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Effects of Al coating on corrosion resistance of sintered NdFeB magnet
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Abstract: Pure Al coating was deposited on sintered NdFeB magnet by direct current (DC) magnetron sputtering to improve the
corrosion resistance of magnet. The influences of coating thickness and sputtering power on microstructure and corrosion resistance
of Al coating were investigated. The surface morphology of Al coating was characterized by scanning electron microscopy (SEM).
The corrosion properties were investigated by potentiodynamic polarization curves and neutral salt spray (NSS) test. The formation
of the uniform and compact Al coating is a necessary condition to achieve excellent corrosion resistance. And the optimal corrosion

resistance can be obtained in the sample with 6.69 pm thick Al coating deposited at 51-82 W.
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1 Introduction

Sintered NdFeB magnets have been widely used for
their high remanence, high coercivity, and large
maximum energy product since the discovery in 1984
[1,2]. However, their poor corrosion resistance in various
environments greatly limits their further use in
commercial  applications  [3—5]. Therefore, the
improvement of corrosion resistance in NdFeB magnets
has attracted much attention, up to now, two kinds of
methods have been applied to improving the corrosion
resistance of NdFeB magnets, including alloy additions
[6,7] and surface coating by either polymeric resins or
metals [6—8]. However, alloy additions method is often
accompanied by deterioration in the magnetic properties
[7,8], and coatings of polymer resins possess relatively
low level of corrosion protection which cannot meet the
urgent needs of premium products [9,10]. So, the
research effort to improve the corrosion resistance of
NdFeB magnets has focused on metallic coatings
prepared through different techniques [9]. In industry,
electroplated coatings like Ni, Zn or Ni/Cu/Ni are widely
applied to protecting NdFeB for their good performance
and low processing costs [11,12]. But electroplated

coatings are often involved in environmental pollution
problem, poor adhesion between coatings and substrates,
and deterioration of the magnetic properties [12,13].
Compared with electroplating technology, magnetron
sputtering method has its own advantages to prepare
protective coatings for sintered NdFeB magnets. Firstly,
it is an environmentally friendly method. Secondly,
sputtered atoms with high kinetic energy (typically 1-10
eV) lead to the high adhesion and low porosity of
sputtered coatings [14]. In addition, the plating solution
would infiltrate into micro-pores of sintered NdFeB
magnets in the plating process, which is harmful to the
corrosion resistance of magnets, but magnetron
sputtering method can effectively avoid the problem.
Some coatings like Ti/Al, AI/AIN, Al and AVALO;
deposited on sintered NdFeB magnets by magnetron
sputtering have been investigated, and it was found that
these coatings can improve the anti-corrosion properties
of NdFeB magnets [12—16]. However, the optimal
parameters of structure and preparation condition to
obtain the excellent corrosion resistance of Al coating
deposited on sintered NdFeB have not been investigated
and these parameters are key factors for the engineering
application.

In this work, pure Al coating was deposited on

Foundation item: Project (NCET-11-0127) supported by Program for New Century Excellent Talents in University, China; Project (K1306063-11) supported
by the Key Project for Science and Technology of Changsha, China
Corresponding author: Kun PENG; Tel: +86-731-88822663; E-mail: kpeng@hnu.edu.cn

DOI: 10.1016/81003-6326(14)63419-1



E CHEN, et al/Trans. Nonferrous Met. Soc. China 24(2014) 2864—2869 2865

sintered NdFeB magnets by direct current (DC)
magnetron  sputtering. The relationships among
sputtering power, coating thickness, microstructure and
corrosion resistance of coatings were investigated
systematically.

2 Experimental

Sintered NdFeB magnet specimens with the
dimensions of 15 mmx10 mmx3 mm were used in the
experiment. They were first degreased in 2.0% NaOH
solution (mass fraction) at room temperature for 120 s
and then immersed in 0.5% HNOj solution for 90 s for
oxide removal, and followed by ultrasonic cleaning in
alcohol for 15 min. Prior to deposition, samples were
cleaned by Ar' ion beams for 15 min. Finally, a layer of
Al coating was deposited on magnets. The base pressure
was 1.6x10*Pa and the working pressure was 0.5 Pa. Al
coatings with 2.23, 4.46, 6.69, 8.92 and 11.15 pum in
thickness were deposited by 51 W sputtering power,
respectively, corresponding to the deposition rate of
74.33 nm/min. Then the effects of sputtering power on
corrosion resistance of Al coating were also investigated.
In the experiment, the DC voltage was about 380 V. The
detailed deposition parameters are listed in Table 1.

