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Pure Al coating was prepared by a detonation gun (D-gun) spraying process to protect sintered NdFeB
magnets. The detonation gun sprayed coating is very uniform and has a low porosity of 0.77%. The
thickness of the Al coating is approximately 16 lm. The corrosion current density for the coated sample
was 1.30 3 1025 A/cm2 immediately after immersion in 3.5% NaCl solution, compared to
6.54 3 1025 A/cm2 for the uncoated sample. X-ray photoelectron spectrometry results indicate that the
formation of Al2O3 film contributes to the increased corrosion resistance of Al coating. Meanwhile,
electrochemical impedance spectroscopy with equivalent electrical circuit was used to ascertain the
corrosion process of the Al coatings. Results show the corrosion procedure consists of two stages which
agree with the potentiodynamic polarization test. It can be concluded that the Al coating deposited by
the D-gun spray process can improve the corrosion resistance of sintered NdFeB.

Keywords Al coating, corrosion resistance, detonation gun
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1. Introduction

NdFeB permanent magnets, with high strength of
permanent magnetism, are far superior to all other types
of magnets for a variety of engineering applications,
including computer peripherals, automation, automobiles,
aerodynamic, magnetic resonance, biomedical, acoustics
and consumer electronics (Ref 1). Nowadays, sintered
NdFeB magnets trend toward light weight, small thick-
ness, short length, and small volume parts with the
improvement of industrial requirements. However, the
presence of electrochemically active phases in the micro-
structure of sintered NdFeB magnets diminishes their
efficiency (Ref 2, 3). The Nd-rich phase is one of the active
phases in sintered NdFeB magnets and preferential attack
of this phase gives rise to intergranular corrosion, espe-
cially during exposure to humid and corrosive environ-
ments (Ref 4, 5).

Over the past few years, extensive research efforts have
been directed to devise methods of improving their corro-
sion resistance, including alloy additions (Ref 6, 7) and
surface coatings (Ref 8-12). Recently, the commonly used
methods in industries are surface coatings technologies,

such as electroplating, electroless plating, and physical
vapor deposition. Al coating is well suited for corrosion
protection due to good performance, low costs and its
dense oxide scale in the atmosphere. Shoudong Mao et al.
(Ref 13-15) researched the corrosion behavior of Al coat-
ings by direct current (DC) magnetron sputtering, and the
effects of Ar+ ion-beam-assisted deposition (IBAD) on the
corrosion behavior of Al coatings. Their results showed Al
coatings by both DC magnetron sputtering and IBAD can
slightly enhance the anti-corrosion property. Nevertheless,
these Al coatings present columnar structures and a num-
ber of defects which could result in premature failure of the
coatings (Ref 15, 16). Nowadays, several researchers are
showing great interest in spray coating. Ma et al. (Ref 17)
found that Al coatings on NdFeB substrates deposited by a
cold spray process were very dense and could provide long-
term protection. However, the thick coatings (170 lm) on
sintered NdFeB probably reduce the magnetic properties
of the magnets and hinder their application. According to
the industrial requirements, the anticorrosive coatings
must be dense, uniform and well connected to the NdFeB
substance. On the other hand, the coatings must have no
effect on the magnetic property of sintered NdFeB. The
maximum magnetic energy product (BHmax), which is the
magnetostatic energy per unit volume, is an important
parameter to measure the ability of the stored energy. A
coating with 12 lm thickness could make the value of
BHmax decrease from 132.35 to 129.80 kJ/m3, and lose
0.06T of the residual magnetism intensity (Br) (Ref 18).
Therefore, the coatings should be as thin as possible to
guarantee the magnetic property of sintered NdFeB.

Detonation gun (D-gun) spraying is an alternative
spray technology, which was originally patented by Union
Carbide (now Praxair) in 1995 and developed indepen-
dently in 1969 at the Institute of Materials Science, Kiev,
Ukraine (Ref 19). The D-gun spraying process, with rarely
low porosity, high bond strength, and controllable thick-
ness, is extremely superior to other spray coating
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processes (Ref 19-21). Furthermore, the D-gun spraying
technology process has advanced technical equipment and
first-class product line. However, no such studies have so
far been carried out for the corrosion properties of D-gun
sprayed Al coatings on NdFeB materials. In this paper,
the D-gun spraying technique was used to deposit Al
coatings on sintered NdFeB magnets. The specimens with
and without coatings were subjected to the potentiody-
namic polarization test, neutral salt spray (NSS) test and
electrochemical impedance spectroscopy (EIS) with
equivalent electrical circuit (EEC) to ascertain the cor-
rosion behavior of the Al coatings. Meanwhile, x-ray
photoelectron spectrometry was used to confirm the cor-
rosion products.

