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a b s t r a c t

In this paper, a protective sealed Zn–TiO2 composite coating (SCC) was prepared on sintered NdFeB mag-
net by electrodeposition and sol–gel combined technique. For a comparison, unsealed Zn–TiO2 composite
coating (UCC) was also studied. The surface morphologies of composite coating were studied using scan-
vailable online 1 February 2010
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orrosion protection

ning electron microscope (SEM). The microstructure of composite coatings and structure of sealing layer
were studied by X-ray diffraction (XRD) and Fourier transform infrared (FT-IR) spectrum, respectively.
The anticorrosive properties of composite coatings in neutral 3.5 wt.% NaCl solutions were evaluated by
potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) technique. The results
of corrosion tests showed that due to the blocking effect of sealing layer, SCC could suppress the corro-
sion process by holding back the transfer or diffusion of corrosive medium, and therefore showed the

ction
ealing excellent corrosion prote

. Introduction

The sintered NdFeB (neodymium–iron–boron) magnet, which
as developed at the beginning of the 1980s, has been used for
any applications in various fields such as acoustics, communica-

ions, and automation due to its excellent properties such as high
emanence, high coercivity, and large energy product [1–3]. How-
ver, sintered NdFeB permanent magnet is highly vulnerable to the
ttack of corrosive environment, which impedes and limits their
xtensive applications [4,5].

In order to improve the corrosion resistance of sintered NdFeB
agnet, numerous attempts have been made, such as alloy addi-

ions and surface treatment [6–17], among which the electroplating
f metal coatings is one of the most popular methods [10,13–17].
ithin our knowledge, most of the coatings on the sintered NdFeB
agnet are cathodic coatings [10,13–17], and seldom of the anodic

oating [8]. As is well known, the main role of cathodic coating
n the corrosion protection for sintered NdFeB magnet is mechan-
cal isolation, which could segregate the sintered NdFeB magnet

ith corrosive media. Once the cathodic coating suffers physical

eterioration and electrochemical corrosion, which may result in
he exposition of sintered NdFeB magnet to corrosive media in
ome sites, the phenomenon that bigger cathode versus smaller
node occurs, which could accelerate the corrosion of sintered
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NdFeB magnet. The role of anodic coating in corrosion protection
for metal substrate is a combination of mechanical isolation and
electrochemical protection. Though anodic coating suffers physical
deterioration and electrochemical corrosion, which could conduce
to the exposition of metal substrate to corrosive media in some
sites, the anodic coating may act as sacrificial anode and slower the
corrosion of metal substrate [18].

Among all surface coatings, zinc coatings may be one of most
promising and potential anodic coating due to its low cost and
maneuverability [19]. With the development of scientific tech-
nology, the pure zinc coatings cannot satisfy the requirements of
industrial applications, and it leads to the high requirement of
properties of coatings. The electrodeposition of zinc matrix com-
posite coatings containing nano-particles on mild steel, stainless
steel, copper and aluminum, etc., which exhibit excellent properties
including higher wear and corrosion resistance, higher hardness,
more excellent self-lubricating in comparison with single zinc coat-
ings, have been widely studied [20–22]. However, electrodeposited
zinc matrix composite coatings on sintered NdFeB permanent mag-
net have not yet been reported.

In the present work, electrodeposited Zn–TiO2 composite coat-
ing was successfully performed on sintered NdFeB magnet. The
most adopted method for the further enhancement on the anticor-

rosive properties of zinc coatings is chromating which is harmful to
environments and health. In order to further improve the anticorro-
sive properties of Zn–TiO2 composite coating, an environmentally
friendly sealing method had been developed. The effectiveness
of sealed Zn–TiO2 composite coating on corrosion protection

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:liqingd@swu.edu.cn
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Table 1
Chemical compositions of experimental sintered NdFeB magnet.
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Table 2
Bath compositions and operating conditions for electrodeposition.

