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Corrosion behavior of laser powder bed fusion additive
manufacturing produced TiNi alloy by micro-arc oxidation

Xin Zhao'?®, Yicheng Liu*>*®, Chenfan Jia* Hao Changs's, Wei Zhangsg, Yun Bai®, Shujun Li°, Lai-Chang Zhang 7 and Wei Yuan 3?>>™

To improve the corrosion resistance of TiNi alloy fabricated by laser powder bed fusion (LPBF), a porous oxidation layer was

synthesized by micro-arc oxidation in a sodium aluminate and sodium silicate electrolyte. The influences of the applied voltage and
the processing time on the morphology of oxidation layer were investigated, and the corrosion behavior of the oxidation layer in
artificial saliva was evaluated and compared with that of the as-fabricated LPBF alloy. The results indicate that, as increasing the
applied voltage and the processing time, the oxidation layer becomes uniform and integrated. The optimum parameters are with
an applied voltage of 450 V and processing time of 40 min. The oxidation layer primarily contains a-Al,O3 and consists of two layers,
i.e., a thin, compact and uniform inner layer and a porous outer layer. The formation of stable a-Al,O5 phase in the coating and its
almost non-porous dense structure reduce the channels for corrosion ions to penetrate into the substrate through coating, thereby

improving the corrosion resistance of TiNi alloy.
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INTRODUCTION

TiNi alloys possess shape memory or superelastic property,
excellent mechanical property, and high damping property;
therefore, they have been widely applied in the medical field'~>.
Compared with other developed new type metallic biomaterials,
such as biodegradable magnesium and its alloys, TiNi alloys
possess higher strength and multifunction, showing great
potential in biomedical applications*®. In order to ensure the
long-term safe application of an implant in the human body,
implant materials are required to have excellent corrosion
resistance and biocompatibility’. For both properties, high
corrosion resistance is one of the main prerequisites for good
biocompatibility, as it minimizes the release of metal ions. The
surface of TiNi alloys is covered by a dense oxide film (TiO,) in
human body fluids, and the properties of the oxide film
determine its corrosion behavior. However, previous work
indicated that this layer of the spontaneously formed oxide film
is insufficient to resist the cyclic and complex loads over long-
term applications, and this may cause cracks and increase the
amount of nickel ions released from the newly exposed TiNi
under the damaged titanium dioxide layer®. Excessive Ni ions can
lead to DNA damage, inflammation, tissue death adjacent to TiNi
implants®.

The high Ni content of TiNi possesses a potential threat to its
safe application in vivo, so it is particularly important to
understand its corrosion resistance performance and many
studies have been performed. For example, Li et al. investigated
the anti-corrosion properties of Ti44Ni47Nb9 shape memory alloy
in simulated body fluids including 0.9% NaCl. They found that the
addition of Nb lead to the formation of Nb,Os in the passive film
and improve the electrochemical corrosion behavior of TiNi
alloy'®. Zhang et al. reported that the TiNi alloy exhibited

considerably greater erosion resistance than 304 stainless steel
by the recovery of the passive film formed on TiNi alloy'".
Churakova et al.'? reported that the rate of the corrosion process
for the ultrafine-grained Ti49.0Ni51.0 alloy is much lower than the
coarse-grained state because of the much dense passive film
formed on ultrafine-grained samples. The reported results
demonstrated that the performance of the surface passivation
film of the alloys is an important factor affecting its anti-
dissolution performance. Usually, the healing of the damaged
passivation film is a difficult and relatively slow process. In order
to ensure the safe use of TiNi alloys in corrosive environments,
fabricating a protective coating on the alloy surface is a
preferential option'>. Several surface treatment techniques have
been developed for this purpose, including anodic oxidation'®,
ion implantation'> and micro-arc oxidation (MAQ)'® etc. Among
these techniques, thin film layer formed on the substrate by
anodic oxidation and ion implantation technique cannot
effectively inhibit the release of nickel ions, and the bonding
between the coating and the substrate is poor'*'>. MAO can
manufacture oxide ceramic coatings on the surface of valve
metals (e.g., aluminum, magnesium, zirconium, titanium, etc.)
with excellent properties'’, such as high hardness, excellent
bonding strength to the substrate, high wear and corrosion
resistance. In addition, the surface of MAO produced oxide film is
rough and porous, which is conducive to cell adhesion,
reproduction and growth'¢181°,

However, the high Ni content of the isoatomic ratio in TiNi
makes it impossible to form an anodic film on the surface like
conventional titanium alloys, which presents difficulties for its
surface micro-arc oxidation coating?®. During the past decades,
endeavors have been made in fabricating micro-arc oxide
coatings on TiNi surfaces. Liu et al.2' used MAO to prepare
ceramic coating on the NiTi alloy in a sodium aluminate solution
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and investigated the wear resistance and apatite-forming ability of
micro-arc oxide film layers. Sukuroglu et al.?>?* formed TiO,
coatings on TiNi surfaces, resulting in non-cytotoxic coatings and
significantly superior corrosion resistance compared with the
uncoated samples. These pioneer studies indicated the possibility
of forming the micro-arc oxidation coating on TiNi alloy surface to
obtain improved wear and bioactivity of the coatings. However,
the influencing factors and the formation mechanism of the
micro-arc oxidation coating are still not clear. Further investigation
and understanding on TiNi micro-arc oxidation are required to
advance the development of TiNi micro-arc oxidation.

