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A B S T R A C T

NiTi alloys, widely used for their shape memory and superelastic properties, face corrosion challenges when 
fabricated via laser powder bed fusion (LPBF). This study investigates the dual-phase formation in LPBF NiTi and 
its impact on corrosion resistance. Thermal simulations and microstructural analysis reveal that thermal stress 
drives martensite formation near melt pool boundaries. Martensitic regions act as anodic sites, leading to 
localized corrosion. Optimizing LPBF parameters produced single-phase [001]-textured NiTi, eliminating 
martensite and significantly reducing the corrosion current by almost two orders of magnitude and enhancing 
superelastic performance simultaneously. These findings highlight texture control as a key strategy to improve 
corrosion resistance and functionality for advanced applications.

1. Introduction

Laser Powder Bed Fusion (LPBF) has become a widely used additive 
manufacturing technique for fabricating nickel-titanium (NiTi) alloys 
[1], offering advantages, including the ability to create complex geom-
etries with high precision [2] and to tailor their microstructure in-situ [3, 
4]. The flexibility of tuning processing parameters in LPBF can signifi-
cantly affect NiTi functionalities, such as superelasticity [3], shape 
memory effect, and phase transformation behavior [5]. These charac-
teristics make LPBF an attractive option for manufacturing NiTi com-
ponents, especially for high-performance applications in fields such as 
medical devices, aerospace, and robotics, where material properties and 
design flexibility are critical [1].

By adjusting the key LPBF processing parameters such as laser 
power, scanning speed, hatch distance (adjacent laser spacing), and 
beam shape, researchers have successfully tailored the crystallographic 
textures, microstructures, and phase transformation behavior of LPBF- 
processed NiTi to achieve desirable functional properties [5–7]. For 
instance, Xue et al. demonstrated that LPBF NiTi exhibits superior 
superelasticity [8], while other studies have shown that phase trans-
formation behavior and cyclic stability can be better controlled through 
careful adjustment of the processing conditions and post treatments [9].

Recently, the corrosion behavior of LPBF NiTi has received increased 
attention alongside its mechanical properties, as it is a critical factor for 

industrial applications. In environments such as seawater and harsh 
chemical settings [10], NiTi alloys are commonly used in dampers, 
sensors, and actuators [11]. However, these applications expose the NiTi 
alloys to corrosive environments that can compromise their structural 
integrity and long-term reliability.

Previous studies have reported the distinct corrosion behavior in 
LPBF NiTi. For example, Qiu et al. [12] found that the plane perpen-
dicular to the building direction has better corrosion resistance than the 
plane parallel to the building direction. This difference arises from the 
unique microstructure of LPBF NiTi, which consists of columnar grains. 
The smaller grain size in the plane perpendicular to the building di-
rection promotes the formation of a more uniform passive film, while the 
larger and uneven grains along the building direction result in 
non-uniform passive films. Furthermore, XRD and EBSD studies have 
shown that various laser power results in dual phase (mixed phases of 
austenite and martensite) or single austenitic phase in NiTi [13]. The 
dual phase regions lead to uneven passive film formation, and pitting 
corrosion tends to occur on these irregular surfaces [13].

Despite these findings, the corrosion mechanism of LPBF NiTi is still 
not fully understood. It is unclear why the presence of mixed austenite 
and martensite phases results in reduced corrosion resistance compared 
to single-phase austenitic NiTi [13]. Furthermore, the corrosion process 
in mixed-phase regions, as well as the reasons for the formation of these 
phases during LPBF, remain unanswered. Addressing these gaps is 
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crucial for enhancing the performance and reliability of LPBF NiTi in 
industrial applications.

To investigate these issues, this study explores the corrosion 
behavior of LPBF NiTi using multiscale characterization techniques. The 
present study aims to thoroughly investigate the corrosion mechanism of 
LPBF NiTi and explore effective strategies to enhance its anti-corrosion 
properties. In microstructural and crystallographic analysis, scanning 
electron microscopy (SEM) equipped with electron backscatter diffrac-
tion (EBSD) was utilized to examine the microstructure, texture, and 
phase distribution of LPBF NiTi. Transmission electron microscopy 
(TEM) was employed to analyze dislocation structures and low angle 
grain boundaries. For electrochemical characterization, electrochemical 
impedance spectroscopy (EIS) measurements followed by potentiody-
namic polarization (PDP) were carried out to evaluate the corrosion 
resistance. Scanning Kelvin probe force microscopy (SKPFM) was used 
to analyze the surface potential distribution. Additionally, X-ray 
photoelectron spectroscopy (XPS) was applied to analyze the chemical 
composition of the passive film.