Bath compositions and operating conditions Quantity

ZnCl2 40 g L−1

NH4Cl 250 g L−1

CH3COOH (≥99.5%) 100 mL L−1

SC(NH2)2 1.5 g L−1

TiO2 10 g L−1

SDS 0.2 g L−1

Current density 4 A dm−2

pH 4
Fe Nd B Dy Al Co Si Cu Nb

wt.% 60.9 28.6 1.0 2.1 3.8 1.3 1.4 0.2 0.7
at.% 67.9 12.3 5.8 0.8 8.1 1.4 3.1 0.2 0.4

roperties for sintered NdFeB magnet was evaluated by poten-
iodynamic polarization and electrochemical impedance spec-
roscopy (EIS). The main aim of this study is to attempt the
lectrodeposition of anodic coating on sintered NdFeB magnet, and
ntroduce the environmentally friendly sol–gel method to slower
he corrosion rate of anodic coating. The anticorrosive properties
f sealed Zn–TiO2 composite coating were investigated in neu-
ral 3.5 wt.% NaCl solutions which are the most adopted corrosive

edia, suggesting the feasibility of the long-term corrosion protec-
ion for NdFeB magnet.

. Experimental details

.1. Materials

The commercial powder-sintered NdFeB magnet for this inves-
igation was purchased from Shenzhen (Dongsheng Magn. Mater.
o., Ltd., China). They were in disk form with diameter and
hickness of 12.0 mm and 2.0 mm, respectively. The chemical com-
ositions of sintered NdFeB magnet are listed in Table 1. The zinc
late was used as anode on both sides of the electrolytic cell.

.2. Pretreatment of magnet

Before electrodeposition, the disc NdFeB magnet (substrate) was
equentially polished with silicon carbide paper from grit #400 to
2000, rinsed with deionized water, ultrasonically degreased in
n alkaline solutions containing 70 g L−1 Na3PO4·12H2O, 50 g L−1

a2CO3, 10 g L−1 NaOH, 0.5 g L−1 sodium dodecyl sulfate (SDS) and
.5 g L−1 OP-10 (pH adjusted to 10–11 by formic acid) at 70 ◦C for
min and then rinsed with hot and cold deionized water, respec-

ively. In order to remove the oxide film on the surface of NdFeB
agnet, the above pretreated NdFeB magnet was dipped into an

cid solutions containing 40 mL L−1 HNO3 (65.0 wt.%) and 0.5 g L−1

hiourea with the pH adjusted to 4–5 by ammonia, for approxi-
ately 10 s at room temperature. At last, the NdFeB magnet was

ctivated by the anhydrous PdCl2/EtOH solutions, with the PdCl2
f 0.4 g L−1, for 2–5 s at room temperature.

.3. Electrodeposition process

The optimized bath composition and other parameters for
he electrodeposition of Zn–TiO2 composite coating, which were
btained from large numbers of orthogonal experiments, are given
n Table 2.

.4. Synthesis of sealing agent and sealing process

The sealing agent was silane sol (Si sol) which was pre-
ared using the following two-step process (i) acid catalysis-based
ydrolysis and (ii) alkaline catalysis-based condensation. Acetic
cid (pH < 6) was initially introduced into the stirring mixture

ncluding tetraethyl orthosilicate (TEOS) and triethoxyvinylsilane
VTEO) (1.16 mol/L Si in ethanol and TEOS:VTEO in a 1:3 molar ratio)
rop by drop at 60 ◦C, then stirred for 30 min, and then ammonia
as introduced into the mixed solution drop by drop until the pH of

he precursor was 7.0. Finally, the formed silane sol (Si sol) was aged
Temperature 25 ◦C
Time 30 min
Agitation Continuous

for 1 day at room temperature before deposition on the Zn–TiO2
composite coating.

The silane sol (Si sol) was employed as sealing agent, and the
method of sealing was dip-coating technique. After immersion in
the sealing agent for about 3 min, the specimens were taken out and
cured in an oven at 100 ◦C for 60 min [13]. The process mentioned
above was cycled twice.

