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Abstract: In this paper, an equiatomic NiTi (55NiTi) alloy powder was mixed with pure Ni powder
to prepare laser cladding coatings on a 316L stainless steel substrate to study the effect of Ni
addition on the microstructure and corrosion resistance of the coatings. The microstructure and
phase composition of the coatings were analyzed using a scanning electron microscope (SEM) with
configured energy-dispersive spectrometer (EDS) and X-ray diffractometer (XRD). OCP (open-circuit
potential), PD (potentiodynamic polarization) and EIS (electrochemical impedance spectroscopy)
experiments were conducted by a Gamry electrochemical workstation, and corresponding eroded
morphologies were observed to evaluate the coating’s anti-corrosion performance. The addition of
Ni led to fine and uniform dendrites and dense microstructure under the metallurgical microscope,
which were beneficial for the formation of the passive film mainly consisting of titanium dioxide
(TiOy). The results show that the pitting potential of the 55NiTi + 5Ni coating was 0.11 V nobler than
that of the 55NiTi coating, and the corrosion current density was less than half that of the 55NiTi
coating. The corrosion initiated preferentially at the interfaces of dendrites and inter-dendritic areas,
then spread first to dendrites rather than in the inter-dendritic areas.

Keywords: laser cladding; NiTi alloy coating; microstructure; corrosion resistance

1. Introduction

Near-equiatomic NiTi (also called 55NiTi, with 55 wt.% Ni) shape memory alloy
(SMA) was first discovered by William J. Buehler in the late 1950s. It can exhibit B2
austenite phase, B19' martensite phase and rhombohedral R-phase based on different
thermal or mechanical conditions [1-3]. The thermoelastic martensite transformation of
NiTi alloy between the abovementioned phases causes the shape memory effect and its
superelasticity, which lead to its wide used in aerospace, navigation, medicine and other
fields for applications such as antennas, connectors, stents, actuators, orthodontic arch
wires, spectacle frames and so on [4-6]. However, the outstanding properties of this
alloy, such as high strength, high ductility and high damping properties, also make it
difficult to work with [7,8]. As machining and forming the bulk NiTi alloy is a difficult
and costly process, the application of NiTi alloy as raw material for surface coating is
popularly considered. Abd EI-Fattah prepared NiTi thin films via magnetron sputtering on
different substrates and found that crystalline structures were obtained on stainless-steel
substrate [9]. Samal et al. investigated thermal-plasma-sprayed NiTi coatings on AISI 304
substrate and found intermetallic phases like NiTi,, NisTi and NigTiz [10]. Methods such
as electron beam melting (EBM), atomic layer deposition (ALD), plasma immersion ion
implantation (PIII) and high-velocity oxygen-fuel (HVOF) are also applied to fabricate NiTi
coatings, but none of these processes are widely commercialized in consideration of their
cost and inconvenience [11-14].

Laser cladding possesses advantages including controllable thickness, fine microstruc-
ture and superior metallurgical bonding of the coating, and has recently seen universal
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use in industry for the production of protective coatings to improve the surface hardness,
wear and corrosion resistance and other properties of components [15,16]. For example,
Norhafzan et al. cladded NiTi coatings on tool steel, and the highest surface hardness was
almost three times that of the substrate [17]. Chiu et al. reported that the cavitation erosion
resistance of a modified layer with a NiTi coating could reach about 29 times that of the
316L stainless steel substrate [18]. Moreover, how to further improve the performance of
NiTi coatings with additives has become a research hotspot. Fu et al. studied the influence
of Cu addition into NiTi coatings; the surface hardness was twice that of the substrate
and the wear mass loss in a friction test was reduced by nearly 50% [19]. Lepule et al.
researched the addition of ZrO, into NiTi coatings, and revealed that the surface hardness
and corrosion resistance were significantly improved [20]. Vokoun et al. studied the ef-
fect of Al,O3 and Pt addition for the surface modification of NiTi films and found that
the addition caused non-significant grain size growth and an increase of the martensite
transformation temperature by 14 °C [12].

