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Ti/TiN multilayers were deposited on sintered NdFeB by radio frequency magnetron sputtering. The film grain
size decreased with the number of multilayers in the stack. Corrosion current density of sintered NdFeB with
Ti/TiN multilayers was much lower than bare NdFeB. NdFeB with six periods of Ti/TiN multilayers exhibited
good corrosion resistance in artificial saliva. Wear properties were characterized followed by the open circuit po-

tential measurements. Friction and corrosion are interdependent. The Ti/TiN multilayers enhanced the corrosion
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resistance and decreased the wear volume. The joint action of corrosion and mechanical loading boosted the
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1. Introduction

NdFeB is a superior hard magnetic material. NdFeB permanent
magnets have found applications in a wide range of fields due to
NdFeB excellent magnetic properties, wide sources of raw materials
and low price [1]. In recent years, NdFeB magnets have been used in a
variety of engineering applications, including biomedical, automotive,
acoustics, and consumer electronics [1,2]. At present, most widely
used orthodontic magnetic material is the rare earth NdFeB. Since mag-
netic forces have advantages in traditional orthodontic applications
[3,4], orthodontic magnetic materials have attracted researchers in the
past twenty years [5,6]. However, poor corrosion resistance in various
environments hinders further applications [7-11]. Active phases, such
as Nd-rich and B-rich phases in NdFeB permanent magnets, facilitate
easy corrosion in corrosion medium, which weakens magnetic proper-
ties, and turns NdFeB into powder-like, non-usable product. Thus,
anti-corrosion surface treatment is very important for sintered NdFeB
magnets [12]. NdFeB is an attractive material for dental implants [13],
however, perennial reliability and stability, along with corrosion and
wear resistance are of concern [14], thus a protective layer is required.
In industry, electroplated Ni, Zn, and Ni/Cu/Ni coatings are generally ap-
plied because of their good corrosion performance and low processing
cost. However, electroplating is often accompanied by environmental
concerns and deterioration of magnetic properties [15].
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In recent years, the Al/Al,03 [16], Al/Cr, gas nitriding [17], along with
TiN and Ti/TiN multilayer films have been also used to improve the sur-
face performance. TiN is a hard physical vapor deposition (PVD) coating,
widely used in wear and corrosion protection applications. Titanium
nitride films have golden yellow color, high hardness and good chemical
and metallurgical stability [18], good corrosion resistance and low coef-
ficient of friction [19], can be deposited by PVD, and are biocompatible
[20,21].

As an environmentally-friendly method, PVD has attracted increas-
ing attention, and has been utilized to improve corrosion resistance
[22-26]. PVD s a dry deposition technology, without liquid waste pollu-
tion, opposite to electroplating. It can also produce coatings with better
adhesion to the substrate, which is critical for corrosion resistance in the
oral cavity. Meanwhile, the efficiency of PVD has been enhanced in re-
cent years [27]. This paper describes an experimental study of NdFeB
corrosion protection with titanium nitride ceramic multilayer coatings
in artificial saliva.

2. Experimental details

Sintered demagnetized NdFeB samples with composition given
in Table 1, were ground to 20 mm x 20 mm x 3 mm dimensions and
mechanically polishing to 5000 grit. The model of the NdFeB was
N42H, provided by the SANVAC Company in China. Then the samples
were cleaned for 15 min in acetone, followed by alcohol cleaning in an
ultrasonic bath. Titanium nitride thin films were deposited on NdFeB
by RF-magnetron sputtering at 300 °C. The vacuum chamber schematic
is shown in Fig. 1. The base pressure was 5 x 10> Pa. First, the chamber
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Table 2
Coatings deposition conditions.

Table 1
NdFeB composition.
NdFeB (N42H) B Dy Nd Pr Tb
wt.% 1.06 + 0.06 0.7 + 0.14 2822 + 060 04 033 092 + 0.03

was purged with high purity argon at 30 sccm (standard cubic centime-
ters per minute). Then, the specimens were cleaned by Ar™ ion bombard-
ment with 50 W energy for 30 min. The coating deposition started at
300 W. To prepare Ti/TiN multilayers, alternating Ti and TiN films were
deposited on sintered NdFeB, which was rotated to obtain homogeneous
coatings. The Ti layers were deposited by RF magnetron sputtering from a
76 mm diameter titanium target. The TiN films were deposited by RF
magnetron sputtering with Ar-N, mixed gas, in which the flow of N,
was 1 sccm. Multilayers with different periods (Ti 4+ TiN) were prepared
with similar overall coating thickness. The deposition conditions are
listed in Table 2.

