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Abstract: The nanocrystalline Cu protective coating was obtained on the Nd-Fe-B magnet matrix in the cyanide-free electrolyte by

the ultrasonic-assisted electrodeposition under high cathodic current density. The coating morphology, crystallite size, microhardness,

and corrosion resistance of the Cu coatings were analyzed under different ultrasonic frequencies. Results show that with increasing the

ultrasonic frequency, the effective cathodic current density of Cu electrodeposition in the complex electroplating solution system is

increased remarkably, and the corresponding current efficiency is enhanced, thereby achieving the dense nanocrystalline Cu coating.

Under the condition of the cathodic current density of 4.0 A-dm™ and frequency of 40 kHz, the Cu coating with the crystallite of 18.8

nm in size can be obtained. The bonding strength between the Cu coating and sintered Nd-Fe-B matrix is improved via ultrasonic-

assisted electrodeposition which promotes the electrodeposition in the blind holes of Nd-Fe-B matrix. The corrosion resistance of Cu-

coated Nd-Fe-B materials with the same coating thickness is improved gradually with increasing the ultrasonic frequency.
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Sintered Nd-Fe-B magnets are used in advanced motors due
to their excellent magnetic properties. However, the poor
corrosion resistance due to the blind holes and Nd-rich
intergranular phases restricts their application under harsh
environments'). Currently, two major methods for corrosion
resistance enhancement of Nd-Fe-B magnets are alloying
(addition of Mg, Al, Co, etc.)™ and coating (surface
modification) ),
magnets because of their simplicity and effectiveness. The Ni
layer obtained from an acidic bath is widely used as the
coating in industrial production in recent years. However, the
porous and activated Nd-Fe-B substrates are susceptible to

Electroplated coatings are suitable for

chemical corrosion in acidic medium. Particularly, due to the
low permissible cathodic current density and low deep plating
ability of the nickel plating, it is difficult to deposit metal in
the blind pores of the sintered Nd-Fe-B magnets. The plating
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solution may corrode the matrix through the holes in the
meantime, resulting in a worse Nd-Fe-B magnet”. Nickel
plating can also lead to the reduction of magnetic properties
due to the magnetic shielding. Efforts have been made to
solve these problems, such as using the alkaline plating
solution to slow down the chemical corrosion, achieving a
rapid deposition and dense coating through the maximum
cathodic current density, and improving the covering power to
achieve the metal deposition in the blind holes. The coatings
of copper, nickel, or zinc all provide cathodic protection for
the Nd-Fe-B matrix, but the corrosive elements in the
environment can still infiltrate into the Nd-Fe-B matrix
through the pores in the coating, which can be solved by
increasing the coating thickness. However, the thicker non-
magnetic coating may affect the magnetic properties of the
Nd-Fe-B magnets. The ideal method should enhance the
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compactness of the protective coatings without increasing the
thickness, and thus the nanocrystalline coatings are
proposed®. The Cu coatings are electrodeposited on the iron
substrates using the alkaline cyanide-free solutions. Due to the
high activation energy for the reduction of Cu ion caused by
the coordination effect in alkaline cyanide-free bath, the
maximum cathodic current density is generally less than 2
A-dm™". Therefore, it is difficult to deposit in deep holes due
to the low deposition speed and poor deep plating capacity of
the traditional agitation methods. Besides, the interfacial
adhesion between the coating and the substrate is weak.
Tudela et al"” found that the cathodic current efficiency can
reach 90% at a current density of 4 A-dm™ by ultrasonic-
assisted electrodeposition. The obtained Ni coating has fine
grains and improves the microhardness by the nanocrystalline
structure!’. Vasuoevan et al"” demonstrated that the ultra-
sonic vibration can improve the limiting current density,
anodic and cathodic current efficiencies, and the micro-

1" proposed that the

hardness of the coatings. Martins et a
ultrasonic-assisted electro-deposition can form a compact Cu
coating with ordered structure. The filling capacity of Cu
coating for the blind holes is particularly improved with the
through-silicon-via (TSV) filling. Wang et al" reported that
the filling quality of Cu electroplating is improved by 23%
under the ultrasonic wave, compared with that under the
normal conditions at the same current density. Chen et al”
also showed that the blind holes with a small aspect ratio can
be filled by ultrasonic agitation.

