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The surface of sintered NdFeB was coated with a lanthanum-silane film using an electrochemically assisted
sol-gel method to improve its protective performance. The electrochemically assisted deposition mechanism is
localized alkali catalysis at the surface with an applied cathodic potential, which promotes the condensation
reaction of hydrolyzed silanol groups on the sintered NdFeB substrate surface and the production of lanthanum
oxide/hydroxide in the silane film as well. Contact angle test results indicated that the hydrophobicity of the
lanthanum-silane film was considerably enhanced compared to the bare sintered NdFeB substrate, and the water
contact angle was above 150°. Meanwhile, electrochemical measurements suggested that the lanthanum-doped
silane film significantly reduced the corrosion rate of the sintered NdFeB magnet in a 3.5 wt% NacCl solution with
an Lo, value of 5.26 x 1077 A em ™2, and the protection efficiency reached 92.5 %. Furthermore, the magnetic
properties of the lanthanum-silane film-coated sintered NdFeB sample were also evaluated and the effect was

negligible.

1. Introduction

Sintered NdFeB permanent magnets have been widely used in
communication, audio, new energy vehicles, and other fields, due to
their notable attributes such as high remanence, high coercivity, and
maximum magnetic energy product (Song et al., 2019; Sheridan et al.,
2014). However, the multiphase structure and potential difference be-
tween different phases render sintered NdFeB magnets highly suscepti-
ble to electrochemical corrosion, resulting in a shortened service life and
constrained development potential (Wu et al., 2021). Consequently,
there is a significant research focus on enhancing the corrosion resis-
tance of sintered NdFeB magnets.

Various methods, such as alloy doping (Li et al., 2022; Chen et al.,
2012) and surface modification (Cao et al., 2017; Ouyang et al., 2019);
have been employed to improve the corrosion resistance of sintered
NdFeB magnets. Alloy doping is a prevalent technique aimed at reducing
the potential difference between different phases in the magnet to
improve corrosion resistance. However, the addition of alloying ele-
ments also brings some drawbacks, including weakened reactivity of the
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grain boundary phase, remanence, and magnetic energy product. Sur-
face modification means the application of protective films to isolate the
surface of sintered NdFeB from the external environment and corrosive
substances, which thereby achieves long-term protection. The electro-
chemically assisted sol-gel method presents an innovative prospect for
fabricating thicker and better anti-corrosive silane films compared to the
conventional dipping or spinning techniques. Throughout the electro-
chemically assisted sol-gel fabrication process, the composition and
structure of deposited silane films can be controlled by adjusting elec-
trochemical parameters, such as potential and duration time, enabling
customization of the film properties (Collinson, 2007).

Currently, researchers are favoring the sol-gel approach over tradi-
tional toxic chromium-based conversion films in the development of the
surface protection field owing to its environmentally friendly nature.
Some popular employed organic silanes include 1,2-bis(trimethoxysilyl)
ethane (BTME) (Rodosek et al., 2024), N-(2-aminoethyl)-3-aminopropy-
ltrimethoxysilane (ATMS) (Vennerberg et al., 2014), tetraethoxysilane
(TEOS) (Hamidon and Hussin, 2020), decyltrimethoxysilane (DTMS) (Li
et al., 2021); and hexadecyltrimethoxysilane (HDTMS) (Latthe et al.,
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2009); etc. For example, Calabrese et al. (Calabrese et al., 2015)
designed a multilayering silanization procedure on NdFeB substrate and
demonstrated its excellent corrosion resistance. Based on Chen et al.
(Chen et al., 2021) results, superhydrophobic coating could be formed
by spraying the mixture of ZnO whisker (T-ZnOw) and poly-
dimethylsiloxane (PDMS) onto the surface of the materials, and the
composite coating can significantly improve the anticorrosion capabil-
ities of sintered NdFeB magnets. The main characteristic of silane is the
formation of a metal-siloxane bond (Si—-O-Me) on the substrate surface,
which can effectively anchor the silane layer to the underlying metal and
consequently create a protective barrier against corrosive agents.
Moreover, previous research (Ramezanzadeh et al., 2015) reported that
dual-component silane films exhibited enhanced corrosion resistance
and durability compared to their single-component counterparts, which
thereby significantly bolstered the stability of the silane solution and
offered superior corrosion protection to the metal substrate through
their synergistic effect (Metroke et al., 2009; Costenaro et al., 2017).
Nevertheless, network structure films composed of silanol groups are
inadequate in providing corrosion protection as some micropores and
cracks will be produced from water evaporation during the curing
process (Santana et al., 2016). To ensure long-term protective perfor-
mance, it is necessary to incorporate corrosion inhibitors into the elec-
trochemically assisted sol-gel fabricated silane films.