It is known that laser powder bed fusion (LPBF) is a category of
additive manufacturing (AM) technology that employs a laser
beam as the heat source to heat and melt the powder material,
which constructs 3D parts in a layer-by-layer manner?*=25, Due to
the crucial use of TiNi alloys in the medical field, TiNi alloys and
their properties have attracted extensive attentions in additive
manufacturing®’28, Owing to the rapid solidification and repeated
heating in LPBF process, the microstructure of LPBF TiNi samples is
composed of many fine equiaxed grains. The passivation film
formed on the LPBF TiNi sample surface in normal saline is more
uniform and denser, which results in better corrosion resistance
compared to the wrought TiNi samples®°. Since the MAO process
is closely related to the surface morphology and compositions of
the base materials*°=3°, the micro-arc oxidation process for TiNi
alloy fabricated by LPBF technique with unique microstructure
may be different from those of wrought samples. However, so far,
no related studies have been reported on such a topic. It is known
that Al,Os is a kind of chemical bioinert ceramic, and the release
of Al ions is very low, which has the great potential to block the
metallic ions from the substrate and improve the corrosion
resistance of the metallic materials3®. In addition, aluminum oxide
ceramics have been widely used as implant materials for bone
joints, so they have good biocompatibility®’. Therefore, in this
work, the Al,O; coating is fabricated on the surface of LPBF TiNi
alloys using micro-arc oxidation technology, with aim to
investigate the influence of electrification time and voltage on
the microstructure, and the electrochemical corrosion and ion
release behavior of the coating formed on the surface of TiNi
alloys fabricated by LPBF.

RESULTS
Surface morphology of the micro-arc-oxidized samples

Figure 1 shows the surface and transversal morphologies of LPBF
TiNi samples after micro-arc oxidation treatment at different times
and voltages. It is shown that the discharge channels (i.e., surface
micropores) are present on the surface of the film fabricated
under all parameters. The surface and transvers morphologies of
the samples with low voltage (350V) contain only a few micro-
pores with a diameter of about 0.74 + 0.22 um and a film thickness
of about 0.69~2.05 um (Fig. 1a, b). As the voltage rises (400 V), the
number of micro-pores in the oxide layer increases, but the
distribution is not uniform and the average micropore size is
1.52+0.80 um (Fig. 1¢); the layer thickness of the oxide layer is
between 3.2 and 9.8 um (Fig. 1d). When the voltage rises to 450V,
the average micropore size is 8.63 +2.99 um (Fig. 1e) and there is
a buildup of obvious small-sized molten material around it. The
film thickness is between 22.5 and 35.6 ym (Fig. 1f). The oxide film
and the substrate have a good metallurgical bonding, and there
are no large holes between the film and the substrate. These
results indicated that the pore size in the surface and the thickness
of the micro-arc oxidation film of the LPBF samples gradually
increase as increasing the voltage. This may be attributed to the
two reasons as follows. The one is the increase in current density
per unit area of the film, which promotes the growth of the film.
The other is the rise of voltage causing the film to be discharged
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by breakdown, which enhances the driving force for micro-arc
oxidation and film growth.

Besides the oxidation voltage, the oxidation time may also
influence the morphology of the layer. Due to the very lower
thermal conductivity of the ceramic layer, thermal stresses are
generated by the temperature difference at various places on the
surface of the coated sample during the shorter oxidation time,
resulting in small cracks on the coating surface (Fig. 1g, h). With
the increase of voltage and oxidation time, the plasma discharge
intensity on the surface of the sample and the sintering
temperature of the coating increases, which is beneficial to the
metallurgical chemical reaction between the matrix and the
coating interface, and improve the interface bonding strength. In
addition, the 40 min-sample has a larger pore size (8.63 £ 2.99 um)
and lower porosity (13.8%) than those of 30 min-sample
(4.49+£0.98 um, 16.1%). Longer oxidation time results in the
increase in the plasma spark discharge size, which leads to larger
pores in the most outer part of the coating. However, the inner
layer of the coating becomes more compact, which is attributed to
the more complete hydrolysis and deposition reactions of
aluminate into the interior of coating.

Surface composition of the micro-arc-oxidized samples

Figure 2 displays the EDS images of the micro-arc oxidation layer
fabricated by different processing parameters. The oxidized layers
are mainly composed of Al, O, Ti and Ni. Small amounts of silicon
and carbon are also detected. Numerical results of the EDS
analyses of micro-arc oxide coatings formed on LPBF TiNi alloy are
shown in Table 1. The results show that with increase in the
oxidation voltage and time, the contents of Al and Si increase
whereas the contents of Ti and Ni decrease, which indicates that
the formation of alumina and silicon oxide is promoted by
increasing the oxidation voltage and time. In addition, when the
voltage is lower, the element distribution on the layer surface is
heterogeneous, with some Ti and Ni concentrations near the
micro-pores (Fig. 2a, b). After the voltage reaches 450V, the Ti and
Ni contents increase near the micropores (Fig. 2c). Shorter
oxidation time results in less effective film composition and
poorer film quality (Fig. 2d). EDS analysis on the cross-sections of
the MAO samples indicates remarkably higher Al content than Si
and Ti in the coating, slightly higher Ti content in the dense layer
than the porous layer, but slightly higher Al and Si contents in the
porous layer than the dense layer (Fig. 3).

