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A B S T R A C T

Titanium and its alloys are extensively utilized in various industries owing to their high corrosion resistance and 
excellent strength-to-weight ratio. However, their poor wear resistance limits further applications. The present 
study developed a novel method to fabricate wear-resistant NiTi coatings on commercially pure titanium (CP-Ti) 
substrates to overcome this limitation. The process comprises electroplating a pure Ni layer followed by fusion 
with the CP-Ti substrate by electron beam (EB) scanning. The surface roughness and composition of the coating 
can be fine-tuned by adjusting the EB irradiation conditions. For example, the average roughness of continuously 
scanned (CS) coatings is Ra 8.9, while the average roughness of intermittently scanned (IS) coatings is reduced by 
60 % compared to CS-coatings. Additionally, the Ni concentration in the IS-coatings can be finely adjusted from 
45 at.% to 55 at.% by adjusting EB power. X-ray diffractometry (XRD) revealed that IS-coatings are partially 
composed of superelastic B2-NiTi phases. Nanoindentation and sliding wear tests demonstrated that the 
hardness-to-modulus (H/E) ratio and depth recovery ratio (ηd,h) of the IS-coating increased by a factor of 4.7 and 
2.9 compared to those of CP-Ti, respectively. Additionally, the specific wear rate (Ws) of the IS-coating was 
reduced by 80 % compared to CP-Ti. The mechanical properties of the IS-coating were comparable to those of 
superelastic NiTi alloy. This newly developed method offers potential applications beyond NiTi coatings, 
enabling the development of various functional coatings for enhanced wear resistance.

1. Introduction

Commercially pure titanium (CP-Ti) has extensive applications in 
biomedical [1], aerospace [2], chemical [3], marine [4], and nuclear 
sectors [5] owing to its high corrosion resistance, biocompatibility, 
lightweight nature, and high specific strength [6]. However, the inferior 
wear resistance of CP-Ti limits its application in critical transmission 
components including engines and pumps [7,8]. Alloying can enhance 
wear resistance to a certain degree; however, it impacts the bulk prop
erties. For example, Ti-6Al-4 V alloys show a wear rate under dry friction 
conditions that is approximately 50 % lower than that of CP-Ti [9,10]. 
However, this improvement is not adequate, as alloying compromises 
ductility. The tensile elongation of Ti-6Al-4 V is reduced to approxi
mately 10 % [11], which is nearly half that of CP-Ti.

Surface engineering offers an effective way to improve surface 
properties, such as wear resistance, and gives a new function to the 
surface while maintaining the bulk properties [12–14]. Coating[15,16] 

is a common method of surface treatment in the field of surface engi
neering. This method protects the substrate by covering it with another, 
more wear-resistant material. Among various coating materials, we 
specifically focus on NiTi alloy as it stands out as an excellent coating 
material[17–26].

NiTi alloys exhibit superelasticity (SE) [27,28], which can contribute 
to the enhancement of wear resistance, although it depends on the 
temperature and alloy composition. In fact, NiTi alloys possess wear 
resistance superior to that of Ti-6Al-4 V [29]. Utilizing NiTi alloy coat
ings could effectively mitigate the wear resistance deficiencies of CP-Ti. 
Additionally, the shape memory effect (SME) inherent in NiTi offers the 
potential to create self-healing surfaces upon exposure to heat [30,31]. 
NiTi coatings have been deposited using conventional coating methods 
such as laser plasma spraying [19,20], vacuum plasma spraying [21,22], 
atmospheric plasma spraying [23], cold spraying [24–26], and magne
tron sputtering [17,18]. However, NiTi alloy coatings produced by 
spraying tend to exhibit microstructural nonuniformities, with 
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variations in compositions and phases across spatial scales of tens of 
micrometers [20]. These coatings also contain unfused regions and 
oxide formations [22,23]. Eliminating these defects is crucial for the 
development of coatings with enhanced SME and SE. Although 
magnetron-sputtered coatings exhibit a fine and homogeneous micro
structure, their limited thickness hinders their effectiveness in 
wear-resistant applications [17,18].

Electroplating is a simple and low-cost coating technique [32], 
capable of producing uniform and dense layers [33,34]. It is considered 
a suitable method for addressing defects commonly found in thermal 
spray coatings. However, the direct formation of intermetallic com
pounds in NiTi alloys via electroplating remains challenging. In recent 
years, a new manufacturing approach has emerged: the fabrication of 
layered structures using additive manufacturing (AM). This method 
enables the use of low-cost, conventional materials for the substrate 
while applying high-performance materials with superior wear and 
corrosion resistance as the surface layer, thereby enhancing surface 
properties [35–37]. Inspired by the above studies, a novel approach 
combining electroplating with AM (specifically, electron beam melting, 
EBM) was proposed to fabricate NiTi coatings in our previous study 
[38]. The NiTi coatings are synthesized in two steps: 1. electroplating a 
pure Ni layer on CP-Ti; 2. irradiating with an electron beam (EB). This 
method integrates the simplicity and cost-effectiveness of electroplating 
with the flexibility and controllability of AM.