However, the effect of Ni itself as an additive on NiTi coating has not yet been studied.
According to the Ni-Ti binary phase diagram, as temperature increases above 630 °C,
equiatomic NiTi can dissolve more Ni into the matrix [21]. A solutionized single 60NiTi
(60 wt.% Ni) phase will be formed when heating above 1050 °C [22]. Khanlari et al. did
a great deal of research on 60NiTi alloy and proved its superior mechanical properties
and corrosion resistance in comparison to 55NiTi, which lacks proper dimensional and
microstructural stability due to its shape memory effect and is therefore not suitable
for precision mechanical or load-bearing applications [6,23]. Hence, it is reasonable to
speculate that, with increasing Ni content, the performance of 55NiTi coatings could be
further improved as well. An innovative solution is applied in our work, using a mixed
powder consisting of 55NiTi powder and an additional 5% single Ni powder (named
55NiTi + 5Ni) to replace 60NiTi alloy powder for laser cladding. Since both 55NiTi alloy
powder and Ni powder are commercial (cheaper and easy to obtain), this solution provides
great potential to reduce the cost for the preparation of high-performance 60NiTi coatings,
which have previously been produced with customized 60NiTi alloy powder. In our
previous research, the effect of Ni addition on the microstructure and mechanical properties,
including microhardness and wear resistance, of the NiTi coating was revealed [24]; in
this work, the key aim was to study the effect of Ni addition on the corrosion resistance of
the NiTi coating. The relationship between the microstructure and corrosion resistance of
the NiTi coating, the mechanism of the passive film formation and the process of pitting
initiation are intensively discussed in this paper.

2. Experimental Procedure
2.1. Material and Specimen Preparation

Pure Ni powder and 55NiTi alloy powder (99.9% purity, Jiangsu Willari New Material
Technology Co., Ltd., Xuzhou, China) were used as coating materials. The particle sizes
were both in the range of 53-106 um, distributed by an automatic dry powder sieving
machine by the supplier, and exhibited spherical morphology providing good flowability.
The morphologies of the powders are shown in Figure 1. Tables 1 and 2 show the chemical
composition of the powders and 316L stainless steel substrate, respectively. 55NiTi powder
and single Ni powder were mixed in a weight ratio of 8:1 (to obtain the total weight ratio of
Ni-Ti at 60%:40%) at 250 rpm through a planetary ball mill for 8 h. Prior to laser cladding,
the mixed powders were dried at 100 °C for 1 h, while substrates were polished and
ultrasonically cleaned in an acetone bath, and dried in the air.
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Figure 1. Morphologies of the powders: (a) single Ni powder; (b) 55NiTi alloy powder.

Table 1. Chemical composition of Ni and 55NiTi alloy powders (wt.%).

Powders Ni Ti Fe Nb Co C Si (@]
Pure Ni Bal. - 0.003 - 0.020 0.020 0.003 0.006
55NiTi 56.46 Bal. 0.005 0.010 0.005 0.005 - 0.037

Table 2. Chemical composition of AISI 316L stainless steel substrate (wt.%).

Fe Cr Ni Mo Mn Si P C S
Bal. 16.32 10.12 2.04 0.92 0.34 0.026 0.016 0.015

In the experiment, a high-power fiber laser with a beam wavelength of 1070-1080 nm
(YLS-10000, IPG Photonics, Oxford, MA, USA), as shown in Figure 2, was employed for
laser cladding. The diameter of the laser beam spot was 0.72 mm. Laser cladding coatings
were fabricated on the substrate under the following parameters: 2.0 kW power, 2 mm/s
laser scanning speed and 50 rpm powder feeding rate. High-purity argon with a flow rate
of 5 L/min was used as shielding gas to prevent the oxidation of molten metals. Apart from
that, argon was also used as a powder feeding gas with an 8 L/min flow rate. The offset
distance of the laser track was 0.4 mm, hence, the overlap ratio for multi-track cladding
was fixed at about 55%. The processing parameters used were optimized based on our
preliminary research [24,25]. Substrates were placed on the working stage with heating
function and then heated to 250 °C to release the internal stress before cladding.