2. Materials and methods

2.1. Materials fabrication

NiTi samples were fabricated using an SLM 250HL machine via laser 
powder bed fusion (LPBF). Dual-phase samples were produced with a 
laser power of 400 W, scanning speed of 1250 mm/s, hatch spacing of 
120 μm, and powder layer thickness of 30 μm. The [001]-textured 
samples were fabricated using a laser power of 950 W, scanning speed 
of 650 mm/s, hatch spacing of 180 μm, and powder layer thickness of 40 
μm. A stripe scanning strategy with a rotation of 67.5◦ between layers 
was employed. High-purity argon gas was used to prevent oxidation 
during fabrication. The feedstock was commercial Ni51.4Ti48.6 powder 
with spherical morphology, fabricated via gas atomization, and char-
acterized by particle size distributions of 23 μm (D10), 40 μm (D50), and 
67 μm (D90).

To investigate corrosion behavior and compressive superelasticity, 
as-fabricated cylindrical samples of 13 mm diameter and 25 mm height 
(along the building direction) were built and then machined into eight 
compressive cuboids (4 ×4 ×8 mm3) using electrical discharge 
machining (EDM). For differential scanning calorimetry (DSC) mea-
surement, samples were machined by EDM with a dimension of 
4 × 4 × 1 mm3. All samples were ground and polished according to 
standard metallographic procedures unless otherwise stated.

2.2. Microstructure characterization

Microstructure, texture, and phase analysis were conducted using a 
scanning electron microscope (SEM, Helios G4) equipped with an elec-
tron backscatter diffraction (EBSD) detector. The samples for EBSD 
analysis were first mechanically ground and polished to a final grit size 
of 1 µm. To eliminate residual stress introduced during mechanical 
polishing, which could potentially induce stress-induced martensite, 
electropolishing was performed using an A3 electrolyte (Struers) in a 
LectroPol-5 electrolytic polishing machine. The electropolishing process 
was conducted at a voltage of 10 V for 10 seconds at a temperature of 
8◦C. Samples after electrochemical impedance spectroscopy (EIS) and 
potentiodynamic polarization (PDP) tests were directly subjected to 
EBSD analysis without additional surface preparation. It should be noted 
that, to the best of our knowledge, this is the first conclusive identifi-
cation of martensite in NiTi fabricated via LPBF by EBSD. In earlier in-
vestigations, suboptimal sample preparation and the inherent difficulty 
of indexing the monoclinic martensite phase may have caused some 
martensitic regions to be classified as non-indexed [14,15]. EBSD data 
were collected at 30 kV with 13 nA current and analyzed using OIM 
Analysis software. High-resolution EBSD with a step size of 200 nm was 
employed to resolve fine martensitic phases, determine crystallographic 

texture, and identify grain boundary characteristics. Kernel Average 
Misorientation (KAM) maps were generated to assess localized strain 
distribution, while phase maps distinguished between austenitic (B2) 
and martensitic (B19’) phases.

Transmission electron microscopy (TEM) was employed to analyze 
dislocation structures and low-angle grain boundaries. TEM samples 
were fabricated using a Helios G4 PFIB and observed with a Titan 
80–300ST TEM (FEI) at an acceleration voltage of 300 kV. Selected area 
electron diffraction (SAED) was performed to confirm crystallographic 
orientations and grain boundary characteristics.

2.3. Electrochemical characterization

EIS measurements, followed by potentiodynamic polarization (PDP), 
were performed after 1 h immersion in a 3.5 wt% NaCl solution. A 
traditional three-electrode system was employed in this study. A NiTi 
alloy coupon served as the working electrode. The exposed surface was 
created by covering the working electrode surfaces using a water-proof 
tape with a round hole of 3 mm diameter. An Ag/AgCl/KCl 3 M refer-
ence electrode (+222 mV vs. SHE) was used as the reference electrode, 
and a platinum mesh functioned as the counter electrode. The NiTi 
electrode was ground up to grit 4000 SiC abrasive paper, polished using 
3 μm and 1 μm alumina slurry, then gently cleaned with distilled water 
and dried through compressed air. Adhesive copper tape was used for 
electrical connection between the NiTi alloy and the potentiostat. The 
EIS measurements were conducted in the frequency range from 100 kHz 
to 0.01 Hz by applying a ± 10 mV sinusoidal excitation signal by a 
Biologic SP 300 multichannel potentiostat. The fitting process of all EIS 
data was conducted using Zview software. The PDP curves were recor-
ded from − 200 mV to + 1.5 V vs. OCP with a scanning rate of 1 mV/s.

2.4. Scanning Kelvin probe force microscopy measurements

Scanning Kelvin probe force microscopy (SKPFM) measurements 
were performed using a Bruker Dimension Edge™ instrument with 
Nanodrive v8.05 software. Samples were measured in the as-received 
state. The surface potential images were obtained by a dual-scan 
mode: in the first scan, topography data were collected using a tap-
ping mode, and in the second scan, the surface potential was measured 
by lifting the tip up to 50 nm. Topography and surface potential mea-
surements were conducted in ambient atmosphere at 22 ± 1 ◦C, with a 
zero-bias voltage, a pixel resolution of 512 × 512, a scanning area of 
100 × 50 μm2, and a scan frequency rate of 0.3 Hz. The raw data was 
analyzed using Gwyddion 2.60 software. A histogram analysis based on 
the multimodal Gaussian distributions was performed to represent the 
surface potential distribution between different regions.