Single-track experiments were performed to examine the feasibility 
of this method for forming NiTi alloy coatings in the previous study [38]. 
A NiTi alloy layer with a nearly stoichiometric composition was suc
cessfully obtained by optimizing the EB irradiation conditions. Howev
er, a single-track NiTi layer cannot be directly used as a practical 
coating. Only by arranging multiple tracks in parallel and close to each 
other to completely cover the material surface can NiTi coatings with 
practical applications be produced [38,39]. Moreover, the multi-track 
scanning process is not simply a repetition of single-track scanning; 
the interactions between neighboring tracks must be considered. 
Therefore, the EB irradiation conditions used in single-track scanning 
cannot be directly applied to the multi-track scanning process, which 
requires dedicated study and optimization. This then becomes the main 
objective of the present study.

In the present study, NiTi alloy coatings were fabricated by multi- 
track EB scanning of Ni-plated CP-Ti substrates under various EB irra
diation conditions. The relationship between the process conditions and 
the quality of coatings, including compositional homogeneity, constit
uent phases, and mechanical properties, was investigated from the 
perspective of melting, mixing, solidification, and solid-state diffusion. 
Furthermore, the novel NiTi coating approach integrated electroplating 
and AM techniques, offering useful insights for surface engineering. 
Such integration takes advantage of the reliability and cost-effectiveness 
of conventional techniques, along with the precision and adaptability of 
modern approaches.

2. Methods

2.1. Preparation of substrate and Ni-plate

A slab of CP-Ti (99.5% purity; Nilaco, Tokyo, Japan) was cut into 
specimens of 25 × 25 × 10 mm³ by electric discharge machining. A CP- 
Ti specimen of 25 × 25 mm2 area was used as the working electrode. The 
CP-Ti specimen was given a four-stage pretreatment: (1) mechanical 
grinding using P120–P2400-grit SiC abrasive papers; (2) immersion in 
ethanol at RT for 5 min; (3) immersion 10 wt.% HCl solution at RT for 5 
min, with a 9 V DC power applied to promote the removal of surface 
oxides and contaminants, and (4) washing with ultrapure water.

A Pure Ni anode (Φ6 × 20 mm) of 405 mm2 area was used with an 
interelectrode gap of 8 cm. In this study, a thicker pure Ni layer was 
required to enable subsequent processing. Therefore, a nickel sulfamate 
solution was used as the plating bath. This type of bath tolerates high 

current density and produces plated layers with lower internal stress, 
making it suitable for applications that demand greater coating thick
ness [40]. The compositions of the solutions and the electroplating pa
rameters adopted from an electrochemical handbook [40] are listed in 
Table 1. Electroplating was conducted for 4 h to obtain a plating layer 
with sufficient thickness. After plating, the layer was ground using 
P120–P2000 grit SiC abrasive papers to a final thickness of 45 μm.

2.2. Electron beam irradiation

The plated specimens were irradiated with EBs using an EBM ma
chine (EBM-6LB-1, Mitsubishi Electric) in a helium atmosphere at 0.5 
Pa. Multi-track scanning was performed over a 3 × 4 mm2 area using a 
serpentine scanning process (Fig. 1). The electron beam power (P) was 
set at four levels of 126, 132, 138, and 144 W. The line offset and 
scanning speed were fixed at 300 µm and 100 mm/s, respectively. The 
multi-track scanning experiments were conducted using two scanning 
modes—continuous scanning and intermittent scanning — to regulate 
the thermal effect induced by the preceding scanning. Continuous 
scanning mode had no intervals between consecutive track scans (tint =

0 s), whereas intermittent scanning mode included a 60-s interval be
tween scans (tint = 60 s). In the intermittent scanning mode, the speci
mens were cooled before the subsequent beam scan. Although the 
interval of 60 s might be too long for an actual process, it was employed 
to perform experiments under near-ideal conditions with sufficient 
cooling time.

2.3. Microstructural characterization

The top surfaces of the multi-scanned specimens were observed using 
a confocal laser scanning microscope (VK-X200/210, Keyence, Japan). 
The samples were then cut perpendicular to the beam-scanning direc
tion for cross-sectional observation by field-emission scanning electron 
microscopy (FE-SEM; JSM 6500, JEOL, Japan). The elemental distri
butions were analyzed by energy-dispersive X-ray spectroscopy (EDS). 
X-ray diffractometry (XRD; SmartLab SE diffractometer, Rigaku, Japan) 
identified the crystallographic phases of the surface layer. In the XRD 
tests, the ray source was Cu Kα and the 2theta scanning range was 
20◦–80◦ with a step size of 0.01◦. The test for each sample was con
ducted 3 times in the same condition. The formed Ni-Ti alloy phases 
were studied by evaluating the equilibrium phase characteristics of the 
Ni-Ti binary alloy using Thermo-Calc Software (version 2022b) with a 
thermodynamic database for Ti alloys (TCTI4) [41].