Some previous investigations have demonstrated that the barrier
property of the silane film can be enhanced by incorporating nano-
materials, such as graphene oxide (Xue et al., 2017), titania nano-
particles (Purcar et al., 2019), and rare earth salt (Asadi et al., 2014;
Motte et al., 2012; Taheri et al., 2017). Incorporating various doping
species, such as inhibitors, in small quantities can alter the chemical,
morphological, and protective properties of films. For example, rare
earth salts are used as corrosion inhibitors due to their ability to pre-
cipitate as insoluble hydroxides on cathodic sites, thereby impeding or
even completely blocking corrosion activity in damaged areas of hybrid
films (Fedel et al., 2017). This phenomenon can significantly extend the
service life of the film. Additionally, the rare earth salt-modified silane
films exhibited improved barrier properties due to reduced porosity,
increased thickness, and decreased conductivity (Wu et al., 2010). Xu
et al. (Xu et al., 2023) reported that cerium nitrate and BTESPT silane
composite conversion coatings were successfully prepared on the sur-
face of Mg-Li alloy; which effectively prevents corrosive medium from
contacting with substrate surface. Based on Adriaens et al. (Zand et al.,
2016) results, silane films formed using GPTMS filled with cerium salt
activated CeO,-SiO, nanoparticles revealed improved barrier properties
compared with the blank steel substrates. Alongside cerium salt, the
integration of lanthanum salt as a corrosion inhibitor into the silane film
can also enhance the film’s stability and corrosion resistance. Mean-
while, it is known that lanthanides exhibit lower toxicity than other rare
earth elements and do not pose health risks when used (Toorani et al.,
2017). Lanthanum salts also possess excellent oxidation inhibition
properties, which are capable of preventing the degradation of silicon
films during their usage. Compared with pure GPTMS/TEOS silane film,
the lanthanum-doped silane film exhibited a denser structure that was
devoid of microcracks and significantly enhanced corrosion resistance
(Guin et al., 2014). Furthermore, the primary organic groups in the
lanthanum-doped silane film showed no significant divergence from
those in the undoped sample (Qiao et al., 2015).

In this study, we present a simple, practicable, and cost-effective
technique for fabricating an excellent anti-corrosive lanthanum-silane
(DTMS/TEOS) film on sintered NdFeB substrate. The role of incorpo-
rated lanthanum salt in tailoring the microstructure and effecting on
corrosion and magnetic properties were studied. The lanthanum-silane
(DTMS/TEOS) film has outstanding corrosion resistance and super-
hydrophobicity, and has little influence on the magnetic properties of
the substrate. Moreover, the lanthanum-silane (DTMS/TEOS) film
forming mechanism and anti-corrosion mechanism on sintered NdFeB
were also discussed.
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2. Experimental
2.1. Materials

Dodecyltrimethoxysilane (DTMS, AR grade) was procured from
Macklin (China). Tetraethoxysilane (TEOS, AR grade) and lanthanum
nitrate (La(NO3)s3, AR grade) were sourced from Kemiou (China). Sin-
tered NdFeB samples with a size of 35.0 mm x 10.0 mm x 2.0 mm were
obtained from Hengdian Group DMEGC Magnetics Co., Ltd. The surface
of the sintered NdFeB samples was initially treated with a progressive
polishing regimen employing 500, 800, 1000, and 1200-grit sandpaper.
After that, ethanol decontamination and subsequent nitrogen drying
procedures were administered to the samples.

2.2. Electrochemically assisted sol-gel fabrication of lanthanum-silane
film on sintered NdFeB surface

The schematic representation of the electrochemically assisted sol-
—gel fabrication of lanthanum-silane film on the sintered NdFeB sub-
strate is illustrated in Fig. 1. The precursor solution was composed of
DTMS, TEOS, 0.2 M NaNOs aqueous solution, and anhydrous ethanol
with a volume ratio of 1:1:8:32. Before fabrication, the pH of the above
mixture was adjusted to approximately 3.5 and then hydrolyzed for 24 h
at 35 °C under magnetic stirring. The quantity of added lanthanum ni-
trate was maintained at 0.15 mol-L ! based on the concentration of La>*
in the solution. The working electrode employed in the electrochemical
process was pretreated sintered NdFeB, whereas a platinum sheet with
99.99 % purity and an area of 20.0 mm x 20.0 mm served as the counter
electrode. A saturated calomel electrode was utilized as the reference
electrode. The deposition was carried out using a CHI660e electro-
chemical workstation. Unless otherwise stated, the typical deposition
potential was —1.4 V and the duration was 300 s. After deposition, the
samples were rinsed with absolute ethanol and then dried at 50 °C for 2
h. Pure bis-silane (DTMS/TEOS) films were also prepared using the same
method as the lanthanum-silane film, but without the addition of
lanthanum nitrate. In order to compare the effect of lanthanum salt on
the performance of film, the film samples with the same deposited time
and same thickness were all made.

