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Double-layer epoxy resin coatings (C-EP) were prepared on the surface of ring-shaped bonded NdFeB
(RSM) by cathodic electrophoretic deposition and air spraying for the first time. The surface morphology
and chemical composition of C-EP were characterized by scanning electron microscopy (SEM), energy
dispersive spectroscopy (EDS) and atomic force microscopy (AFM). The digital microhardness tester was
utilized to measure the microhardness of C-EP/RSM, which was found to be 33.623 HV, slightly higher than
that of electrophoretic EP/RSM (E-EP/RSM). The corrosion-resistant performance of C-EP/RSM was
evaluated through polarization curves and neutral salt spray (NSS) tests, with a discussion on the corrosion
mechanism. The results indicate that the epoxy resin particles effectively penetrate into the pores of NdFeB
matrix, exhibiting excellent sealing properties. The structure of C-EP is stable, and these two layers
together contribute to better anti-corrosion performance. Compared to bare RSM (B-RSM) and E-EP/
RSM, the corrosion current density is reduced by approximately one order of magnitude in C-EP/RSM.
And, the NSS time of C-EP/RSM reaches 216 h, which is 1.5 times higher than that of E-EP/RSM,
indicating superior corrosion resistance. Furthermore, C-EP has little effect on the magnetic properties of
RSM.
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1. Introduction

Bonded NdFeB magnets are highly valued for their ability to
be fabricated into intricate shapes at a relatively low cost, while
maintaining their magnetic properties (Ref 1). Consequently,
they have become widely utilized in various industries such as
new energy vehicles, computers, wind turbines, magnetically
levitated transportation systems and aerospace (Ref 2, 3).
However, due to inherent structural limitations, bonded NdFeB
magnets obtained through molding (Ref 4), injection (Ref 5),
extrusion (Ref 6) or calendaring (Ref 7) inevitably suffer from
defects such as poor densification and loose porosity. Addi-
tionally, the large potential difference between the multiphase

organization of bonded NdFeB magnets leads to a high
corrosion tendency of the Nd-rich and B-rich phases distributed
between the grains of the main phase (Ref 8). As such, bonded
NdFeB magnets exhibit extremely poor resistance to corrosion,
making research into their corrosion protection technology
particularly crucial. The coating protection method is for the
corrosion of NdFeB brought about by the corrosive factors in
the external environment, the essence of which is to isolate
NdFeB from the external corrosive medium, thus inhibiting the
corrosion failure of NdFeB. According to the different com-
position of coating materials, the coating can be divided into
categories such as metal coatings, organic coating and com-
posite coating. While metal coatings offer high strength and
hardness, their corrosion resistance is insufficient, and they may
reduce the magnetic properties of NdFeB magnets (Ref 9).
Organic coatings are primarily composed of organic com-
pounds or polymers. Compared to metal coatings, organic
coatings offer superior protection in certain corrosive environ-
ments and have less influence on the magnetic properties of
magnets. EP, one of the most commonly used resins for
preparing organic coatings, boasts excellent chemical stability
and substrate adhesion abilities. It is widely utilized in various
industrial practices such as coatings, electronic materials, and
enclosure materials (Ref 10, 11). However, pure EP coatings
still have limitations such as low strength and brittleness that
restrict their application in complex environments (Ref 12, 13).

As the application fields of NdFeB continue to expand, the
demand for its corrosion resistance becomes increasingly
stringent. A single coating is insufficient to meet anti-corrosion
requirements. Therefore, combining multiple protection meth-
ods has become crucial in further expanding the application
areas of NdFeB. To enhance the corrosion resistance of NdFeB,
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research on metal-organic composite coatings have gained
increasing attention in recent years. Liu et al. (Ref 14) utilized
electrodeposition and sol-gel techniques to fabricate a Zn/silane
composite coating on the surface of NdFeB magnets, which
demonstrated superior corrosion resistance compared to pure
Zn coating due to the hindering effect of the silane sealing
layer. Furthermore, double organic coatings are another type of
method with good protection. A double-layer coating consist-
ing of a polyaniline primer and a polytetrafluoroethylene
surface-coated epoxy was successfully prepared to provide
enhanced corrosion protection for the metal substrate. The
impedance modulus of 40 wt.% polyaniline composite coating
is four orders of magnitude higher than that of the pure epoxy
resin composite coating (Ref 15). This suggests that double-
layer coatings exhibit superior corrosion resistance compared to
single-layer coating, thereby rendering the development and
application of double-layer EP coatings significant. However,
the incorporation of excessive amounts of modifiers into EP
may pose challenges in terms of composition control and entail
high process requirements for mass production, necessitating a
simple process approach.

