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Cold-Sprayed Al Coating for Corrosion
Protection of Sintered NdFeB
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A protective Al coating was achieved on the sintered NdFeB magnet by cold spray. The sprayed Al
particles generate plastic deformation and hang together. The thickness of the coating is about 170 pm.
The corrosion currents of Al coating and NdFeB without immersion tested by potentiodynamic polar-
ization in 3.5 wt.% NaCl solutions are 1.350 x 10~° and 4.361 x 10~° A/em?, respectively. X-ray pho-
toelectron spectrometry results confirm that the oxide film is Al,O3; and the corrosion process can be
derived into two different stages. The Al coating can provide long-term protection for NdFeB effectively.

Keywords cold spray, EIS, metal coatings, passive films,
pitting corrosion

1. Introduction

As a new generation of permanent magnetic material
with excellent properties, the sintered neodymium-iron-
boron (NdFeB) has been widely used in various fields such
as electronics, acoustics, automation, communications,
and magnetic resonance imaging (Ref 1). However, the
presence of the rare earth Nd in the magnet sharply de-
creases its corrosion resistance, which has seriously hin-
dered and limited its applications in humid conditions
(Ref 2, 3). Therefore, it is very significant to improve the
corrosion resistance of the NdFeB magnet.

In order to improve the corrosion resistance of the
permanent magnets, numerous attempts have been em-
ployed, such as the addition of alloying elements (Ref 4, 5)
and surface coating (Ref 6-8). Previous works (Ref 9-11)
have demonstrated that alloying elements such as Co, Cu,
Al, Dy, Nb can improve the corrosion resistance of
NdFeB, but deteriorate the magnetic properties of the
NdFeB magnet. At present, the surface coating technol-
ogies are industrially used by the process of electroplating
for its good performance and low processing costs (Ref 2,
12, 13), including Ni, Ni-Cu-Ni, Ni/Al, Ni-Co-TiO,, etc.
However, the electroplating method may lead to some
environment problems (Ref 14). Al coating is one of the
potential candidates for protection because of its friendly
price and good corrosion resistance (Ref 15). In industry,
Al coatings deposited by evaporation (Ref 16) and ion
vapor deposition (IVD) (Ref 6) have been applied for the
protection of NdFeB. However, the Al coatings prepared
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by evaporation and IVD always present a columnar
structure with a high concentration of inter-column
defects, which could result in premature failure of the
coatings (Ref 17).

As an emerging technique for depositing coatings in the
solid state, the cold spray (CS) process has attracted more
and more attention. Compared with thermal spray pro-
cess, the CS only requires less heat input. Therefore, CS is
more suitable for spraying materials or substrates which
are sensitive to oxidation or heat. In addition, coatings by
the method of CS have low porosity and high density,
which is very helpful for the corrosion resistance of the
coatings (Ref 18-20). However, the corrosion properties of
CS Al coating on the sintered NdFeB magnets have not
well studied. In this work, sintered NdFeB magnets were
coated with Al coating deposited by CS, and the corrosion
behavior of the Al coating in NaCl solutions was studied.

2. Experimental Details

Sintered NdFeB specimens (N35, Yingkehongye Co.,
Ltd, Beijing) with a size of 18 mm x 18 mm x 3 mm
were used as substrates in this work. All specimens were in
the state of demagnetization. Specimens were ultrasoni-
cally cleaned in acetone followed by alcohol to remove the
oil stain on the surface. Before cold spraying, the NdFeB
magnets were sandblasted first.

Industrial pure aluminum powder (99.5 wt.%) pro-
duced by gas atomization was used as feedstock material
for coatings. Figure 1 shows the scanning electron micro-
scope (SEM) morphology of the as-purchased Al powders
used in the experiment. It can be seen in Fig. 1 that most
of the powders present spherical shape and the diameters
of the spherical Al powders range from 5 to 60 pm.
Deposition of Al coating was carried out in a cold spraying
apparatus which could deposit homogeneous coatings
onto all surfaces of the specimens with batch treatments.
The commercial cold spray system (HCY-1, Russia) was
used in these experiments. The spraying distance was
maintained at 20-50 mm away from the nozzle exit. As
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Fig. 1 SEM morphology of the as-purchased Al powders used
in the experiment

acceleration and carrier gas for powder feeding, com-
pressed air was pre-heated to 150-250 °C with a stagnation
pressure of 1.5-2.5 MPa.