After the cladding process, the specimens were cut along the direction transverse
to the laser scanning direction with a size of 10 mm x 10 mm X 10 mm. Specimens for
microstructure analysis were etched with an acid liquid (HF-HNO3-H,O = 1:4:5) after
grinding and polishing. The microstructure of the coating was observed through an optical
microscope (GX51, Olympus, Tokyo, Japan) and scanning electron microscope (SEM, Zeiss
Gemini 300, Oberkochen, Germany). Meanwhile, energy-dispersive spectroscopy (EDS,
OXFORD Xplore, Oxford, England) and X-ray diffraction (XRD, Bruker D§ ADVANCE,
Karlsruhe, Germany) at a scanning speed of 10°/min (range 10° to 80°, Cu K« radiation
at 40 kV and 40 mA) were used to study the phase composition. Specimens for the
electrochemical experiment were connected to a leading copper wire from the back side
and sealed with epoxy resin, leaving an exposed working area of 1.0 cm? (10 mm x 10 mm).
Then, specimens were polished with emery paper (grade 1000-1500-2000), cleaned in
deionized water, rinsed in ethanol and dried before electrochemical testing.
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Figure 2. IPG YLS-10000 laser equipment: (a) overview of the equipment; (b) schematic diagram of
the laser cladding process.

2.2. Electrochemical Measurements

As shown in Figure 3, an electrochemical workstation (Gamry Reference 600+, Gamry,
Warminster, PA, USA) with a three-electrode system was employed to conduct the elec-
trochemical experiments. All tests were proceeded in a 3.5 wt.% NaCl solution at room
temperature. A saturated calomel electrode (SCE) was used as the reference electrode (RE),
a platinum electrode was selected as the counter electrode (CE) and the specimen was the
working electrode (WE). After 2 h immersion in the solution to reach a stable potential, the
open-circuit potential (OCP) of the anodes was tested. The potentiodynamic polarization
(PD) test was conducted in the range of —0.5 to 1.5 V (vs. OCP potential) with a voltage
scanning speed of 0.1 mV/s. The electrochemical impedance spectra (EIS) of the specimens
were also measured, with a frequency range from 100 kHz to 0.01 Hz at an amplitude of
5 mV, to evaluate the electrochemical behavior. The parameters for electrochemical tests
were chosen according to ASTM standard G3-89 (2010) and ASTM G5-94 (2004), and in
consideration of the capability of the Gamry electrochemical workstation on hand. To
study the pitting process during the corrosion, the morphology of the cladding samples
after corrosion was also observed with the above-mentioned SEM.
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Figure 3. Electrochemical workstation: (a) Gamry Reference 600+; (b) schematic diagram of the
three-electrode system.
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3. Results
3.1. Macroscopic Morphology of the Coating

Figure 4 displays the surface topography of the coatings. The laser cladding tracks on
the substrate are obvious and easy to recognize. Some cracks, marked with white arrows
in Figures 4 and 5, along the direction perpendicular to the laser scanning path were found
on the surface of 55NiTi coating. The formation of these cracks was observed during the
cooling stage after the cladding process, which is attributed to the release of the thermal
stress caused by the rapid cooling [26]. However, no cracks were found on 55NiTi + 5Ni
coating, the surface of which was plain and smooth. Figure 5 shows the cross-sectional
morphologies of the coatings, and it can be seen that the cracks on the 55NiTi coating
surface penetrated the whole cladding layer. However, both coatings formed the expected
metallurgical bonding with the substrate. In addition, the fusion line between coating
and substrate was more continuous and uniform in the 55NiTi + 5Ni coating. Studies
have revealed that the phase transition temperature of NiTi alloy decreases with increasing
content of Ni [22]. That is to say, the energy required for its phase transformation is reduced
by increasing the content of Ni. With the same amount of heat input, while the coatings
were fabricated under the same parameter settings, the phase transformation taking place in
the 55NiTi + 5Ni coating would be more sufficient and close to thermodynamic equilibrium,
which is beneficial to form a steady and uniform microstructure. As a result, the transition
zone in the 55NiTi + 5Ni coating was also wider than that in the 55NiTi coating.

500 pm

Figure 5. Cross-sectional morphologies of the coatings: (a) 55NiTi coating; (b) 55NiTi + 5Ni coating.