In the previous study, our team used two different processes
of electrophoretic deposition and air spraying to prepare EP
coating on the surface of bonded NdFeB magnets (Ref 16). Due
to the fact that the sprayed EP coating is composed of large
molecular groups and electrophoresis is the process of EP
cation deposition, the coating pores formed by the elec-
trophoresis process are small, so the corrosion resistance of the
EP coating prepared by electrophoresis is better than that of the
EP coating prepared by air spraying. To further improve the
corrosion resistance of EP coating, the thickness of EP coating
can be increased by increasing the electrophoretic voltage.
However, when the electrophoretic voltage is excessively
increased to increase the thickness of EP coating, the larger
suspension point generated by the electrophoretic hanger
directly affects the surface smoothness and uniformity of EP
coating. At the same time, the use of a single process method to
prepare higher thickness of EP coating requires more stringent

conditions and leads to energy and material wastage. Therefore,
different processes can be combined to increase the EP coating
thickness. According to the literature, there is no report on the
preparation of EP coatings by combining electrophoretic
deposition and air spraying with each other on the surface of
bonded NdFeB magnets. Meanwhile, the use of the same resin
in two different processes allows the two layers to bond with
each other and the coating structure to become more stable,
further improving the corrosion resistance of the surface
coating. In this study, C-EP were firstly prepared on the surface
of RSM by cathodic electrophoretic deposition and air spray-
ing. The adhesion, hardness and corrosion resistance of the
single-layer EP coating and C-EP are analyzed and compared.
Furthermore, the corrosion mechanism of C-EP is investigated
along with its impact on the magnetic properties of RSM.

2. Experimental

2.1 Preparation of B-RSM and EP Coatings

Figure 1 shows the flowchart of preparation process of B-
RSM, E-EP/RSM and C-EP/RSM. The mixed magnetic
powder used for the fabrication of this experimental consisted
of 74.88 wt.% bonded NdFeB powder (MQP-9-6.5HD, Mag-
nequench (Tianjin) Co., Ltd.), 18.72 wt.% SUS alloy powder
(220439B, Haining FeiDa Metallurgy Powder Co., Ltd), 0.15
wt.% lubricant (C36H70O4Zn), 2.5 wt.% binder (W-6C,) and
3.75 wt.% acetone. The fabricated mixed magnetic powder was
transferred to the molding machine and pressed under a force of
105 KN. Subsequently, the pressed RSMs were cured in a
curing oven at 180 ± 5 �C for 25 mins. After solidification, the
sample temperature was allowed to drop to room temperature
before beveling and polishing. The RSMs were then washed
and dried in an ultrasonic cleaning machine to obtain the final
B-RSM.

Following was a description of the preparation process for
E-EP/RSM: 470 L of cathodic electrophoretic resin (CR6911/

Fig. 1 Preparation process flowchart of B-RSM, E-EP/RSM and C-EP/RSM
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200 K-Cl), 10 L of 2-butoxythanol solvent (PPGSOLVENT-03/
16 K-Cl), 70 L of pigment slurry (CP522F/280 K-Cl), and 450
L of pure water were added to the electrophoresis tank in turn.
The pigment slurry was composed of 2 epoxy resin, 2-
butoxyethanol, dibutyltin oxide, carbon black and water in
accordance with 2:2:1:1:4. The electrophoresis circulating
pump is turned on to make the electrophoresis tank liquid
fully mixed and uniform. An appropriate amount of acetic acid
was added to adjust the pH value of the electrophoresis bath to
6, the conductivity of the bath and the anode bath was
measured, and kept it at about 2000 lsÆcm�1. RSMs were
immersed in a pure water ultrasonic cleaning tank under the
action of the electrophoresis line travel arm for ultrasonic
cleaning for 90 s. The cleaned RSMs were passed into the
electrophoretic tank with the travel arm, and the electrophoretic
voltage was set at 90 V for the electrophoretic coating. The
entire electrophoresis lasted for 120 s. After electrophoresis,
the E-EP/RSMs were cleaned with solvent in a pure water
cleaning tank for 120 s to remove the epoxy paint from the
surface of the workpiece. Then, E-EP/RSMs were placed in the
vault furnace for baking and curing at a temperature of 180 �C
for a duration of 20 mins.