The film thickness was measured with scanning electron microscopy
(SEM) using ZEISS EVO18, and also with a Dektak 150 stylus profilometer.
The titanium film deposition rate was about 11 nm/min. The deposition
rate of the TiN film was 8.7 nm/min. The coating hardness was measured
by nanoindentation. The structure of the Ti/TiN coatings was character-
ized using the field emission scanning electron microscope (FESEM,
10 kV). The friction coefficient of the NdFeB was measured before and
after coating with the friction wear testing machine (UMT-2). Finally,
the dynamic polarization curves were measured to explain the effect of
Ti/TiN multilayers on NdFeB corrosion resistance with electrochemical
workstation (CHI660C). The testing solution was artificial saliva with
composition listed in Table 3. A conventional three-electrode cell was
used with the Standard Calomel Electrode (SCE, saturated KCl) as the
reference electrode and a platinum sheet (16 mm x 16 mm) as the aux-
iliary electrode. The exposed surface area of the working electrodes was
4 cm?. To stabilize the stationary potential, all systems were kept in
solutions for 1 h prior to measurements. Single round tests were per-
formed at a scanning rate of 0.5 mV/s with the applied potential varied
from —0.5 V (SCE) to 0.5 V (SCE), opposite to the open circuit potential.
The range of the test frequency was 10~2-10° Hz, and the AC amplitude
was 5 mV in the electrochemical impedance spectroscopy (EIS) test.

3. Results and discussion
3.1. Film morphology
Fig. 2 shows cross-sectional FESEM images of sintered NdFeB coated

with Ti/TiN multilayers with one, three and six periods. The transition Ti
layer is very thin, labeled in Fig. 2(a). TiN layer is 2.3 um thick, with the
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Fig. 1. Vacuum chamber schematic.

Coating Layer Thickness of Coating overall Gas flow rate
each layer thickness (um) Ar (scam) N, (scem)
Single layer Ti 200 nm 2.5 30 -
TiIN 23 um 30 1.0
3 periods of Ti/TiN  Ti 150 nm 235 30 -
multilayers TiN  Others 600 nm 30 1.0
The top 1 um
6 periods of Ti/TiN Ti 90 nm 2.54 30 -
multilayers TiN  Others 200 nm 30 1.0
The top 1 um

columnar grain structure. In Fig. 2(b), the TiN layer also has columnar
structure. The top layer has bulky crystal structure, and the Ti/TiN coat-
ings have obvious stratification. Ti/TiN multilayers with six periods also
have Ti layer and columnar TiN layer, seen in Fig. 2(c). However, the
structure with six periods is denser than with one or three periods.
The film becomes denser with the number of layers, and the number
of defects is reduced. Ti layer breaks down columnar structure of the
TiN coating, and as a result, the grain boundaries between columnar
grains in different Ti layers are independent. Therefore, penetrating
micropores, which act as fast diffusion paths for aggressive media,
could be inhibited in multilayers. Furthermore, the micropores would
be further inhibited with more periods in the multilayer as a result of
the increased interfacial area. In addition, the alternating structure sup-
presses penetration of the test solution, and therefore, the long-term
electrochemical stability of the coated samples is improved. The multi-
layer structure can redistribute the current flow to eliminate current
concentration at the small pinholes and prevent rapid galvanic attack
at the pits [28]. Moreover, the compact structure allows the corrosion
products to plug the micro-corrosion holes more efficiently. Thus,
Ti/TiN multilayers can have better anticorrosion performance. Typical
X-ray diffraction (XRD) 6/26 scans from reactively magnetron-sputtered
multilayers Ti/TiN coatings deposited with different layers on bare
sintered NdFeB substrates are presented in Fig. 3.

3.2. Corrosion-resistant properties

The anti-corrosion performance of the uncoated NdFeB magnet and
the magnets with Ti/TiN multilayer films in the artificial saliva was
studied, and compared using open circuit potential, EIS and potentiody-
namic polarization techniques. From Fig. 4, it can be seen that the open
circuit potential of the bare sintered NdFeB (1) is clearly lower than the
NdFeB with Ti/TiN multilayers. Meanwhile, the open circuit potential
increases with the number of the film layers.