Table 1 Detailed deposition parameters of Al coatings

Sputtering Deposition rate/ Controlled
power/W (nm'min ") thickness/um
51 74.33 6.69
82 85.62 6.85
102 150.58 6.62
154 201.58 6.65

The morphology of Al coating was observed by
scanning electron microscopy (SEM, QUANTA-200).
The structure of Al/NdFeB was characterized by X-ray
diffraction (XRD, SIEMENS D5000) using Cu K,
radiation. The corrosion properties of Al/NdFeB were
examined by potentiodynamic polarization curves in
3.5% NaCl solution using the CHI660C electrochemical
workstation. A universal three-electrode cell was used
with the platinum sheet as counter electrode, and
saturated calomel electrode (SCE) was used as the
reference electrode. The curves were measured with
potential sweep rate of 2 mV/s after the samples were
immersed in NaCl solution for 600 s when the samples
reach the steady state. Then the neutral salt spray (NSS)
test was also performed to investigate the corrosion
behavior of samples using the standard salt spray cabinet
spraying (50£5) g/L NaCl solution at (35+2) °C. The
variation of the corrosion process was visually observed
up to 4d.

3 Results and discussion

3.1 Effects of coating thickness on structure and

properties

Figure 1 shows the XRD patterns of Al coatings
with different thicknesses of 2.23, 4.46, 6.69, 8.92 and
11.15 pm, respectively. Al coatings have the face-
centered cubic structure. The strongest XRD peak at
approximately 26 of 38.70° which corresponds to the Al
(111) diffraction peak can be observed from all of the
samples. And two weak peaks of Al, which are referred
to as (200) and (220), are also found. The diffraction
intensity of 2.23 pm thick Al coating is relatively weak.
As the coating thickness increases, the intensity of every
Al peak becomes stronger due to the increasing Al
content.
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Fig. 1 XRD patterns of Al coatings with different thicknesses

Figure 2 shows the surface morphology of bare
NdFeB and Al coatings with different thicknesses. Big
pores brought by power metallurgical sintering process
can be found from bare NdFeB. With increasing the
coating thickness, the surface roughness of Al coating
has a gradually decreased trend up to 6.69 pum. Some
voids can be observed on the surface of 2.23 and 4.46
um thick Al coatings. However, Al particles in the films
with 8.92 and 11.15 um in thickness have a tendency to
grow up.

Figure 3 shows the potentiodynamic polarization
curves of NdFeB coated with different thicknesses Al
coatings in 3.5% NaCl solution. The critical parameters
acquired from polarization including the
corrosion potential (¢..;) and corrosion current density
(Jeorr), are listed in Table 2. The anode part of uncoated
NdFeB presents actively dissolving and the J,, increases
sharply as the ¢, increases, indicating that the corrosion
rate is accelerated. It could be related to the existence of
many pores in the magnets. On the contrary, the
anode region of Al/NdFeB firstly exhibits a passive-like

curves,
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Fig. 2 SEM images of surface morphologies of NdFeB coated with Al coatings in different thicknesses: (a) 0; (b) 2.23 um; (c) 4.46
pm; (d) 6.69 pm; (e) 8.91 pm; (f) 11.15 um
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Fig. 3 Potentiodynamic polarization curves of NdFeB coated
with different thicknesses Al coatings in 3.5% NaCl solution
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Table 2 Polarization data obtained from different thicknesses
Al coatings in 3.5% NaCl solution

Thickness/pm Peor! V Jeon/(nA-cm ?)
0 —0.753 24370
2.23 -0.910 622
4.46 —0.956 439
6.69 —0.808 147
8.92 —0.948 317
11.15 —0.997 347

anodic behavior and then transforms to an actively
dissolving region with the increase of the potential. The
passive-like anodic behavior would result from the
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formation of oxide films on Al coatings in the NaCl
solution [15], and the J., is about two orders of
magnitude smaller than that of uncoated NdFeB samples.
This indicates that Al coatings have a good protective
ability for NdFeB magnets, and the value of J,, firstly
decreases significantly and then increases with
increasing the coating thickness. The minimum of J ., is
obtained in the sample with Al coating of 6.69 um in
thickness and its value is 147 nA/cm?. As a result, the
6.69 pm thick Al coating exhibits the best corrosion
resistance compared with others.

The corrosion resistances of bare NdFeB and
Al/NdFeB were also investigated by the NSS test. The
optical images after NSS test for 4 d are shown in Fig. 4.
The bare NdFeB is full of red rusty corrosion products
after NSS test for 1 h. The time of rusty corrosion
products appearing on sintered NdFeB with 2.23, 4.46,
6.69, 8.92 and 11.15 um thick Al coatings is 7, 24, 72, 48
and 48 h, respectively. After 4 d, 2.23 and 4.46 um thick
Al coatings are completely corroded. There is the least
rust on the surface of 6.69 pum thick coating, indicating
that it has the best corrosion resistance.

The evolution of corrosion resistance of Al coatings
with different thicknesses can be ascribed to the variation
of Al coating microstructure. The surface of sintered
NdFeB magnets is rough with many pores caused by
power metallurgical sintering process, and these
micro-pores cannot be completely filled in the samples
with the thin coating, which results in the formation of
discontinuous coating with some voids. These voids can
provide channel for Cl™ to penetrate into the substrates.
Therefore, 2.23 and 4.46 pm thick Al coatings have the
poor corrosion resistance. As the coating thickness runs
up to about 7 pm, continuous and dense coatings are
obtained and consequently they possess good corrosion
resistance. However, Al coatings with 8.91 and 11.15 pm
in thickness have not better corrosion resistance than the
6.69 um thick Al coating. It is relevant to the growing up
of Al particles, which can be attributed to the rising
temperature of the samples for the long time glow
irradiation. And larger particles result in the formation of
some voids on coatings, which lead to the decreasing of
corrosion resistance. Therefore, the formation of a
continuous and dense Al coating is the basic requirement

for excellent corrosion resistance.