The phase structure of the Al powders and Al coating
was analyzed by x-ray powder diffraction (XRD, Model
D/Max 2500PC Rigaku, Japan) operated at 40 kV and
40 mA with Cu K, radiation. And the scan angle was
10-90° with a scan rate of 6°/min. The surface and cross-
section morphologies of Al coatings were studied by SEM
(CS3400, CamScan, UK). The composition of the surface
of Al coating was analyzed by x-ray photoelectron spec-
trometry (XPS, Axis Ultra, Kratos Analytical Ltd., UK).
And the Al coating was ground from 280# to 800# on the
sandpapers for the cross-section morphology. The corro-
sion behavior of Al coatings was determined by poten-
tiodynamic polarization and electrochemical impedance
spectroscopy (EIS) tests using a classical three electrodes
system. The reference electrode and counter electrode
were saturated calomel (SCE) and platinum, respectively.
The Al coating or NdFeB specimens were used as working
electrode. And all the electrochemical experiments were
conducted on the as-sprayed Al coatings surface. The
corrosion electrolyte for all the corrosion tests was
3.5 wt.% sodium chloride (NaCl) solutions at room tem-
perature. And the surface area of the specimens exposed
for corrosion study was 1 cm® The EIS measurements
were carried out with signal amplitude of 5 mV, and the
frequency range was from 10° to 1072 Hz. And the
impedance curves were simulated using the software
“ZsimpWin”’.

3. Results and Discussion

3.1 Structure and Composition

Figure 2 shows the surface and cross-section morphol-
ogy of Al coating on sintered NdFeB magnets. Compared
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Fig. 2 SEM morphologies of the Al coating (a) surface, (b)
cross-section

with Fig. 1, it can be found in Fig. 2(a) that the sprayed Al
particles generate plastic deformation and hang together,
which could be caused by the high velocity impact during
cold spraying. Meanwhile, in Fig. 2(b), it can be seen that
the coating is very dense and the thickness is about
170 pum. There are no cracks and other defects found on
the interface. And the NdFeB interface becomes irregular,
which is from the grit-blasting surface preparation before
the CS. Then, the accelerated Al particles impact and
embed onto the NdFeB substrate, leading to the plastic
deformation on the NdFeB interface and thus inducing
excellent bonding.

The XRD patterns of the Al powders and Al coating
are shown in Fig. 3. It can be observed that both the Al
powders and Al coating exhibit a single Al phase with
face-centered cubic (FCC) crystal structure, which indi-
cates that there are no significant oxidations during the
cold spraying process.
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3.2 Potentiodynamic Curves Measurements

Figure 4 shows the potentiodynamic curves of the
NdFeB and the Al coating with different immersion time
in 3.5 wt.% NaCl solutions. Corrosion current density
(icorr) and corrosion potential (E.,,,) derived from Fig. 4
are summarized in Table 1. The corrosion current density
(icorr) 1s an important parameter for the evaluation of the
corrosion resistance. From Table 1, it can be observed that
the i.or Of Al coating without immersion (1.350 x 10°¢
Alcm?) is less than 1/3 that of NdFeB (4.361 x 10~° A/cm?).
It suggests that the Al coating could provide an adequate
protection for the NdFeB substrate in 3.5 wt.% NaCl
solutions.

As seen in Table 1, the i.o, of the Al coating after the
immersion for 24 h is higher than that of the Al coating
without immersion. The i.,, becomes higher which may

(111)

(200)
g (2200 (311)
%' Al coating JL_.JL 222)
5
£

Al powder ‘J - J

2Theta (deg)

Fig. 3 XRD patterns of the Al powders and cold-sprayed Al
coating
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Fig. 4 Potentiodynamic curves of the NdFeB and Al coating
with different immersion time in 3.5 wt.% NaCl solutions
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be attributed to the damage of oxide film formed in the
air. With the further immersion, the i.,, gradually
decreases. This decrease in the sprayed Al coating sug-
gests the interaction of Al and solution to form a new
barrier, mainly oxides that prevent solution ion penetra-
tion. Therefore, the Al coating can provide long time
protection for the NdFeB substrate.

The i.o;y Without immersion of the Al coating by DC
magnetron sputtering (Ref 21) is only 0.091 pA/cm?,
which is lower than the i, of the present Al coating.
However, the further study of the Al coating by DC
magnetron sputtering (Ref 22) has shown that the Al
coating cannot provide long time protection for the
NdFeB substrate due to the dissolution of the Nd-rich
phase through the open pits and disruption of the matrix
phase. Compared to the cold spray Al coatings, the DC
coating has a thickness of only about 5 pm, and presents
columnar structure with a number of voids distributed at
the grain boundaries, which is susceptible to pitting cor-
rosion (Ref 21). Therefore, the Al coating by cold spray-
ing has more potential for protecting the sintered NdFeB.