Fig. 5 displays the EIS spectra tested in artificial saliva. The magnets
with Ti/TiN coatings have the best corrosion resistance. The bare
sintered NdFeB (Fig. 5a) has an added Warburg circuit element for the
uncoated magnet, which indicates the occurrence of the preferential
corrosion along particle boundaries [29,30]. The EIS spectra also show
that the Ti/TiN multilayer films clearly improve the anticorrosion per-
formance of NdFeB magnets. Fig. 5b shows the radius of curvature
with the three kinds of coating films, which is larger than the bare
sintered NdFeB. The equivalent circuit is obtained by the Zview 2 soft-
ware, as shown in Fig. 5. The low frequency capacitive loop is quite com-
plicated. From the equivalent circuit one can get the polarization
resistance (Rp), along with the double layer capacitance (the constant
phase element, CPE, is used to account for the non-ideal capacitive

Table 3
Artificial saliva composition.

Salivary KCl NaCl  CaCly-2H,0 NapS-9H,0 NaH,P04-2H,0 Urea
components
g/L 0400 0400 0.906 0.005 0.696 1.000
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Fig. 4. Open circuit potential curves of (1) bare sintered NdFeB, and coated with (2) single,
(3) three, and (4) six periods of Ti/TiN multilayers in artificial saliva.

response, instead of capacitance). The equivalent circuit model is shown
in Fig. 6. The impedance of CPE is given as:

Zepe = 1/[Yo(jo0)"] (1)
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Fig. 5. EIS spectra of (a) bare sintered NdFeB, (b) uncoated NdFeB (1) and coated with
Fig. 3. XRD spectra of different layers of Ti/TiN multilayers on bare sintered NdFeB. (2) single, (3) three and (4) six periods of Ti/TiN multilayers in artificial saliva.
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Fig. 6. Equivalent circuit model for the samples immersed in artificial saliva.

Table 4
Analyzed values of the equivalent circuit parameters.
Sample R, (KQ-cm?) Yo (Q-ecm~2-s71) nO<n<1)
Bare sintered NdFeB 6.10 88 x 1074 0.74
Single layer 952 58 x 1074 0.75
Three layers 22.80 51x107% 0.76
Six layers 19.00 40 x 107* 0.89

where Y is the admittance magnitude of the CPE and 1) is the power
index number. It is well known that the CPE is affected by the properties
of the coating, such as surface roughness, porosity, and so on [31,32].
This paper explains the difference of R, in the uncoated and coated
NdFeB magnets. In Table 4, the values of R, increase from the top
to the bottom, and the three and six periods of Ti/TiN multilayers have
the maximum values. Besides, the values of Y, decreased in the uncoat-
ed and coated NdFeB magnets, because rust began to block the pinholes
[32], leading to some loss in the corrosion protection. This suggests that
magnets with Ti/TiN composite films have the best anticorrosion
properties.

Fig. 7 shows potentiodynamic polarization curves of bare sintered
NdFeB, and with the single layer, three and six periods of Ti/TiN multi-
layers. Measured anode curves were different from the cathode curves.
The four lines of the cathode curves almost overlapped. However, the
current density of the bare sintered NdFeB changed quickly with the
potential increasing in the anode curves. Sample coated with Ti/TiN
multilayers with six periods showed better corrosion resistance, as the
current density changed slowly with the voltage increase. The corrosion
potential, Ecor, and corrosion current density, icorr, values, calculated by
the CView2 software are listed in Table 5. The corrosion potential of
the uncoated NdFeB specimen was approximately —0.7 V (vs. SCE),
whereas those of the NdFeB specimen with one, three, and six periods
of Ti/TiN multilayers were about —0.44 V (vs. SCE), —0.49 V (vs. SCE),
and —0.55 V (vs. SCE). The most important thing turned out to be the
comparison of the current density. The corrosion current density of the
bare sintered NdFeB specimen was about 2829 nA/cm?. For the NdFeB
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Fig. 7. Potentiodynamic polarization curves of (1) bare sintered NdFeB, and coated with
(2) single, (3) three, and (4) six periods of Ti/TiN multilayers in artificial saliva.

Table 5
Polarization data obtained from the bare sintered NdFeB and coated with a single layer,
three and six periods of Ti/TiN multilayers in artificial saliva.