The preparation process of C-EP/RSM consisted of two
parts. Firstly, a layer of E-EP coating was deposited on the
RSM surface by cathodic electrophoresis process. After being
cured and cooled to room temperature, E-EP/RSM was placed
in an air spraying process and then coated with another EP
coating. The EP spray solution consisted of 37.6 wt.%
waterborne EP spray paint (HD-EF30) and 62.4 wt.% pure
water. The spraying was performed reciprocally using a 0.5-
mm-diameter spray gun with a spitting volume of 32-
36 gÆmin�1 and an atomization air pressure of 0.3-0.5 Mpa.
After spraying twice, the samples were placed in a drying oven
and baked at 180 �C for 15 mins. The magnets were turned
over, and the same treatment was applied to the other side of the
samples. After spraying on both sides, the RSMs were cured in
an infrared curing oven for 45 mins at 180 �C.

2.2 Characterization and Test

The surface and cross-section morphology of B-RSM, E-EP/
RSM and C-EP/RSM were characterized by SEM (SU8020,
Hitachi), and the composition of EP coating was analyzed by
EDS. The surface roughness of samples was measured by AFM
(Dimension Icon, Brooke). The porosity of E-EP and C-EP
coatings was measured using a N2 adsorption–desorption
apparatus (Autosorb-IQ3, Kantar, USA). The hardness of each
sample was measured by microhardness tester (HVS-10Z). The
binding force between EP coating and substrate was qualita-
tively measured by adhesion cross-cut test. The magnetic
properties of samples were measured with a permanent magnet
material meter. The polarization curves and electrochemical
impedance spectra (EIS) of B-RSM, E-EP/RSM and C-EP/
RSM in 3.5wt % NaCl solution were measured by electro-
chemical workstation (Shanghai Chenhua, CHI760E, China).
In the experiment, the sample was used as the working
electrode (the area was 0.2 cm2), saturated calomel (SCE) as
the reference electrode, and platinum sheet as the counter
electrode. All working electrodes were immersed in a 3.5wt. %
NaCl solution for 30 mins to achieve a stable electrochemical
potential. In the electrochemical test, the test scanning rate was
2 mV/s, the scanning potential was � 1.4 V-0 V, the potential
amplitude in the EIS measurements was 5 mV, and the

frequency range of EIS is 10�3-106 Hz. The NSS test chamber
(AHL-90-CSF, Dongguan Quanyi) was used to create a
corrosive environment by continuously spraying 5 wt.% NaCl
solution at a temperature of 35 �C, while maintaining a
saturated barrel temperature of 47 �C and pressure of
0.2 MPa. The corrosion status of the specimens was observed
and recorded every 24 h.

3. Results and Discussion

3.1 Characterization of Morphology

The morphology of the B-RSM surface is shown in
Fig. 2(a). The surface of NdFeB substrate has many cracks
and pits of different sizes due to the pressed magnetic powder.
The highly uneven surface confirms previous assertions that
bonded NdFeB substrates are particularly vulnerable to corro-
sion due to their inherent structural characteristics. The B-RSM
surface exhibits significant fluctuations, with an average surface
roughness (Sa) of 178 nm as calculated by NanoScope Analysis
2.0 software (Fig. 2b). In contrast, the E-EP/RSM surface is
smooth and flat, and its Sa is the lowest at 26.3 nm (Fig. 2e).
After the air spraying process is used to apply another layer of
EP onto the E-EP/RSM surface (Fig. 2g), no obvious cracks are
observed, but numerous spotted protrusions are present. The
surface roughness of C-EP/RSM is primarily determined by the
spraying process, and the value of Sa is between the above two,
91.7 nm (Fig. 2h). After comparing AFM images of B-RSM,
E-EP/RSM and C-EP/RSM, it is evident that EP coating
significantly reduces the surface roughness of RSM due to its
excellent film-forming properties. Moreover, it effectively
blocks the substrate from corrosive media. From the above
data, it can be seen that the EP coating brought by the
electrophoresis process has the best leveling characteristics and
the least roughness.