The reduction process of metal ions in the electrolyte
containing coordination agent is very complex, and the high-
quality coating and high current efficiency at high current
density are difficult to achieve. Therefore, the electroplating
system for ultrasonic-assisted electrodeposition containing
coordination agent is rarely investigated. The higher current
densities can increase the deposition rate to achieve the
electrodeposition for blind holes, and yield more compact
nanocrystalline coatings. In this research, the effects of
ultrasonic frequency on the maximum current densities,
surface morphology, and grain size of the coatings were
investigated in the alkaline cyanide-free Cu-electro-plating
baths with 1-hydroxyethylene-1, 1-diphosphonic acid
(HEDPA) and triethanolamine (TEA) as the complex agents.

1 Experiment

The commercial sintered Nd-Fe-B magnets were cut into
cylinders of @8 mmx5 mm. The specimens were treated by
alkaline degreasing—water rinsing—soaking in 5vol% HNO,
for 1 min—ultrasonic cleaning—Cu electrodeposition. The
cyanide-free electrolytic solution used for electrodeposition
consisted of 0.16 mol/L CuSO,, 0.48 mol/L HEDPA, and
0.114 mol/L TEA". All the experiments were conducted at
room temperature and all the reagents were of analytical
grade. The solutions were prepared with double-distilled water
and the pH value was adjusted to 9.2 using 1.0 mol/L NaOH.
The electrodeposited anode was electrolytic Cu placed in a
bath at 25 °C.

The plating bath composed of plexiglass plate of 1.5 mm in
thickness was a cuboid with the size of 150 mm>100 mmx70
mm. The anode Cu sheet was placed at both ends of the
plating bath, and the plated specimen was placed in the middle
of the plating bath. The plating bath and three-electrode
system were both suspended above a water-filled high-power
CNC ultrasonic cleaner (KQ-600KDE) with the distance of
about 1 mm. The ultrasonic frequency was 0, 16, 24, 32, and
40 kHz. The microhardness of the Cu coating was measured
by a microhardness tester (HVT-1000) under the loading of
4.9 N and the dwell time to 10 s. X-ray diffraction (XRD,
Thermo ARL SCINTAG X'TRA X) analysis of the specimens
was conducted using Cu Ko radiation (35 kV, 45 mA). The
surface and cross-section morphologies of the coated
specimens were observed by a Hitachi S-4700 field emission
scanning electron microscope (SEM). The Hull-cell test was
conducted under the condition of applied current of 3 A and
electrodeposition time of 60 s. The magnetic properties of the
Nd-Fe-B magnets were measured with a hysteresis loop tracer
of NIM-2000.

The corrosion resistance was analyzed via the potentio-
dynamic polarization curves and electrochemical impedance
spectroscopy (EIS). The three-electrode system was used for
the electrochemical measurement with a Vertex electro-
chemical workstation (Ivium Technologies B.V. Holland). The
coated specimens was the working electrode, the saturated
calomel electrode (SCE) was regarded as the reference, and a
platinum plate was the counter electrode. Measurements were
conducted in the Swt% NaCl solution at room temperature.
The solution was treated by N, purging for 3 min before tests.
EIS measurements were performed at the open circuit
potentials with the alternating current (AC) perturbation of 10
mV in the frequency of 0.01 Hz~100 kHz. The polarization
curves were obtained at a scan rate of 3 mV-s™.