2.4. Nanoindentation tests

Nanoindentation tests were performed using a nanoindentation 
tester (ENT-1100a, Elionix, Japan) equipped with a Berkovich indenter 
to evaluate the indentation properties of the EB-scanned coating. Before 
the tests, the surfaces of specimens were ground using P120–P4000-grit 
SiC abrasive papers and then polished using 50 nm alkaline colloidal 
silica suspension. The Nanoindentation tests were performed at 26 ◦C 
inside the device equipped with a shield case to prevent thermal drift. A 
total of 50 equally spaced points were selected on each sample to repeat 
the test under identical parameters. Then, the results were averaged to 

Table 1 
Composition of Ni-plating solution and plating parameters.

Compound/Parameter Value

Composition NiCl2⋅6H2O 0.10–0.13 mol/L
Ni(SO3NH2)2 1.70–1.79 mol/L
H3BO3 0.49–0.73 mol/L

Parameters Temperature 50–60 ◦C
pH 3.0–5.0
Cathodic current density 3.0 A/dm2

Current mode DC plating
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eliminate the effect of randomness. The peak load was 50 mN, and the 
loading rate was 5 mN/s. The Berkovich indenter [42] with an apex 
angle of 65.03◦ was used, and the following relationship between the 
indenter contact area (A) and indentation depth (h) was employed: 

A = 3
̅̅̅
3

√
tan2(65.03∘)⋅(h + Δh)2

. (1) 

Here, Δh is the indenter tip correction value calculated using the 
Sawa–Tanaka method [43] based on the indentation results of a stan
dard fused silica sample. From the obtained results, Young’s modulus (E) 
and hardness (H) were calculated according to the ISO 14,577–1 pro
tocol [44]. Moreover, depth recovery ratio (ηd,h) is defined as the ratio of 
recoverable indentation depth to indenter displacement at maximum 
load [45]. It was calculated as follows: 

ηd,h =
hmax − hp

hmax
, (2) 

where hmax and hp are the maximum penetration depth of the indenter 
during the indentation tests and the permanent depth after load 
removal, respectively.

2.5. Sliding wear tests

Sliding wear tests were conducted according to the ASTM G133–22
standard [46] on an oscillation sliding tester (OST3000, Rhesca, Japan) 
to evaluate the wear resistance of the intermittently scanned (IS) 
coating. Before the tests, the surfaces of specimens were ground using 
P120–P4000-grit SiC abrasive papers and then polished using 50 nm 
alkaline colloidal silica suspension. The tests were conducted under a 
constant load (L) of 50 N using an alumina ceramic indenter. The 
diameter of the indenter is 9.5 mm and the hardness is 2085 HV0.1 [47]. 
The specimens were subjected to a 1 Hz oscillation with an 8 mm 
amplitude. The test duration for each specimen was 625 s, resulting in a 
total sliding distance (D) of 10 m (= 8 mm × 2 × 625 s). The temperature 
inside the tester during the test was maintained at 26 ◦C and the relative 
humidity was maintained at 50%. The same wear test was conducted 2 
times on each specimen. The friction coefficient (μ) was evaluated as 
follows: 

μ =
FZ

FT
, (3) 

where FZ and FT are normal and tangential loads, respectively. Both were 
measured and continuously recorded by the integrated sensor during the 
tests.

Specific wear rate (Ws) is an indicator of the wear resistance of a 

material [48]. The Ws of specimens was evaluated as follows: 

Ws =
V
LD

, (4) 

where V, L, and D are volume loss, applied load, and sliding distance, 
respectively. V was measured by the confocal laser scanning microscope 
after the sliding test. The worn surfaces were also observed using SEM 
and EDS. A commercially available superelastic NiTi alloy (Ni 50.6 at.%, 
Ti 49.4 at.%; Seemine Keli, Lanzhou, China) as well as the substrate, CP- 
Ti, were also tested as control specimens.

3. Results and discussion

3.1. Surface morphology and roughness

Fig. 2 shows surface morphology optical images and height maps 
obtained from the coatings formed by multi-track EB scanning under 
various conditions. The scanning direction of each track is parallel to the 
y-axis while the tracks fill the area along the x-axis in the positive 
direction.

In Figs. 2a–d, all height maps of continuous scanned (CS) coatings 
(tint = 0 s) show sunken regions at the center of each coating. Protruding 
regions appeared at the right side of the CS-coatings at 132 and 144 W 
(Figs. 2b2 and d2). These protrusions can be attributed to the rapid 
heating of the substrate caused by the continuous scanning of the EB. 
The thermal stress generated by the large temperature gradient caused 
warping deformation of the Ni layer near the melt track and debonding 
with the substrate. Then, the liquid metal in the melt pool flows into the 
crevices under the debonded Ni-plating layer, forming a protruding 
surface after solidification. In Figs. 2e–h, the height maps of the inter
mittently scanned (IS) coatings (tint = 60 s) show remarkably flat sur
faces, without significant protrusion and sinkage. Notably, corrugated 
patterns are observed on the surfaces of the IS-coating (Figs. 2f2 and h2), 
whose patterns are similar to those of the single-track melt formed by EB 
irradiation in our previous study [38]. Cracks were generated perpen
dicular to the melt tracks on most CS-coatings (white triangles in 
Figs. 2a–d), while cracks did not appear on the IS-coatings. These cracks 
are presumably generated by residual stresses induced by the EB irra
diation, as suggested by Li et al. [49] and Takase et al. [50], who re
ported that residual stresses up to hundreds of MPa could be generated 
in Ti alloys by EB-irradiation-induced melting and solidification in AM.