3.2. Phase Composition and Microstructure of the Coating

The XRD patterns of the laser cladding coatings are shown in Figure 6. It can be
seen that the coatings were mainly composed of NiTi and Ni3Ti phases, which had the
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strongest diffraction peaks. There were also secondary phases such as NiyTis, NiTi; and
Fe,Ti. It is well known that laser cladding is a quick melting and rapid nonequilibrium
solidification process; therefore, multiple phases coexist and some diffraction peaks may
overlap each other, even diverging from the equilibrium positions in the cladding layer [27].
For instance, NiyTi3 is a metastable phase with rhombohedral crystal structure precipitated
from NiTi phase during the rapid cooling process [22,28], and its diffraction peaks were
almost overlapped with that of the NiTi phase. This nanoscale structure is supposed to
be decomposed to the stable NisTi phase through the precipitation sequence NiyTi; —
Ni3Ti; — NizTi during the cooling process [23]. The formation of Fe,;Ti results from the
elemental Fe which is diluted from the substrate into the coating during the melting stage;
hence, we believe that the Fe,Ti phase mainly existed in the bottom area of the coating.
A previous study mentioned that the addition of Ni could suppress the formation of the
brittle Fe,Ti phase [29]. The NiTi, phase was only detected in the 55NiTi coating, while
a Ti-rich environment is the precondition for the formation of a NiTi, phase [21]. With
the addition of Ni, even if there was a small amount of NiTi, formed in the 55NiTi + 5Ni
coating during early phases, it would react with surplus Ni atoms and transform to NiTi or
NisTi phase in the end. In addition, TiO, was observed in both coatings, and is expected to
be in the upper area of the coating. When the laser beam is removed, the high-temperature
coating surface is directly exposed to the air, and titanium is an element with high chemical
activity, which is favorable for the formation of titanium oxide.
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Figure 6. XRD results of the coatings: (a) overview of the patterns; (b) magnification of the patterns between 40° and 60°.

Figure 7 displays the transition area of the coatings, which is the boundary to the
substrate. It can be seen that the width of the transition area of the 55NiTi + 5Ni coating
was wider than that of the 55NiTi coating, which could be attributed the slight decrease of
the transformation temperature caused by Ni addition. This is supported by reports that
the phase transformation temperature of NiTi alloy decreases with the increasing content of
Ni [22]. Comparing Figure 7c,d, it can be found that the microstructure of the 55NiTi + 5Ni
coating was much denser than that of the 55NiTi coating due to the smaller grain size. It is
well known that the solidification process starts from the bottom area of the coating and
then moves upwards. With the addition of extra Ni particles, there are more embryos in
the 55NiTi + 5Ni coating during the nucleation process—that is to say, the energy allocated
to each grain for growth is not sufficient. Figure 8 shows the distribution of the dendrite
grain size in the coating; the grain size was measured with the software Image-Pro Plus
6.0. The average grain size in the bottom area in the 55NiTi + 5Ni coating was only 3.1 pum,
which is less than half that in the 55NiTi coating. The measured results are in line with
the microstructure observed in Figure 7. With the increase of the undercooling degree, the
critical nucleation radius decreased while the nucleation ratio increased, which resulted
in the finer grain size in the cladding layer during the solidification process [26]. As is
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well known, small grains are beneficial to improve the mechanical properties of materials
according to the fine-grain strengthening effect.

Figure 7. Microstructure of the bottom area in the cladding layer: (a,c) 55NiTi coating;
(b,d) 55NiTi + 5Ni coating.

20 | B 55NiTi coating
18.1
'g 16.8 M 55NiTi + 5Ni coating
5 15.2
o 5 13.9
N
w
£
O
oo 10 I~
)
fuﬁo 6.7
—
2
5 -

< 3.1

0

Upper area Middle area Bottom area

Figure 8. Distribution of the dendrite size in different areas of the coating.

Figure 9 exhibits the microstructure of the upper area of the coating, as upper areas
are close to the working surface, and have a significant impact on the coating performance.
The average grain size was between 16 and 18 um; the 55NiTi + 5Ni coating had slightly
smaller dendrites than the 55NiTi coating. In addition to the dendrites” and inter-dendrites’
structure, there a handful of black particles were also found in the boundary of the dendrites.
EDS was used to identify the chemical composition of these phases, and the results of
the spectra scan for the marked positions are listed in Table 3. Based on the data of
position 1 and position 4 marked in Figure 9, their atomic ratio of Ni and Ti was close
to 1:1, respectively, and it can be concluded that the dendrite structure was NiTi phase.
Position 2 and position 5 were rich in Ni, with Ni-Ti atomic ratio of almost 3:1; therefore,
the inter-dendrite phase can be identified as NizTi phase. The black particles in position 3
and position 6 were dominant in O and Ti; combined with the XRD patterns, this suggests
that they are TiO, phase. Fe and Cr atoms, which diffused from the substrate, were on the
one hand trapped in the NiTi phase and existed in the form of a solid solution due to the
high cooling rate of the laser cladding process; on the other hand, Fe and Cr atoms have
similar radius and electronegativity to Ni atom, and could partially replace the Ni atoms in
the B2 structure [30].
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Figure 9. Microstructure of the upper area in the cladding layer: (a) 55NiTi coating; (b) 55NiTi + 5Ni coating.