Figure 3 shows the SEM cross-sectional morphologies of B-
RSM, E-EP/RSM and C-EP/RSM. The RSM substrate was
internally spliced by block magnetic powder with a plethora of
cracks and holes (Fig. 3a). The coating thickness of E-EP/RSM
(Fig. 3b) was measured to be approximately 15 lm, while that
of C-EP/RSM (Fig. 3c) was around 30 lm. The EP coating
formed on the surface of the bonded NdFeB substrate was
uniform in thickness, without fluctuations or defects, effectively
covered many pores and gaps on the substrate surface. It can
also be seen that the tight bonding between the sprayed EP
coating on the surface and the electrophoretic EP coating on the
bottom is evident, with no discernible boundaries. This can be
attributed to both coatings being of the same type of EP, which
offers superior material compatibility compared to heteroge-
neous materials.

The porosity of the coating can directly affect the protective
performance of the coating. The BET equation was used to
estimate the specific surface area of E-EP and C-EP coatings,
and the BJH treatment was applied to the desorption isotherms
to calculate the pore size distributions of E-EP and C-EP
coatings. It can be seen from Fig. 4 that both coatings are
porous structures with pore sizes between 10 and 50 nm. It
indicates that the pore distribution of E-EP and C-EP coatings
is approximately the same, and the structures are similar.
Table 1 summarizes the mean pore diameter, pore volume and
BET surface area of the samples. The average pore diameter of
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E-EP/BSM is 15.926 nm, which is lower than the average pore
diameter of C-EP/BSM at 17.05 nm. The pore volumes of E-
EP/BSM and C-EP/BSM are 0.004 cm3/g and 0.003 cm3/g,
respectively. The smaller pore volume of C-EP compared to E-
RSM also indicates that C-EP has a compact structure and
better protective properties.

The distribution of elements on the surface of the samples is
illustrated in Fig. 5. It can be observed that Nd and Fe are the
main components of B-RSM, while Pr, Ce and Cr peaks
indicate doping elements present in the original magnetic
powder. Additionally, trace amounts of Mo, La and Ti were also
detected. E-EP/RSM and C-EP/RSM exhibit similar composi-
tions. In addition to the organic constituents of C and O, there
exist trace amounts of Al and Si elements. As these peaks do
not overlap with those of Nd, Fe and B, they will not interfere

with the detection of said elements. The elemental weights in
selected areas are presented in Table 2.

As shown in Table 2, B-RSM consists mainly of Nd, Fe, B
and C with contents of 4.41, 60.94, 2.65 and 11.84 at.%,
respectively. The surface elements of E-EP/RSM and C-EP/
RSM are primarily composed of C and O, indicating that the EP
coatings exhibit excellent encapsulation effects on RSMs. The
combined weight percentages of C and O elements in C-EP/
RSM are higher at 90.21 at.%, which shows the stronger
sealing characteristics of double-layer EP.

3.2 Analysis of Performance

As can be seen from Fig. 6, after being treated with 3 M
tape, the scratch area of the E-EP coating shows no obvious

Fig. 3 SEM cross-sectional morphologies: (a) B-RSM; (b) E-EP/RSM; (c) C-EP/RSM

Fig. 2 SEM morphology and AFM images of B-RSM (a), (b), (c), E-EP/RSM (d), (e), (f), C-EP/RSM (g), (h), (i)
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Fig. 4 Pore size distribution curves of N2 adsorption: E-EP/RSM (a), C-EP/RSM (b)