2.3. Characterization

Various analytical techniques were applied to characterize the
fabricated pure bis-silane and lanthanum-silane films. Fourier transform
infrared spectroscopy (FTIR) was recorded using a Nicolet 470 instru-
ment from Thermo Nicolet, USA, to obtain the types of chemical struc-
tures of bis-silane and lanthanum-silane films in the range of 4000-400
em~! at room temperature (transmittance mode). X-ray photoelectron
spectrometer (XPS) analysis was conducted using a K-Alpha instrument
from Thermo Scientific, USA. Secondary ion mass spectrometry (SIMS)
investigations were carried out using an IMS-1280HR spectrometer from
Cameca, France. The surface microstructures of prepared bis-silane and
lanthanum-silane films were examined by scanning electron microscopy
(SEM) was performed using a FEI Quanta 650 microscope from FEI,
USA. The elemental composition was determined through an energy
dispersive spectrometer (EDS) using an Oxford EDS 7426 system from
Oxford, UK, was used to study the chemical composition. The surface
roughness and profiles of uncoated and coated substrates were measured
using a KLA-Tencor stylus P-6 profiler. To assess the surface wettability
of the prepared samples, contact angle measurements were conducted
using an FCA500B apparatus from Shanghai Power, China.

2.4. Corrosion resistance measurements
The corrosion resistance performance of both the pure bis-silane film

and lanthanum-silane film was evaluated using potentiodynamic po-
larization curves and electrochemical impedance spectroscopy (EIS) in a
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Fig. 1. Schematic diagram of the electrochemically assisted sol-gel fabrication of the lanthanum-silane film onto the sintered NdFeB.

3.5 wt% NaCl solution with a conventional three-electrode cell (as
described in Section 2.2). Potentiodynamic polarization curves were
obtained by scanning the potential within the range of Eoy + 300 mV
(where E,, represents the open circuit potential) at a scan rate of 0.1
mV-s~'. EIS measurements employed a sinusoidal signal with an
amplitude of 5 mV in a frequency range from 100 kHz to 10 mHz.

2.5. Magnetic property measurements

The magnetic properties of both the bare sintered NdFeB substrate
and the film-coated samples were evaluated utilizing the Physical
Properties Measurements System (PPMS-9T, Quantum Design, USA) and
Vibrating Sample Magnetometers (LakeShore7404, LakeShore, USA).
The effect of the composite film on the magnetic properties of sintered

NdFeB was determined by analyzing the corresponding M—H test curve.
3. Results and discussion
3.1. Characterization of the lanthanum-silane films

FT-IR analyses were conducted to study the chemical structures of
the bis-silane and lanthanum-silane films as shown in Fig. 2. The broad
peak at approximately 3425 cm ™! is attributed to the O-H stretching
vibration (Pourhashem et al., 2017). Compared to bis-silane film; the
introduction of lanthanum notably diminishes the intensity of the peak.
Two prominent peaks at 2930 cm ™' and 2841 cm™! correspond to the
asymmetric and symmetric stretching of C-H bands in ~-CH3 and —CHj
groups of the alkyl chain in DTMS molecules, respectively (Kirtay, 2014;

Si-O-T'e
$i-0-Si \ /,\,v\
e
3
iR
£ $i-OH
wn NS N 40
g $i-0-Si
=
Lanthanum-silanc film
— Bis-silane film
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4000 3500 3000 2500 2000 1500 1000 500

Wavenumber / (cm'l)

Fig. 2. FT-IR spectra of the fabricated bis-silane and the lanthanum-silane film coated on the sintered NdFeB substrate.
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Olivieri et al., 2021). The peak at 1465 cm ™! corresponds to —~CH of the
alkyl chain. The typical intense peak at 1065 cm™! and 467 cm™?
represent the Si-O-Si bond formed through the self-condensation reac-
tion of hydrolyzed Si-OH groups. The characteristic peak related to
Si—OH stretching can be observed at 789 cm™'; which results from the
incomplete hydrolysis of bis-silane (Fang et al., 2019). Additionally, the
weak shoulder peak at 853 em ! indicates Si-O-Fe vibrations, con-
firming the successful chemical bonding between the prepared silane
film and the sintered NdFeB substrate surface (Hamidon and Hussin,
2020). Therefore, it can be deduced that during the electrochemically
assisted sol-gel deposition process, the hydrolyzed Si-OH groups
initially form covalent Si-O-Fe bonds at the interface by connecting
with Fe-OH groups on the pretreated NdFeB substrate surface, which

2.5 pm
—

Arabian Journal of Chemistry 18 (2025) 106057

remarkably enhances the film adhesion. Then, excess adsorbed Si-OH
groups undergo self-condensation, forming a three-dimensional Si-O-Si
network on the surface. This network structure subsequently serves as a
scaffold for the deposition of lanthanum compounds, which facilitates
orderly particle deposition and improves the density and uniformity of
the fabricated lanthanum-silane composite film.