Table 3. EDS results of spectra scan for the marked positions in Figure 9.

Coating Position Ni (at.%) Ti (at.%) Fe (at.%) Cr (at.%) O (at.%) Major Phase
1 31.40 32.83 17.21 10.73 7.83 NiTi
55NiITi 2 58.12 27.45 9.40 4.12 0.91 NizTi
3 14.72 24.54 15.21 541 40.12 TiO,
4 29.84 30.15 19.86 12.40 7.75 NiTi
55NiTi + 5Ni 5 61.82 21.28 721 5.41 4.28 NizTi
6 16.97 20.31 16.46 7.48 38.78 TiO,

3.3. Electrochemical Behavior of the Coating
3.3.1. Open-Circuit Potential (OCP) Analysis

The open-circuit potential (OCP) of the coatings in 3.5% NaCl solution for 2 h was
measured, and the changes of the OCP with time are shown in Figure 10. OCP represents
the corrosion tendency of a material; a more positive OCP indicates a surface with lower
electrochemical activity [31]. The results show that the OCP value increased slowly at
the beginning of the immersion but tended to become stable after 60 min due to the
equilibrium of the passive film formation and its dilution [32]. The stabilized OCP values
of the specimens are listed in Table 4. The OCP of the 55NiTi + 5Ni coating was about
0.13 V lower than that of the 55NiTi coating, which means the electrochemical activity of
the 55NiTi + 5Ni coating was weaker.

3.3.2. Potentiodynamic Polarization Measurement

The potentiodynamic polarization measurement was done after the specimens were
immersed in a 3.5% NaCl solution for 2 h (i.e., until their OCPs were stable. Figure 11
displays the potentiodynamic polarization results, which show an obvious passivation
region for all three curves, indicating that a passive film was formed to protect the surface
from corrosion. The corresponding corrosion potential (Ecorr), corrosion current density
(Icorr) and corrosion rate calculated via Tafel fitting are summarized in Table 5. The corrosion
potential for substrate 316L was the highest, at approximately 0.17 V, while those of
55NiTi + 5Ni and 55NiTi coatings were —0.50 and —0.61 V, respectively. It is clear that the
formation of the passive film on the stainless-steel surface was mainly due to chromium
(Cr), which has a lower standard electrode potential compared with iron and forms a
chromium oxide film to separate the substrate from corrosive solution. However, for Ni-Ti
based alloys, the excellent corrosion resistance is owing to titanium (Ti), whose standard
electrode potential (—1.63 V) is even lower than chromium (—0.74 V), and the formed TiO,
film has a strong self-healing ability; once the present oxide film is corroded in the solution,
a new TiO; film will be formed to cover the pitting holes [33-35]. Therefore, the corrosion
current densities and corrosion rates of both coatings were much lower than those of the
substrate, which is attributed to the strong passivation ability of TiO, passive film [34].
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Figure 10. Open-circuit potential (OCP) curves of 2 h in 3.5 wt.% NaCl solution.

Table 4. The stable open-circuit potential of the substrate and coatings.
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OCP (V) —0.495 —0.367 0.201

™o
o

— 55NIiTi + 5Ni
— 55NiTi

SCE)

o
o

1
e
3]

Potential (V vs.

I
—
43}

-2.5
10 100 100% 107 10° 10° 10% 10° 10% 107
log i (A/ew’)

Figure 11. Potentiodynamic polarization behavior of the coatings and substrate.

Table 5. Tafel fitting results of corrosion potential, corrosion current density and corrosion rate.