Table 1 Pore structure parameters of E-EP/RSM and C-EP/RSM

Specimen BET surface areas, m2/g Total pore volume, cm3/g Mean pore size, nm

E-EP/RSM 2.522 0.004 15.629
C-EP/RSM 1.933 0.003 17.050

Fig. 5 Analysis of elemental composition on sample surface: (a) B-RSM; (b) E-EP/RSM; (c) C-EP/RSM
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signs of peeling, and its adhesive level is rated at 0. In contrast,
the C-EP coating exhibits some degree of peeling within the
scratch area, but less than 5%, resulting in adhesive level rating
of 1. The adhesion strength of E-EP coating is a little stronger
than that of C-EP. This is due to the fact that the surface
roughness of the matrix is correlated with adhesion strength
(Ref 17). As substrate surface roughness increases, the real
surface area of the substrate surface increases, and the contact
area between the coating and the substrate increases, thus
increasing the strength of the adhesive force between them. The
adhesion strength of C-EP/RSM is influenced by the surface
roughness of E-EP/RSM, whereas that of E-EP/RSM is affected
by the surface roughness of B-RSM. As the surface roughness
of B/RSM is higher than that of E-EP/RSM, the adhesion
strength of E-EP coating is correspondingly stronger than that
of C-EP coating.

The microhardness of E-EP/RSM and C-EP/RSM is mea-
sured using the HVS-10Z digital microhardness tester. The
square indentation on the sample test surface is illustrated in
Fig. 7. As shown in the figure, the surface of E-EP/RSM
appears smoother than that of C-EP/RSM, with a clearer
indentation, which is consistent with SEM results. The
measurement diagram for the sample is shown in Fig. 7(c).
The Vickers hardness value of the sample is calculated
according to Eq. 1 by measuring the length of the two diagonal
lines d1 and d2 of the indentation.

Hm ¼ 2F sin
a
2
=d2 ðEq 1Þ

The results show that the average microhardness of E-EP/
RSM is 30.977 HV, while the microhardness of C-EP/RSM is
33.623 HV, which is slightly increased compared to that of E-
EP/RSM.

Table 2 Weight of sample elements

Sample

Element weight, at.%

Nd Fe B C N O Si Al Ti

B-RSM 4.41 60.94 2.65 11.84 0.11 4.81 0.21 0.29 0.01
E-EP/RSM 0.01 0.64 3.85 66.43 2.42 19.48 3.60 3.21 0.37
C-EP/RSM 0.01 0.41 3.48 70.89 1.34 19.32 4.54 0.02 0.00

Fig. 6 Adhesion cross-cut test images of C-EP/RSM (a) and E-EP/RSM (b)

Fig. 7 Microhardness test images of E-EP/RSM (a) and C-EP/RSM (b); The measurement diagram (c)
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As can be seen from the potentiodynamic polarization
curves in Fig. 8, compared with B-RSM, the Ecorr of E-EP/
RSM and C-EP/RSM show positive shifts, with values of
� 0.630 V and � 0.412 V, respectively. In corrosive environ-
ments, EP itself is not easily reactive with corrosive media and
simultaneously acts as a good shielding medium, improving the
corrosion resistance of RSM. Compared to E-EP/RSM, the
polarization curves of C-EP/RSM exhibit passivation behavior
at 10�4 and 10�5 A/cm2. We attribute this to the fact that the
double coating additionally increases the limitation of the
diffusion of electrolyte ions in the coated film and therefore
exhibits passivation at a specific current range. This also
indicates that the double-layer EP coating has better corrosion
resistance. The polarization curves are analyzed by Tafel
extrapolation method, and the corrosion current density (Icorr)
was extracted, as shown in Table 3. As can be seen from
Table 3, the Icorr of E-EP/RSM and C-EP/RSM is
4.613 9 10�5A/cm2 and 6.972 9 10�6A/cm2, respectively,
which is smaller than the Icorr of B-RSM. According to
Faraday�s law (Ref 18), corrosion rate is proportional to Icorr. In
the same environment, due to the protective effect of EP
coating, the corrosion rate of E-EP/RSM and C-EP/RSM is
lower than that of B-RSM, so they have better corrosion
resistance. The Icorr of C-EP/RSM is the smallest and its
corrosion resistance is also the best, so the double-layer EP
coating will greatly improve the corrosion resistance of bonded
NdFeB magnets.