SEM graphs were acquired to assess the surface morphology and
cross-section morphology of the bis-silane film and the lanthanum-silane
film. Fig. 3a shows the surface morphology of the fabricated bis-silane
film at various magnifications. It is characterized hierarchical struc-
ture. The rough and undulating surface was beneficial to super-
hydrophobicity. In comparison, a relatively uniformly distributed and
more compact surface without obvious cracks or cavity defects can be

Wi %

38.66

2.5 um

Fig. 3. SEM graphs of the surface and cross-section of the bis-silane film (a, b) and the lanthanum-silane film (c, d); the corresponding element distribution analysis
(e) of the lanthanum-silane film’s cross-section; the element mappings (f) and EDS (g) results corresponding to the lanthanum-silane film surface.
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observed for the prepared lanthanum-silane film (Fig. 3c). Microscopi-
cally, the lanthanum-silane film exhibited a tightly bonded structure,
featuring a well-defined distribution of interconnected colloidal parti-
cles and micelles. In addition, as shown in Fig. 3d, the thickness of the
fabricated lanthanum-silane film was approximately 25 pm, which value
was much larger than that of the prepared pure silane film (11 pm, in
Fig. 3b). This denser and thicker lanthanum-silane film may be ascribed
to the positive catalysis effect of added lanthanum on the self-
condensation reaction of silanol groups, which was also proved by the
above FTIR measurement.

Fig. 3e presents the element distribution analysis of the lanthanum-
silane film cross-section, while Fig. 3f and g display the element map-
ping and EDS results of the film’s surface. The results indicate the
presence of C, O, Si, Fe, and lanthanum (La) elements in the fabricated
lanthanum-silane film. The film primarily consists of C, O and Si ele-
ments, with the inclusion of abundant C element that is attributed to the
long-chain alkyl groups in the DTMS molecules (Gu et al., 2009; Par-
hizkar et al., 2017). The existence of La element suggests the successful
modification of silane film with lanthanum additive. The diagram il-
lustrates a relatively uniform distribution of C, O, Si, and La elements
throughout the composite film. Notably, the distribution of O elements
in the lanthanum-silane film adjacent to the sintered NdFeB substrate
surface appears much denser than the other areas, implying a higher
degree of connectivity at the film/substrate interface.

To characterize the chemical state and constituent elements, XPS
result of the lanthanum-silane film are presented in Fig. 4. The full
spectrum reveals signals corresponding to C 1s, O 1s, Si 2p, and La 3d,
indicating the presence of both deposited silane film and added
lanthanum, which agrees well with the element distribution analysis
(shown in Fig. 3). As shown in Fig. 4b, the C 1s spectrum is resolved into
two peaks associated with C-C and C-Si bonding, centered at 284.5 eV
and 285.2 eV, respectively. The high-resolution O 1s spectrum displayed
in Fig. 4c exhibits three distinct chemical states, with typical peaks at
530.2 eV, 532.4 eV, and 532.8 eV representing Si-O-Fe, Si-O-Si and
SiOy bonding, respectively. The characteristic Si-O-Si and Si-O-Fe
bonds observed in Fig. 4c further confirm the chemical bonding of
deposited siloxane on the sintered NdFeB surface. The presence of SiO5
bonds suggests the existence of unhydrolyzed silanol or silane, while the
Si 2P spectrum in Fig. 4d contains four characteristic peaks at around
99.6 eV, 101.4 eV, 102.6 eV, and 103.6 eV, correlating to Si-O-Fe, Si-C,
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Si-0-Si, and SiOs, respectively (Yang et al., 2012; Zhang et al., 2022).
The La 3d spectrum, as shown in Fig. 4e, is composed of six peaks which
are assigned to LapO3 and La(OH)s. It is generally accepted that rare
earth salts can effectively inhibit the cathode reaction during the metal
corrosion process by depositing a partially insoluble oxide or hydroxide
film that covers the active corrosion sites, leading to good anti-corrosion
performance (Lakshmi and Aruna, 2017). Fig. 4f presents the elemental
composition derived from the XPS full spectrum. C element constitutes
the majority of the lanthanum-silane film at 52.5 at%, followed by O
element (26.3 at%). The elemental content of lanthanum (La) is 1.3 at%,
which corresponds closely to that of the EDS results. In the present
study, lanthanum oxide and hydroxide fill the voids and crevice defects
in the deposited silane film, which efficiently prevents the corrosive
electrolytes from diffusion and penetration onto the substrate surface.
The above analysis demonstrates that a dense lanthanum-silane com-
posite film was firmly attached to the sintered NdFeB substrate surface
by the electrochemically assisted sol-gel method.