The XRD results indicate that the oxide layer formed on the
MAO samples is mainly composed of Al,Os, SiO, and rutile TiO,
(Fig. 4). Al,03 ceramic coatings are mainly composed of a-Al,03
and y-Al,03, where y-Al,O5 is the main constituent phase with a
face-centered cubic structure, and a-Al,O5; is a rhombohedral
hexahedron and a high-temperature stable phase. As increasing
the voltage, the oxide layer becomes more crystalized, as
evidenced by the a-Al,O; diffraction peak at 26 =37.53° as well
as y-Al,0s; and a small amount of SiO, and TiO, phases in 450V
sample compared to those in 350V and 400V samples. The
contents of Al,O3 and TiO, and SiO, in 450V sample analyzed by
XRD are 93.6%, 3.6% and 2.8% respectively, which suggests that
the main composition in the coating is Al,Os. Shorter oxidation
time leads to the lower crystallinity of Al,Os in oxide layer in 450V
30 min sample.

Electrochemical corrosion behavior

The open-circuit potential curves of MAO coated and uncoated
LPBF alloy in artificial saliva solution with a fluoride ion
concentration of 0.5% at pH 4 are presented in Fig. 5. At the
beginning of the immersion of the uncoated LPBF sample in
artificial saliva solution, the open-circuit potential (E,,) shifts in a
positive direction, suggesting a protective oxide film formed on
the electrode surface. Subsequently, significant fluctuations are
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Fig. 1 Surface morphology and transversal morphology of MAO produced Al,O; coating on LPBF TiNi samples at different oxidation
voltages and time. a, b 350 V/40 min, ¢, d 400 V/40 min, e, f 450 V/40 min, g, h 450 V/30 min.

observed in the uncoated LPBF sample E,p, which is attributed to
the passivation film on the surface of the sample reacting with the
solution. The E,, of coated sample is less fluctuated and becomes
stable completely at around —0.1V after approximately 1200s,
while the LPBF sample continuously shifts negatively and is
stabilized at around —0.4V at the end of the OCP test. The
significantly higher E,, of coated samples demonstrates superior
protection and corrosion resistance by oxide film on the surface of

Published in partnership with CSCP and USTB

the sample. The results of the OCP tests imply that the passivation
film formed spontaneously on the surface of the TiNi sample is
unstable, while the Al,Os film fabricated by micro-arc oxidation on
TiNi sample is effective in preventing corrosion reactions at high
fluoride ion concentrations and low pH of artificial saliva solution.

Figure 6 shows the electrochemical impedance spectra of MAO
coated and uncoated LPBF alloy in artificial saliva solution at
37+1°C with a fluoride ion concentration of 0.5% at pH 4.

npj Materials Degradation (2024) 13
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Fig. 2 Surface energy spectrum analyses of MAO coatings formed on LPBF TiNi alloy. a 350 V/40 min, b 400 V/40 min, ¢ 450 V/40 min,

d 450 V/30 min.

Table 1. EDS results of micro-arc oxide coatings formed on LPBF TiNi
alloy.
Elements Atomic percentage (%)
350V 40 min 400V 40 min 450V 40 min 450V 30 min
Ti 12.04 6.89 23 3.32
Ni 10.31 6.14 4.4 4.69
(0] 51.59 47.07 42.68 41.67
Al 8.64 17.71 23.55 21.67
Si 5.37 8.84 11.92 6.72

npj Materials Degradation (2024) 13

According to the Nyquist diagram (Fig. 6a), the radius of capacitive
arc resistance of the coated sample is evidently larger than that of
the uncoated samples. As displayed in the magnitude Bode plot
(Fig. 6d), the coated sample has significantly larger impedance
value than the pre-treatment sample throughout the frequency
variation range. In the low and medium frequency region, a curve
with a slope of approximately —1 has an impedance modulus of
107 Q cm? order of magnitude at the lowest frequencies. For the
uncoated samples, there is a flat portion of the curve because of
the solution resistance in the high frequency (10>-10° Hz). In the
middle-frequency ranges (10°-102 Hz), a curve with a slope of —1
is observed. In addition, the modulus of impedance in low-
frequency ranges maintains the order of magnitude of 10*Q cm?.
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Fig. 3 SEM and EDS. a SEM image of a cross section of the studied
MAO samples by 450 V/40 min, b EDS profiles of a cross section of
the studied MAO samples by 450 V/40 min.
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Fig. 4 XRD. The XRD indicates that the MAO coating is mainly
composed of Al,O3, SiO, and rutile TiO.,.
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The variation of bode plot of the phase angle with frequency
also shows better passivation film stability on coated sample than
on uncoated sample (Fig. 6e). From the viewpoint of EIS results,
the maximum phase angle appears in the low-frequency region
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Fig. 5 Open-circuit potential curves. The open-circuit potential of
the samples indicate MAO coating is effective in preventing
corrosion reaction in artificial saliva solution.