2.5. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements were con-
ducted to analyze the chemical composition and relative fractions of the 
formed (hydro)oxide layers after 1 hour of exposure to 3.5 % NaCl in an 
ambient environment. The XPS analysis was conducted using a PHI- 
Versaprobe II (Physical Electronics) spectrometer equipped with a 
monochromatic Al Kα X-ray source (1486.6 eV photon energy) and 
automatic neutralizer. The binding energy range was calibrated using 
the Cu 2p₃/₂ (932.62 ± 0.1 eV) and Au 4 f₇/₂ (83.96 ± 0.1 eV) reference 
lines. Spectra were recorded at a takeoff angle of 45◦ with an irradiation 
power of 49.6 W, corresponding to a beam diameter of 200 μm. The 
samples were mounted onto the specimen holder using double-sided 
tape to electrically isolate it from the ground. Measurements were 
conducted using the built-in charge neutralizing system, which com-
bines low-energy electrons and an ion beam. Calibration of the system 
was performed using a PET reference sample, with the full width at half 
maximum (FWHM) of the O═C–O C 1 s peak maintained below 0.85 eV. 
High-resolution scans of the O 1 s, Ti 2p, Ni 2p, and C 1 s regions were 
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acquired using a pass energy of 23 eV, a step size of 0.1 eV, and a dwell 
time of 50 ms per step. The chamber pressure during measurements was 
maintained at approximately ~7.5 × 10− 9 Torr due to the inflow of Ar 
ions used for neutralization. All spectra were charge-corrected with 
respect to the adventitious carbon C 1 s peak, which was set at 284.8 eV. 
Data analysis was performed using PHI Multipack software (V9.9.2).

2.6. Melt pool simulation

The temperature distribution and gradients in the melt pool during 
LPBF processing were simulated using ABAQUS. Details of the melt pool 
calculations are provided in previous work [16].

2.7. Superelastic tests

Superelasticity was tested on an MTS 858 tabletop hydraulic test 
machine by applying uniaxial compression. A strain rate of 1.0 × 10− 4 

s− 1 was applied and strains were measured by a contact-based ceramic 
extensometer (632.53F-14, MTS). The test temperatures are set to be 
10 K above the austenite finish temperature. For dual-phase samples, the 
austenite finish temperature is 327 K. For the [001]-textured sample, the 
austenite finish temperature is 295 K. Both austenite finish temperatures 
were measured by DSC (PerkinElmer DSC 8000).

3. Results and discussion

3.1. Microstructure and crystallographic texture

Fig. 1 presents the crystallographic texture and phase distribution of 
LPBF dual-phase NiTi samples before and after PDP testing (the PDP 
results will be presented later). No pronounced differences are observed 
between the two conditions, as validated by pole figures in Fig. 1(d) and 
(h)). For the austenitic phase, the sample shows a mixed texture con-
sisting of [001] orientated grains and other randomly orientated grains. 
Both samples exhibit non-indexed regions, which are primarily located 
near the melt pool boundaries, as shown in Fig. 1(a) and (b). These non- 
indexed regions are associated with the martensitic phases. The 
martensitic phases in these regions were difficult to index due to their 
fine size and complex morphology. The varying area fractions of non- 
indexed martensite observed in EBSD before and after PDP tests are 
due to the inhomogeneous microstructure present in different locations 
of the dual-phase NiTi (Fig. 1(a) and (e)). The application of high- 
resolution EBSD with a small step size of 200 nm successfully resolved 
and indexed these features. Fig. 1(b) and 1(c) highlight the indexed 
martensitic phases and their distribution before PDP. Similarly, Fig. 1(f) 
and 1(g) illustrate these features after PDP. The consistent appearance of 
non-indexed regions, particularly those identified near melt pool 
boundaries (Fig. 1(b)), and their identification as martensite indicate 

Fig. 1. LPBF dual-phase NiTi samples before and after PDP tests. (a) Orientation map along the building direction (BD) before PDP, showing non-indexed (black 
colored) regions near melt pool boundaries. (b, c) High-resolution EBSD maps with a step size of 0.5 µm highlighting martensitic phases (hence with resolved 
previously non-indexed regions) before PDP. (d) A pole figure of dual-phase NiTi before PDP test. (e) Orientation map along the building direction after corrosion, 
showing similar non-indexed regions near melt pool boundaries. (f, g) High-resolution EBSD maps after PDP, confirming the presence of martensitic phases. 
Austenitic (B2) and martensitic (B19’) phases are represented in blue and green, respectively. (h) A pole figure of dual-phase NiTi after PDP.
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that these features are inherent to the microstructure of LPBF NiTi and 
remain unaffected by the PDP.