2 Results and Discussion

2.1 Ultrasonic effect on characteristics of Cu coating

Fig. 1 shows SEM surface morphologies of the coated
Nd-Fe-B magnets under different ultrasonic frequencies.
According to the potential activation theory!"”, in order to
improve the bonding strength between the substrate and the
coating, the surface of Nd-Fe-B matrix should be activated
instantaneously in the initial stage of electrodeposition. Thus,
the high overpotential should be applied through the high
cathodic current density, which also improves the deposition
rate of the coating. Based on the effective current density
range of HEDPA-TEA system, the cathodic current density of
2.0 A-dm™ without ultrasonic effect and that of 4.0 A-dm™
with ultrasonic effect were used. The surface morphology of
deposited Cu coating without the ultrasonic is loose and
porous, whereas that with the ultrasonic is dense and flat,
which indicates that the ultrasonic can increase the effective
density
refinement. Fig.2 shows XRD patterns of the deposited Cu

cathodic  current and promote crystallization

coatings under different ultrasonic frequencies. The average
crystallite sizes were estimated by XRD peak width of the
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Fig.1 SEM surface morphologies of Cu-coated Nd-Fe-B magnets under different frequencies: (a) 0 Hz, (b) 16 kHz, (c) 24 kHz, (d) 32 kHz, and

(e) 40 kHz
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Fig.2 XRD patterns (a) and average crystallite sizes (b) of deposited Cu coating under different ultrasonic frequencies

(111) plane and Scherrer’s equation, as shown in Fig.2b. With
increasing the ultrasonic frequency, the average crystallite size
of Cu is decreased. The crystallite size reaches 18.8 nm for the
Cu coating under ultrasonic frequency of 40 kHz. The
microhardness of the coatings is increased with increasing the
ultrasonic frequency, as shown in Fig. 3a. Particularly, a
significant increase in microhardness can be observed when
the ultrasonic frequency exceeds 24 kHz. Furthermore, there
is a specific relationship between the microhardness and the
average crystallite size,as shown in Fig.3b, which obeys the
Hall-Petch relation. The increase in microhardness is
mainly attributed to the grain boundary hardening effect after
grain refinement"”. Thus, it is confirmed that the ultrasonic-
assisted electroplating can refine the coating grains under the
same current density due to the continuous attack towards the
coating surface under ultrasonic cavitation. Besides, the grain
refinement by ultrasonic can increase the crystal nucleus

[20]
b

sites”, therefore achieving a compact, uniform, and well-

bonded coating®"..

The improvement in corrosion resistance of the Nd-Fe-B

magnets mainly depends on the thickness and density of the
deposited coatings. However, thicker coating results in
reduced magnetic properties, especially for the nickel
coating™. Therefore, a thin and compact Cu coating is very
necessary for enhancement of the corrosion resistance of the
sintered Nd-Fe-B magnets. The ultrasonic has a strong
influence on the interfacial adhesion between the coating and
matrix. Fig.4 shows the back-scattered electron (BSE) images
of the cross-section morphologies of Cu-coated Nd-Fe-B
magnets under different ultrasonic frequencies. As shown in
Fig. 4, the interface between the Nd-Fe-B matrix and the
coating obtained without ultrasonic effect is loose, whereas
that with ultrasonic effect shows good bonding with the
Nd-Fe-B matrix. The initial surface morphology of matrix has
an important influence on the adhesion of the coating during
electrodeposition””. Fig.5 shows the surface morphologies of
Nd-Fe-B matrix after electrodeposition with and without
ultrasonic for 5 s. As shown in Fig. 5a, many particles are
dispersed on the matrix surface, showing a weak bonding
force between these particles and the matrix. As shown in
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Fig.3 Microhardness of deposited Cu coating under different ultrasonic frequencies (a); relationship between microhardness and average

crystallite size (b)

Fig.5b, Cu is deposited at the grain boundaries or pits on the
Nd-Fe-B matrix surface, which is attributed to the micro-jet
generated by the ultrasonic cavitation effect scouring the
pollutants attached to the magnet surface at the initial stage of
electrodeposition. The scoured surface of Nd-Fe-B matrix is at
a highly activated state before Cu deposition, which results in
the high-quality coating with a close-packed layer during the
initial electrodepositing stage and advanced adhesion between
the coating and Nd-Fe-B matrix.