Figure 9 shows electrochemical impedance spectra (EIS)
plots of B-RSM, E-EP/RSM and C-EP/RSM. Figure 9(a), (b),
(c) and (d) shows the Nyquist plot, equivalent circuit model,

Bode phase angle plot and Bode modulus plot, respectively. It
can be seen that a single capacitive resistance arc appeared in
all three curves (Fig. 9a). Based on the radius size of the
capacitive arc, it can be concluded that C-EP/RSM protective
coating exhibits the largest radius, followed by E-EP/RSM and
B-RSM in descending order. The magnitude of the capacitive
arc�s radius is indicative of corrosion rate at matrix-protective
layer interface in electrolyte solution. A larger radius corre-
sponds to a slower corrosion rate for the samples. The corrosion
rate of the sample can be ranked as C-EP/RSM, E-EP/RSM and
B-RSM in ascending order. Therefore, the corrosion resistance
follows the same order from high to low.

The equivalent circuit (Ref 19) shown in Fig. 9(b) is used to
fit the impedance spectrum in Fig. 9(a). The fitting results of B-
RSM, E-EP/RSM and C-EP/RSM impedance parameters are
shown in Table 4. Rs and Rct denote the resistance and charge
transfer resistance in electrochemical corrosion, respectively.
Rct is defined as the value that corresponds to the corrosion
resistance when -Z‘‘ = 0 corresponds to the value of Z’ (Ref
20), and its value corresponds to the diameter of the capacitive
arc. CPE, a constant phase angle element, is employed to
enhance fitting accuracy by accounting for heterogeneity effects
(Ref 21, 22). Compared with E-EP/RSM and B-RSM, C-EP/
RSM has the largest Rct value. After 30 min of corrosion, the
Rct values of B-RSM, E-EP/RSM and C-EP/RSM are 836.8,
2018 and 2354 XÆcm2. CPE is usually determined by the
admittance Y0 and the dispersion index n (Ref 23). The
dispersion index n is between 0.5 and 1, indicating that
different degrees of dispersion effect occur on the surface of the
magnetic ring. Y0 reflects the reaction rate of the electrode to a
certain extent, and lower Y0 values indicate a more uniform
surface and better corrosion resistance of the coating (Ref 24).
C-EP/RSM has the smallest Y0 and the largest Rct. Therefore, it
can be concluded that C-EP/RSM exhibits superior corrosion
resistance.

The corrosion inhibition efficiency (IE%) of the coating on
B-RSM can be calculated by Eq. 2 (Ref 25), and the results are
also given in Table 4:

IE% ¼ Rint
ct � Rct

� �
=Rint

ct � 100 ðEq 2Þ

where Rct
int and Rct are the inhibited and uninhibited charge

transfer resistance. It can be seen from the table that the IE of E-
EP/NdFeB and C-EP/NdFeB were 94.8 and 95.1, which can
further prove the above view.

As shown in Fig. 9(c), we can see that the Bode phase angle
diagrams of all three samples shows a single peak, indicating
that there was only one time constant, which is consistent with
that shown by the Nyquist plot. The impedance modulus value
is commonly utilized for assessing the corrosion resistance of
coating, with higher values in the low-frequency band indicat-
ing superior resistance to corrosion (Ref 26). The low-
frequency impedance modulus of the samples is C-EP/RSM,
E-EP/RSM and B-RSM in descending order (Fig. 9d), and the

Fig. 8 Potentiodynamic polarization curves of B-RSM, E-EP/RSM
and C-EP/RSM

Table 3 Polarization parameters of B-RSM, E-EP/RSM and C-EP/RSM

Specimen Ecorr/V Icorr., A/cm
2 Cathodic slope, V/decade Anodic slope, V/decade

B-RSM � 0.883 6.226 9 10�4 � 0.210 0.209
E-EP/RSM � 0.630 4.613 9 10�5 � 0.151 0.160
C-EP/RSM � 0.412 6.972 9 10�6 � 0.143 0.151
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impedance modulus decreases gradually with the increase in
frequency, so it is also judged by the impedance modulus value
that the corrosion resistance of C-EP/RSM is better than E-EP/
RSM and B-RSM.