(1072-10"" Hz) after oxidation, while the maximum phase angle
appears in the medium frequency region (10'-10%Hz) for the
uncoated samples. The maximum phase angle significantly shifts
towards the low frequency after the micro-arc oxidation
treatment, as its corresponding frequency range is widened. It
has been reported that the relationship between the maximum
phase angle and frequency in the phase angle-frequency plot
reflect the electrochemical reaction rate of the measured
samples®®3°, The closer the maximum phase angle appears to
the low frequency, the better the corrosion resistance of the
sample. Thus, above results indicated the coated samples
possessed good corrosion resistance than that of uncoated
samples.

Equivalent electric circuits are available to describe the
electrochemical corrosion behavior of coated and uncoated
samples. The R; (Q;R;) (QR.) system can better simulate the
Al,O3 ceramic layer corrosion process (Fig. 6b). In the equivalent
electric circuit, Ry represents the solution resistance; Q; and R,
denote the capacitance of the porous layer surface/media
interface and porous layer resistance, respectively; Q, refers to
the capacitance of the compact layer surface/media interface; R
is the charge transfer resistance. Due to the uneven and rough
nature of the layer, the capacitive element of the coating is
represented by a Constant Phase Element (CPE), which accounts
for the physical quantity of capacitance deviation®=*, Table 2
summarizes the EIS fitting results. The EIS spectrum of LPBF TiNi
sample was fitted using the R (QuRp) circuit (Fig. 6¢) with the
electrochemical data obtained as shown in Table 3. In the
equivalent circuit, Qp denotes the non-Faraday impedance,
reflecting the performance of the electrode bilayer capacitance
deviating from the ideal capacitance®; R, refers to the Faraday
impedance, which represents the charge-transfer resistance
associated with electrode processes. It reflects the ability of
charge transfer at the interface between the solution and the
electrode. A smaller Ry, value indicates easier charge transfer at the
interface. For coated electrodes, R represents the difficulty of
charge transfer at the interface between the aggressive medium
and the compact layer*. Ry, ((2.585 +0.594) x 10 Q cm?) for the
LPBF sample represents the resistance of the passivation film
comparable to the resistance of porous layer of the MAO coated
sample Ry ((7.42 £ 0.93) x 103 Q cm?). However, the high resistance
Rcc of the compact layer in the coating indicates the dominant role
of this compact layer in increasing the denseness of the film. In
addition, the polarization resistance (R,) obtained from the
following polarization tests (Table 4) reveals that the R, of the

npj Materials Degradation (2024) 13



npj

X. Zhao et al.

S
6x10° 1y MAO 450V 20min

5x10°+

4x10°

2x10*
MAO 450V 40mhin

3x10°

1x10*

-Z2"(Q cm?)

-Z"(Qem’)

2x10°

3 0
0
L

0 e — .
0 1x10° 2x10° 3x10° 4x10° 5x10° 6x10°

PBF-LB sample

1x10°

1x10* 2x10*

-Z/(Q em’)

-Z'(Q cm?)
106
(d) MAO 450V 40min
1051 o PBF-LB sample
Fitting result
—— Fitting result
10} .

1Z|

IOI 2 JI ‘ ‘ 17 3 4
102 10" 10° 10" 10> 10° 10

Frequency(Hz)

10°

MAO 450V40min
PBF-LB sample
Fitting result

i Fitting result

(u]

-10F

0 oL L oL d ol
102 10" 10° 10" 10> 10° 10* 10°
Frequency(Hz)

Fig. 6 EIS plots. a Nyquist, b Bode-|Z|, c Impedance equivalent circuit for 450 V 40 min MAO sample, d Impedance equivalent circuit for LPBF

TiNi sample, e Bode-phase.

Table 2. Impedance fitting data for MAO samples at 450V for 40 min.

Title Q; (us"Q 'em™?) n R:(Q cm?) Q, (us"Q 'em~?) n, Rat(@ cm?) Chi-Square

450V 40min  (1.47+0.58)x 107 0.84+0.11 (7.42+0.93)x 10> (526+1.51)x107® 0.71+£0.04 (7.02+057)x10° (9.05+£0.71)x 1073

Table 3. Impedance fitting data for LPBF sample.

Title R,/Q cm? Qu/ps"Q 'em—2 Np Chi-Square

LPBF TiNi (2.585+0.594) x 10° (825+0.07)x 10 0.9189 +0.0052 (5.89+£0.75)x 103

Table 4. Electrical parameters after polarization curve fitting.

Samples Corrosion potential ~ Corrosion current density polarization resistance Tafel anode slope Tafel cathode slope
(V) (A cm™?) (Q cm?)

Coated LPBF alloy —0.24+0.02 (1.78£0.73)x 1078 (8.06 +0.63) x 10° 0.24 £0.04 —0.14+0.01

:?oc;atEd LPBF —0.38+0.01 (2.11+0.05)x 107> (9.73£251)x 103 0.23+£0.01 —0.54+0.15

LPBF sample is at 10> order of magnitude and the Ry of the coated
sample is at 10° order of magnitude. This demonstrates that the
presence of the compact layer within the coating effectively
inhibits the transfer of charge between the substrate and the

npj Materials Degradation (2024) 13

corrosive solution, protecting the film layer and the substrate from
corrosion.