3.3 Corrosion Products

Scanning electron microscope surface morphologies of
the Al coating after immersing for 24 h and 360 h in
3.5 wt.% NaCl solutions are shown in Fig. 5. As seen in
Fig. 5(a), the obvious pits have been found after
immersing for 24 h. However, it is clear from Fig. 5(b)
that the pits are not observed after an immersion time of
360 h. The elemental composition of the surface of the Al
coating was analyzed by XPS. Figure 6 shows the XPS
high-resolution spectra of the Al coating after immersing
for Oh, 24 h, and 360 h in 3.5 wt.% NaCl solutions.
Figure 6(a) is the Al 2p spectrum and Fig. 6(b) is the O 1s
spectrum. In Fig. 6(a), for the Al coating with the
immersion time of 0 h and 24 h, the presence of aluminum
in the form of AI** and in metallic state (Al°) is detected
by the Al 2p peaks. However, the metallic state (A1°) is
not found on the surface of the Al coating after immersing
for 360 h. The O 1s spectrum shown in Fig. 6(b) are
composed of only one peak and the binding energies are
531.49 eV, 532.02 eV, and 532.22 eV for 0 h, 24 h, and
360 h, respectively, which may be due to oxygen in Al-O
bonds. By considering the spectra of Al and O, it is pro-
posed that the composition on the Al coating should be
Al,Oj3. According to the quantitative analysis of the XPS,
the concentration ratio of the AI** for 0 h, 24 h, and 360 h
is 1: 0.86: 1.33. Therefore, the Al coating after immersing

Table 1 Electrochemical parameters calculated from the
potentiodynamic curves in Fig. 4

Immersion Ecomrs V
Specimen time, h versus SCE icors Alem?
NdFeB 0 —0.851 4361 x 10°°
Al/NdFeB 0 —0.934 1.350 x 107°
Al/NdFeB 24 —0.758 1.134 x 107
Al/NdFeB 72 —0.815 9.88 x 107°
Al/NdFeB 240 —0.804 5321 x 107°
Al/NdFeB 360 —0.778 2.178 x 107°
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Fig. 5 SEM surface morphologies of the Al coating after
immersing in 3.5 wt.% NaCl solutions for 24 h (a) and 360 h (b)

for 24 h, the AlL,Oj; film formed in the air is damaged, and
the compact ALL,Oj; film forms again after immersing for
360 h. The formation of the Al,O5 film can be expressed
by the following equations (Ref 23):

Al+H,0 — AIOH+H"' +e (Eq 1)
AIOH + H,O — AI(OH), + H" + ¢ (Eq 2)
Al(OH), — AIOOH + H" +e (Eq 3)

The total equation is Al+ H,O — AIOOH +3H"+
3e, in which the AIOOH is Al,O3-H,O. Though the for-
mation of the oxide film in the present work is different
from that of the oxide film (Al(OH);) on the Al coating by
DC magnetron sputtering and the IBAD-Al-coating in the
previous study (Ref 24), the Al,O3 and AI(OH); act as the
barrier that delays the penetration of the corrosion elec-
trolyte. Therefore, the corrosion process of Al coating
immersed in 3.5 wt.% NaCl solutions can be divided into
two stages. In the first stage (0-24 h) Al,O; film formed in
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Fig. 6 XPS high-resolution spectra of the Al coating after
immersing in 3.5 wt.% NaCl solutions for 0 h, 24 h, and 360 h (a)
Al 2p; (b) O 1s

the air is damaged, and in the second stage (24-360 h) the
compact Al,Oj film forms again.

