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The poor corrosion resistance of sintered NdFeB imposes a great challenge in industrial applications. In
this work, the SiC/Al bilayer thin films with the thickness of 510 nm were deposited on sintered NdFeB by
magnetron sputtering to improve the corrosion resistance. A 100 nm Al buffer film was used to reduce
the internal stress between SiC and NdFeB and improve the surface roughness of the SiC thin film. The
morphologies and structures of SiC/Al bilayer thin films and SiC monolayer film were investigated with
FESEM, AFM and X-ray diffraction. The corrosion behaviors of sintered NdFeB coated with SiC monolayer
film and SiC/Al bilayer thin films were analyzed by polarization curves. The magnetic properties were
measured with an ultra-high coercivity permanent magnet pulse tester. The results show that the surface
of SiC/Al bilayer thin films is more compact and uniform than that of SiC monolayer film. The corrosion
current densities of SiC/Al bilayer films coated on NdFeB in acid, alkali and salt solutions are much lower
than that of SiC monolayer film. The SiC/Al bilayer thin films have little influence to the magnetic

properties of NdFeB.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

NdFeB permanent magnets have been widely used in many
fields due to their high remanence, coercive force and maximum
magnetic energy product [1-3]. However, the chemical stability of
NdFeB is poor because of its multiphase microstructures which
consist of Nd,Fe 4B main phase, Nd-rich and B-rich phases [4-5].
NdFeB is prone to oxidize under the daily use, and serious elec-
trochemical corrosion will happen under hot and humid atmo-
spheres. The corrosion problems of NdFeB have become the bot-
tleneck of limiting applications [6].

There are many attempts to improve the anti-corrosion quality
of sintered NdFeB permanent magnets, such as adding alloy ele-
ments which is at the expense of magnetic properties [7], surface
electroplating and chemical plating in industry [8]. However,
electroplating is often associated with the environment problems
and it will deteriorate NdFeB magnetic performance at certain
extent [9]. As one of the environmental friendly technologies,
physical vapor deposition technology (PVD) has advantages of
good adhesive force between film and substrate, higher film
quality and less influence on its magnetic performance. PVD is
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increasingly applied in NdFeB surface corrosion resistance com-
pared with electroplating [10-14]. In recent years, Ti/TiN, Al/AIN
and Al/Al,O3 coatings have been deposited on sintered NdFeB by
PVD [15-17]. However, there has been lack of information about
SiC/Al bilayer films prepared on NdFeB by magnetron sputtering.
Al coating possesses the outstanding ductility, and Al (0.406 nm)
has the similar lattice constant with SiC (0.436 nm). Furthermore,
there are the interfacial reaction and metallurgy bonding between
Al coating and NdFeB substrate [16], so Al can improve the ad-
hesive strength of the SiC film with the NdFeB substrate. SiC has
the good resistance to high temperature oxidation and corrosion,
high thermal conductivity, good wear-resisting performance and
strong radiation resistance [18-19]. The SiC/Al-coated on NdFeB is
a promising way to improve the corrosion resistance. This paper
has studied SiC/Al bilayer and SiC monolayer thin films deposited
on sintered NdFeB magnets by magnetron sputtering.

2. Experimental details
2.1. The preparation of thin films
The thin films were prepared with FJL560B1 type ultrahigh

vacuum magnetron sputtering equipment (SKY Technology De-
velopment Co., Ltd. Chinese Academy of Sciences). The whole
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Table 1
NdFeB magnet composition.