Figure 7 shows the potentiodynamic polarization results of
uncoated and MAO coated LPBF sample in artificial saliva solution
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Fig. 7 Polarization curves and tafel extrapolation. a Polarization curves of coated and uncoated LPBF alloys in artificial saliva solution at

37 +1°C, b Tafel extrapolation on the cathodic polarization plots.

at 37 + 1 °C with a fluoride ion concentration of 0.5% at pH 4. Both
samples have evident anodic and cathodic polarization processes.
The whole polarization curve of coated sample indicates a
tendency of shifting towards the region of lower current density
and the higher potential compared to those of uncoated sample,
which means an improvement of the corrosion resistance of Al,03
coated sample. Because of the existence of a dissolution reaction
in conjunction, the self-corrosion potential (E.,,) and self-
corrosion current density (I.o) Were determined by the cathodic
Tafel extrapolation method*®, as shown in Table 4. E,,, of coated
sample (—0.24+0.02V) is slightly higher than that of the
uncoated sample (—0.38+0.01V), indicating less tendency to
corrosion. .o is @ kinetic parameter representing the corrosion
velocity of the sample. The I,y of coated sample
((1.78+£0.73) x 1078 A cm~2) is almost three orders lower than
that of uncoated sample ((2.11+0.05)x 107> A cm~2), which
indicates that micro-arc oxidation treatment can significantly
reduce the corrosion rate of LPBF samples. During the anodic
polarization, the current density of the coated samples varies
between 1078 and 1078 A cm~2, while the current density of the
uncoated samples is with the order of magnitude of 107% A cm~2,
this further confirms that micro-arc oxidation treatment could
significantly improve the corrosion resistance of LPBF samples.

Immersion experiments

Coated and uncoated LPBF samples were immersed in artificial
saliva solution with 0.5% F~ at pH 4 for 28 days and the
concentration of Ti and Ni release from LPBF alloys was tested. The
results are shown in Fig. 8 and the specific release concentration
values are summarized in Table 5. The ion concentrations of Ti and
Ni precipitated from the coated and uncoated samples gradually
increase with the increase in immersion time (Fig. 8). As measured
by the slope of soaking time versus ion release, the coated TiNi
sample releases ions at much lower concentration and rate than
the uncoated sample, which suggests that micro-arc oxidation of
LPBF sample can effectively inhibit iron release. The release of Ni
ions is greater than that of Ti ions after immersion in the corrosive
medium for both coated and uncoated LPBF samples, and such
disparity is more evident with increase in immersion time. It
should be noted that the artificial saliva solution used in this work
is much corrosive than that of human body solution, such as
blood, tissue fluid etc., in which Ni ions can be much more easily
released*’*8, Even in such corrosive solution, the Ni ion released
from the coated LPBF TiNi alloy is 0.93 +0.03 mg L~ in 24 h, which
is much lower than the range of 3-30 mg L™ reported by Messer
et al.*° that could alter cell metabolic functions. Since the Al,O5 is
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60 2
X Ni
MAO 450 V 40 min
50
PBF-LB sample Ti
40

Release ion (mg/L)

Immersion time (day)

Fig. 8 Concentration of released Ti and Ni ion. Release of Ti and Ni
ions from coated and uncoated LPBF alloys after immersion in
artificial saliva solution at 37 £ 1°C.

Table 5. lon release from coated and uncoated LPBF TiNi alloys after 1
to 28 days of immersion in artificial saliva solution at 37 £ 1 °C.
Soaking time ion release from coated ion release from uncoated

LPBF alloys LPBF alloys

TimgL™") Ni(mgL™") TimgL") Ni(mgL™")
1 day 0.22+0.04 093+0.03 338+0.33 3.,67+0.10
7 days 0.87+0.09 236+0.05 1422+0.35 16.55+0.10
14 days 491+0.37 8.08 £0.62 24.71+033 29.54+0.21
21 days 8.49+0.78 13.63+1.20 3480036 44.35+0.23
28 days 1230+ 1.29 19.56+2.02 4498+0.29 58.63+0.30

36,37

a kind of bioinert ceramic , no Al ions were detected in this

work.

Corrosion morphology
Figure 9 shows the surface morphologies of the coated and
uncoated LPBF samples after immersion in artificial saliva solution

npj Materials Degradation (2024) 13
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Fig.9 SEM images of samples after 28 days immersion in artificial saliva solution. a coated LPBF alloy, b uncoated LPBF alloy, ¢ coated LPBF

alloy, and d uncoated LPBF alloy.

for 28 days. A small amount of micron cracking is observed in
coated TiNi sample (Fig. 9a). For the uncoated TiNi sample, some
corrosion pits appear on the surface of the sample (Fig. 9b). The
energy spectrum analysis of coated LPBF samples after immersion
shows that the main composition of the layer is Al,O3 and SiO,,
while small amounts of Ti and Ni are distributed around the micro-
pores (Fig. 10). Due to the corrosion solution entering the pores
and the damage to the film layer inside the pores, a small amount
of Ti and Ni are released. Microcracks can also facilitate the
transfer of ions.