Samples Ecorr (V) icorr (NA/c®)
Bare sintered NdFeB —0.70 2829
Single layer Ti/TiN —044 523
Three periods of Ti/TiN multilayers —0.49 98
Six periods of Ti/TiN multilayers —0.55 28

Reference Silicon nitride ball
electrode
Counter Load
electrode

Artificial
Working saliva
electrode

A\

sample

Fig. 8. Schematics of the UMT-2 friction testing machine.

specimens coated with the single layer, i, Was approximately
523 nA/cm?. It was found that the single layer Ti/TiN coating clearly pro-
tects NdFeB. The corrosion current density of the sintered NdFeB coated
with Ti/TiN multilayers is much lower than that of the bare sintered
NdFeB. This demonstrates that corrosion resistance of the sintered
NdFeB was effectively improved by these coatings. Also, the current
density of the Ti/TiN multilayers with six periods was only 28 nA/cm?,
about two orders of magnitude lower than that of the bare sintered
NdFeB specimen. This indicates that the corrosion resistance of the
sintered NdFeB became much better, and improved with the number of
multilayers. The corrosion rate and the current density followed the
same trend.

3.3. Friction and wear

Fig. 8 shows schematics of the friction wear testing machine (UMT-
2). Bare sintered NdFeB and NdFeB coated with a single layer and six pe-
riods of Ti/TiN multilayers were tested. The following test parameters
were used: 5 mm diameter SisN,4 ball, 5 N normal load, 15 mm scratch
length, and 1 h total testing time. The sample was left for 10 min before
and after each friction test. Fig. 9 shows the friction coefficient of bare

0.4
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2
S 02 4 —— (1) bare sintered NdFeB
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Fig. 9. Friction coefficient of (1) bare sintered NdFeB and coated with (2) a single layer and
(3) six periods of Ti/TiN multilayers in artificial saliva.
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sintered NdFeB and NdFeB coated with the single layer and the six
periods of Ti/TiN multilayers in solution. The friction coefficient of the
three tested samples is almost the same at the steady state. However,
the friction coefficient of the three tested samples exhibits a large
difference at the initiation of the test. The reasons for this phenome-
non are due to the running-in stage [33] and the friction coefficient
being related to many potential factors, like surface conditions, the
macromechanical properties of the contact surface and so on [34].
This stage is quite complicated, thus that the friction coefficient is not
stable at the initiation of the test. The main result though is that
titanium nitride coatings didn't change the friction coefficient of the
bare NdFeB. However, a large difference in the wear tracks is seen in
Fig. 10, which were obtained in artificial saliva in Fig. 10(a, b, ¢), and
in air in Fig. 10(d, e). The wear track width shows that the bare sintered
NdFeB didn't wear more than with the Ti/TiN multilayers, however,
corrosion of bare NdFeB was more severe in Fig. 10a. The wear track is
smoother with Ti/TiN multilayers in the simulated environment

Table 6
Wear capacity of bare NdFeB, with a single Ti/TiN layer and with six periods of Ti/TiN
multilayers in different environments.

Samples Wear volume in solution ~ Wear volume in air
(x1073 mm®) (x1073 mm°)

Bare sintered NdFeB 1.1356 0.6897

Single layer 0.5794 2.0247

Six periods of Ti/TiN multilayers ~ 0.1789 46164

(Fig. 10b, c) than in air (Fig. 10d, e). The wear volume was measured
using a Dektak 150 stylus profilometer, listed in Table 6. The wear
volume of bare NdFeB magnets was 1.136 x 10> mm? larger than
with the Ti/TiN multilayers in the solution. Furthermore, the wear
volume gradually reduced with the number of Ti/TiN periods in

Fig. 10. SEM images of the wear tracks on (a) bare sintered NdFeB, (b) single layer and (c) six periods of Ti/TiN multilayers in artificial saliva; (d) single layer and (e) six layers in air.
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Table 7