NdFeB (42M) Pr, Nd B Dy Fe Others
wt% 30.33 1.02 1.81 65.8 1.04
Table 2
Specific deposition parameters of different thin films.
Coating  Layer Power (W) Work Deposition  Controlled  Ar flow
pressure  time (min) thickness rate
(Pa) (nm) (sccm)
Al single 50 0.5 154 510 40
layer
SiC sin- 150 0.5 112 510 60
gle
layer
SiC/Al Al 50 0.5 30 100 40
layers  SiC 150 0.5 90 410 60

sputtering process was at room temperature. The sintered SiC
(purity 99.5%) and metal Al (purity 99.99%) were used for targets.
The sintered NdFeB specimen (No. 42M) which compositions were
listed in Table 1, with a size of 12.60 mm x 7.60 mm x 0.90 mm
were ground and polished to a mirror surface and then ultra-
sonically cleaned under acetone followed by alcohol before coat-
ing. The base pressure of sputtering chamber was 1.0 x 104 Pa
and the deposition was carried out under Ar atmosphere. We also
pre-sputtered the Al and SiC targets before deposition.

Al and SiC films were sputtered by DC and RF magnetron
sputtering in sequence, which realized the growth of Al and SiC
thin films in turn. For comparison, pure Al and SiC single thin films
which have the same thickness with SiC/Al bilayer thin films were
also prepared. The specific deposition parameters were listed in
Table 2.

2.2. The structures and performances of the thin films

The crystal structures of the films were measured by an X-ray
diffraction (XRD, D/Max2500V, Rigaku) with Cu Ko radiation. The
surface and cross-sectional morphologies of the SiC/Al thin films
were measured with an atomic force microscope (AFM,

CSPM5500A, Chemistry primitive nano instrument Co., Ltd. Chi-
nese Academy of Sciences) and a field emission scanning electron
microscope (FESEM, SU8020, Hitachi) respectively. The thickness
of Al film and SiC film were measured with FESEM. The magnetic
properties (remanence, coercivity and maximum energy product)
of NdFeB coated with SiC/Al were measured by an ultra-high
coercivity permanent magnet pulse tester (PFM12.cn, Hirst Mag-
netic Instruments Ltd, Britain).

The electrochemical corrosion behaviors of the specimens were
evaluated by potentiodynamic polarization in 0.62 mol/L NadCl,
6.25 mol/L NaOH and 0.10 mol/L H,SO,4 solutions having PH of 7,
14, 1 respectively by extensive PH indicator paper at 25 + 3 °C,
using a CHI6G50D electrochemical analyzer (Shanghai Chenhua,
China). A conventional three-electrode cell was used with the Ag/
AgCl as the reference electrode and a platinum sheet as the
counter electrode. The exposed surface area of the working elec-
trodes was 0.94 cm?. The electrolyte was aerated and the speci-
mens as working electrode were kept in the solutions for 1 h be-
fore the potentiodynamic polarization test to obtain the stable
potential, and the scanning speed was 2 mv/s with the applied
potential varied from —1.4V to —0.2 V. We fixed the wire at the
sample's backside and then lacquered the backside and all four
sides so that we could only test the surface corrosion resistant

Fig. 1. XRD patterns of NdFeB substrate and NdFeB coated with SiC/Al

rather than the sides and backside of samples.

3. Results and discussion
3.1. Structures of thin films

Fig. 1 shows the XRD patterns of the NdFeB substrate and SiC/Al
coated on NdFeB. There are four major diffraction peaks of
Nd,Fe 4B (004), (105), (006), (008) and two diffractive peaks of Al
(220), (311), which indicates that NdFeB and Al film are crystalline.
However, SiC broad diffraction peak is unclear because the strong
diffraction peak of NdFeB covers up it and the film thickness of SiC
is too thin to be diffracted. Furthermore, some extra small dif-
fractive peaks of Nd,Fe 4B are also observed and the intensity of
main diffractive peaks is strengthened after sputtering SiC/Al
films, because the bombardments of sputtering particles to the
NdFeB substrate will provide an extra crystallizing energy for
Nd2F614B.