As a powerful surface analytical technique, Secondary Ion Mass
Spectrometry (SIMS) is capable of supplying precise acquisition of
concentration profiles for elements (Anischik et al., 2005). In Fig. 5, the
SIMS chemical maps of the lanthanum-silane film reveal an even dis-
tribution of CH™, Si*, SiO™, and SiHO™' bonds from the silicon-oxygen
network on the matrix surface, which suggests the absence of notice-
able defects in the prepared film. Additionally, a uniform distribution of
FeO" bonds is observed, indicating the formation of metal-siloxane bond
(Si-O-Fe), which is in good accordance with the above FTIR and XPS
result. This covalent bond anchors the silane layer effectively to the
underlying metal, thereby enhancing the adhesion of the coating, which
is a significantly important factor that affects long-term corrosion pro-
tection performance. The distribution of LaO" exhibits a slightly
regional aggregation pattern. Comparative analysis reveals that
lanthanum compounds are predominantly interleaved with silicon-
oxygen networks, which demonstrates that the deposited lanthanum
compounds fill some defects in the bis-silane film, thereby forming a
denser structure and enhancing the physical barrier properties of the
composite film.

3.2. Surface wettability measurements

To investigate the influence of incorporated lanthanum salt on the
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Fig. 5. Chemical maps obtained via SIMS for the surface of the lanthanum-silane film.

hydrophobicity of silane film, the contact angles of the sintered NdFeB,
the bis-silane film, and the lanthanum-silane film were measured, as
shown in Fig. 6. The results revealed that the contact angles for the bis-
silane and the lanthanum-silane film were 153° and 151°, respectively.
The exceptional superhydrophobicity of the bis-silane film stems from a
synergistic interplay between surface roughness and low surface energy.
This is primarily induced by the long non-hydrolytic alkyl chains that
are presented in DTMS molecules. Furthermore, the formation of silica

200

= oe

Contact angle
T

particles from TEOS monomers further enhances surface roughness,
thereby reinforcing its hydrophobic properties (Beirami et al., 2020).
The smaller contact angle of the lanthanum-silane film may be related to
its smoother and more compact surface (Nakajima, 2011). The addition
of lanthanum salt to the composite film led to the distribution of
lanthanum ions within the silane network. This resulted in the filling up
of the space between the silica particles to some extent (Telmenbayar
et al., 2022). Fig. 6b—d show the profiles of three materials: sintered
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Fig. 6. Contact angle measurements for the samples (a); the profiles of sintered NdFeB (b), bis-silane film (c), and lanthanum-silane film (d).



Z. Tao et al.

NdFeB, bis-silane film, and lanthanum-silane film. The lanthanum-silane
film had a lower Ra value of surface roughness (0.48 pm) as compared to
the bis-silane film (0.59 pm). The remarkable superhydrophobic prop-
erties of the lanthanum-silane film stem from its capacity to trap sig-
nificant volumes of air on the surface. This results in exceptional water
repellence and reduces the likelihood of corrosive media infiltration
(Zhang et al., 2015; Buijnsters et al., 2013).

3.3. Corrosion resistance measurements

To compare the corrosion resistance of film-coated and uncoated
samples, we prepared a bis-silane film with a thickness comparable to
that of the la-silane film. The thickness of the silane film was increased to
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23 pm by adjusting deposition parameters (deposition time), and the
thickness of lanthanum-silane film was about 25 pm. The corrosion
resistance of the specimens was investigated through electrochemical
techniques. The potentiodynamic polarization plots and EIS results for
the samples immersed in a 3.5 wt% NaCl solution are presented in Fig. 7.
Some informative Tafel parameters, including corrosion potential
(Ecorr), corrosion current density (Icor), anodic slope (f,), and cathodic
slope (f.), were deduced from the potentiodynamic polarization curve
using the extrapolation method. The obtained values are summarized in
Table 1. The corrosion protection efficiency (1) was determined by uti-
lizing the following equation (Liu et al., 2016), and the calculated results
were also listed in Table 1.
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Fig. 7. The potentiodynamic polarization plots (a), Nyquist plots (b), Bode plots(c), and phase angle plots (d) for the sintered NdFeB, the bis-silane film-coated
sample, and the lanthanum-silane film-coated sample immersed in 3.5 wt% NaCl solution; Corresponding equivalent electric circuits for the sintered NdFeB (e) and
film-coated samples (f).



Z. Tao et al.

Table 1

The electrochemical parameters of polarization curves for the sintered NdFeB,
the bis-silane film-coated sample, and the lanthanum-silane film-coated sample
in a 3.5 wt% NaCl solution.