Corrosion Rate

Sample Ecorr (V) Icorr (HA/ sz) (mpy)
55NiTi + 5Ni —0.50 2.12 1.32
55NiTi —0.61 5.47 3.50

316L 0.17 60.80 31.14
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Surface morphologies of the specimens after the potentiodynamic polarization tests
are displayed in Figure 12. It is obviously that substrate 316L was the most seriously
corroded; the diameter of the pitting holes was over 100 pm. In contrast, the average size
of the pitting holes on the coatings was less than 20 um, which represents a significant
improvement in corrosion resistance compared with the substrate. However, as reported
in the literature, NiTi compounds can undergo local corrosion in chloride media [36,37].

Figure 12. Surface morphology of the samples after a 2 h potentiodynamic polarization test:
(a) 55NiTi + 5Ni coating; (b) 55NiTi coating; (c) substrate stainless steel 316L.

Comparing the corrosion performance of the two coatings, both exhibited passivation
ability, while the pitting potential of the 55NiTi + 5Ni coating was about 0.11 V nobler
than that of the 55NiTi coating, and the corrosion current density and corrosion rate of
the 55NiTi coating were two times larger than those of the 55NiTi + 5Ni coating; this is
in agreement with the larger size of the pitting holes on the coating. In addition, the two
obvious stages marked in the potentiodynamic curve of the 55NiTi + 5Ni coating shown
in Figure 11 also indicate a stronger self-healing ability and better passivation property.
Therefore, it can be speculated that, with the addition of extra Ni, the 55NiTi + 5Ni coating
had a superior corrosion resistance to the 55NiTi coating.

3.3.3. EIS Analysis

To further analyze the influence of the Ni addition on the corrosion resistance of NiTi
coatings, electrochemical impedance spectroscopy (EIS) experiments were conducted in
3.5 wt.% NaCl solution. The Nyquist plots are shown in Figure 13, which are unfinished
capacitance arcs. A bigger diameter of the capacitance arc represents a better coating
corrosion resistance, while the Nyquist plots also show the charge transfer resistance in
the formed passive film [38]. The results are consistent with the corrosion morphology
shown in Figure 12, as fewer pitting holes were found in the 55NiTi + 5Ni coating, which is
unfavorable for charge transfer.

EIS spectra are usually analyzed with simulation data using a suitable equivalent
circuit model. Figure 14 exhibits an equivalent electric circuit (EEC), which is proposed for
a deeper analysis of the coatings’ electrochemical performance [25,31,39]. In the equivalent
circuit, Rs represents the 3.5 wt.% NaCl solution resistance, R; represents the resistance
of the passive film parallel to its constant phase element (CPE;), Rt represents the charge
transfer resistance in parallel with the capacitor CPE,, describing the double-layer charging—
discharging structure. One study showed that R; indicates the stability of the passive film
and R denotes the charge transfer resistance, which means larger R; and R indicate
better coating corrosion resistance [40]. CPE is used to replace the capacitor in the circuit to
compensate the influence of the surface uniformity of the coatings [41]. The impedance of
the CPE is expressed by the formula below:

_ 1
Zo(jew)"
where w is the angular frequency (1 rad/s) defined as w = 27f, f is the frequency in

Hz, j is the imaginary number, Z; is the impedance constant and n (-1 <n < 1) is
the experiential exponent of the CPE, which depends on the surface roughness and the

Zcpg =
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distribution of the corrosion current density [42]. Usually, a larger value of n means a denser
passive film and more uniform current density of the electrode surface. The equivalent
components in the EEC were calculated with Gamry Echem Analyst software, and the
corresponding fitting values are listed in Table 6. Results show that the values of Ry, R¢t and
n of the 55NiTi + 5Ni coating were all better than those of the 55NiTi coating, indicating an
observable improvement of the corrosion resistance due to the addition of Ni. This result is
in consistent with the potentiodynamic polarization test as well. In addition, it can be seen
in Figure 13 that the greened dash line, which is the fitting value according to the chosen
equivalent circuit, is in good agreement with the experimental results, illustrating that the
applied equivalent circuit was able to interpret the electrochemical behavior of the coating
and passive film.