DISCUSSION
Formation mechanism of the micro-arc oxide layer on
LPBF sample

Micro-arc oxidation, also known as plasma electrolytic oxidation
(PEO), is a surface treatment technology developed based on
anodic oxidation. It forms an oxide ceramic film in situ on the
surface of the metallic materials through the instantaneous
sintering effect of the high-temperature plasma micro-region
generated due to liquid phase discharge®. Usually, it is divided
into three stages, i.e., (i) anodic oxidation stage, (ii) spark discharge
stage, and (iii) arc discharge stage.

At the anodic oxidation stage (0-400V, Fig. 11a), the substrate
titanium alloys, may lose electrons and become ions, then
combine with oxygen-containing anions in the aqueous solution
to form a TiO, film>'. As shown in Fig. 1a-d, the formed oxide film
is very thin and hardly nonporous, which is near to the substrate
and improve the bonding strength between the substate and the
MAO coating.

Ti + 2H,0 — TiOy + 4HT + 4e™ (1)

At the spark discharge stage (400-450V, Fig. 11b, c), as the
thickness of the oxide film layer increases, the growth of the TiO,
oxide film is hindered. The elements in the electrolyte begin to
enter the film layer and form new compounds. A large number of
aluminate ions and SiOs2~ aggregate on the surface of the anode,
leading to the deposition of AI(OH);, Al,SiOs and SiO, on the
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surface of the anode and causing the chemical reactions as
follows>2.

[AI(OH),] ™ (H,0), — AI(OH); + OH™ + XH,0 ®)
AI(OH),” — AI(OH); + OH~ 3)
[ALO(OH),]>~ — 2AI(OH)? + 0> @
2Si03%~ — 4e™ — 2Si0; + 0 (5)

The above reactions lead to the gradually decrease of Al and Si
and the increase in Ti from porous to compact layer in the coating,
which can be confirmed by the EDS profiles shown in Fig. 3.

At the micro-arc discharge stage (~450V, 40 min, Fig. 11d), the
electrical breakdown occurs under high temperature and high
pressure, the AI(OH); colloidal deposit layer dehydrates under
high temperature and forms Al,0s, and the substance and plasma
eject and form a molten substance, while rough and porous
surface pits structure”>,

2AI(OH), — Al 05 + 3H,0 6)

Therefore, the formed Al,O3 (ceramic film) is uniform, and the
micro-arc oxidation film layer is gradually formed in the dynamic
balance of formation and dissolution. The micro-arc induces high
temperature melts the oxide film instantly, and AI(OH)s first
generates y-Al,03 under the action of the temperature and energy
during the discharge process. When the temperature reaches
1150-1200 °C, a small amount is converted into a-Al,Os. In this
work, a high-quality micro-arc oxidation film is manufactured with
an oxidation time of 40 min and a voltage of 400-450V.

EDS and XRD results indicated that the Al,Osz is the main
composition in the coating. In the course of microarc oxidation
under constant voltage (450V, 40 min), the electrochemical
reaction driving force decreases and the oxidation reaction of
the titanium alloy almost stops, resulting in formation of a porous
layer almost without TiO,. At this moment, the hydrolysis reaction
mainly occurs with AlO,~ and a small amount of SiO;2.
According to the potential pH diagram, AlO,~ can completely
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Fig. 10 EDS spectrum of coated LPBF TiNi alloy after 28 days immersion in artificial saliva solution. a EDS spectrum of coated LPBF TiNi

alloy, b Ti, ¢ Ni, d Al, e O, f Si.
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Schematics of the film formation mechanism of LPBF TiNi alloy at different stages of micro-arc oxidation. a anodic oxidation stage,

b, ¢ spark discharge stage, and d arc discharge stage. A, B and C represent different sizes of sparks, with A being the initial moving dense small

sparks, B being the sparks and C being the enlarged sparks.

transform into AI(OH); when the pH is below 9 and is further
sintered at high temperature by plasma discharge to form Al,Os.
Thus, the XRD pattern shows a highly crystalline a and y-Al,0O3
phase due to the molten Al(OH)s and a trace SiO, phase because
of the hydrolysis of SiO3%~. For the compact layer, it undergoes
the oxidation reaction and hydrolysis reaction during the MAO
process, where Ti dissolves and combines with O to form TiO,,
accompanied by the formation of Al,Os; and SiO,.

It should be mentioned that the properties of the oxide coating
formed on the LPBF TiNi samples are quite different from those of
forged samples using the same processing parameters and
electrolytes. For examples, for the MAO 450V 40 min samples,
the oxide coating on LPBF samples exhibit better bonding than
that of forged sample®. These may be due to the much fine
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equiaxed grains and rougher surface in LPBF samples. It was
reported that the superfine crystallization of TiNi samples may
result in a significant increase in crystal defects, free energy, and
diffusion capacity, which provides additional energy and diffusion
channels for the nucleation and growth of the surface MAO
coating®. Thus, the much fine grains in LPBF may accelerate the
MAO process and improve the performance of the surface coating
modified layer and interfacial bonding. In addition, the surface
roughness of the AM component is much rougher than those of
forged samples because of the partial melting of powder particles
and sintering to the surface®®, which may also contribute the
better bonding strength of MAO coatings®’. The detailed
comparison on the formation and properties of MAO coating

npj Materials Degradation (2024) 13



npj

X. Zhao et al.

10

between LPBF and forged samples needs to be further studied for
their practical application.