Fig. 3 shows the variation in the surface roughness of the coatings 
with P. The CS-coatings have significantly rougher surfaces and have 
more significant fluctuation in roughness than those of the IS-coatings. 
Among the experimental conditions, the IS-coating at 126 W has the 
lowest surface roughness (Ra = 3.36 μm), i.e., the smoothest surface.

The significant difference in surface topography and roughness be
tween CS- and IS-coatings originates from the distinct melting and so
lidification processes in continuous and intermittent scanning modes. In 
continuous scanning (CS) mode, the electron beam scans adjacent tracks 
sequentially in a serpentine pattern. Track #n + 1 begins immediately 
after track #n, causing the melt pools to merge into a larger liquid zone. 
This larger melt pool leads to stronger liquid flow and steeper temper
ature gradients, resulting in pronounced macroscopic bumps and de
pressions after solidification. Consequently, CS-coated surfaces exhibit 
frequent surface undulations and high, fluctuating roughness values as 
electron beam power changes. In contrast, intermittent scanning (IS) 
mode introduces sufficient cooling time after each track, allowing the 
material to return nearly to room temperature and minimizing heat 
transfer to subsequent tracks. The melt pool remains localized within the 
current scanning area, leading to weaker fluid flow, smaller temperature 
gradients, and more uniform surface solidification. As a result, IS coat
ings are flatter, with consistently low roughness across different electron 
beam powers.

Fig. 1. Schematic of a Ni-plated CP-Ti substrate subjected to EB scanning.
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3.2. Cross-sectional morphology of the melt region and elemental 
composition distribution

Fig. 4 shows the cross-sectional backscattered electron (BSE) images 

(Figs. 4a1, a2, b1, and b2) and the corresponding elemental distributions 
analyzed by SEM-EDS (Figs. 4a3 and b3) of EB-scanned coatings with 
processed data (Figs. 4c, d and e) from BSE images and EDS mapping 
images. The BSE images show regions with dark and bright contrasts. 

Fig. 2. Optical images and height maps of coatings fabricated by multi-track EB scanning under various conditions with: time intervals (tint) of 0 s (a, b, c, d) and 60 s 
(e, f, g, h); EB power (P) of 126 W (a, e), 132 W (b, f), 138 W (c, g), and 144 W (d, h); scanning speed of 100 mm/s. The white triangles show the location of the 
cracks. “CS-coating” and “IS-coating” refer to continuously and intermittently scanned coatings, respectively.
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The dark regions at the bottom correspond to the CP-Ti substrate. The 
bright areas at the center of the images represent the coatings formed by 
multi-track scanning. The scanning sequence is from left to right. 
Unmelted Ni plates can be seen at the left edges where the surface was 
not irradiated with EB. Ni and Ti are mixed in the coatings formed by EB 
irradiation under both conditions presumably due to convection and 
diffusion in the liquid metals. Marangoni convection is considered to 
have played a crucial role in the mixing of pure Ni and Ti as indicated by 
the marble pattern. The Marangoni effect can significantly influence 
melting and solidification during EB irradiation because of the steep 
temperature gradient along the melt pool surface, which can be as high 
as 107 K/m. This gradient arises from localized heating by the EB, which 
has a diameter of approximately 100 μm [51].

The influence of process parameters on the cross-sectional 
morphology of the melt region and coating composition was then 
analyzed. For this, the Ti-melt depth (dTi) and Ni concentration (CNi) 
were quantified for each melt track. dTi represents the melt penetration 
depth into the CP-Ti substrate, defined as the vertical distance between 
the Ni-plate/Ti-substrate interface and the melt-track bottom (Figs. 4a2 
and b2). CNi values were determined using EDS analysis of the melt-track 
regions in the elemental mapping images (Figs. 4a3 and b3).