3.2. Morphologies of thin films

Fig. 2 shows AFM (scanning range is 5 x 5 pm?) micrographs of
the SiC monolayer film and SiC/Al bilayer films. The particle size of
SiC monolayer film is inhomogeneous and rough in Fig. 2a, while
SiC/Al bilayer films exhibit a flat surface, and small uniform par-
ticles in Fig. 2b. Table 3 shows the average particle diameters and
roughness of SiC and SiC/Al thin films. The average particle dia-
meter and roughness parameters of SiC monolayer film are 212 nm
and 6.17 nm respectively, while the corresponding parameters of
SiC/Al bilayer films are 193 nm and 3.82 nm respectively. This
means the Al buffer layer acts on the smoothing surface of the SiC
thin film.

SiC monolayer film has larger particles and roughness than that
of SiC/Al bilayer films, and there are some micropores on its sur-
face from AFM observation. The particles of SiC/Al thin films are
smaller and denser, and the film surface is smoother and has little
apparent defects, which is related to three aspects. First, there are
some pores on NdFeB substrates coming from powder metallurgy
process, thus SiC monolayer film cannot completely cover these
slots. Second, there are the interfacial diffusion reaction of Al, Fe
and Nd and metallurgy bonding between the Al coating and NdFeB
substrate [17], which means the Al coating has combined well
with NdFeB substrate. Furthermore, Al (0.406 nm) has the similar
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Fig. 2. AFM morphologies (a) SiC monolayer film and (b) SiC/Al bilayer films.

Table 3
The AFM data of SiC and SiC/Al thin films coated on NdFeB.

Specimens The average particle diameter The average roughness (nm)
(nm)

SiC/NdFeB 212 6.17

SiC/Al/NdFeB 193 3.82

lattice constant with SiC (0.436 nm), they can match well in
boundary. Thus, Al buffer layer is a good imbedded layer which
can effectively reduce the internal stress caused by mismatch
between SiC and NdFeB and improve the surface roughness of SiC
coated on NdFeB.

Fig. 3 shows FESEM micrographs of the surface and the cross
section of SiC/Al bilayer films coated on NdFeB. Fig. 3a presents a
nano-crystal surface of SiC/Al bilayer films, and Fig. 3b is a cross-
sectional SEM image of SiC/Al films coated on NdFeB, in which SiC
film exhibits a slight columnar structure, and the thicknesses of Al
and SiC thin films are 100 nm and 410 nm respectively.

3.3. Corrosion resistance of films

Fig.4 shows the potentiodynamic polarization curves for NdFeB
substrate, and the same thick Al, SiC and SiC/Al-coated on NdFeB
in 0.62 mol/L NaCl, 6.25 mol/L NaOH and 0.10 mol/L H,SO, solu-
tions respectively. The corrosion potential E o and current density
Iorr calculated by Tafel extrapolation are listed in Table 4. Ac-
cording to Faraday law, during the electrochemical corrosion
process, the relationship between corrosion rate and corrosion
current density is as follows [20]:

_ MIcorr
y = —corr
nF

Fig. 3. FESEM (a) surface and (b) cross-section micrographs of the SiC/Al bilayer
films coated on NdFeB.

where v is corrosion rate, M is the atomic mass of corrosion metal,
n is the chemical valence state and F is Faraday's constant. It can be
seen that the corrosion rate is directly proportional to the corro-
sion current density for a certain material.

A shift of the whole polarization curves towards the region of
lower current density and the higher potential indicates the ob-
vious improvements of the corrosion resistances for the coated
NdFeB. Ecorr and Igorr (vs. Ag/AgCl) of bare NdFeB, Al-coated, SiC-
coated and SiC/Al-coated on NdFeB specimens are —0.697 V and
1.545 x 10~° A/cm?, —0.823 V and 3.764 x 10~ A/cm?, —0.528 V
and 1474x107% Ajcm?, —0.261V and 9.078 x 102 Ajcm? in
0.62 mol/L NaCl solution respectively. I, order is NdFeB > Al-
coated > SiC-coated > SiC/Al-coated, and SiC/Al bilayer films have
about two orders of magnitude lower than that of SiC monolayer
film, which reveals that the corrosion resistance of SiC monolayer
film is improved due to the intercalation of Al layer. Furthermore,
the surface of uncoated NdFeB is full of yellow rust quickly
(Fig. 5a), while the SiC-coated surface is distributed little gray rust
(Fig. 5b) and the SiC/Al-coated surface is still shining and almost
intact (Fig. 5¢) in 0.62 mol/L NaCl solution. This corrosion mor-
phology is consistent with the potentiodynamic polarization re-
sults in 0.62 mol/L NaCl solution.