2. Experimental Details

Sintered NdFeB magnets (N35; Yingkehongye, Bei-
jing) with dimensions of 18 mm 9 18 mm 9 3 mm were
degreased by acetone, dried in air, and then grit-blasted
prior to deposition. All specimens were in the state of
demagnetization.

Industrial pure aluminum powders (99.5 wt.%) were
produced by a high pressure argon gas atomization
method, then sieved according to conventional sieve
analysis and divided into different size ranges. The as-
atomized powders with particle size in the range of 20–
60 lm were employed for spraying onto NdFeB sub-
strates. Figure 1 presents the scanning electron micro-
scope (SEM) morphology of the Al powders used as
feedstock material.

Detonation gun spraying equipment (‘‘Ob’’ D-gun,
Russia) was used to produce Al coatings on sintered
NdFeB. The spray gas was acetylene and oxygen, and the
blanket gas was nitrogen. The detailed spraying parame-
ters are listed in Table 1.

The phases of the Al powders and Al coating was
characterized by x-ray powder diffraction (XRD; Model

D/Max 2500PC; Rigaku, Japan) with Cu Ka radiation and
nickel filter at 40 mA under a voltage of 40 kV. The
specimens were scanned with a scan rate of 6�/min and a
scan angle of 20�-90�. The surface morphology and com-
position of Al coatings was studied by scanning electron
microscopy (SEM; JSM-6010LA; UK) with energy dis-
persive spectroscope (EDS; Oxford, UK). The porosity in
the Al coatings was evaluated by using image analysis on a
metallographic microscope (MM; WD-JX; Nanjing).

The corrosion behavior of the Al/NdFeB was investi-
gated by potentiodynamic polarization and EIS with a
CHI604A electrochemical working station in 3.5 wt.%
NaCl solutions at 25 ± 3 �C. A classical three-electrode
cell configuration was used with saturated calomel (SCE)
as the reference and Pt plate as the counter electrode. An
area of 1 cm2 on the specimen was exposed. The EIS
measurements were obtained with a signal amplitude of
5 mV in the frequency range from 105 to 10�2 Hz. In order
to further study the corrosion features of the Al coating,
potentiodynamic polarization and EIS plots after different
immersion times were tested. The specimen without
coating was experimented on as a contrast. Here, the
software ZsimpWin was approached by simulating the EIS
curves with EEC.

A NSS (GB/T10587-2006) test was also carried out to
study the corrosion resistance of the specimens using a
standard salt spray cabinet spraying NaCl solution (50 g/
dm3) at PH 6.8. The samples with and without coatings
were exposed at the temperature of 35 ± 2 �C for 200 h to
observed the evolution of the corrosion phenomena. The
surface of each corroded specimen after the salt spray test
was documented using a macro-digital camera.

X-ray photoelectron spectroscopy (XPS; Axis Ultra;
Kratos Analytical, UK) was used to analyze the chemical
state of the oxide films on the coatings. The C 1 s peak
from carbon contamination at 284.8 eV was used as a
reference to correct for charging shifts. The depth profiles
were obtained by Argon ion bombardment with an ion
energy of 2 kV over an area of 6 9 6 mm2. The quantifi-
cation of the species in the oxide films was performed via
XPS peak 4.1 peak fitting software.

3. Results and Discussion

3.1 Structure and Composition

Figure 2 shows the XRD patterns of the atomized
powders and D-gun spray deposited coatings. It is notable
that a single Al phase with face-centered cubic (FCC)

Fig. 1 SEM morphology of the Al powders used as feedstock
material

Table 1 Process parameters for D-gun spray process

Parameter Related value

Fuel ratio (O2/C2H2) 1.2
Powder feed rate, g/s 0.1
Spray distance, mm 120
Shot frequency, cycle/s 4
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crystal structure appears in both Al powders and Al
coatings. It indicates that there is no obvious oxidation
during the D-gun spraying process.