Figs. 4c and d summarize the dTi and CNi data of the EB-scanned 
coatings under all scanning conditions. Fig. 4c shows the variation in 
dTi while Fig. 4d shows the variation in CNi with track number. 
Regardless of P, the dTi of continuously scanned (CS) coatings in
creases significantly with the number of melt tracks, showing an average 
rise of 60 μm from Track #1 to #11. As observed in laser powder bed 
fusion processes, continuous scanning is expected to cause heat accu
mulation [52]. A similar effect likely occurred in this study, leading to 
the increase in dTi. The growth in dTi is rapid from Track #1 to #4; 
however, it gradually stabilizes after Track #4, although the overall 
trend remains upward. In contrast, the dTi of intermittently scanned (IS) 
coatings remains relatively stable, fluctuating only slightly within a 
range of approximately 15 μm from Track #1 to #11. The CNi of 
CS-coatings is negatively correlated to dTi, gradually decreasing from 
Track #1 to #11 by an average of 13 at.%. This trend is consistent with 
predictions based on mass conservation. Specifically, the Ni in the melt 
track originates from Ni plating, and as the thickness of the Ni plating is 
uniform, the amount of Ni in the melt track remains constant. 
Conversely, Ti in the melt track is supplied from the Ti substrate. As dTi 
increases, a larger amount of Ti enters the melt track, causing a relative 
decrease in CNi, as evidenced in the data. This indicates that the 

composition of the melt track changes as the scanning progresses during 
continuous scanning, leading to variations in the mechanical properties 
of the formed coating. Hence, the CS-coating becomes inhomogeneous 
among melt tracks, rendering controlling its properties through adjust
ments to the scanning parameters challenging. Conversely, CNi of 
IS-coatings exhibits a minor decreasing trend from Track #1 to #3. From 
Track #4, CNi stabilizes and fluctuates within a range of approximately 1 
at.%. The EB-induced temperature accumulation is considered to have 
decreased during the 60-s interval. This suggests that the melting and 
solidification behaviors in all tracks of IS-coatings are essentially the 
same as those in single-track scanning. Therefore, IS-coatings demon
strate a stable composition and structure across all tracks, facilitating 
more precise control over the coating composition and properties.

Fig. 4e summarizes the average values of dTi and CNi across all melt 
tracks of every EB-scanned coating, showing the variation in the struc
ture and composition of coatings in general. CNi decreases mono
tonically with increasing dTi in both CS- and IS-coatings. Generally, dTi is 
higher in CS-coatings than in IS-coatings. Conversely, CNi is lower in CS- 
coatings than in IS-coatings, which is closer to the target value of 50 at. 
%, i.e., the stoichiometric composition of the NiTi phase. The CNi of the 
IS-coating scanned at 126 W is higher than 50 at.%, approximately 50 at. 
% at 132 W, and lower than 50 at.% at 138 and 144 W. Fig. 4f shows the 
equilibrium phase diagram of the Ni-Ti binary system. At temperatures 
around 1400 K, the NiTi monophase can be stable at 49.3–56.7 at.% Ni 
concentration. However, when the temperature is lowered to 400 K, the 
NiTi monophase can occur predominantly at Ni concentration equal to 
50 at.%. This means that a slight deviation in Ni concentration from 50 
at.% in NiTi alloys may lead to phase separation during the equilibrium 
solidification process. However, the melt pool undergoes non- 
equilibrium solidification due to the steep temperature gradient and 
rapid solidification rate during the EB scanning process, reaching up to 
107 K/m and 10 m/s, respectively [51]. Therefore, the rapid solidifica
tion process enables higher Ni or Ti concentrations in the NiTi phase 
compared to the equilibrium state, preventing phase separation [53]. 
This indicates that IS-coatings contain a higher amount of the NiTi 
primary phase and a lower amount of secondary phases (NiTi2 and 
Ni3Ti) compared to cast Ni-Ti alloy with the same composition. In 
contrast, the CNi in CS-coatings is 8 at.% lower than 50 at.% or less, 
inevitably leading to the formation of a significant amount of NiTi2 
phase.

Fig. 5 shows the cross-sectional morphology (BSE images) and cor
responding elemental composition distribution (EDS maps) from Tracks 
#6 to #7 of coatings fabricated by multi-track EB scanning under 
various conditions. In general, the brightness of BSE images is associated 
with the atomic mass of the elements present in the observed material. 
Specifically, higher atomic masses result in brighter images. In this 
study, a higher content of the element nickel (Ni) shows a higher 
brightness. The BSE images (Figs. 5a1, b1, c1, and d1) of the CS-coatings 
show noticeable variations in brightness across different regions. This 
suggests that the coatings experienced micrometer-scale segregation 
during the solidification process, resulting in an uneven distribution of 
elements. This observation is supported by the corresponding EDS 
mapping (Figs. 5a3, b3, c3, and d3). The magnified BSE images of the 
CS-coatings (Figs. 5a2, b2, c2, and d2) show that the microstructure 
evolves with increasing electron beam power (P). Phase identification 
was supported by the corresponding EDS mappings (Figs. 5a4, b4, c4, 
and d4). At 126 W, the microstructure consists of NiTi dendrites with 
NiTi₂ phases distributed between them. At 132 W, 138 W, and 144 W, 
the matrix is predominantly composed of NiTi₂, with a small amount of 
NiTi dendrites remaining in localized areas. In addition, a darker phase 
appears between NiTi₂ dendrites in regions with significantly lower Ni 
concentration. Detailed examination of EDS data reveals that the Ni 
concentration in these regions is close to 25 at.%, which marks the 
(βTi+Ti2Ni) eutectic point in the Ni-Ti binary system (Fig. 4f). Addi
tionally, cracks are visible in the cross-section of the CS-coatings, as 
indicated by the red arrows, which aligns with the findings from the 

Fig. 3. Surface roughness (Ra) of EB-scanned coating fabricated under various 
scanning conditions as a function of EB power (P) with a constant scanning 
speed of 100 mm/s.
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surface observation (Fig. 2). These cracks primarily appear in the 
(βTi+Ti2Ni) eutectic areas according to BSE images in Fig. 5.