To determine the corrosion mechanism, the high-resolution micro-
structure and EBSD results have been correlated before and after elec-
trochemical measurements. Fig. 2 provides detailed insights into LPBF 
dual-phase NiTi before electrochemical tests in NaCl solution. In Fig. 2
(a), the martensitic phase is observed with a clear morphology and twin- 
type feature, characteristic of typical martensite. This morphology is 
outlined in the microstructural image, highlighting the localized distri-
bution of the martensite. Fig. 2(b)–(d) present an EBSD analysis of the 
same region. Fig. 2(b) shows the orientation map, where the B2 
(austenite) and B19’ (martensite) phases are clearly distinguished. Fig. 2
(c) provides the KAM map, indicating local misorientation primarily in 
the martensitic phase and grain boundaries of austenitic grains. Fig. 2(d) 
highlights the phase map, confirming the clear interfaces between 
austenite (blue) and martensite (green).

To better understand where and how corrosion occurs, the LPBF 
dual-phase NiTi sample was closely examined after the EIS and PDP 

tests. As shown in Fig. 3(a) and 3 (b), pitting is visible on both the B2 
(austenite) and B19’ (martensite) phases. At higher magnification, the 
B19’ phase shows more severe corrosion, with dense pits compared to 
the B2 phase (Fig. 3(d) and (e)). This suggests that the B19’ phase has 
lower corrosion resistance under the PDP test conditions. The EBSD 
orientation map (Fig. 3(c)) and phase map (Fig. 3(f)) clearly indicate 
where the pits are located in the two phases. The difference in corrosion 
severity may be due to an electrochemical potential difference between 
the B2 and B19’ phases. The B19’ phase might act as a sacrificial part 
(active and high energy site), corroding faster than the B2 phase.

3.2. Electrochemical properties of the LPBF dual-phase NiTi

To visualize the differences in electrical surface potential distribu-
tion between the B2 (austenite) and B19’ (martensite) phases, SKPFM 
measurements were performed. Fig. 4(a)-4(c) presents the AFM topog-
raphy, amplitude, and SKPFM images of the LPBF dual-phase sample, 
separately. The topography image in Fig. 4(a) reveals a smooth surface, 

Fig. 2. Microstructure and EBSD analysis of the martensitic phase in LPBF dual-phase NiTi before corrosion. (a) Microstructural image showing the typical 
martensite morphology with sharp interfaces. (b) Orientation map indicating the distribution of B2 (austenite) and B19’ (martensite). (c) Kernel Average Misori-
entation (KAM) map showing localized lattice distortion in the martensitic phase. (d) Phase map confirming the clear interface between austenite (blue) and 
martensite (green).

Fig. 3. Microstructural features and EBSD analysis of LPBF dual-phase NiTi after the corrosion test. (a, b) Surface morphology showing corrosion pits in both B2 
(austenite) and B19’ (martensite) phases. (c) Orientation map indicating the distribution of B2 and B19’ phases in the corroded area. (d, e) Magnified views of 
corrosion pits (f) Phase map showing austenite and martensite. Note that the same sample (as used in Fig. 2) was used to compare the differences before and after EIS, 
followed by PDP tests.
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with the spot-like features resulting from electrolytic polishing. The 
amplitude image in Fig. 4(b) clearly distinguishes between the austenite 
and martensite phases, with the martensitic region comprising needle- 
like, small-sized martensite phases. The surface potential mapping 
demonstrates that the presence of martensite generates lower and more 
heterogeneous (Fig. 4e) surface potential distribution, with the 
martensitic phase distinctly recognized as dark regions in Fig. 4(c). The 
linear potential profile marked in Fig. 4(c) is presented in Fig. 4(d), 
where the line scan of the LPBF dual-phase sample reveals pronounced 
oscillations (black-wide arrows). Regions 1 and 2 (also in the histo-
gram), appearing darker, correspond to the martensitic phase, while the 
adjacent lighter areas represent the austenitic matrix (regions 3 and 4). 
SKPFM can measure the electron work function of metal surfaces in 
vacuum or air conditions and work function variations among 

microstructural features cause noticeable shifts in surface potential 
across the surface, offering insights into their anodic and cathodic 
electrochemical properties [17–19]. Previous studies have demon-
strated a strong correlation between the corrosion potential at the sol-
id/liquid interface and the measured electrical surface potential at the 
solid/air interface within the scanned area [18,20–22]. Nevertheless, 
establishing a direct correlation between these potentials and the elec-
trochemical behaviour in actual corrosion scenarios often proves chal-
lenging [19] and needs to be substantiated by actual electrochemical 
analysis under representative corrosive conditions as is done in this 
study. Typically, noble materials exhibit a higher work function 
compared to relatively electrochemically active materials [23,24]. 
Consequently, a higher surface potential, as measured by SKPFM, sug-
gests more noble electrochemical properties under aqueous electrolyte 

Fig. 4. (a) AFM topography, (b) Amplitude, (c) SKPFM map of the LPBF dual-phase NiTi, (d) Volta potential linear profiles of the LPBF dual-phase NiTi, (e) histogram 
plot of the SKPFM image and its de-convolution using simulated multinomial Gaussian distribution for LPBF dual-phase NiTi.