The corrosion resistance of SiC/Al/NdFeB is superior to that of
SiC/NdFeB, which is closely related to the coating structure. First,
there are many micropores on the sintered NdFeB substrate,
meanwhile SiC monolayer film presents a cross sectional columnar
structure in Fig. 3b and surface holes in Fig. 2a, which may be
prone to the corrosive media penetration and brought about the
pitting corrosion. However, Al buffer layer can avoid the direct
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Fig. 4. Potentiodynamic polarization curves of the NdFeB substrate, Al, SiC and SiC/Al-coated on NdFeB in (a) 0.62 mol/L NaCl, (b) 6.25 mol/L NaOH and (c) 0.10 mol/L H,SO,4

solutions (Ecorr/V, Ieorr/(Acm™2)).

Table 4
Polarization data of Al, SiC and SiC/Al-coated on NdFeB.

Solutions Specimens

Bare NdFeB Al/NdFeB SiC/NdFeB SiC/Al/NdFeB

ECOIT(V) Icorr(Alcmz) ECOI'I‘(V) ICOl‘r(Alcmz) ECOIT(V) IEOrl‘(A/(:mZ) ECOI‘I’(V) Icorr(Alcmz)
NaCl —0.697 1.545 x 10~° ~0.823 3.764 x 10 —0.528 1.474 x 106 —0.261 9.078 x 10~°
NaOH —0.570 1.304 x 107 -1.026 1.012 x 10~> —0.944 4.049 x 10~6 —-0.316 2.003 x10°°
H,S04 —0.492 2713 x 1073 —0.516 1912 x 1073 —0.406 1.733x 103 —0.457 5.742 x 10~*

contact between the NdFeB substrate and column SiC film and
inhibit the electrolytic permeation by column channels. In addi-
tion, the additional Al buffer layer can decrease the lattice mis-
match between SiC film and NdFeB substrate. This will decrease
the surface roughness of the SiC thin film and improve the adhe-
sion of SiC film with NdFeB substrate.

By comparing the polarization curves (Fig. 4a) of NdFeB with Al/
NdFeB, the bare sintered NdFeB exhibits an actively dissolving be-
havior in the electrolyte. However, the anodic branch of the Al film
coated on NdFeB exhibits three stages. First, the corrosion current
density increases slowly with the increasing corrosion potential from
—0.80V to —0.60V, and this slow anodic soluble corrosion behavior
of Al film comes from the formed passive film on Al film in the
electrolyte [21], which can partly prevent the Al coating from cor-
rosion reaction and will benefit of the NdFeB protection. At second
stage, the corrosion current density increases rapidly with the

corrosion potential increasing from —0.60V to —0.48V, which
means the actively dissolving of Al passive film and accompanying
some micro-pores occurrence on Al film. At final stage, the polar-
ization curve variation of Al film coated on NdFeB is similar to bare
NdFeB as corrosion potential is more than —0.48 V, which implies
that the dissolution rate of passive film is slightly more than the its
growing rate. There are some micro-pores on the passive film at
second stage corrosion, which makes the fresh Al surface expose to
corrosion solution and accelerate the dissolution of Al film. Al single
film will lose the protective effects on NdFeB, once its surface passive
film is damaged.