The BSE images (Figs. 5e1, f1, g1, and h1) of the IS-coatings show 
that the IS-coatings under all four levels of P have more uniform 
brightness distributions than the CS-coatings. This suggests that the 
elemental distributions are also more homogeneous in the IS-coatings. 
However, some dark streaks can be seen at the junction of the melt 
tracks as indicated by black arrows. These dark streaks are less frequent 
and narrower at 126 and 132 W. Conversely, they are wider and more 
frequent at the junction region between every two tracks at 138 and 144 

W. Additionally, EDS mappings (Figs. 5e3, f3, g3, and h3) show lower Ni 
concentration (~33 at.%) in the regions corresponding to these dark 
streaks compared to the average composition of the coating. The 
magnified BSE images of the IS coatings (Figs. 5e3, f3, g3, and h3) reveal 
significant changes in microstructure with increasing electron beam 
power. Phase identification is supported by the corresponding EDS 
mappings (Figs. 5e4, f4, g4, and h4). At 126 W and 132 W, the coating 
matrix exhibits a cellular NiTi structure, with dark streaks—<1 μm 
wide—identified as NiTi₂ phase. When the power increases to 138 W, 
the cellular structure disappears. In this case, the dark regions consist of 

Fig. 4. Cross-sectional BSE images (a1, a2, b1, b2) and corresponding EDS mapping (a3, b3) of melt tracks in (a) continuously scanned (CS) coating: tint = 0 s, P =
126 W; (b) intermittently scanned (IS) coating: tint = 60 s, P = 126 W. (c) Variation in Ti-melt depth (dTi) with the track number in EB-scanned coatings. (d) Variation 
in the Ni concentration (CNi) with the track number in EB-scanned coatings. (e) Plot of dTi versus CNi in the EB-scanned coating with various scanning conditions. (f) 
Ni-Ti binary equilibrium phase diagram.
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NiTi dendrites with NiTi₂ phase filling the spaces between them. At 144 
W, both the matrix and the dark regions contain NiTi dendrites and 
inter-dendritic NiTi₂, but the dendrites in the dark regions are more 
widely spaced. These observations suggest that IS-coatings fabricated at 
126 W and 132 W, which retain a cellular structure and have a lower 
NiTi₂ content, are expected to exhibit superior mechanical properties 
compared to those fabricated at 138 W and 144 W, as well as all CS- 
coatings.

Notably, cracks appear near these dark regions with relatively low Ni 
concentration (Ti-rich) in the CS-coatings exclusively. This observation 
is proposed to be attributed to liquation cracking owing to the lower 
melting temperature of the Ti-rich regions. Furthermore, heat accumu
lation during the continuous scanning process will promote cracking. 
According to the Ni-Ti phase diagram (Fig. 4f), the composition of the 

Ti-rich region corresponds to the lower liquid-phase temperature. This 
indicates that most of the coating had already solidified and begun to 
cool and contract when the Ti-rich region started to solidify, leading to 
tensile stress concentration in the Ti-rich regions and increasing the 
probability of cracking [54]. Conversely, the absence of cracks in the 
IS-coatings can be attributed to two factors. First, intermittently scan
ning prevents excessive heat buildup, lowering the maximum melt-pool 
temperature and reducing thermal stresses. Second, the Ti-rich regions 
(dark contrast region) in the IS-coatings are significantly smaller.

3.3. Phase identification

Fig. 6 shows the XRD profiles of the EB-scanned coating and the 
variation in intensity of selected characteristic peaks with P in 

Fig. 5. (a − h) BSE images and EDS mapping of the cross-section of Track #6 to #7 in all EB-scanned coatings for the CS-coatings (left) and IS-coatings (right). P of 
(a, e) 126 W, (b, f) 132 W, (c, g) 138 W and (d, h) 144 W. Red arrows indicate cracks while black arrows indicate Ti-rich regions in BSE images.
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continuously scanned (CS) and intermittently scanned (IS) coatings. The 
positions of the characteristic peaks were compared with 6 PDF cards to 
identify the phases: #00–001–1260 (Ni), #01–076–3614 (B2-NiTi), 
#01–078–4618 (B2-NiTi), #01–072–8488 (B19’-NiTi), #01–075–0878 
(Ni3Ti), #00–005–0687 (NiTi2). Data from other studies [55–57] were 
also referenced to assist in phase identification. The five profiles in 
Fig. 6a, from top to bottom, represent the as-deposited Ni plating 
(control) and the CS-coating with P of 126, 132, 138, and 144 W, 
respectively. Only the characteristic peaks of NiTi2 and NiTi phases are 
observed on the profiles of all coatings. Owing to the low CNi in 
CS-coatings, the intensity of the NiTi2 characteristic peaks is signifi
cantly higher than that of the NiTi peaks across all profiles. The variation 
in intensity of B2-NiTi (110) and NiTi2 (511) (Figs. 6c and d) indicates 
that the small amount of B2-NiTi phase in the CS-coatings decreases 
further with increasing P. The B2-NiTi phase nearly disappears at 144 W, 
leaving NiTi2 as the dominant phase in the coatings. This observation is 
consistent with the cross-sectional BSE images (Fig. 5) discussed in 
Section 3.2.