Influence of micro-arc oxidation layer on the ion precipitation
of TiNi alloys

Titanium and titanium alloys, in contact with acidic media
containing fluoride ions, will precipitate metal ions and accord-
ingly result in allergic reactions®®-%°. As an implant material, the
corrosion resistance of TiNi depends on the passivation film
formed on the surface. The passivation film will react in an acidic

solution containing fluoride ions as follows®'=%3:
TiO, + 6F + 4H* — [TiFs)*™ + 2H,0 7)
TiO; + 4F~ + 4H" — TiF4 + 2H,0 (8)

The titanium-fluorine complex ([TiF¢]?7) in the reaction formula
is a water-soluble molecule. Its formation indicates that the TiNi
matrix is corroded and a dissolution reaction occurs. At this time,
Ti and Ni ions are precipitated into the medium. Ni is an essential
trace element for the human body®*, and the intake of nickel in
the human body is 200-300 ug d~". Ni is involved in carbohydrate,
amino acid and lipid metabolism®®. TiNi undergoes electrochemi-
cal corrosion in the oral environment and releases excessive Ni,
which may cause toxicity, allergy, and potential carcinogenic
effects’. In addition, Ni can be used as a cofactor for enzymatic
reactions to affect cellular morphology and proliferation®*.
However, the tolerance limit of Ni content in vivo remains elusive.
Widely varying concentrations (1-100mgL~") and durations
(hours to months) of Ni ion release have also been reported in
physiological or saline environments®. A range of 3-30mg L™’
reported by Messer et al. could alter cell metabolic functions*.
Similarly, Bour et al. found a threshold value of 30 mgL~" could
trigger a cytotoxic response in vitro®’. In the presence of fluoride
with low pH, the release of Ti ions in the titanium samples is
increased, which further accelerates the dissolution effect®®. The
increasing release of Ti ions indicates the deterioration of the TiNi
alloy surface film layer, which leads to a simultaneous increase in
Ni ion release.

The heavy metal ions released from the alloy are likely the largest
portion of cytotoxicity due to contact with metal alloy. To prevent
the release of metal ions, the surface modifications are widely
discussed. The present study tested the difference in the release of
ions between alloys with or without MAO coating. Even in a more
serious corrosive solution, the Ni ion released from the MAO-coated
LPBF TiNi alloy is 0.93 +0.03 mg L™ in 24 h, significantly lower than
those from the uncoated samples, which is also much lower than
the reported that could cause cell toxicity®”. After the micro-arc
oxidation treatment is completed, the ion precipitation amount of
TiNi is reduced, and the ion precipitation rate is also slowed down.
The above analysis demonstrates that the amount of Ni ions
released from uncoated TiNi reaches the peak, and the natural oxide
layer on the surface cannot serve as a long-term barrier for Ni
release; while the Al,O3; oxide layer formed on the surface of TiNi
alloys by micro-arc oxidation technology can block the leachable Ni
ions from the substrate, and significantly improve the corrosion
resistance of the alloys in the fluorine-containing acidic artificial
saliva. It is noted that in order to shorten the corrosion test time, the
immersion environment used in this study is more corrosive (pH set
to 4, added fluoride ion concentration of 0.5%) than those of human
body fluid (HBF). In the less corrosive HBF solution, the MAO
oxidation layer is anticipated to exhibit much superior protection for
TiNi samples®. In addition to the role of Al,O; as a coating that
blocks Ni release, it shows good corrosion resistance as there were
no Al ion release detected in this study. Al,O3 has been widely
applied as dental and orthopedic biomaterials due to its
biocompatibility. Feighan et al. showed that Al,O5 blasted implants
presented woven and lamellar bone in direct apposition to the
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implant surface, which was an evidence of active bone formation
toward the implants’®. In addition, osteoblasts were able to
proliferate and differentiate on the Al,Os; substrates evaluated in
the long-term culture, suggesting that Al,Os; could not affect
osteoblast behavior”". It should be pointed that although the AlL,O5
coating can significantly improve the corrosion resistance of the
LPBF TiNi alloy, the pores on the surface of the coating may have
detrimental effect on the fatigue properties of the studied alloy”2.
Further studies need to be conducted to clarify this issue for the
long-term safe application of MAO coated LPBF TiNi alloy.

In this work, Al,O3 ceramic oxide layers were fabricated on the
surface of LPBF produced TiNi samples using the micro-arc
oxidation technique, and their microstructure and corrosion
behavior were investigated. The results are summarized as follows:
(1) The studied oxide films are composed of two layers: i.e., a thin,
compact and uniform inner layer and a porous outer layer. The
thickness of oxide film increases with increasing the working
voltage and the bonding between the coating and substrate
become better. The optimum parameters are at a voltage of 450V
and a time of 40 min. The oxide films mainly consist of Al,Os. (2)
By the protection of the oxide layer, the attack of fluorine ions on
the substrate is effectively hindered. The release of Ti and Ni ions
and the release rates of the LPBF samples are retarded. The
corrosion resistance of the TiNi sample is significantly improved.
The presence of the corrosion-resistant phase a-Al,Os; and the
small porosity of the dense structure ensure the stability of the
coating, thereby effectively preventing aggressive ion corrosion
from contacting the substrate through the pores.