2.2 Effect of ultrasonic on electrodeposition process

Numerous blind pores are produced on the Nd-Fe-B matrix
surface during the powder pressing and the sintering
processes. Thus the improved filling capacity and deposition
rate of Cu electroplating are required.

The electrodeposition of the blind holes in Nd-Fe-B matrix
under ultrasonic was simulated using a hollow stainless steel
tube with the inner diameter of 1 mm and length of 100 mm.
The outer wall of the tube was shielded with the insulating

Nd-Fe-B

tape and the tube was sealed at one end. The tube was placed
horizontally in the electroplating solution with the open end
facing the Cu anode. The depths of Cu electrodeposition
inside the tube under different ultrasonic frequencies were
measured. The longitudinal-section images of the tube are
shown in Fig.6 (the red area indicates the Cu electroplating
region).

The electrodeposition depth of the tube under the ultrasonic
of 40 kHz is about 7 times larger than that under mechanical
agitation. The electrodeposition depth in the blind hole is
increased with increasing the ultrasonic frequency, which is
related to the ultrasonic cavitation. The water pressure
produced by the cavitation effect causes the bubble to enter
the blind holes, and thus the electroplating solution fills the
pipe, which consequently expands the effective cathode
current density. Therefore, the covering power is improved,
and the metal is electroplated on the blind hole surface,
leading to improved corrosion resistance.

Fig. 7 shows the electrodeposition distributions of Cu

10 pm

Fig.4 BSE images of cross-section morphologies of Cu-coated Nd-Fe-B magnets under different ultrasonic frequencies: (a) 0 Hz, (b) 16 kHz,

(c) 24 kHz, (d) 32 kHz, and (e) 40 kHz
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Fig.5 SEM images of Nd-Fe-B magnets after electrodeposition without ultrasonic (a) and with the ultrasonic of 40 kHz in frequency (b) for 5 s

N W R N
T

J—

Electrodeposition Depth/cm

0

0 4 8 12 16 20 24 28 32 36 40
Ultrasonic Frequency/kHz

Fig.6  Electrodeposition depths for blind holes in Nd-Fe-B magnets

under different ultrasonic frequencies
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Fig.7 Electrodeposition distributions of Cu coating on Nd-Fe-B
matrix under different cathodic current densities and

ultrasonic frequencies in Hull-cell tests

coatings under different cathodic current densities and
ultrasonic frequencies in the Hull-cell tests under a total
current of 3 A. It can be found that the Cu electrodeposition
mainly shows three states under the current density condition
of 0~15.3 A-dm™: the bright red area with excellent quality,
the pan-white area of ultra-thin coating, and the black area
with the burnt deposits. The bright red area is increased with
increasing the ultrasonic frequency, indicating that the
efficient current density and maximum cathodic current
density are increased with increasing the ultrasonic frequency.
The maximum current density increases from 2.1 A-dm™ (0

Hz) to 5.84 A-dm™ (40 kHz), which is attributed to the
decreased thickness of the diffusion layer at the electrode
surface. The electrolyte scouring by ultrasonic results in a
thinner area of the diffusion layer. According to the limiting
current density D,=nFKC?J (J is the thickness of diffusion
layer, n is the transferred electron number, F is the Faraday
constant, K is the electron-transfer rate constant, and C° is the
bulk concentration of Cu* ), D, mainly depends on the
thickness of the diffusion layer J. The thickness declines
under high-speed micro-jet agitation by ultrasonic cavitation,
resulting in an increase in D,*. Therefore, the higher
maximum current density not only leads to a faster Cu
electrodeposition rate on the Nd-Fe-B matrix surface, but also
increases the nucleation rate for more crystal nucleation and
better grain refinement effect™.