The micrographs of the surface and the cross-section of
the Al coating on sintered NdFeB permanent magnets are
revealed in Fig. 3. Compared with Fig. 1, it can be seen in
Fig. 3a that the Al coating consists of flattenings, with
almost uniform distribution. This is because particles were
heated and partly melted in the spray gun, and were then
sprayed onto the substrate rapidly (Ref 22). Meanwhile,
there are small globular particles on the surface, which
most probably are unmelted particles. Apparently, the
coating has a dense layered structure with no cracks and
defects in Fig. 3b. The thickness of the Al coating is
approximately 16 lm. The interface of the NdFeB
becomes irregular, which is due to the grit-blasting surface
preparation before D-gun spraying. After the grit-blasting
process, the half-molten particles with high velocity im-
pinged against the target substrate, resulting in greater
adhesion and hardness (Ref 23, 24). The coating surface
has a low average porosity about 0.77% analyzed by
metallographic microscope, which is typical of detonation-
sprayed coatings (Ref 25, 26).

3.2 Potentiodynamic Curves Measurements

Figure 4a presents the potentiodynamic polarization
curves of the Al coatings deposited by the detonation
process with different immersion times in 3.5 wt.% NaCl
solutions. In order to confirm the effect of the Al coatings,
the NdFeB substance was tested as a contrast. It is clear
that the anode sites of potentiodynamic polarization
curves show the phenomenon of passivation when the
NdFeB surfaces were deposited by Al coatings. Table 2
shows the corrosion potential (Ecorr), corrosion current
density (icorr), cathodic Tafel slope (bc) and anode Tafel
slope (ba) obtained from Fig. 4. The Tafel slope (bc, ba)
represents the resistance of the relevant reaction. In our
case, the anodic polarization of the Al-coated samples
exhibit passivity. Thus, the cathodic branches can be
extrapolated back to the corrosion potential Ecorr to give

the corrosion current density, icorr (Ref 27). Figure 4b
gives a representative example for such calculations,
showing how to determine the values of Ecorr, icorr, bc and
ba for the Al-coated samples. As seen in Table 2, the
corrosion current density of the Al coatings is less than
that of NdFeB (6.536 9 10�5 A/cm2). The corrosion
potential of NdFeB is obviously higher than that of the Al
coating. That is attributed to a preferential corrosion of Al
coatings when they are exposed to electrolyte simulta-
neously. The icorr of the Al coating after immersion for
24 h is higher than that of the Al coating without
immersion, and the Ecorr of 24 h is more negative than that
at the beginning of the immersion time. It is possible that
the damage of the oxide film, which formed in the air,
results in a greater corrosion tendency. As the immersion
time grows, the icorr of Al coating decreases. The Al
coating after 48 h immersion (6.099 9 10�6 A/cm2) has
only one-tenth the icorr of the sintered NdFeB substance.
Meanwhile, the corrosion potential shifts toward a less
negative value as the icorr decreases. This may imply the
formation of a new uniform oxidation film, which prevents
solution ion penetration. Although the porosity of the Al
coating prepared by D-gun spraying (0.77%) is lower than
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Fig. 2 XRD patterns of the Al powders and D-gun sprayed Al
coating

Fig. 3 SEM morphologies of the Al coating: (a) surface, (b)
cross-section
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that of the cold-spray coating (1.57%), the icorr

(1.301 9 10�5 A/cm2) of the D-gun sprayed coating is
larger (Ref 18). This is probably because the thick coating
(170 lm) deposited by cold-spray could prevent penetra-
tion of solution ions.

The Al coating can play a sacrificed role when local
defects of the coating occurs, therefore it could decrease
the risk of coating application in a corrosion environment.
Al coatings deposited by D-gun spraying, which have no
cracks or defects, prevent the evolution of corrosion.

Moreover, the formation of a dense oxidation film further
improves the corrosion resistance. That is to say, the Al
coating prepared by D-gun spraying can provide excellent
protection for sintered NdFeB magnets.

3.3 Neutral Salt Spray Test (NSS)

The optical photographs of the coated and uncoated
specimens after 200 h NSS test are shown in Fig. 5. There
is a little white rust formed on the surface of the Al
coating (Fig. 5a). The white rust is probably the oxide film.
However, the NdFeB is completely covered by the red
rusty corrosion products (Fig. 5b). This indicates that Al-
coated NdFeB can stand for 200 h against neutral
5.0 wt.% NaCl salt spray (35 ± 2 �C). The excellent cor-
rosion resistance of Al coating deposited by D-gun
spraying may be partly attributed to its well-known
resistance to hot/wet environments compared with NdFeB
magnets.