3.2 Effects of sputtering power on microstructure and
properties

In order to obtain dense Al coating, the influences
of sputtering power on the microstructure of coatings
were investigated. Figure 5 shows the surface
morphology of Al coatings deposited at different
sputtering powers. As can be seen in the Fig. 5, the
average size of Al particles has little change when the
sputtering power ranges from 51 to 82 W and the grains
are densely packed producing smooth surface. When
sputtering power exceeds 82 W, the size of Al particles
increases markedly with the increasing sputtering power,
and the coating surface changes to be scattered, loose
and rough. The evolution of surface morphology can be
ascribed to the change in energy of sputtered atoms or
clusters as a function of sputtering power.

Figure 6 shows the potentiodynamic polarization
curves of Al/NdFeB prepared at different sputtering
powers in 3.5%NaCl solution. The corrosion potential
(¢corr) and corrosion current density (J.o) are listed in
Table 4. The J,,, of Al coating deposited at 51, 82, 102
and 154 W are 147, 166, 445 and 883 nA/cm’,
respectively. The corrosion resistance of Al/NdFeB
increases slightly up to 82 W and then rises significantly
with the increase of sputtering power. It can be noticed
that Al coatings deposited at 51—82 W have the best
corrosion resistance.

Figure 7 shows the optical photographs of
Al/NdFeB after 4 d NSS test. The time of rusty products
detected on samples prepared at 51, 82, 102 and 154 W
is 72, 72, 48 and 48 h, respectively. And the rusty
products increase with the increase of the sputtering
power after NSS test for 4 d, demonstrating a decreasing
in the corrosion resistance.

The significant decrease in corrosion resistance is
closely relevant to the transformation of sputtering
power. As the sputtering power increases, the DC current
increases and the DC voltage is kept unchanged, and the
average kinetic energy of Ar ion upon striking the target
is proportional to DC applied voltage [17]. Thus, the
initial kinetic energy of sputtered atoms is kept constant
because the DC voltage is unchanged. But the flux of the

Fig. 4 Optical images of Al coatings with different thicknesses after NSS test for 4 d: (a) 0; (b) 2.23 um; (c) 4.46 pum; (d) 6.69 um;

(e) 8.91 pm; (f) 11.15 pm
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Fig. 5 SEM images of surface morphology of Al coatings deposited at different sputtering powers: (a) 51 W; (b) 82 W; (c) 102 W;

d) 154 W
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Fig. 6 Potentiodynamic polarization curves of Al/NdFeB
prepared at different sputtering powers in 3.5%NaCl solution

Table 3 Polarization data obtained from Al/NdFeB prepared at
different sputtering powers in 3.5%NaCl solution

Sputtering power/W Ocor/ V Jeon/(nA-cm )
51 —0.808 147
82 —0.800 166
102 —0.789 445
154 —0.847 883

Fig. 7 Optical images of AIl/NdFeB prepared at different
sputtering powers after NSS test for 4 d: (a) 51 W; (b) 82 W;
(c) 102 W; (d) 154 W

sputtered atoms is increased with the increasing DC
current. A low flux of sputtered atoms can be obtained at
low sputtering power, consequently the probability of
atomic collisions is small. Therefore, sputtered atoms
possess high energy when they reach the substrate, hence
the probability for lattice rearrangements and surface
remodeling are enhanced. When the potential energy
barrier of nucleation is higher than that of growth,
sputtered atoms possessing high energy are conducive to
the nucleation [17]. So, many small size particles can be
found on Al coatings deposited at 51—82 W and the
coating surface is smooth and compact. As the sputtering
power increases, the probability of sputtered atomic
collisions is enhanced for the increasing sputtered atom
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flux. Hence, the energy of atoms is reduced when they
get to substrates. The ability of surface remodeling is
also decreased and the growth of particle plays the main
role. As a result, Al particles having a tendency to grow
up on the surface are loose and scattered. And the loose
surface is easy for NaCl solution to infiltrate to
substrates. So, the corrosion resistances exhibit a
decreased trend with the increase of sputtering power.
Therefore, the optimized sputtering powers are 51-82 W
in the experiment.

4 Conclusions

1) Al coatings deposited by DC magnetron
sputtering can improve the corrosion resistance of
sintered NdFeB magnets. The coating thickness and DC
power play an important role in the optimization of the
corrosion resistance of Al coating.

2) When the coating thickness increases from 2.23
to 6.69 um, Al coating becomes dense and there is a
significant increase in the corrosion resistance of Al
coating. However, the further increase of coating
thickness yields further improvement in the corrosion
resistance due to the growth up of Al particles.

3) As the sputtering power increases, the surface of
Al coating becomes loose and scattered, consequently
the corrosion resistance decreases. The optimal
sputtering powers are 51—-82 W.
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