Ultrasonic agitation also improves the cathodic current
efficiency, as shown in Fig.8. Under the same current density
of 4.0 A-dm™ and the same electrodeposition duration of 5
min, the current efficiency without ultrasonic assistance is
69.38%, while it is increased to 76.3% under the ultrasonic of
16 kHz and is further increased to 92.75% under the ultrasonic
of 40 kHz, because of the decrease in the overpotential of the
electrode under ultrasonic vibrations®. In addition, the
ultrasonic vibration inhibits the hydrogen evolution reaction
and prevents more hydrogen atoms from adsorbing on the
Nd-Fe-B matrix surface, thus reducing the potential hydrogen
embrittlement of the sintered Nd-Fe-B magnets.
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Fig.8 Current efficiency of Cu electrodeposition on Nd-Fe-B matrix

under different ultrasonic frequencies
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To further investigate the effect of ultrasonic on the coating
electrodeposition, the cathodic polarization curves with the
sintered Nd-Fe-B magnets as the working electrode under
different ultrasonic frequencies were analyzed and the results
are shown in Fig.9. The initial potential of Cu reduction shifts
positively with the ultrasonic. Moreover, with increasing the
ultrasonic frequency, the Cu electrodeposition current is
increased gradually under the same reduction potential.

2.3 Effect of ultrasonic on corrosion resistance

The corrosion resistance of the sintered Nd-Fe-B magnets
with deposited Cu coating was tested through the anodic
polarization and AC impedance tests in Swt% NaCl solution,
and the results are shown in Fig. 10. The polarization curve
was analyzed by the Tafel zone extrapolation method, as
shown Fig. 10a. The corrosion potential (E_ ), corrosion

cort.
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Fig.9 Cathodic polarization curves of Cu electrodeposition on

Nd-Fe-B matrix under different ultrasonic frequencies

current density (i), and other parameters can be obtained, as

listed in Table 1. It can be seen that with increasing the
ultrasonic frequency, the corrosion potential of the coating is
increased, while the corrosion current density is gradually
decreased. The corrosion resistance of the coating under
ultrasonic electrodeposition is much better than that under
mechanical agitation. Fig. 10b shows EIS Nyquist plots of Cu
electrodeposition at 0.1 V vs. SCE under different ultrasonic
frequencies. The impedance curve in the high-frequency
region for the Nd-Fe-B matrix with a Cu coating of 3 pum in
thickness With

increasing the ultrasonic frequency, the capacitance radius is

shows a semicircular capacitance arc.
increased, suggesting the improved corrosion resistance.
According to the fourth quadrant of the Nyquist diagram of
the Cu coating under ultrasonic, the semicircle representing
the inductance characteristic appears in the low-frequency
region, and the radius of the semicircle is slightly increased
with increasing the ultrasonic frequency. The inductive
reactance phenomenon can be attributed to the formation of
the passive film on the electrode surface during the corrosion
process of Cu coating™.

According to the characteristics of the impedance spectrum,
the equivalent circuits are shown in Fig.11. R_ is the solution
resistance, R, is the charge transfer resistance, R, is the pore
resistance of coating, R is the film resistance, W is the
warburg impedance, L is the inductance, CPE is the constant
phase element representing the film capacitance, and n is the
charge transfer efficiency. The analysis results are listed in
Table 1. With increasing the ultrasonic frequency, R_ of the
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ultrasonic frequencies

Potentiodynamic polarization curves (a) and Nyquist plots (b) of Cu-coated Nd-Fe-B magnets in Swt% NaCl solution under different