Sample Ecorr Icorr —pe Ba n%
4% (Aem™®)  (mV-dec™)) (mV-dec™))
Sintered NdFeB -0.779  7.09 x 296 51.2 /
10°°

Bis-silane film- —0.682 2.02 x 311 57.8 71.5
coated sample 10°° %

Lanthanum-silane —0.627 5.26 x 196 166 92.5
film-coated 1077 %
sample

where, I}, and I . correspond to the corrosion current densities of

sintered NdFeB with and without films, respectively. The E . values of
the sintered NdFeB, the bis-silane film-coated sample, and the
lanthanum-silane film-coated sample were —0.779, —0.682, and
—0.627 V, respectively. Notably, the corrosion potential of the electro-
chemically assisted sol-gel films exhibited a positive shift, indicating
increased stability with a thermodynamically slower corrosion rate for
both the bis-silane film-coated sample and the lanthanum-silane film-
coated sample. Meanwhile, the current densities of both the anodic and
cathodic branches decrease, suggesting that the fabricated films effec-
tively suppressed both the anodic Fe dissolution reaction and the
cathodic oxygen reduction rate. Compared to the corrosion current
density of the sintered NdFeB (7.09 x 107% A cm™?), the corrosion
current density of the bis-silane film-coated sample is 2.02 x 107® A
em ™2 and the lanthanum-silane film coated sample is 5.26 x 1077 A
cm 2. Consequently, the # values of the bis-silane film and lanthanum-
silane film-coated samples were calculated to be 71.5 % and 92.5 %,
respectively. This outcome highlights that the lanthanum-doped bis-
silane film significantly enhances the corrosion resistance of the sintered
NdFeB substrate in NaCl electrolyte (Duan et al., 2023).

EIS is a non-destructive and convenient technique and was used for
evaluating the corrosion behaviors of metals. The measured EIS data
were fitted using Z-view software, and the analyzed data were presented
in Table 2. In the proposed equivalent electrical circuit, R represents
solution resistance, R, signifies charge transfer resistance, Ry corre-
sponds to film resistance, CPEy, and CPEg are related to film capacitance
and double-layer capacitance, respectively. Constant Phase Element
(CPE) was employed instead of the ideal capacitor (C) to account for
surface heterogeneity and roughness. The impedance of the CPE element
(Zcpp) can be modeled by the following equation:

Zepe = 1/Q(jw)n 2

where, the parameters Q, n, and w represent the CPE constant, CPE
exponent, and angular frequency, respectively. The total resistance (R;)
comprises Ry and R, as follows,

Rt = Rf + Rct (3)

The Nyquist plot of the lanthanum-silane film-coated sample exhibits
a larger capacitive arc radius, indicating that the incorporation of
lanthanum salt enhances corrosion resistance (inset in Fig. 7b) (Zhong
et al., 2019). As depicted in Fig. 7c, the sintered NdFeB exhibits the
lowest impedance value in the low-frequency region, which is indicative
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of its susceptibility to corrosion in a 3.5 wt% NaCl solution. In contrast,
the lanthanum-silane film-coated sample presents the highest imped-
ance value in the low-frequency region, revealing its excellent efficacy
as a high-impedance barrier layer on the sintered NdFeB. Fig. 7d sug-
gests that the lanthanum-silane film-coated sample possesses an
extended line with the phase angle across a broad spectrum of fre-
quencies. This observation underscores the outstanding capacity of the
silane matrix and filled lanthanum nanoparticles in the silane network to
counteract aggressive ions and corrosive media during the corrosion
process (J. TANG, Y. YAO, M. GUO, J. JIANG, H. CONG, Y. CHEN, Y.
SUN, Y. KONG, S. HAN, ANTICORROSION AND REPAIR BEHAVIOR OF
REC-SiO2 SILANE FILM ON CARBON STEEL, 28, 2021). Furthermore,
the values of R (5.92 kQ cm?) and R;(38.65kQ cm?) of the lanthanum-
silane film-coated sample are significantly larger than those for the
sintered NdFeB and the bis-silane film-coated sample. And the R, values
for the bis-silane film and the lanthanum-silane film-coated samples are
approximately 19.81 kQ cm? and 44.57 kQ cm?, respectively. This
phenomenon demonstrates not only the excellent physical barrier per-
formance of the lanthanum-silane film but also its good inhibitive effect
on corrosion reactions (Dias et al., 2014). Simultaneously, both the film
capacitance (CPEp) and electrical double layer capacitance (CPEg) for
the lanthanum-silane film are lower than those for the bis-silane film,
indicating that the prepared lanthanum-silane film possesses superior
water barrier properties and a minimal contact area with the corrosive
electrolyte at the interface (Yang et al., 2021). This observation in-
dicates that the lanthanum-silane film offers superior corrosion protec-
tion for the sintered NdFeB substrate.