The results presented in this work prove the possibility of
forming oxide layer on AM TiNi alloys by micro-arc oxidation
treatment, which provides an avenue to improve the surface
properties (e.g. corrosion, wear and biocompatibility) for their
special application.

METHODS
Materials and sample preparation

The TiNi parts with the dimensions of 10x 10x 10 mm? were
fabricated in a Realizer LPBF 250 machine using TiNi pre-alloyed
powder with particle size ranging from 15 to 60 um. The chemical
compositions obtained by wet chemical and gas analyses of TiNi
powder are: 55.5 wt% Ni, 0.0071 wt% Fe, 0.013 wt% C, 0.065 wt%
O and balanced Ti. The laser power was 200 W, the diameter of
focused spot was 40 um, and the thickness of fixed powder layer
and scanning interval were 50 um and 100 pm, respectively.

The process of preparing Al,O3 coatings by micro-arc oxidation
was performed with a 50 kW lab-made pulsed direct-current
power source. A plastic-vessel container was used as the
electrolytic cell, and graphite and TiNi discs were used as the
cathode and anode, respectively. Before micro-arc oxidation, the
LPBF samples were ground using 150-grit SiC paper. The
electrolyte was prepared by mixing 1-3gL™" sodium silicate,
5-8gL~" sodium phosphate, 3 gL~ sodium acetate, and 1gL™"
sodium aluminate. A stirring and cooling system was installed to
maintain uniform concentration and temperature of electrolyte at
about 35 °C and to deposit a uniform layer on the discs. Since the
phase transformation temperature from austenite (B2) to marten-
site (B19) in the LPBF TiNi is about 60 °C, the deposition process
can not affect the shape memory effects of the TiNi alloy’>. The
process was carried out at a voltage between 350V and 450V, and
the oxidation time was set at 30~40 min. After the oxidation
process, samples were rinsed with deionized water and dried in
cool air. The samples were divided into four groups with the
following parameters, i.e., (i) voltage of 350V and time of 40 min,
(ii) voltage of 400V and time of 40 min, (iii) voltage of 450V and
time of 40 min, and (iv) voltage of 450V and time of 30 min.
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Morphology and electrochemical tests

The surface morphology and chemical composition of micro-arc
oxidized (MAQO) samples were analyzed using a scanning electron
microscope (SEM, JSM-6510A) equipped with energy dispersive
spectrometry (EDS). Porosity and pore size of the MAO coatings
were analyzed using Image J and Image-Pro Plus software,
respectively. A total of 150 micro-pore sizes were statistically
counted for the pore size analysis. Some MAO samples were cut
along the cross-section by electric spark methods. The samples
were ground with successive SiC papers from 57 to 10 um and
polished mechanically using colloidal silica suspension for SEM
observations. All samples were cleaned with anhydrous ethanol
and distilled water then dried before characterization. The phase
constitution was examined by X-ray diffraction (XRD, Buker D8
DISCOVER) with a Cu-Ka radiation source. The XRD patterns were
quantificationally analyzed using a TOPAS software.

All electrochemical tests were carried out using a computer-
controlled constant potential instrument (PARSTAT 2273) for data
acquisition. Saturated calomel (SCE) was used as the reference
electrode using a conventional three-electrode system. A large
platinum sheet with size of 15x20x 0.5 mm> and the sample
served as the auxiliary electrode and the working electrode,
respectively. Experiments were carried out in a 37+ 1°C water
bath. The electrolytic for electrochemical measurements was
artificial saliva solution composed of (g L™') 0.4 NaCl, 0.4 KCl, 0.69
NaH,PO, - 2H,0, 0.906 CaCl,-2H,0, 0.005 Na,S-9H,0, and 1
CH4N,O (carbamide). The pH was adjusted to 4 using 2% lactic
acid, and NaF was added to the artificial saliva solution to bring its
fluoride ion concentration to 0.5%. All potential values were
reported with reference to SCE. The open circuit potential (OCP)
tests were recorded for 4500 s after the work electrode was put
into the electrolyte. Subsequent electrochemical impedance
spectra (EIS) were measured at open circuit potential in a
frequency range of 10°~ 1072 Hz. The spectra were interpreted
utilizing ZsimpWin 3.10 software (EG & G, USA) as well as fitted to
obtain a suitable equivalent circuit. Dynamic potential polarization
measurements were performed after each EIS test. Each sample
was swept from a potential of —500 mV concerning OCP to
1600 mV at a scan rate of 0.33 mV S~". Five samples were used for
each group of corrosion test.

Immersion experiments

In addition, coated and uncoated LPBF samples were immersed in
15 ml of the artificial saliva solution at pH 4 and containing 0.5%
F~ at 37 £ 1 °C. The samples were hung vertically in the centrifuge
tubes, ensuring that the sample surface was not in contact with
the wall or bottom of centrifuge tubes. The immersion tests were
performed for 1, 7, 14, 21, and 28 days with fresh solution changed
every 7 days. The concentrations of Ti and Ni elements
precipitated in the solution during the immersion process were
measured using inductively-coupled plasma optical emission
spectrometer (ICP-OES, iCAP7400). After immersion, the samples
were washed by deionized water and the corrosion morphology
was examined using SEM.
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