2.5. Tests

The surface morphologies and compositions of coatings were
studied using a scanning electron microscope (SEM) (Model TES-
CAN VEGAIILMU, Czech) coupled with energy dispersive analyzer
system (EDS). In each EDS measurement, an area of 10 �m in diame-
ter is examined to a depth of about 2 �m, and the EDS measurement
was repeated three times at least.

The phase structures of coatings were analyzed by X-ray diffrac-
tometer (XRD) (Beijing Purkinje general instrument Co., Ltd., China)
operated at 36 kV and 20 mA with Cu Ka radiation. The average
crystallite size was determined using Scherrer equation.

The Fourier transform infrared (FT-IR) spectrum recorded with
an IR-10300 (TENSOR-27, Germany) was carried out to analyze the
structure of silane sol (Si sol).

The coating adhesion was evaluated according to ASTMB571
standard (heat quenching test, 220 ◦C aging treatment for 1 h, then
water quenching at room temperature).

The electrochemical corrosion tests were carried out using a
classical three electrodes cell with platinum as counter electrode,
saturated calomel electrode SCE (+0.242 V vs. SHE) as reference
electrode, and the samples with an exposed area of 1 cm2 as
working electrode. The potentiodynamic polarization curves were
performed by PS-268B system (Zhongfu, Beijing, China) with a
constant voltage scan rate of 0.5 mV s−1. The electrochemical
impedance spectroscopy (EIS) measurements were performed with
CS350 electrochemical workstation (Wuhan CorroTest Instrument
Co., Ltd., China). The amplitude of sinusoidal signal employed was
5 mV, and the frequency range studied was from 105 to 10−2 Hz. The
acquired data were curve fitted and analyzed using ZsimpWin 3.10
software. The corrosive media used for electrochemical corrosion
tests were neutral 3.5 wt.% NaCl solutions, and the test temperature
was maintained 25 ◦C. All the electrochemical corrosion tests were
normally repeated at least three times under the same conditions,
checking that they presented reasonable reproducibility.

3. Results and discussion
3.1. SEM analysis

The surface morphologies of sealed composite coating (SCC)
and unsealed composite coating (UCC) are shown in Fig. 1. Fig. 1a
showed that UCC was compact and presented regular samdwich.
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Fig. 1. Surface morphologies of UCC (a and b), SCC (c), EDS

he EDS results revealed that the content of TiO2 was 1.1 ± 0.1 wt.%.
magnified scanning electron micrograph for UCC is presented in

ig. 1b. It can be seen that the samdwich was more obvious and

ome white particles were observed. The EDS analysis showed that
he content of TiO2 for white particles was higher than the other
rea, suggesting that they were the fresh deposits enriched with
he TiO2 particles, while in the other areas the codeposited TiO2
articles were engulfed by Zn deposits [23]. The surface morphol-
rum of SCC (d) and cross-section morphologies of SCC (e).

ogy of SCC with a high magnification is shown in Fig. 1c. There was
no obvious difference in structure between Fig. 1b and c due to the
transparence of the Si sol. The EDS revealed the existence of Si sol

(Fig. 1d). According to the adhesion test, the phenomena of blisters
and crackles were not found. Thus, the adhesion between UCC and
the NdFeB substrate was good. From the cross-section morpholo-
gies, as shown in Fig. 1e, it can be seen that the thickness of SCC
was 14 ± 2 �m.
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of UCC coated substrate, indicating that the SCC possessed the
Fig. 2. X-ray diffraction patterns of UCC (a) and FT-IR spectrum of SCC (b).

.2. Microstructure analysis

The XRD pattern of unseal Zn–TiO2 composite coating (UCC)
s shown in Fig. 2a. Fig. 2a showed that the XRD pattern of UCC
xhibited five acute peaks centered 2� at 36.290◦, 38.995◦, 43.221◦,
4.322◦ and 70.633◦ corresponding to Zn (0 0 2), (1 0 0), (1 0 1),
1 0 2) and (1 1 0) phase, respectively, indicating the crystal nature
f the composite coatings. The average grain size of UCC was
5 nm. The characteristic peak of TiO2 in composite coating was not
bserved in the XRD patterns perhaps owing to the little content in
omposite coatings. However, the EDS analysis testified the exis-
ence of TiO2 particles in composite coating which was analyzed in
EM analysis.