SEM images of the bis-silane film and lanthanum-silane film before
the immersion in a 3.5 wt% NaCl solution, demonstrate that the surfaces
of both films retain their integrity, with no visible corrosion (as shown in
Fig. 8a, b). Additionally, the corrosion resistance Ry value (refer to
Table 3) for the lanthanum-silane film-coated sample (38.65 kQ cm?) is
higher than that of the bis-silane film-coated sample (16.48 kQ cmz).
After 48 h of immersion, the SEM image of the bis-silane film reveals
numerous corrosion pits, some of which contain cracks and areas where
the surface has deteriorated (shown in Fig. 8b). In contrast, the surface
of the lanthanum-silane film remains smooth and intact after 48 h of
immersion (shown in Fig. 8d). Additionally, the diameter of the capac-
itive arc decreased for the film-coated samples compared to the 0 h
immersion time, indicating a moderate reduction in protective behavior
after prolonged exposure (Zhang et al., 2024). Notably, the R; values
decreased by 31.9 % and 15.1 % for the bis-silane film and lanthanum-
silane film, respectively, as the exposure time was extended from 0 h to
48 h. Comparing of the SEM images and EIS results indicates that the
lanthanum-silane film significantly improves the corrosion resistance of
the sintered NdFeB substrate.

Fig. 9 schematically illustrates the forming mechanism and anti-
corrosion mechanism of the lanthanum-silane film on sintered NdFeB.
Following adequate hydrolysis, the majority of silane molecules in the
electrolyte are hydrolyzed into silanol monomers. The silanol monomer
undergoes a condensation reaction, connecting to create a closely-knit
three-dimensional network structure, wherein the silicon-oxygen
bridge serves as the linkage (Foroozan and Naderi, 2015). During the
electrochemically assisted sol-gel process, localized alkali catalysis in-
duces metal hydroxylation (MeOH) on the cathodic surface, which fa-
cilitates the spontaneous adsorption of silanol molecules on the NdFeB

Table 2
The electrochemical parameters of EIS plots for the sintered NdFeB, the bis-silane film-coated sample, and the lanthanum-silane film-coated sample in a 3.5 wt% NaCl
solution.
Sample Rg CPEg ng Rt CPEy ny R¢ R,
(Q-em?) (Q7's™cm™?) (kQ-cm?) (@ 's™em™?) (kQ-cm?) (kQ-cm?)
Sintered NdFeB 5.1 1.39 x 107° 0.70 1.87 / / / 1.87
Bis-silane film-coated sample 4.4 8.37 x 10°° 0.71 2.02 6.28 x 10°° 0.56 17.79 19.81
Lanthanum-silane film-coated sample 8.3 2.32 x 1077 0.66 5.92 1.15 x 107 0.63 38.65 44.57
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Fig. 8. Surface morphology evolution of the sintered NdFeB coated with bis-silane film (a, b) and lanthanum-silane film (c, d) in 3.5 wt% NaCl solution during
different immersion times; The corresponding EIS curves and corresponding equivalent electric circuit (e, f) of the film-coated samples.

Table 3

Results of the EIS fitting for the sintered NdFeB coated with the bis-silane film and lanthanum-silane film during different immersion time.
Sample R CPE4 Rt CPE; ny R¢ R¢

(Q-cm?) (Q7's™cm™?) (kQ-cm?) (Q7's™cm™?) (kQ-cm?) (kQ-cm?)

Bis-silane film-coated sample-0 h 5.5 2.23 x 107° 0.65 1.91 3.52 x 107° 0.60 16.48 18.39
Bis-silane film-coated sample-48 h 4.6 4.21 x 107° 0.71 0.89 8.37 x 107° 0.56 11.63 12.52
Lanthanum-silane film-coated sample-0 h 8.3 2.32 x 1077 0.66 5.92 1.15 x 107 0.63 38.65 44.57
Lanthanum-silane film-coated sample-48 h 5.6 8.03 x 107° 0.68 4.69 4.87 x 107° 0.65 33.16 37.85

surface and the formation of metal-siloxane covalent bonds (Si-O-Fe)
(Wu et al., 2013). Concurrently, La®* jons in the solution will be con-
verted to La(OH)3 precipitates in alkaline conditions in the silane film.
Throughout the curing progress, a portion of La(OH); dehydrates,
leading to the formation of La;0O3. The presence of lanthanum oxide and
hydroxide can inhibit the cathodic reaction and consequently impede
the corrosion rate. Additionally, La(OH)3 and LapO3 are impermeable,
which hinders the penetration of the corrosive medium and leads to the

barrier effect. Furthermore, silanol molecules in the solution react with
La(OH)s to establish a metal-siloxane covalent bond (Si-O-La), resulting
in a more compact composite film (Fan et al., 2017; Saji, 2019). The
synergistic effect of the superhydrophobic surface and the physical
barrier provided by the dense composite film against corrosive agents
significantly enhances the corrosion resistance of the sintered NdFeB
substrate, making it suitable for potential applications in challenging
environments.
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Fig. 9. The schematic diagram for the forming mechanism and anti-corrosion mechanism of the lanthanum-silane film on sintered NdFeB.