3.0x10°
A
_AA aat
ﬁ2.0x104 - AAA
g A
=
19’ KKK‘A ll'.
N A
1.0x10* - A
B 55NiTi
i & A 55NiTi + 5Ni
' — — -Fitting data
L L L L
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Z' (ohm)
Figure 13. Nyquist plots from the electrochemical impedance spectroscopy (EIS) results of the

coatings.
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Table 6. Equivalent circuit parameters of the coatings.

Coatings Rs Ry Ret CPEy n CPE, n
& (Q-cm?) (Q-cm?) (Q-cm?) (Q~1.cm?-s™) 1 (Q~1.cm?-s™M) 2
55NiTi 8.40 412 x 10* 2.14 x 10° 3.05 x 107> 0.81 621 x 10~° 0.88
55NiTi + 5Ni 10.82 7.53 x 10 2.35 x 10° 5.70 x 107° 0.97 4.86 x 107° 0.96

4. Discussion
4.1. The Impact of the Coating Microstructure and Composition on Corrosion Resistance

Coatings are used to improve the substrate corrosion resistance due to their capability
to make the surface inactive or less reactive, usually by forming an oxide film mitigating
the corrosion reactions. The outstanding corrosion resistance of NiTi coatings results from
the formation of stable and continuous passive films, mainly consisting of titanium dioxide
(TiOy). According to the previous research from Gaberscek et al. [43], the passive film
preferentially grows at active sites such as grain boundaries, dislocations and inclusions.
When the energy of the active site exceeds a critical value, the active site will become a
nucleation site, where a passive film preferentially starts to form. Passive films can nucleate
continuously at these sites and spread to connect with each other until they cover the whole
metal surface.

The formation of titanium oxide is influenced by the composition distribution and
microstructure of the dendrites and inter-dendric areas in the coating. Figure 15 shows the
EDS results of the dendrites and inter-dendritic areas in this study. The dendrites were
primarily solidified and the inter-dendritic areas were posteriorly solidified. There was
more Ti, Fe and Cr; and less Ni in the inter-dendritic areas. As a result, the passive film was
first initiated in the inter-dendritic areas due to the Ti-rich environment, which reacts with
O ions as a nucleation site. Comparing the two coatings, the addition of Ni could suppress
the formation of Fe, Ti phase during the cooling process, which released more Ti atoms for
the formation of a titanium oxide film afterwards [44]. Otherwise, too many precipitates
would consume the Ti atom in the coating, resulting in the depletion of Ti and Cr, which is
detrimental to the formation of a passive film. In addition, excessively solidified Fe and Cr
may cause stacking faults and dislocations, which could offer more nucleation sites and is
helpful for the formation of a dense passive film [38].

The above analysis reveals that Ni addition could promote the formation of uniform
and dense dendrites in the cladding layer. In Figure 7 it can be clearly seen that the
microstructure of the 55NiTi + 5Ni coating was much more compact and denser than that
of the 55NiTi coating—that is to say, the distance between the neighboring inter-dendritic
areas was also very close. Figure 16 displays the schematic illustration of the passive film
initiation and expansion process on the coating surface. When the initial films form at the
nucleation sites in the inter-dendritic area, they can quickly start to spread in all directions,
reaching and connecting with each other until they cover the entire surface. It was observed
that the dendrite size in the 55NiTi + 5Ni coating was much smaller than that of the 55NiTi
coating due to the addition of Ni (Figure 8). A smaller grain size represents more grain
boundaries, and grain boundaries play a role as active sites, which are favorable for the
nucleation of passive films; therefore, a smaller grain size is also beneficial for generating a
thin passivation film. In conclusion, with the addition of Ni, the passive film formed on the
55NiTi + 5Ni coating was much more homogeneous and thicker than that on the 55NiTi
coating.
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Figure 15. Element distribution in the dendrites and inter-dendritic areas in the 55NiTi + 5Ni coating:
(a) EDS line scanning results; (b) EDS region scanning results.

Inter-dendritic area

Dendri

lInitia] - Nucleation site l -

Film expansion
-

Figure 16. Schematic illustration of the passive film initiation and expansion process: (a,c,e) 55NiTi
coating; (b,d,f) 55NiTi + 5Ni coating.