Fig. 6b shows the profiles of the IS-coatings with P of 126, 132, 138, 
and 144 W. Similar to the profiles in Fig. 6a, no characteristic peaks of Ni 
or Ti phases are observed in any of the coating profiles. This indicates 
that EB scanning fully mixes the Ni plating and CP-Ti substrate to form 
an alloy phase, regardless of the scanning parameters. Examining the 
four profiles of the IS-coatings alongside the variation in the B2-NiTi 
(110), NiTi2 (511), and NiTi3 (2021) peaks (Figs. 6c, d, and e) reveals 
that the B2-NiTi phase is predominant in all four coatings and reaches its 
highest concentration at 132 W. As P increases, the NiTi2 phase, which is 
absent at 126 W, first appears at 132 W and then grows rapidly. 
Meanwhile, the NiTi3 phase, present at 126 W, decreases and eventually 
disappears as P increases beyond 138 W. These variations in the phase 

content within the coating essentially align with the trends in the binary 
Ni-Ti phase diagram (Fig. 4f).

The B2-NiTi phase is the primary phase in superelastic NiTi alloys, 
contributing to the superelastic properties [58]. In addition, Ni3Ti ex
hibits the highest hardness and mechanical strength among all Ni-Ti 
intermetallic compounds [59] and is typically considered a strength
ening phase in NiTi alloys. In contrast, NiTi2 has relatively low hardness 
and strength and is prone to brittle fracture [60]. Owing to the heat 
accumulation effect, the CNi of the CS-coatings is significantly lower 
than that of the IS-coatings, even though both are scanned at P = 126 W. 
Therefore, as shown by the comparison of the intensities of the B2-NiTi 
(110) and NiTi2 (511) peaks between CS- and IS-coatings, CS-coatings 
are mainly composed of the NiTi2 phase, whereas IS-coatings have a 
superior structure with B2-NiTi as the primary phase and Ni3Ti as the 
reinforcing phase. Thus, IS-coatings could be inferred to have better 
toughness, mechanical strength, and wear resistance than CS-coatings.

3.4. Indentation properties

3.4.1. Nanoindentation test results
Fig. 7a shows the load–displacement curves from the indentation 

tests of EB-scanned coatings, commercially available NiTi alloy 
(superelastic), and CP-Ti. Overlapping curves were avoided by pre
senting only the data for continuously scanned (CS) and intermittently 
scanned (IS) coatings produced at 126 W. The maximum indenter 
penetration depth during loading (hmax) and the permanent indentation 
depth after unloading (hp) can be intuitively inferred from these curves. 
Fig. 7b shows the hardness (H) versus depth recovery ratio (ηd,h) plot of 
EB-scanned coatings. ηd,h is defined as the ratio of the recoverable 
indentation depth to the maximum indentation depth, as given by Eq. 

Fig. 6. X-ray diffraction (XRD) patterns of the EB-scanned coatings. (a) Results for the continuously scanned (CS) coatings with the as-plated specimen as control. (b) 
Results for the intermittently scanned (IS) coatings. Variation in intensity of (c) B2-NiTi (110) peak, (d) NiTi2 (511) peak, and (e) Ni3Ti (2021) peak with EB power in 
CS- and IS-coatings.
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(2). This index characterizes the elastic recovery properties of the ma
terial and has been shown to positively correlate with wear resistance in 
materials such as nanocomposites [61] and Ni-Ti alloys [57,62]. For the 
CS-coating, both H and ηd,h are generally lower and display minimal 
variation as P changes. Consequently, the results obtained from all four 
levels of P can be represented by a single data point in the figure. 
Conversely, the IS-coatings exhibit a gradual increase in H and ηd,h as P 
decreases, such that the coating produced at 126 W achieves the highest 
H and ηd,h among all coatings. This trend may be attributed to the 
increasing fractions of Ni3Ti and B2–NiTi phases and a decreasing 
fraction of NiTi2 (Fig. 6). All EB-scanned coatings show considerably 
higher H and ηd,h than CP-Ti. The IS-coatings exhibit higher H and ηd,h 
than the CS-coatings.