EDS composition analysis of the wear track in dry friction measurements.
Sample/at.% C N 0] Si Ti
The single layer 73 11.5 55.3 1.7 242
The six layers 15.1 04 50.4 4.1 145

the multilayer stack. However, an opposite result was observed in air.
Obviously, the wear volume increased with the Ti/TiN multilayers. The
main difference between the solution and air is that there is corrosion
in the solution. Meanwhile, the wear track of the multilayers Ti/TiN
coating in Fig. 10(d, e) shows many cracks with silicon and oxygen
found by the energy dispersive spectroscopy (EDS) at 20 kV under
high pressure, listed in Table 7. These results indicate that adhesion
and the oxidation reactions happen during the friction measurements
in dry conditions. Besides, the peeling abrasive dust also plays an impor-
tant role in friction measurements. However, adhesion was not observed
during wear testing in the wet environment. As a result, adhesion wear is
a predominant mechanism, and almost no abrasive was present during
dry testing. However, only abrasive wear was observed in the simulated
saliva environment. The interaction between corrosion and wear usually
degrades performance. However, some tests found that the material loss
is smaller in corrosion medium than during dry friction in air [35]. Such
phenomenon was observed with the Ti/TiN multilayers, thus there could
be negative interaction in these tests. Combined action of corrosion and
mechanical loading can accelerate the corrosion wear rate. Thus, based
on our results, the main reasons why the multilayered Ti/TiN coating
offers better corrosion wear resistance in artificial saliva environment
are: (1) the multilayer Ti/TiN coating has anticorrosion properties;
(2) the solution acts as a lubricant and reduces friction.

Fig. 11 shows the corrosion potential, Eo., values for different sam-
ples in the artificial saliva. The open circuit potential of the bare NdFeB
magnets was much lower. An obvious change was observed as soon as
the load was added at 600 s, and the values stabilized over time.
These results explain lower wear volume of the Ti/TiN coated samples,
which improved corrosion resistance in the friction wear test.

3.4. Coating hardness

Hardness, H, is an important thin film mechanical property that can
be measured using nanoindentation techniques. In this experiment, the
nanoindentation loading rate was 10 nm/s and the values of hardness
and elastic modulus were the average values from loading displacement
between 1/7 and 1/10 of the Ti/TiN film thickness. The results shown in
Fig. 12, depend on the film microstructure. Coated samples are obvious-
ly harder than the bare sintered NdFeB. The hardness of the bare
sintered NdFeB is around 9 GPa. However, the hardness of NdFeB

— (1) bare sintered NdFeB
-0.4 1 .
— (2) single layer
— (3) six periods Ti/TiN multilayers
051 2
o
L
-0.6 4
—————
-0.7 1 1
0 1000 2000 3000 4000

Time (s)

Fig. 11. E,,; time dependence of the bare sintered NdFeB, the single layer and the six pe-
riods of Ti/TiN multilayers tested for 1 h in artificial saliva.

25 4

20 1

15

10 1

Hardness (GPa)

Bare NdFeB  Single layer

Three layers  Six layers

Fig. 12. Hardness of bare sintered NdFeB and coated with a single layer, three and six pe-
riods of Ti/TiN multilayers measured by nanoindentation.

magnets coated with the single layer, three and six periods of Ti/TiN
multilayers is about 2.5 times higher than the bare NdFeB sample. Hard-
ness only changed slightly with the number of periods in the Ti/TiN
multilayer stack. Bare sintered NdFeB hardness is significantly improved
by the Ti/TiN multilayer coatings, along with friction, wear and corro-
sion resistance.

4. Conclusions

Ti/TiN coatings were deposited on bare sintered NdFeB by radio fre-
quency magnetron sputtering and significantly improved bare sintered
NdFeB corrosion resistance. The Ti/TiN coating included Ti layer and
crystalline columnar TiN film. As the number of the periods increased,
TiN columnar grains were terminated by the Ti layer and limited TiN
columnar growth in the multilayer stack. These coatings improve bare
NdFeB corrosion resistance. Thus, the current density of the coated
samples diminished, and the polarization resistance increased, showing
better corrosion resistance. Ti/TiN multilayers with six periods showed
the best performance in terms of corrosion protection. The friction
wear test performed in artificial saliva also showed that the Ti/TiN mul-
tilayers improved corrosion resistance. The wear volume of bare
sintered NdFeB surface in solution was the largest. The wear volume
in different environments was compared. Ti/TiN multilayers deposited
on bare NdFeB improved friction and wear resistance. The material
loss is smaller in corrosion medium than in air, proving that corrosion
limited mechanical wear. The interaction between corrosion and wear
has a negative effect. The hardness of the Ti/TiN multilayer coating
was 2.5 times higher than the bare sintered NdFeB.
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