4.2. Corrosion Initiation and Expansion Process

It is well known that the occurrence of corrosion is accompanied by the breakdown
of the passive film, and usually, the corrosion preferentially occurs at secondary phase
precipitates, grain boundaries, inclusions or other heterogeneities and processing defects
such as pores and cracks [38]. The presence of these heterogeneities and defect areas
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hinders the formation of a homogeneous and dense passive layer. For instance, as shown
in Figure 16e, areas where the passive film is absent or where the passive film is extremely
thin, consequently lead to the formation of preferential sites for corrosion. During the
pitting initiation process, the destroyed passive film is partially recovered due to the strong
repassivation ability of TiO,. However, with the increasing pitting potential, once the
equilibrium is broken, the pitting area will expand rapidly.

Figure 17 shows the EDS regional scanning results for the corrosion morphology
of the 55NiTi coating. It is clear that the Ti-rich inter-dendritic area was more or less
retained after corrosion. It is also worth noting the bright gray area on the surface of the
retained inter-dendritic structure, which was proved to have a high oxygen content based
on the EDS results. This area is supposed to be the remaining passive film, which contains
titanium oxide. Figure 18 demonstrates an example where the corrosion initiated at the
crack area of the coating surface. It can be seen that the corrosion began at the junction of
the dendrites and inter-dendritic areas, then the dendrites was eroded preferentially while
the inter-dendritic regions remained. As discussed above, Ti content is a key factor that
affects the corrosion resistance. There was more titanium in the inter-dendritic region than
in the dendrites. A higher titanium content will improve the electrochemical potential, and
the potential differences will lead to the preferential erosion of the dendrites.

ol

Fe Kal Cr Kal

Figure 18. Corrosion morphologies of the 55NiTi coating: (a) full view of the corrosion initiation at a
crack area; (b) the middle of the corrosion area; (c) the edge of the corrosion area.

Figure 19 is a schematic illustration of the corrosion expansion process. It can be seen
that the initiation and development of the corrosion in the coating is selective. Firstly, the
junctions of dendrites and inter-dendritic areas are easily corroded, then the pitting area
expands to the dendrites and finally spreads to cover the inter-dendritic areas.
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Figure 19. Schematic illustration of the corrosion expansion process.

4.3. The Impact of Immersion Duration on Corrosion Resistance of the Coating

The samples were immersed in a 3.5 wt.% NaCl solution for 2, 5, and 10 h to study
the effect of immersion duration on the coating corrosion resistance. Figure 20a exhibits
the potentiodynamic polarization results of the coatings; the corrosion potential became
higher with a longer immersion time in the solution, indicating that the corrosion tendency
decreased. It is believed that the passive film on the coating surface would gradually
become thicker within a certain time range until the equilibrium was broken. Figure 20b
is the Nyquist diagram resulting from the electrochemical impedance spectroscopy (EIS)
experiments. The diameter of the capacitance arc increased with as immersion time
increased, which means the charge transfer resistance was also increasing. The results
reveal that the corrosion resistance of the coatings improved with longer immersion time
(I0h>5h>2h).

15
I SSNITi 21 (a) 4.0x10* | l""‘ (b)
SSNITI (5h) = & L W i
1.0 SINITi (10h)
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w1 05k SSNTi = $Ni (100) =
= 204100
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Figure 20. Electrochemical behavior of the coatings under 2, 5 and 10 h immersion in a 3.5 wt.% NaCl
solution: (a) PD polarization results; (b) Nyquist plots from EIS results.

5. Conclusions

This paper investigated the effect of Ni addition on the microstructure and corro-
sion resistance of NiTi coatings prepared by laser cladding. The relationship between
microstructure and corrosion resistance, the mechanism of the passive film formation and
the corrosion initiation and expansion process were discussed in detail. The following
conclusions can be drawn:
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(1) With the addition of Ni, the microstructure of the coatings became finer and denser;
in the bottom area, the average grain size of the 55NiTi + 5Ni coating was less than
half the grain size of the 55NiTi coating.

(2) The results of electrochemical experiments show that the 55NiTi + 5Ni coating had a
nobler corrosion potential and smaller corrosion current density, which was due to
the homogeneous and thick passive film formed on the surface of the 55NiTi + 5Ni
coating.

(3) The initiation of the corrosion was selective. It initiated preferentially at the junctions
of dendrites and inter-dendritic areas, then spread to the dendrites and finally covered
the inter-dendritic areas.
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