3.4 Electrochemical Impedance Spectroscopy
(EIS) and Equivalent Electrical Circuit (EEC)

To further evaluate the corrosion behavior, the EIS of
Al coatings and sintered NdFeB substrate in a 3.5 wt.%
NaCl solutions were studied with different immersion
times. Figure 6 presents the Nyquist diagrams of EIS. It
can be observed that the Nyquist plot of NdFeB is a high
capacitive loop followed by a low inductive loop, which is
commonly associated with the charge transfer of the cor-
rosion process and double-layer behavior at the coating–
electrolyte interface (Ref 28-30). The low frequency
inductive loop is typically due to the process whereby
chloride ions absorb the substrate at the vulnerable region,
indicating nucleation of corrosion pits. However, the Al
coatings have only one high capacitive loop, which is
attributed to electrolyte penetration including water up-
take and salt intrusion (Ref 30, 31). As seen in Fig. 6, with
the increase in the immersion, the diameter of the
capacitance loop tends to shrink to start with, and then to
enlarge with a diffusion loop appearing. Furthermore, the
diameter of the capacitive loops in the Nyquist diagram is
closely connected with the corrosion resistance. That is to
say, the corrosion process of Al coatings consists of two
stages, and both can provide more or less protection for
NdFeB substrates.

In order to ensure the corrosion mechanisms in detail,
the EIS results were analysed with ZSimpWin software
using the EEC shown in Fig. 7. To accurately fit the EIS
curves, a constant phase angle element (CPE; designated
as Q) was introduced here to replace the pure capacitance.
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Fig. 4 (a) Potentiodynamic polarization curves obtained from
NdFeB and Al coating with different immersion times in
3.5 wt.% NaCl solutions, (b) a representative example of calcu-
lating electrochemical parameters by using the Tafel extrapola-
tion method

Table 2 Electrochemical parameters calculated from the potentiodynamic curves in Fig. 4

Specimen Immersion time, h Ecorr, V vs. SCE icorr, A/cm2 bc, V/dec ba, V/dec

NdFeB 0 �0.925 6.536 9 10�5 0.070 0.096
Al/NdFeB 0 �1.024 1.301 9 10�5 0.097 0.455
Al/NdFeB 24 �1.069 2.253 9 10�5 0.189 0.316
Al/NdFeB 48 �0.967 6.099 9 10�6 0.167 0.135
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The admittance of CPE (YCPE) can be expressed by the
following equation (Ref 30, 32):

YCPE ¼ Q jxð Þn; ðEq 1Þ

where Q is the CPE constant, j the imaginary unit
(j2 =�1), x the angular frequency, and n (0 < n < 1) an
empirical exponent. When n = 1, Q becomes equivalent to
a true capacitance concerned with an ideal capacitor.
When n = 0, Q amounts to a resistance. When n = 0.5, Q
becomes equivalent to Warburg impedance.

Figure 7a shows the model Rs(Q1(Rc(Q2Rct)))
(Ref 33-35) which is used to fit the Nyquist plot in the first
stage (0–24 h). In EEC (1), Rs represents the electrolyte
resistance, which determines the corrosion resistance of
the coatings. Q1 relates to coating capacitance, and Rc is
the ionic conducting defect resistance. Q2, which is in
parallel with Faraday charge transfer resistance Rct, rep-
resents the double-layer capacitance in the vulnerable

regions exposed to the bottom of the electrolyte pene-
tration paths. The parameter values obtained for EEC (1)
are tabulated in Table 3. It can be observed that both Rc

and Rct values decrease. This is because the chloride ions
diffused through the pores and permeated to the surface
of the metal particles at the first stage.

During the second corrosion stage (24–48 h), the EEC
(2) of the Nyquist plots is given in Fig. 7b. In the
Rs(Q3(W(Q4Rct))) circuit, Rs, Q and Rct represented
solution resistance, constant phase element, and charge
transfer resistance, respectively. Usually, Warburg
impedance W may result from ‘‘finite-layer diffusion’’ or
heterogeneous penetration of an electrolyte (Ref 36, 37).
The simulated results are listed in Table 4. Obviously, the
Rct increased in this stage. The diffusion resistance agreed
with the insulation of corrosion products which occurred
because corrosion products cut off contact between the
metal particles and the substrate (Ref 38). Moreover, the
value of Rs increased significantly during this stage, while
there was almost no change in the first stage. This may be
due to a lower Al3+ in the revolution in this stage, as most
of the Al3+ involved into the reaction formed oxidation
products. From the two stages, it can be concluded that
the Al coating firstly dissolved in the active state and then
formed a new passivation film which to a certain extent
prevented the chloride ions from diffusing. Consequently,
the corrosion behavior of the Al coating is in accordance
with the potentiodynamic polarization result.