Fig. 5. Thermal behaviors of the melt pool during LPBF processing of dual phase LPBF NiTi: (a) Temperature distribution and (b) Magnitude of temperature gradient. 
The melt pool boundaries are marked by white solid lines (Melting point is 1310 ◦C).
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conditions. This surface potential variation can serve as a predictive 
indicator of corrosion behaviour [25]. Therefore, the SKPFM results 
indicate that the martensitic phase acts as the anodic site, which aligns 
with the SEM observations after PDP testing (Fig. 3). To better quantify 
the galvanic driving force (ΔV), an enlarged view of the scanned area of 
the LPBF dual-phase sample is provided in Figure S1, showing an 
approximate value of 50 mV. Regions with a lower surface potential are 
more susceptible to acting as anodic sites (more electrochemical activ-
ity) in a galvanic coupling.

However, the selection of line profiles is often subjective, which may 
introduce errors. Therefore, a statistical analysis is performed based on 
multiple line scan results. A histogram is shown in Fig. 4(e) to reveal the 
influence of different phases on the surface potential distribution [18, 
26]. The histogram profile of the LPBF dual-phase NiTi surface can be 
resolved into four peaks: two associated with martensite and two with 
austenite (matrix). This demonstrates significant surface potential het-
erogeneity, with martensitic regions consistently showing lower average 
potential values compared to austenitic regions.

3.3. The formation mechanism of dual phase in LPBF NiTi

As discussed in the Sections 3.1 and 3.2, the martensitic phase acts as 
the anodic site in the LPBF dual-phase NiTi. While the dual-phase 
microstructure in LPBF NiTi has been reported by Chen et al. [13] its 
formation mechanism remains unclear. Two hypotheses can be pro-
posed to explain this phenomenon. The first hypothesis suggests that Ni 
evaporation during LPBF increases the phase transformation tempera-
ture above room temperature, causing regions with higher Ni evapora-
tion to transform into martensite upon cooling [27]. The second 
hypothesis attributes the formation of dual phases to stress-induced 
martensitic transformation driven by residual stress after cooling, 
which results from strain compatibility during the L-PBF process [28].

To investigate the thermal effects on dual-phase formation, the 
temperature distribution and magnitude of the temperature gradients in 
the melt pool were simulated. The results are shown in Fig. 5. As shown 
in Fig. 5(a), the maximum temperature of the melt pool exceeds 2400 ◦C 
at the melt pool center. The temperature gradually decreases from the 
melt pool center to its boundary. As a consequence of depositing liquid 

metal onto relatively cooler prior deposition layers, a steep temperature 
gradient forms at the outer boundary of the melt pool (Fig. 5(b)). This 
steep gradient induces significant thermal expansion of the solidified 
metal during heating and residual stress after cooling. To release these 
residual stresses, stress-induced martensitic transformation occurs, 
forming martensite at the outer boundary of the melt pool. Additionally, 
while the peak temperature near the melt pool center corresponds to 
regions with higher Ni evaporation, no martensite formation is observed 
near the center of the melt pool. These findings suggest that martensite 
formation near the melt pool boundary is primarily driven by the release 
of residual stresses.

3.4. A strategy for improving the corrosion resistance of LPBF NiTi

To address the challenges posed by the dual-phase microstructure in 
LPBF NiTi, particularly its adverse effects on corrosion resistance, the 
processing parameters were optimized to achieve a single-phase 
microstructure. As discussed in Section 3.3, the martensite phases, 
near the melt pool boundaries, result from thermal stress. The optimized 
processing parameters can reduce the temperature gradients and hence 
eliminate the stress-induced martensite [3]. Fig. 6(a) confirms the 
elimination of the martensitic phase, with the entire area indexed as the 
B2 phase. The KAM map (Fig. 6(b)) indicates that a larger misorientation 
is primarily found around grain boundaries, with some local strains 
within grains indicating the presence of dislocations. The IPF color map 
in Fig. 6(c) further illustrates the highly textured [001] direction along 
the building direction (BD), a feature resembling single-crystal-like 
behavior. The pole figure in Fig. 6(d) demonstrates a strong [001] 
texture, confirming the successful orientation alignment achieved 
through the modified processing parameters. Moreover, the SKPFM 
mapping shown in Figure S2 also proves that a more homogeneous 
surface potential distribution is realized after the removal of residual 
martensite.

To provide an overview of the electrochemical response and corro-
sion behaviour, the PDP curves of [001]-textured single-phase and dual- 

Fig. 6. Microstructural and crystallographic analysis of [001]-textured single- 
phase LPBF NiTi. (a) Phase map showing the single austenitic (B2) phase dis-
tribution. (b) KAM map highlighting uniform strain distribution within the 
microstructure. (c) IPF map revealing a strong [001] texture along the building 
direction (BD). (d) A Pole figure confirming the pronounced [001] single- 
crystal-like texture with high alignment along the BD.

Fig. 7. PDP curves of both L-PBF NiTi samples after 1 h immersion in 3.5 wt% 
NaCl solution.

