3.5 wt.% NaCl solutions are
shown in Fig. 6. It can be seen from Nyquist plots (Fig. 6b,
d) that the diameter of the capacitance loop of Ni—Co alloy
coating fleetly increased with the initial immersion time
from 1 to 48 h, suggesting the increase of impedance value,
and then the impedance value decreased as the immersion
time increased until the immersion time of 240 h. With the
further increase of immersion time, the impedance value
began to increase again. With the immersion time of 576 h,
the impedance value still remained rather high, showing the
excellent corrosion protection properties of Ni—Co alloy
coating for NdFeB magnet. At the initial stage of
immersion test, the increase in impedance value can be
ascribed to the formation and growth of the passive film on
the metal surface [17, 33-37]. With the increase of
immersion time, the decrease in impedance value may
have resulted from the fact that the passive film suffered
from the attack of corrosive medium, e.g., chloride ions,
resulting in the decrease in thickness and/or the increase in
defect.

Fitting the EIS plots of Ni—Co alloy coating was
attempted by different electrochemical equivalent circuits,
taking into account the previous studies on the metal
passive system [34-38]. The best agreement between
experimental and fitting data was obtained with the
equivalent circuit presented in Fig. 7. Two (RQ) parallel
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Fig. 6 Electrochemical impedance spectroscopy plots of Ni—Co alloy coating with different immersion times

circuit combinations are used to represent the electrochem-
ical activities of the passive film and the film/solutions
interface [34-37]. In Fig. 7, R.; and constant phase element
(CPE)) are the charge transfer resistance and the double
layer capacitance. Ry and CPE), are the film resistance and
the film capacitance, or the resistance and capacitance of
the space charge layer. The time constant at high-frequency
range originated from the R, CPE; combination, while at
low-frequency range, initiated from the R¢CPE, combina-
tion. A CPE replaced the capacitance of the double layer
(Cq) due to the roughness and inhomogeneity of the
electrode surface as reported elsewhere [32]. The imped-
ance of CPE is given by the following equation [32]:

Zepe (0) = Yo' (joo) " (1)

where Y is a constant that is independent of frequency, w is
the angular frequency, j = v/—1, and n is the exponential
index which represents a dispersion of relaxation. When n
equals 1, CPE represents an ideal capacitor; when n equals
0, CPE acts as a pure resistor.

@ Springer

The mathematic expression of the impedance of the
electrode system can be described by the following
equation [32]:

1 n 1
I/Rct+Y01(jw)nl I/Rf+Y02(j(0)n2

(2)

where o is the angular frequency, and w=27f. The
calculated equivalent circuit parameters for Ni—Co alloy
coating with different immersion times are presented in

Z(w) =joL + Ry +

CPE, CPE,

| | | |

| [}
: Rs

Rq Re

| |

e e

Fig. 7 Electrochemical equivalent circuits used for fitting the
experimental data of Ni-Co alloy coating
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Table 2 Electrochemical equivalent circuit parameters for Ni-Co alloy coating with different immersion times in neutral 3.5 wt.% NaCl solutions

Immersion time LH cm2) R, (22 sz) R (2 sz) You (Q_1 cm 2 s n R (2 cm2) Yoo (Q_1 cm 2 s 1o

1 h 4.0%10°° 26 1.2 2.52x107° 0.61 1.1x10° 1.63x107° 0.95
24 h 3.8x10°° 3.1 3.6 2.88x107° 0.56 2.3x10° 1.72x107° 0.95
48 h 3.8x10°° 33 55 8.33x107* 0.67 2.8x10° 1.75%107° 0.95
120 h 3.9x10°° 3.4 5.4 1.29%x107° 0.62 4.9x%10° 1.54x107° 0.95
192 h 4.0x10°° 32 47 9.01x107* 0.73 3.9x10° 1.64x107° 0.94
240 h 4.0x10°° 2.9 7.7 5.98x107* 0.72 2.6x10° 1.59x107° 0.94
288 h 4.1x10°° 2.4 9.1 435x1074 0.73 3.7x10° 1.58x107° 0.93
360 h 43x10°° 1.9 12.6 1.03x107* 0.89 42x10° 1.61x107° 0.93
432 h 3.9x107° 29 13.9 1.75%x107* 0.85 4.6x10° 1.74%x107° 0.92
576 h 3.8x10°° 4.0 7,241.0 1.01x107* 0.79 1.9x10° 2.18x107° 0.94