Table 1 Electrochemical parameters from polarization curves and fitting parameters of EIS of Cu-coated Nd-Fe-B magnets under

different ultrasonic frequencies

Electrochemical parameter

Circuit simulation parameter

Frequency/kHz - -
E,JV vs.SCE i/Aem” CPE/F-cm™ R/Q-em’  R/Q-cm’  R/Qem’  LH-cm’ n
0 -0.7849 0.0586 0.000 740 - - 38.10 - 0.8097
16 -0.6171 0.0254 0.001 000 277.0 128.0 87.54 58.1 0.8207
24 -0.5612 0.0162 0.001 990 172.0 242.0 100.54 60.4 0.6924
32 -0.5313 0.0112 0.001 358 182.0 272.7 109.15 76.4 0.7359
40 -0.5059 0.0089 0.000 935 296.8 219.8 126.21 257.5 0.8124




Zheng Jingwu et al. / Rare Metal Materials and Engineering, 2022, 51(3):827-834 833

CPE
1l
"
— -
Rs 1 JAL
— |44

Fig.11 Equivalent circuits for EIS data of Cu-coated Nd-Fe-B magnets without (a) and with (b) ultrasonic

Table 2 Magnetic properties of Cu-coated Nd-Fe-B magnets under different ultrasonic frequencies (Cu coating thickness of 3 pm)

Ultrasonic frequency/kHz 0 16 24 32 40
Remnant magnetic induction intensity, B /T 1.22 1.19 1.21 1.22 1.21
Intrinsic coercivity, ch/kA‘m’1 1950.76 1922.10 1940.25 1923.06 1928.07
Maximum magnetic energy product, BH,_ /kJ-m™ 266.77 265.14 262.51 264.65 265.31

Cu-coated Nd-Fe-B matrix is gradually increased. The
modeling further supports the fact that the coatings obtained
by ultrasonic electrodeposition have a better protective
performance on the sintered Nd-Fe-B matrix than those by the
mechanical agitation.

Both the anodic polarization curve and the impedance curve
show the advanced corrosion resistance of the Cu coating on
the sintered Nd-Fe-B matrix by ultrasonic-assisted
electrodeposition, which is attributed to the grain refinement
of the Cu electroplating layer and the formation of the
nanocrystalline structure. Compared with the crystallite, the
nanocrystal has a larger specific surface area for a quicker
corrosion to form a dense passivated film in some alkaline
environments™, resulting in stronger corrosion resistance of
the Cu coating. In addition, due to the grain refinement, the
porosity of the coating is smaller, thereby greatly reducing the
possibility of the corrosive solution entering the Nd-Fe-B
matrix through the coating pores, which is important for the
dense cathodic coating in the surface protection for the highly
active sintered anodic Nd-Fe-B magnets.

2.4 Ultrasonic effect on magnetic properties

The magnetic properties of the Cu-coated sintered Nd-Fe-B
different
investigated, as listed in Table 2. It can be seen that the

magnets  under ultrasonic  frequencies are
ultrasonic frequency has little effect on the magnetic

properties of the sintered Nd-Fe-B magnets.
3 Conclusions

1) With increasing the ultrasonic frequency, the maximum
effective density and efficiency of Cu
electrodeposition are improved. The cathodic current
efficiency reaches 92.75% at the current density of 4.0 A-dm™
under the ultrasonic frequency of 40 kHz.

current

2) The Cu coating of the sintered Nd-Fe-B magnets can be
electrodeposited quickly to decrease the chemical corrosion in
the electrodeposition bath under the ultrasonic assistance.
With increasing the ultrasonic frequency, the corrosion
resistance of the Cu-coated sintered Nd-Fe-B magnets is
gradually improved.

3) The Cu coating grains are refined and the microhardness

of Cu coating is increased. The deposited surfaces are smooth
and dense. The average crystallite size of 18.8 nm is obtained
for the Cu coating at the cathode current density of 4.0 A-dm™
under the ultrasonic frequency of 40 kHz.

4) The ultrasonic-assisted electrodeposition method can
increase the covering power, promote the electrodeposition in
the blind holes, and improve the adhesion between the Cu
coating and the sintered Nd-Fe-B magnet matrix. Ultrasonic
has little impact on the magnetic performance of the Cu-
coated sintered Nd-Fe-B magnet .
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