Table 1 
Potentiodynamic polarization parameter fitting values for LPBF dual-phase and 
[001]-textured single-phase NiTi samples.

Sample Ecorr (mV vs. Ag/AgCl) icorr (μA⋅cm− 2)

LPBF dual-phase NiTi − 178 ± 5 10.60 ± 3.30
LPBF [001]-textured single-phase NiTi − 302 ± 4 0.09 ± 0.01
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phase samples in a 3.5 % NaCl solution are compared in Fig. 7. Both NiTi 
samples exhibit a wide passivation plateau, without evident activa-
tion–passivation transition characteristics. The LPBF dual-phase NiTi 
exhibits a slightly higher corrosion potential (Ecorr), around 125 mV, 
compared to the [001]-textured single-phase specimen. Nevertheless, its 
corrosion current density (icorr) is almost 100 times higher than that of 
the [001]-textured single-phase NiTi sample. The fitting results from 
Tafel extrapolation are listed in Table 1. The icorr of the [001]-textured 
single-phase specimen is less than 0.1μA⋅cm− 2, indicating the formation 
of a relatively well-protective passive film [29].

To compare the electrochemical interactions and corrosion resis-
tance of passive films on LPBF dual-phase and [001]-textured single- 
phase NiTi samples, EIS spectra were obtained following 1 hour of im-
mersion under open-circuit condition (OCP). Fig. 8(a) and (b) display 
the Nyquist and Bode plots of both NiTi alloys, respectively. The [001]- 
textured single-phase sample exhibits a significantly higher arc in its 
capacitance loop compared to the LPBF dual-phase NiTi. The broader 
and elevated phase angle further underscores its superior charge transfer 
resistance and enhanced corrosion performance. The phase angle in the 

Bode diagram of the LPBF dual-phase NiTi sample exhibits two obvious 
capacitive arcs, indicating two-time constants [29]. Although the 
two-time-constant electrochemical response is not distinctly observable, 
the most accurate fitting was clearly identified in the [001]-textured 
single-phase NiTi sample (discussed in detail below). Moreover, a 
small tail can be observed on the Nyquist plot of the LPBF dual-phase 
NiTi sample at the low-frequency range, indicating that the diffusion 
process of ions takes place on the electrode. This might be attributed to a 
semi-finite thickness layer diffusion process in the relatively defective 
passive film of the LPBF dual-phase NiTi [30–32].

Therefore, two equivalent electrical circuits used for EIS parameters 
fitting of both samples are shown in Fig. 9. In this model, Rs indicates the 
resistance of the solution, Rct is

the charge transfer resistance of the double-layer capacitor, Qdl is a 
constant phase element (CPE) that reveals the charge separation be-
tween the metal and electrolyte interface, Rf is the resistance of the 
passive film, and Qf is a CPE of the passive film. Zw is the Warburg 
impedance which indicates the difficulty of mass transport of the redox 
species to the electrode surface under a semi-infinite linear diffusion. 

Fig. 8. Nyquist (a) and Bode (b) diagrams of the LPBF dual-phase and [001]-textured single-phase NiTi samples after immersion in 3.5 wt% NaCl solution for 1 h. 
The solid lines on top of the data represent fitting lines.

Fig. 9. Equivalent circuit of both L-PBF NiTi samples after immersion in 3.5 wt% NaCl solution for 1 h.

Table 2 
EIS parameters fitting values of the LPBF dual-phase (DP) and [001]-textured single-phase (SP) NiTi samples after immersion in 3.5 wt% NaCl solution for 1 h.

Sample Rs 

Ωcm2
Qf/10− 6 Rf 

kΩcm2
Qct/10− 6 Rct 

kΩcm2
Zw chi-squared

Y0 

Ω− 1cm− 2Sn
n Y0 

Ω− 1cm− 2Sn
n

DP 41.5 2.1 0.95 5.8 12 0.75 48.1 81.3 0.0039
SP 35.1 1.8 0.96 3220 3.1 0.65 1328 - 0.0026
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Considering that the capacitance is a non-ideal capacitor because of the 
roughness of the electrode surface and surface microstructural hetero-
geneity, CPE instead of capacitance is adopted [29]. The capacitance is 
related to the angular frequency of the excitation signal, which can be 
written as follows: 

ZQdl =
1

Y0(jω)
n (1) 

where ω is the angular frequency, j is the symbol of an imaginary 
number, and n is the exponent of the CPE, usually ranging from 0.5 to 1. 
The fitting values of the equivalent electrical circuit elements are listed 
in Table 2. The fitted values demonstrate that the [001]-textured single- 
phase NiTi sample exhibits higher Rf and Rct values compared to the 
LPBF dual-phase sample. This indicates enhanced corrosion resistance, 
aligning with the PDP results. Moreover, a lower capacitance value 
observed in the [001]-textured single-phase NiTi sample likely indicates 
the presence of a thicker and more compact passive film [29].