The surface morphologies of NSS tests for B-RSM, E-EP/
RSM and C-EP/RSM are shown in Fig. 10. After 24 h of NSS
test (Fig. 10b), the surface of B-RSM had a large area of red
rust, and the corrosion phenomenon is relatively serious. After

Fig. 9 Nyquist plot (a), equivalent circuit model (b), Bode phase angle plot (c) and Bode modulus plot (d) of B-RSM, E-EP/RSM and C-EP/
RSM

Table 4 Impedance parameters of B-RSM, E-EP/RSM and C-EP/RSM

Specimen Rs/X, cm2 Rct/X,Æcm2 Y0/FÆcm
22Æsn21 n IE., %

B-RSM 6.413 836.8 1.81E�4 0.85707
E-EP/RSM 13.87 2018 1.05E�4 0.84172 94.8
C-EP/RSM 11.57 2354 6.57E�5 0.83429 95.1

Fig. 10 Surface morphology before and after NSS test: B-RSM (a), (b); E-EP/RSM (d), (e), (f); C-EP/RSM (g), (h), (i) and XRD patterns of
B-RSM, E-EP/RSM and C-EP/RSM (c)

Journal of Materials Engineering and Performance



24 h NSS experiment of E-EP/RSM (Fig. 10e), there were no
rust spots on the surface. When the NSS time reached 144 h
(Fig. 10f), rust appeared on the surface of E-EP/RSM, which
was significantly reduced compared with B-RSM, accompanied
by local expansion corrosion, and no obvious substrate
exposure. On the surface of B-RSM, the EP coating plays a
good physical shielding role. After 144 h of contact, the
corrosive medium corroded the NdFeB matrix through the
corrosion channel of the coating. The corrosion products
gradually accumulate and spread to the surface of the coating
along the corrosion channel. The optical surface morphology of
C-EP/RSM at 144 h of NSS test (Fig. 10h) was basically the
same as that before salt spray test, and no obvious rust spots
were found on the surface. After 216 h of NSS testing
(Fig. 10i), a small amount of red pitting was observed on C-EP/
RSM.

The XRD patterns of B-RSM, E-EP/RSM and C-EP/RSM
after corrosion (Fig. 10c) are basically the same, with
diffraction peaks of the main phase Nd2Fe14B (JCPDF card:
39-0473), Fe2O3 (JCPDF card: 47-1409) and Nd2O3 (JCPDF
card: 28-0671), which indicates that the EP coatings themselves
do not react with the corrosive medium and play the role of
physical shielding. These rust spots are mainly Fe2O3 and
Nd2O3, which are produced by the corrosion of the main phase
Nd2Fe14B and the Nd-rich phase (Ref 27). The NSS time for C-
EP/RSM was 1.5 times longer than that of E-EP/RSM. Fewer
surface corrosion products were observed on C-EP/RSM,
indicating a relatively weak corrosion phenomenon. Therefore,
the double-layer EP coatings demonstrated superior corrosion
resistance.

The magnetic properties of bonded NdFeB magnets formed
by pressing were tested using a permanent magnet material
with different temperature B/H curve measuring instrument, so
as to detect the influence of coating on the magnetic properties
of bonded NdFeB magnets. The demagnetization curves of the
coated and uncoated samples are presented in Fig. 11, with
extracted magnetic properties listed in Table 5. It can be