The FT-IR absorption spectrum of SCC is shown in Fig. 2b. It
s known that the Si–O–Si has an asymmetric stretching mode
n a wide region [24], and the location depends upon the nature
f the bonding associated with it. In Fig. 2b, an obvious absorp-
ion peak presented at around 1106 cm−1, which was attributed
o �as(Si–O–Si), was observed. The absorption peak of CO2 was
bserved at 2368 cm−1 due to the non-flat surface of SCC.
.3. Potentiodynamic polarization analysis

The typical potentiodynamic polarization curves of the different
pecimens are presented in Fig. 3.
Fig. 3. Typical potentiodynamic polarization curves of different specimens in neu-
tral 3.5 wt.% NaCl solutions.

Fig. 3 showed that bare substrate, UCC and SCC all exhibited
active dissolution without any distinctive transition to passivation
within the range of anodic potential studied. With the increas-
ing anodic potential, the anodic current densities significantly
increased for three specimens, suggesting a fast anodic dissolution.

Different parameters like corrosion current density (icorr) and
corrosion potential (Ecorr), cathodic (ˇc) and anodic (ˇa) Tafel slopes
derived from Fig. 3 using Tafel extrapolation are summarized in
Table 3. It can be seen that the Ecorr of bare substrate was higher
than that of both UCC and SCC, indicating that both UCC and SCC can
act as anodic coatings to play the role of mechanical isolation and
electrochemical protection in the corrosion protection for sintered
NdFeB magnet. Comparing UCC with SCC, it can be found that the
value of icorr for SCC was near upon two orders of magnitude lower
than that of icorr for UCC, suggesting the lower corrosion rate for
SCC. Furthermore, the value of Ecorr for SCC was slightly nobler than
that of Ecorr for UCC, indicating the higher thermodynamics stability
for SCC. In addition, the UCC presented the rather low anodic Tafel
slope (1.3 mV/decade), suggesting the fast active dissolution during
polarization in 3.5% NaCl solutions. The anodic Tafel slope of SCC
(38.72 mV/decade) markedly increased due to the blocking effect
of the sealing layer.

The different polarization behavior for SCC and UCC was mainly
due to their different properties and structure. As to SCC, due to
the covering and blocking effect of sealing layer, transfer of cor-
rosive media was held back to a certain extent and the increase of
polarization current was suppressed during polarization treatment.
Consequently, the corrosion process of SCC was slowed down, i.e.
the anodic portion of the polarization curve of SCC showed the
lower anodic current densities and higher anodic (ˇa) Tafel slopes.

3.4. Electrochemical impedance spectroscopy analysis

Electrochemical impedance spectroscopy (EIS) is one of the
most intensively used and powerful techniques for investigation
and prediction of corrosion protection [25].

The typical EIS plots displayed in Figs. 4 and 5 clearly showed
the distinct differences among the different specimens. From Fig. 4
(impedance modulus |Z| as a function of frequency), it can be
seen that the impedance value of SCC coated substrate increased
by approximately one order of magnitude compared with that
higher corrosion resistance compared with UCC. Fig. 4 (phase angle
as a function of frequency) indicates that there was two time
constants over the whole frequency range studied for the bare
substrate. The appearance of the time constant at high-frequency
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Table 3
Electrochemical parameters calculated from the potentiodynamic polarization curves displayed in Fig. 3.