Previous studies have shown that TiO2 is the primary composition of 
the passive film on NiTi alloy, providing effective corrosion protection to 
the substrate [33,34]. Liu et al. then further proved that the passive layer 
of NiTi alloy is a bilayer structure consisting of a Ti-rich outer layer and a 
Ni-rich inner layer [29]. Figs. 10(a)-(c) show high-resolution XPS 
spectra for Ti 2p, Ni 2p, and its associated O 1 s signals, corresponding to 

two different NiTi alloys. The Ti 2p spectra in Fig. 10(a) were decon-
voluted into multiple components, revealing a minor presence of 
metallic Ti0 (453.8 eV), TiO (455.0 eV), and Ti2O3 (456.7 eV), alongside 
a predominant amount of TiO2 oxidized state (458.4 eV).

By comparing the Ti oxidation states in the NiTi alloys shown in 
Fig. 10(f) with the surface elemental distribution in Fig. 10(d), slightly 
higher Ti and Ni contents are observable in the passive film of the [001]- 
textured single-phase. However, there is no significant difference in the 
various Ti oxidation states within the passive film composition between 
the two NiTi alloys. However, previous studies on NiTi alloys have 
shown that even slight variations in Ti oxidation states within the pas-
sive film can significantly impact the electrochemical stability and 
protective properties of the oxide layer, ultimately influencing corrosion 
resistance [12,29,35].

Fig. 10(b) indicates the high-resolution XPS spectra of the Ni 2p that 
deconvoluted into multiple components including metallic Ni0 

(852.1 eV), NiO (853.3 eV), and Ni(OH)2 (855.8 eV). By comparing the 
Ni oxidation states in the NiTi alloys presented in Fig. 10(e), a higher 
proportion of NiO and a lower amount of Ni(OH)2 are observed in the 
[001]-textured single-phase alloy compared to the LPBF dual-phase 
alloy. This suggests improved charge transfer resistance in the inner 
layer of the bilayer oxide, as NiO oxide exhibits a higher work function 
(Φ NiO = 6.3 eV) than Ni(OH)2 hydroxide (Φ Ni(OH)2 = 3.88 eV) [36,37]. 

Fig. 10. XPS high-resolution spectra of the (a) Ti 2p, (b) Ni 2p, and (c) O 1 s electron energy regions on both LPBF dual-phase and LPBF [001]-textured single-phase 
NiTi samples after exposure to the 3.5 % NaCl solution for 1 hour. (d) elemental distribution in surface bilayer oxide. The various oxidation states of (e) Ni and (f) Ti.

J.-N. Zhu et al.                                                                                                                                                                                                                                  Corrosion Science 251 (2025) 112929 

8 



Moreover, in this work, optimized manufacturing parameters not only 
lead to a slight increase in Ti and Ni content within the passive film but 
also introduce notable differences in the martensitic phase fraction. This 
change in microstructure plays a crucial role in corrosion behavior, as a 

single-phase structure enhances the phase stability of NiTi alloys. As a 
result, the significant improvement in corrosion resistance observed 
here can be attributed to both the passive film composition and espe-
cially the stabilized microstructure.

Fig. 11. Microstructural and crystallographic analysis of [001]-textured single-phase NiTi after corrosion testing. (a) SEM image showing corroded grains and grain 
boundaries. (b) Orientation map highlighting the [001] texture with a low magnification. (c, d) Orientation maps in the BD and TD, showing corroded regions at 
high-angle grain boundaries. (e) Kernel Average Misorientation (KAM) map indicating strain concentration at corroded boundaries. (f) Misorientation profile across a 
high-angle boundary (marked by a black arrow in (d)). (g) Phase map confirming the single-phase B2 structure. The elimination of martensite and reduction of high- 
angle grain boundaries significantly enhance the material’s corrosion resistance.

Fig. 12. TEM analysis of a low-angle grain boundary in [001]-textured NiTi. (a) Bright field TEM image showing the low-angle grain boundary as a dislocation wall, 
with individual dislocations visible within the grains. (b, c) Selected area electron diffraction (SAED) patterns from the regions marked in (a). (d) Superelastic curves 
of both LPBF NiTi samples.
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Additionally, Fig. 10(c) shows the composition of the O element in 
the bilayer oxide. The O 1 s spectrum revealed two distinct peaks 
attributed to lattice oxide (O2-) and hydroxide groups (OH-), with 
binding energies of 530.1 eV and 531.8 eV, respectively. The highest 
content of O2− is caused by the various Ti- and Ni-based oxides. How-
ever, the appearance of OH− corresponds to the detected Ni(OH)2.