observed that the demagnetization curves of B-RSM, E-EP/
RSM and C-EP/RSM almost coincide, indicating that the
coating has negligible influence on the magnetic properties of
magnets. In comparison with their uncoated counterparts, a
slight decrease in remanence (Br) is observed for the coated
samples, with reductions of 0.77% and 1.15% for E-EP/RSM
and C-EP/RSM samples, respectively. The endogenous coer-
civity (Hcj) and coercivity (Hcb) of the coated samples remain
almost unchanged, with a negligible change not exceeding
1.00%. The maximum variation in the (BH)max of the coating
samples is only 2.14%. ZnAl-EP coatings (Ref 28) prepared on
bonded NdFeB magnets shows a 7.6% decrease in the
maximum magnetic energy product compared to the uncoated
samples. In addition, other coating methods such as magnetron
sputtered Al coatings (Ref 29), electroplated Al-Mn coatings
(Ref 30), and electroless plated Ni-P coatings (Ref 31) have
also been found to cause a reduction in magnetic properties
(Hcj, Br or (BH)max) of at least 4%. Therefore, the double
coatings of C-EP/RSM do not significantly affect the magnetic
properties of bonded NdFeB magnets, which is advantageous
for their subsequent application and development.

3.3 Corrosion Mechanism

A more detailed analysis of the electrochemical impedance
spectrum is conducted based on EIS and the microstructure of
bonded NdFeB magnets. An equivalent circuit is utilized to
interpret the electrochemical impedance spectrum of C-EP/
RSM, as illustrated in Fig. 12. As reported in relevant literature,
the microstructure of NdFeB magnets is characterized by
porosity (Ref 32, 33). The primary pathway for the diffusion of
corrosion electrolyte in NdFeB is through cracks and pores.
The coating of the C-EP/RSM consists of a dense inner epoxy
layer and a slightly loose outer epoxy layer. Since both epoxy
resins are water-soluble epoxy resins, both of them have the
same properties, and the two layers are tightly bonded to each
other, the two coatings can be regarded as a unified whole.
Therefore, the bilayer coating of C-EP/RSM can be considered
as a single component Rcoat. CPEcoat and Rcoat are used to
represent the capacitance and resistance of the bilayer coating
for fitting and interpreting the EIS of C-EP/RSM. The measured
Rcoat by EIS is associated with the kinetics of anodic dissolution
reaction, hence enabling assessment of corrosion resistance in
samples based on Rcoat. The higher the Rcoat value, the higher
the corrosion resistance of the sample. C-EP/RSM exhibits the
highest Rcoat value and thus demonstrates superior corrosion
resistance. EIS results obtained are consistent with those from
previous kinetic potential polarization curves. Due to its
exceptional super-hydrophobicity and corrosion resistance,
the double-layer epoxy resin coating effectively prevents
corrosive media such as chloride ions and water molecules
from penetrating into the substrate. However, it still suffers
from fine cracks and holes despite its dense structure. When the
NdFeB magnets are exposed to the external corrosive environ-
ment, the corrosion factor slowly penetrates and transmits to the
junction of the NdFeB matrix and epoxy resin, leading to
internal corrosion and generation of corrosion products. The
Nd-rich equivalent generated corrosion products are not easily
transferred or diffused to external environment, and diffusion
channel is blocked, which would lead to the accumulation of
corrosion products. It would seriously lead to the bulging and
peeling of the coating, and finally lead to the failure of the
coating.

Fig. 11 Demagnetization curves of B-RSM, E-EP/RSM and C-EP/
RSM
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4. Conclusions

In this study, cathodic electrophoretic deposition and air
spraying were employed to fabricate a double-layer epoxy resin
coating on the bonded NdFeB surface. The findings demon-
strated that the EP coating infiltrated into the pores of the
NdFeB substrate and exhibited an excellent sealing effect.
Another layer of epoxy resin was sprayed on the surface of E-
EP/RSM, and the hardness of double-layer EP coatings
increased slightly to 33.623 HV. Compared to B-RSM and E-
EP/RSM, the Icorr of C-EP/RSM decreased by approximately
one order of magnitude. Furthermore, the NSS time of C-EP/
RSM was 216 h, which was 1.5 times higher than E-EP/RSM,
indicating the excellent corrosion resistance of C-EP/RSM. The
utilization of identical EP in dual coatings facilitates interlayer
adhesion, thereby preventing delamination and promoting
coating stability. The synergistic effect of these two layers
enhances the anti-corrosion performance of the coating system.
Double-layer EP coatings have minimal impact on the magnetic
properties of RSM, so it can be widely applied in corrosion
resistance research and industrial production of RSM.
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