Specimens Ecorr (mV vs. SCE) Icorr (A cm−2) ˇa (mV/decade) ˇc (mV/decade) Rp (� cm2)

SCC −977.9 3.1 × 10−6

UCC −1014.1 1.9 × 10−4

Substrate −776.5 1.1 × 10−5

F

r
u
r
N
f
a

ig. 4. Typical Bode plots of different specimens in neutral 3.5 wt.% NaCl solutions.

ange could be attributed to the existence of the corrosion prod-

ct layer, and the present of the time constant in low-frequency
ange was attributed to Faradaic reactions of NdFeB magnet. The
yquist plot of the UCC coated substrate consisted of a high-

requency capacitive loop, intermediate-frequency capacitive loop
nd a low-frequency inductive loop. The capacitive loop in high-

Fig. 5. Typical Nyquist plots of different speci
38.72 133.34 6915
1.3 −861.564 114

37 148 1937

frequency range could be attributed to the existence the corrosion
product layer, and the capacitive loop in intermediate-frequency
range could be attributed to Faradaic reactions of Zn–TiO2 compos-
ite coating. The appearance of low-frequency inductive loop may
be ascribed to activated adsorption of intermediate on the surface
of electrode [25]. The shape of the phase angle plot and Nyquist
plot (Figs. 4 and 5) of SCC coated substrate indicated the existence
of three time constants which reflected three relaxation processes.
The time constant in high-frequency range was associated with the
existence of a protective sealing layer. Due to the blocking effect of
sealing layer, the electrochemical corrosion action could be inhib-
ited and then the formation of the corrosion product layer became
difficulty, so it is still worthwhile to discuss the origin of relax-
ation process in the intermediate-frequency range. Van Ooij’s [26]
and other group [27] who had studied the silane films on aluminum
proposed that this time constant was attributed to the chemical for-
mation of an “interfacial inorganic layer” between aluminum base
and up-coated silane films. This layer may be composed of natural
aluminum oxide and (or) Al–O–Si bonds. The Me–O–Si (Me stands
for metals) structure had been detected in many silane-covered
metals surface [28,29]. In the present case, the origin of relax-

ation process in the intermediate-frequency range may be ascribed
to existence of combination of the interfacial inorganic layer and
some corrosion product according to the studies mentioned above
[26–29]. The third one in low-frequency range could be attributed
to the existence of Zn–TiO2 composite coating.

mens in neutral 3.5 wt.% NaCl solutions.
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Table 4
Electrochemical equivalent circuit parameters for the different samples.

Specimens Rsi (� cm2) Y0 (�−1 cm−2 s−n) n Rmix (� cm2) Y0 (�−1 cm−2 s−n) n Rct (� cm2) Y0 (�−1 cm−2 s−n) n

SCC 170.3 4.6 × 10−6 0.64 4515 1.3. × 10−5 0.90 4047 2.5 × 10−3 1.0
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low-frequency range of the measured impedance spectra. The cir-
cuit presented in Fig. 6c consisted of three RC circuits. The circuit
RsiCPE1 indicated the corrosion resistance of sealing layer corre-
sponding to the high-frequency range of impedance spectroscopy.
Specimens Rcor (� cm2) Y0 (�−1 cm−2 s−n) n

UCC 346.5 2.6 × 10−4 0.75
Substrate 21.0 3.1 × 10−4 0.83

A more detailed interpretation of EIS measurement was per-
ormed by fitting the experimental plots using the electrochemical
quivalent circuit (EEC) depicted in Fig. 6. The EEC displayed in
ig. 6a was proposed to account for the EIS data of bare substrate,
hile the EEC presented in Fig. 6b and c, were used for the illu-
ination of the UCC coated substrate and SCC coated substrate,

espectively. The equivalent circuit presented in Fig. 6a consisted
f parameters, namely, solution resistance (Rs), the resistance of
orrosion product (Rcor), the charge transfer resistance (Rct). The
onstant phase element (CPE) was introduced in order to replace
he capacitance of the double layer (Cdl). A constant phase element
CPE) replaced the capacitance of the double layer (Cdl) due to the
oughness and inhomogeneity of the electrode surface as reported
lsewhere [25,30]. The impedance of CPE was given by the following
quation [25]:

CPE(ω) = Y0
−1(jω)−n (1)

here Y0 is a constant that is independent of frequency, ω is angu-√

ar frequency, j = −1 and n is exponential index which represents
dispersion of relaxation. The CPE represents a capacitor for n = 1,
resistor for n = 0, an inductance for n = −1 and a diffusion pro-

ess for n = 0.5. The circuit, presented in Fig. 6b, consisted of two RC
ircuits. The circuit RcorCPE1 indicated the corrosion resistance of

ig. 6. Electrochemical equivalent circuits used for fitting the EIS data of bare sub-
trate (a), UCC coated substrate (b) and SCC coated substrate (c).
Rct (� cm2) Y0 (�−1 cm−2 s−n) n L (H cm2)

278.8 4.5 × 10−3 1.0 98.9
2177 6.6 × 10−4 0.83

corrosion product layer corresponding to the high-frequency range
of impedance spectroscopy, and RctCPE2 described the electrode
Faraday process, i.e. dissolution of Zn–TiO2 composite coating cor-
responding to the low-frequency range of impedance spectroscopy.
An inductance was introduced to explain the inductive loop in
Fig. 7. Surface morphologies of the UCC coated substrate (a) with an immersion time
of 264 h and SCC coated substrate (b) with an immersion time of 336 h in neutral
3.5 wt.% NaCl solutions.
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he circuit RmixCPE2 represented the existence of combination
f interfacial layer and corrosion product corresponding to the
ntermediate-frequency range of impedance spectroscopy, and
ctCPE3 described the electrode Faraday process, i.e. dissolution of
n–TiO2 composite coating corresponding to the low-frequency
ange of impedance spectroscopy. The values of the main elec-
rochemical equivalent circuit parameters for different samples
re shown in Table 4. From Table 4 it is found that the Rct of
CC with a value of 4047 � cm2, were approximately 15 times
igher than that of UCC with a value of 278 � cm2, which sug-
ested the better anticorrosive properties of SCC than that of
CC.

Fig. 7 showed the surface morphologies of the UCC coated sub-
trate with an immersion time of 264 h and SCC coated substrate
ith an immersion time of 336 h in neutral 3.5 wt.% NaCl solu-

ions. Large number of corrosion spots and corrosion products were
oticed on the SEM image of UCC coated substrate (Fig. 7a). Very

ittle corrosion was observed on the surface of SCC coated sub-
trate (Fig. 7b), which indicated that the degree of corrosion for
CC was much lower than that of UCC. Moreover, the obvious phe-
omena of crack for UCC were observed. Macroscopic pitting on
he surface of SCC coated substrate and the brown rust in solu-
ions cannot be observed with an immersion time of 336 h, but
he macroscopic pitting on the surface of UCC coated substrate and
he brown rust in solutions were observed when the immersion
ime was 264 h, suggesting the better corrosion protection proper-
ies of the SCC provided for NdFeB magnet in neutral 3.5 wt.% NaCl
olutions compared with UCC.

From the corrosion analysis mentioned above, it can be seen
hat the sealed Zn–TiO2 composite coating (SCC) exhibited excel-
ent anticorrosive properties. Due to the blocking effect of sealing
gent [31], SCC could provide better corrosion protection for NdFeB
agnet compared with UCC in neutral 3.5 wt.% NaCl solutions.

. Conclusions

A sealed Zn–TiO2 composite coating (SCC), which exhibited
xcellent corrosion protection properties, was successfully applied
o sintered NdFeB magnet by the combination of electrodeposition
nd the sol–gel method.

The electrochemical corrosion tests indicated that, in compari-

on to unsealed Zn–TiO2 composite coating (UCC), sealed Zn–TiO2
omposite coating (SCC) exhibited better anticorrosive properties,
nd could provide long-term corrosion protection for NdFeB mag-
et in neutral 3.5 wt.% NaCl solutions which could be attributed to
he blocking effect of sealing agent.
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