To further characterize the corrosion behavior of the [001]-textured 
single-phase NiTi after electrochemical measurements, the microstruc-
ture was carefully analyzed. Fig. 11 provides insights into the corroded 
regions. In Fig. 11 (a), the corroded areas are observed to be primarily 
associated with small-size grains surrounded by high-angle grain 
boundaries, while the larger grains remain relatively unaffected. Fig. 11
(c) and 10 (d) display the orientation maps along the building direction 
(BD) and transverse direction (TD), respectively. Despite that grains 
grow along the BD, the adjacent grains show a large misorientation 
along the TD direction, which is characterized as high-angle grain 
boundaries (Fig. 11 (c) and 10(d)). Low-angle grain boundaries show 
limited corrosion compared to high-angle grain boundaries (Fig. 11 (c) 
and 10(d)). The KAM map in Fig. 11 (e) reveals localized strain at 
corroded high-angle boundaries, which aligns with the corroded regions 
(Fig. 11 (a) and 10(f)). This is because high-angle grain boundaries are 
high energy areas that are more prone to corrosion [38,39]. The phase 
map in Fig. 11 (g) confirms the single-phase B2 structure, underscoring 
that the enhanced corrosion resistance is also due to the absence of the 
martensitic phase, which was more susceptible to corrosion. These re-
sults indicate that the optimization of processing parameters not only 
improved microstructural homogeneity but also reduced susceptibility 
to corrosion process.

To study the preferential corrosion observed along the low-angle 
grain boundaries in the [001]-textured NiTi (Fig. 11), a focused ion 
beam (FIB)-machined lamella was prepared, including a representative 
low-angle grain boundary (details on the selection of the low-angle grain 
boundary are provided in the supplementary information and 
Figure S3). Fig. 12 (a) presents a TEM image of the low-angle grain 
boundary, clearly marked by a dislocation wall. The grain boundary 
consists of a dense arrangement of dislocations, while individual dislo-
cations are also observed within the grains. The diffraction patterns in 
Fig. 12 (b) and (c), corresponding to the regions marked in Fig. 12 (a), 
confirm that the bicrystal grains on either side of the boundary share a 
near-[101] zone axis. This confirms the low-angle nature of the 
boundary. The dislocation structure within the low-angle grain bound-
ary suggests that it is a high-energy region. Dislocations increase local 
lattice strain, leading to higher stored energy compared to the sur-
rounding grain interiors. This localized energy concentration makes the 
low-angle grain boundary more susceptible to corrosion. Additionally, 
the dislocations can act as diffusion paths, accelerating the transport of 
corrosive agents and further contributing to the observed preferential 
corrosion [40,41]. While high-angle grain boundaries are generally 
more susceptible to corrosion due to their misorientation (Fig. 11), the 
presence of a dislocation wall in low-angle boundaries introduces a 
high-energy microstructural feature that makes these regions similarly 
vulnerable to corrosion.

The stress-strain curves in Fig. 12 (d) compare the superelasticity of 
LPBF [001]-textured single-phase NiTi with that of dual-phase NiTi. The 
[001]-textured NiTi exhibits superior superelastic performance, char-
acterized by a higher stress plateau and recoverable strain compared to 
the dual-phase sample. Specifically, the [001]-textured sample shows a 
stress plateau starting at ~700 MPa with recoverable strains exceeding 
5.5 %, while the dual-phase NiTi reaches lower plateau stresses 
(~600 MPa) and a smaller recoverable strain (~5 %).

The reduced hysteresis in the [001]-textured sample indicates 
improved energy efficiency during cyclic loading, which can be attrib-
uted to its homogeneous single-phase microstructure and the absence of 
stress concentrations at martensitic regions. In contrast, the dual-phase 
NiTi suffers from localized stress accumulation due to the presence of 
martensitic regions, resulting in lower overall performance.

4. Conclusions

This study demonstrates that the corrosion resistance of additively 
manufactured NiTi alloys can be significantly improved through tailored 
crystallographic texture, achieved by optimizing LPBF processing pa-
rameters. Dual-phase NiTi, composed of both austenitic and martensitic 
phases, exhibited localized corrosion susceptibility, with martensitic 
regions acting as anodic sites in chloride-rich environments. These 
findings were supported by potentiodynamic polarization testing and 
surface potential mapping, revealing the galvanic coupling between 
phases as a critical factor in corrosion behavior. The mechanisms un-
derlying dual-phase formation were clarified through thermal simula-
tions and microstructural analysis. Stress-induced phase transformation 
near melt pool boundaries during LPBF were identified as key contrib-
utors to martensite formation, driven by high thermal gradients.

By optimizing LPBF parameters, single-phase [001]-textured NiTi 
was successfully fabricated, eliminating martensitic regions and 
achieving substantial improvements in corrosion resistance and 
superelastic properties. Electrochemical testing revealed that the 
corrosion current of [001]-textured samples was only ~1 % of the 
original LPBF dual phase NiTi due to the formation of a more protective 
passive film, and enhanced surface stability. Moreover, the [001]- 
textured NiTi exhibited superior superelasticity, with a higher stress 
plateau, reduced hysteresis, and greater recoverable strain.

These findings reveal the critical role of crystallographic texture 
control in improving both the functional properties and corrosion 
resistance of NiTi alloys. Appropriate LPBF parameter adjustments offer 
a practical strategy for tailoring microstructures, paving the way for 
broader applications of NiTi in high-performance, corrosive, and func-
tionally demanding environments.
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