In addition, E. order is Al-coated (—0.823 V)< bare NdFeB
(—0.697 V) < SiC-coated (—0.528 V) < SiC/Al-coated (—0.261 V) in
0.62 mol/L NaCl solution respectively. Al layer mainly acts on the
sacrificial protection for NdFeB while SiC layer is a surface pro-
tective coating as they contact each other in electrolyte.
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Fig. 5. The photos of (a) bare NdFeB (b) SiC/NdFeB (c) SiC/Al/NdFeB after po-
tentiodynamic polarization test in 0.62 mol/L NaCl solution. (For interpretation of
the references to color in this figure, the reader is referred to the web version of this
article.)

Table 5
Magnetic properties of the coated SiC/Al bilayer films and bare NdFeB specimens.

Specimens Magnetic properties
Remanence, B, Coercive force, Maximum energy pro-
kG Hg/kOe duct, (BH)max/MGOe
NdFeB 13.21 15.02 40.13
SiC/Al/NdFeB 12.86 15.29 38.89

Among three kinds of solutions, the SiC/Al bilayer films exhibit
the best corrosion resistance in 6.25 mol/L NaOH solution, and the
worst corrosion resistance in 0.10 mol/L H,SO4 solution, because
Icore Of the SiC/Al coated on NdFeB in 0.10 mol/L H,SO,4 solution is
5.742 x 10~* (Table 5), which is much more than that in NaCl and
NaOH solutions. Furthermore, there is the selectively intergranular
corrosion of NdFeB in H,SO,4 solution based on Ref. [22], once the
acid solution penetrates into the NdFeB substrate through the
surface pores, the NdFeB coated with SiC/Al will bubble violently
as our experimental observation.

3.4. Magnetic properties

Table 5 shows the magnetic properties of SiC/Al/NdFeB and
bare NdFeB specimens. The remanence (B;) value and maximum
magnetic energy product (BH)nax of SiC/Al/NdFeB have slightly
decreased, however its coercive force (H;) has increased distinctly
comparing with the bare NdFeB specimen. The magnetic proper-
ties of the SiC/Al/NdFeB may be ascribed to two reasons. On the
one hand, the plasma bombarding NdFeB substrate surface during
coating may pin up the magnetic domains and this contributes to
the enhancement of the Hg. On the other hand, the diffractive
peak strength of NdFeB coated SiC/Al bilayer films is higher than
that of bare NdFeB according to XRD patterns in Fig. 1, which in-
dicated that the crystallinity of NdFeB is enhanced after coating
and more grain boundaries can impede the magnetic domain to
rotate during magnetizing and demagnetizing, so the coercive
force of coated NdFeB increases [23-24]. Meanwhile, there are
some the lattice distortion in NdFeB coated SiC/Al due to interface
atomic mismatch. The magnetic permeability of NdFeB close to
mismatch region decreases and the magnetic flux density also
reduces, which lead to maximum magnetic energy product
(BH)max decrease slightly.

4. Conclusions

(1) The SiC/Al bilayer films are successfully prepared on the sin-
tered NdFeB substrates by magnetron sputtering. The XRD
patterns show that the prepared Al film is crystalline and the
diffractive peak of SiC is unclear.

(2) The Al buffer layer can effectively reduce the internal stress
between SiC and NdFeB and improve the surface roughness of
SiC coated on NdFeB. The particles of SiC/Al thin films are
smaller and denser and the film surface is smoother and has
little apparent defects than those of SiC monolayer film.

(3) The corrosion resistance of NdFeB coated with SiC/Al bilayer
films is better than that coated with SiC monolayer film in
three kinds of solutions, because Al buffer layer reduces the
structure defect of SiC monolayer and acts on the sacrifice
layer for NdFeB substrate. SiC/Al/NdFeB expresses the worst
corrosion resistance in the 0.10 mol/L H,SO,4 solution.

(4) The coated SiC/Al bilayer films do not deteriorate the magnetic
properties of NdFeB substrates.
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