Table 2. The passive film resistance, Ry, increased with the
increase of immersion time and reached the maximum of
2.8x10° Q cm? with the immersion time of 48 h, and then
began to fluctuate. After the immersion time of 576 h, the
passive film resistance, Ry remained 1.9x 10° Q cm?,
indicating the good corrosion protection properties. In
addition, according to the following equation [39]:

C=ee’d (3)

where ¢ is the dielectric constant, ¢° is the permittivity of
free space, and d is the thickness of the passive film. A
decrease in the capacitance (C) may result from either an
increase in the film thickness or a decrease in the dielectric
constant. A decrease in the dielectric constant was
consistent with a decrease in the defect density within the
passive film [39]. Within the course of immersion test, the
changes in the capacitance (C), accompanied by a fluctu-
ation in film resistance Ry may result from the different
variational extent in the film thickness and defect density.
Figure 8 shows the surface morphologies of the Ni—Co
alloy coating immersed in neutral 3.5 wt.% NaCl solutions
for 576 h. Comparing Fig. 2b with Fig. 8, it is clear that
surface morphologies variation of the Ni-Co alloy coating,
before and after an immersion test, was not obvious. There
was no obvious pitting on the surface of Ni—Co alloy
coating. According to the EDS analysis results, Fe, Nd, and
B elements were not detected on the coating surface.
Taking into account the changes of typical EIS plots
(shown in Fig. 6a—d) and EDS results after immersion test,
it may be safely concluded that the corrosion process did
not reach the surface of NdFeB magnet after 576 h
immersion test, suggesting the excellent protective proper-
ties of the Ni—Co alloy coating for NdFeB magnet in
neutral 3.5 wt.% NaCl solutions. As to the pure nickel
coating, when the immersion time was 144 h, the
macroscopic pitting on the surface of pure nickel coating
and the brown rust in solutions were observed, which could

be the obvious evidence that the disappearance of the
corrosion protection properties, so the images of the corroded
coating surface of pure nickel coating were not shown.

From the impedance analysis mentioned above, it can be
seen that at the initial stage of immersion test, the
impedance values of pure nickel coating and Ni—Co alloy
coating were both tremendously higher compared with that
of the bare NdFeB magnet indicating the good corrosion
protection properties. Ni-Co alloy coating still exhibited
excellent anticorrosive properties with the impedance value
of 1.9x10° Q cm? when the immersion time was 576 h, but
corrosion protection properties of nickel coating for NdFeB
magnet practically disappeared with the immersion time of
144 h, which suggested that Ni—Co alloy coating could
provide longer corrosion protection for sintered NdFeB
magnet compared with pure nickel coating. The rapid
degeneration in the corrosion protection properties of pure

Fig. 8 Surface morphologies of the Ni—Co alloy coating with the
immersion time of 576 h
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nickel coating for sintered NdFeB magnet was attributed to
the inhibiting effect of chloride ions on the formation of
passive film formed on its surface and then a non-uniform
dissolution of the pure nickel coating [36, 40, 41]. The
long-term immersion test indicated that the passive film
formed on the surface of Ni—Co alloy coating had high
stability, which may be an indicator of the feasibility of the
long-term corrosion protection for NdFeB magnet.

Conclusions

In summary, the following conclusions can be drawn from
the present investigation.

1. The Ni—Co alloy coating, which exhibited excellent
anticorrosive properties, was successfully prepared on
the NdFeB magnet.

2. The results of XRD analysis showed that the phase
structure of Ni—Co alloy coating was a single solid
solution, and the addition of Co in matrix metal Ni
changed the preferential orientation from (2 0 0) crystal
face for pure nickel coating to (1 1 1) crystal face for
Ni—Co alloy coating.

3. The results of SEM analysis revealed that Ni-Co alloy
coating exhibited more uniform and compact surface
morphologies in comparison to pure nickel coating.

4. The electrochemical corrosion tests indicated that in
comparison to pure nickel coating, Ni—Co alloy coating
exhibited better anticorrosive properties and could
provide long-term good corrosion protection for NdFeB
magnet in neutral 3.5 wt.% NaCl solutions.
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