3.4. Magnetic properties measurements

Considering that sintered NdFeB magnets are inherently permanent
materials in practical applications, it becomes crucial to evaluate the
influence of deposited lanthanum-silane film on their magnetic prop-
erties. Fig. 10 presents the hysteresis loops of both the lanthanum-silane
film-coated and uncoated sintered NdFeB samples, and the corre-
sponding magnetic properties are summarized in Table 4. It is noticeable
that the hysteresis loops for both the bare sintered NdFeB substrate and
the film-coated samples almost overlap with each other, indicating a
negligible influence of the protective film on the intrinsic magnetic
properties of the NdFeB magnet. In contrast to the sintered NdFeB, the
samples coated with bis-silane and lanthanum-silane films exhibit slight
reductions in coercivity (Hg) of approximately 1.57 % and 0.29 %,
respectively. The remanent magnetism (B,) and the maximum magnetic
energy product ((BH)max) of the bis-silane film-coated sample decrease

Table 4
Magnetic properties of the bare sintered NdFeB and the film-coated samples.
Sample B(T) (BH)max H
&kJm3)  (kAmY
Sintered NdFeB 1.282 329 1016
Bis-silane film-coated sample (Reduction 1.267 324 1000
rate, %) (-1.17 (—1.52 (-1.57
%) %) %)
Lanthanum-silane film-coated sample 1.279 326 1013
(Reduction rate, %) (-0.23 (-0.91 (-0.29
%) %) %)

slightly, whereas the lanthanum-silane film-coated sample maintains
values nearly identical to those of the sintered NdFeB. The results of the
literature research on various protective films on the NdFeB substrate
are presented in Table 5. The lanthanum-silane film applied to sintered

200 —
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Fig. 10. Hysteresis loops of the bare sintered NdFeB and the film-coated samples.
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Table 5
Comparison of various protective films on the NdFeB substrate from literature.
Coating methods Coating materials Corrosion current density (A-cm™2) Coercivity variation Hydrophobicity References
(kA-m™)
Spraying T-ZnOw/PDMS coating 2.797 x 107° —21% Superhydrophobic (Chen et al., 2021)
DC magnetron sputtering AIN/Al dual coating 1.903 x 107° +0.6 % / (Li et al., 2009)
Dipping Al-Cr coating / +0.8 % / (Zheng et al., 2012)
Jet electrodeposition Nickel coating 3.58 x 10°° / / (Shen et al., 2017)
Ion-beam-assisted-deposition Cry03 coating 8.17 x 1077 / / (Ding et al., 2016)
Electrodeposition Zinc coatings 7.9 x 1077 / (Cao et al., 2015)
Vapor-phase Phosphate conversion coating 8.26 x 1077 / / (Zhang et al., 2022)
deposition
Cathodic TCNTs/epoxy coating 5.281 x 1011 / / (Yang et al., 2022)
electrophoretic deposition
Cathode electrophoresis CeO,/epoxy resin coating 6.479 x 1078 +0.28 % / (Zhang et al., 2018)
Electrochemically assisted sol-gel Lanthanum-silane film 5.26 x 1077 —0.29 % Superhydrophobic This study

NdFeB has demonstrated remarkable properties. It exhibits a lower
corrosion current, is superhydrophobic, and does not significantly affect
the magnetic properties. These desirable characteristics make it a highly
promising option for practical applications involving sintered NdFeB.

4. Conclusion

Bis-silane films doped with lanthanum salt were successfully fabri-
cated onto sintered NdFeB using the electrochemically assisted sol-gel
method. Characterization results indicated the successful co-deposition
of silane film and La oxide/hydroxide on sintered NdFeB substrate.
The silane film chemically bonded with the NdFeB surface through
Si-O-Fe bonds. The thickness of lanthanum-silane film was approxi-
mately 25 pm, and the contact angle reached 151°, suggesting an
excellent super-hydrophobicity. The corrosion potential of the electro-
chemically assisted sol-gel fabricated films notably shifted in a positive
direction. In comparison with the sintered NdFeB, the I, of the
lanthanum-silane film-coated sample decreased significantly from 7.09
x 107 A ecm 210 5.26 x 1077 A cm 2 and the protection efficiency
reached 92.5 %, which was attributed to the synergistic effect of the
super-hydrophobicity coupled with the sealing function of the incor-
porated lanthanum salt. Importantly, the lanthanum-silane film
exhibited no discernible impact on the magnetic properties of the sin-
tered NdFeB substrate.
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