3.5 Corrosion Products

In order to accurately indentify the phase constitution
formed on the coating surface, x-ray photoelectron spec-
trometry (XPS) was used. Figure 8 shows the XPS spectra
of the Al coating after immersion for 0, 24, and 48 h in
3.5 wt.% NaCl solutions. The XPS spectra of Al 2p is

Fig. 5 Optical photographs of (a) Al coating; and (b) NdFeB
substrate after the 200-h NSS test
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Fig. 6 Nyquist plots of the NdFeB and Al coating with different
immersion times in 3.5 wt.% NaCl solutions

Fig. 7 Equivalent electrical circuits for EIS data in (a) the first
stage, EEC (1) and (b) the second stage, EEC (2)
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shown in Fig. 8a. This indicates that Al peaks of 0 h and
24 h decomposed into metallic Al and Al3+, which was
assigned to the binding energy (BE) of 71.5 ± 0.1 and
74.5 ± 0.2 eV, respectively (Ref 39, 40). However, there is
only one peak located at a BE of about 74.75 eV, in the Al
2p spectrum of 48 h. This is assigned to Al3+ in Al2O3/
Al(OH)3. It is difficult to identify the compound exactly
because the peak positions of Al2O3 and Al(OH)3 are

very close. Figure 8b displays the O 1 s core level spectra
on the coating surface for different immersion times. The
single signal at a BE of 531.7 ± 0.3 eV reveals a Al–O
bond (Ref 41, 42). According to the spectra of Al and O,
the composition on the coating surface should be Al2O3.
The formation of the oxide films on the Al coating in a
NaCl solution can be expressed by the following equations
(Ref 43):

AlþH2O! AlOHþHþ þ e ðEq 2Þ

AlOHþH2O! AlðOHÞ2 þHþ þ e ðEq 3Þ

AlðOHÞ2 ! AlOOHþHþ þ e ðEq 4Þ

The overall reaction equation is Al + H2O fi AlOOH +
3H+ + 3e, where AlOOH is Al2O3ÆH2O. Furthermore, with
immersion time extension, the concentration ratio of Al3+

is 1:0.86:1.36 tested by quantitative analysis of the XPS
(Fig. 8b). That is to say, Al2O3 formed during preparation
first dissolved and then re-formed. The forming process of
Al2O3 proves that the corrosion mechanism of the Al
coating has two stages, which is correspond to the EEC
result. Therefore, Al2O3 acts as a barrier on the coating
surface, which prevents further penetration of solution ions
and improves the corrosion resistance of the Al coatings.

4. Conclusions

The Al powder could be successfully sprayed onto
sintered NdFeB magnets by the D-gun spray process. The
Al coating was uniform and dense, and had 0.77%
porosity. The thickness of the Al coatings was about
16 lm. The results from the potentiodynamic polarization
test, NSS test and EIS tests indicate that the Al coatings
exhibit better corrosion resistance than the NdFeB sub-
strate. Good corrosion resistance of the coating is attrib-
uted to the formation of a protective Al2O3 film. The
detonation gun sprayed Al coating is expected to become
a promising candidate to improve the corrosion resistance
of sintered NdFeB magnets.

Table 3 Electrochemical parameters obtained from EEC in Fig. 7a by simulation

Specimen Immersion time, h Rs, X cm2

Q1

Rc, X cm2

Q2

Rct, X cm2
Y0 2 Q1,
lS/cm2 sn n

Y0 2 Q2,
lS/cm2 sn n

Al/NdFeB 0 1.57 18.49 0.9 1067 23 0.79 8781
Al/NdFeB 24 1.675 39.04 1 40.53 86.96 0.7755 2559

Table 4 Electrochemical parameters obtained from EEC in Fig. 7b by simulation

Specimen Immersion time, h Rs, X cm2

Q3

Y0 - W, lS/cm2 sn

Q4

Rct, X cm2
Y0 2 Q3,
lS/cm2 sn n

Y0 2 Q4,
lS/cm2 sn n

Al/NdFeB 48 14.77 34.55 1 1804 146.1 0.6333 4297
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Fig. 8 XPS spectra of the Al coating after immersion in
3.5 wt.% NaCl solutions for 0, 24, and 48 h: (a) Al 2p, (b) O 1s
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