3.4 Electrochemical Impedance Spectroscopy
Measurements

The evolution of the Nyquist diagrams for NdFeB
substrate and Al coating with different immersion time in
3.5 wt.% NacCl solutions are presented in Fig. 7. As illus-
trated in Fig. 7, the NdFeB consists of one high frequency
capacitance loop and one low frequency inductance loop,
while the Al coating includes only one high frequency
capacitance loop without immersion. The inductance loop
of the substrate implies that pitting corrosion is formed on
NdFeB surface. Meanwhile, the diameter of the high fre-
quency capacitance loop of the Al coating without
immersion is much larger than that of the substrate (in
Fig. 7). It suggests that the Al coating could provide
adequate protection for NdFeB substrate, which is in
accordance with the potentiodynamic curves measure-
ments.
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In Fig. 7, it can also be found that the semicircle
diameter dramatically decreases with immersion time
from 0 to 24 h, and with the extension of the immersion
time, the semicircle diameter gradually increases. There-
fore, the EIS diagrams show the different characteristics in
the two stages identified from the above SEM and XPS
results. In order to discuss the corrosion mechanisms
clearly, the equivalent circuits are presented in Fig. 8. The
models are obtained after fitting the data from Nyquist
diagrams using the ZsimpWin software (Ref 25, 26). The
constant phase angle element (CPE, designated as Q) is
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Fig. 7 Nyquist plots of the NdFeB and Al coating with different
immersion time in 3.5 wt.% NaCl solutions
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Fig. 8 Equivalent circuits for EIS data in (a) the first stage and
(b) the second stage, respectively

used instead of the pure capacitance, and its admittance
(Yo) can be expressed as (Ref 27):

Yo = Yo(jo)", (Eq 4)

where j is the imaginary number and o is the angular
frequency. Y, is the admittance constant and n is the
empirical exponent of the CPE, respectively. Warburg
impedance (designated as W) is used to model semi-infi-
nite diffusion. The admittance of Warburg impedance
(Yw) can be expressed as:

YW = Yo(ja))l/z, (Eq 5)

where Y, is the admittance constant of the Warburg
impedance.

As in previous studies of equivalent circuit for oxide
films on metals (Ref 28-30), the model R(Q(R(QR)))
(Fig. 8a) is employed to simulate the Nyquist plots in the
first stage (0-24 h). In the equivalent circuit shown in
Fig. 8(a), R represents the solution resistance; O repre-
sents the oxide film capacitance; R, is the electrical resis-
tance to the ionic current through the defects in the Al
oxide film; O, is the double-layer capacitance of electro-
chemical reaction and R, is the charge transfer resistance.
The fitted results are listed in Table 2. It can be seen from
Table 2 that the simulated values of both R. and R
decrease due to the effects of the pitting corrosion.

In the second stage, the Nyquist diagrams shown in
Fig. 7 have diffusion-controlled characteristics at low fre-
quencies connecting to a capacitive semicircle at high
frequencies. The model R(Q(W(QR))) (Fig. 8b) is em-
ployed to simulate the Nyquist diagrams of the Al coating
after immersing for 72 h, 240 h, and 360 h. In the equiv-
alent circuit shown in Fig. 8(b), R, represents the solution
resistance; Q5 represents the oxide film capacitance; Qg is
the double-layer capacitance of electrochemical reaction;
R is the charge transfer resistance; Warburg impedance
W is employed to simulate the diffusion-controlled pro-
cess at low frequencies. The simulated values are pre-
sented in Table 3. The values of R in the second stage
(72, 240, and 360 h) gradually increase and are larger than
that of the R, of Al coating immersing for 24 h, which
suggests that after immersing for 72 h a stable barrier
gradually forms on the surface of the Al coating and then
prevents the solution ion penetration effectively. This re-
sult agrees with the potentiodynamic polarization curves
and the XPS results. Therefore, the Al coating on the
NdFeB could provide excellent corrosion resistance. And
the excellent corrosion resistance is attributed to the for-
mation of Al,O5 oxide film.

Table 2 Electrochemical parameters obtained from equivalent circuit in Fig. 8(a) by simulation

O 0>
Specimen Immersion time, h R, ohm cm? Yy-0O1, uS/cm2 s" n R., ohm cm? Yo-0>, ;1S/cm2 s" n R, ohm cm?
Al/NdFeB 0 9.513 63.97 0.985 138.1 621.7 0.6444 30650
Al/NdFeB 24 4.397 17.22 0.992 91.98 141.7 0.6424 2249
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Table 3 Electrochemical parameters obtained from equivalent circuit in Fig. 8(b) by simulation

03 (O
Specimen  Immersion time, h R, ohm cm®>  Y-Qs, pS/cm” s" n Yo-W, pS/em?® s*  Yy-Qy, pSlem® s" n R, ohm cm?>
Al/NdFeB 72 4.436 25.33 0.896 6068 239.1 0.4483 2278
Al/NdFeB 240 4.469 20.64 0.928 1498 167.3 0.6992 3152
Al/NdFeB 360 4.274 24.75 0.964 494.7 158.3 0.7787 5389
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