Fig. 8a shows the variation of H and E in EB-scanned coatings with 
respect to P. For CS-coatings, H is lower than that of NiTi alloys and 
remains nearly constant regardless of P. In contrast, for IS-coatings, H 
increases as P decreases and exceeds that of the NiTi alloy when P < 138 
W. A similar trend is observed for E: it remains stable for CS-coatings but 
increases with decreasing P for IS-coatings. Notably, E is higher for IS- 
coatings compared to CS-coatings at all P values; it is slightly above 
NiTi alloys but well below CP-Ti. Fig. 8b shows the hardness-to-modulus 
ratio (H/E) of all EB-scanned coatings. The H/E ratios of all EB-scanned 
coatings are significantly higher than CP-Ti. CS-coatings exhibit H/E 
ratios of approximately 0.06, regardless of P. In contrast, H/E for IS- 

coatings increases as P decreases, surpassing CS-coating at P = 126 
and 132 W. Although the H/E ratios of most coatings are slightly lower 
than those of NiTi alloys, the IS-coating at 126 W matches or even ex
ceeds them. Higher hardness generally indicates improved wear resis
tance [63]; however, several recent studies [64–66] have suggested that 
the H/E ratio is a more reliable indicator, as it better correlates with 
wear resistance indicator than hardness alone. Therefore, a higher H/E 
ratio of EB-scanned coatings indicates that the coating could signifi
cantly improve the wear resistance of CP-Ti substrates.

3.4.2. Comparative analysis of indentation properties in EB-scanned 
coatings

Figs. 9a and b compare the parameters H/E ratio, H, and E of EB- 
scanned coatings with other materials such as structural metal (SM), 
superelastic NiTi alloy (SE-NiTi), wear-resistant (WR) coating, and NiTi 
alloy coating from other studies. Commonly used SMs have hardness in 
the range 1–10 GPa and Young’s moduli of approximately 100–300 GPa. 
WR-coatings are typically used for surface protection of SMs, and their 
hardness and H/E ratios are higher than those of most SMs. Although SE- 
NiTi does not exhibit a hardness higher than SM or WR-coating, its lower 
Young’s modulus gives it a considerably higher H and H/E ratio than 
that of SM or WR-coating. The EB-scanned coatings in this study have H 
and E values similar to those of SE-NiTi, resulting in improved H/E ratios 
compared to those of SM and WR-coatings. In particular, the IS-coating 

Fig. 7. (a) Load–displacement curve of Berkovich indentation tests on CP-Ti, NiTi alloy, and EB-scanned coatings. (b) Depth recovery ratio (ηd,h) vs. hardness (H) plot 
of CP-Ti, NiTi alloy, and EB-scanned coatings. “CS-coating” and “IS-coating” refer to continuously and intermittently scanned coatings, respectively.

Fig. 8. (a) Variation in hardness (H) and Young’s modulus (E) of coatings with increasing EB power (P). The solid points in the graph represent hardness (left vertical 
axis), while the hollow points represent Young’s modulus (right vertical axis). The dashed lines represent the H and E of the reference NiTi alloy and CP-Ti. (b) 
Variation in H/E ratio of coatings with increasing P. The dashed lines represent the H/E ratio of the reference NiTi alloy and CP-Ti.
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at 126 W shows an H/E ratio higher than that of most SE-NiTi alloys. The 
EB-scanned coatings exhibit a considerably higher H/E ratio than those 
of NiTi-coatings fabricated by magnetron sputtering in other studies [67,
68]. This is due to their significantly lower E, despite having H values 
within the same range.

Fig. 9c compares the ηd,h of each material. The results show that the 
ηd,h of SE-NiTi is considerably higher than that of SM and WR-coatings. 
This difference arises from the superelastic properties of SE metals, 
which enable a high reversible strain limit exceeding the elastic strain 
limit of conventional metals [27,28], leading to significantly higher ηd,h 
values. In our study, the ηd,h of the EB-scanning coatings is higher than 
that of the SM and WR-coatings and is similar to that of SE-NiTi. In 
particular, the IS-coating with P = 126 W shows the highest ηd,h in 
EB-scanned coatings, although it is slightly lower than the average value 
for SE-NiTi. Similarly, the ηd,h values reported for NiTi-coatings in other 
studies [67,68] fall within a comparable range. Although the IS-coatings 
are mainly composed of the superelastic B2-NiTi phase, similar to 
SE-NiTi, their ηd,h is reduced due to a higher level of defects compared to 
that in bulk SE-NiTi and the presence of the NiTi2 phase.

3.5. Frictional wear properties

3.5.1. Sliding wear test results
To further evaluate the wear resistance of the intermittently scanned 

(IS) coating for practical applications, we conducted friction and wear 
tests. Fig. 10a presents the friction coefficient curves of IS-coating at 126 
and 138 W, comparing them with those of NiTi alloy (SE-NiTi) and CP- 
Ti. The friction coefficients of the two IS-coatings and SE-NiTi are 
similar. These coefficients drop sharply to approximately 0.6 within the 
initial 500–1000 mm of sliding, then fluctuate between 0.5 and 0.7 
throughout the remaining sliding distance, showing no indication of 
stabilization by the end of the test. In contrast, CP-Ti shows the lowest 
coefficient of friction during the test. It decreases during the initial 2000 
mm of sliding, then gradually increases over the sliding distance from 
2000 mm to 10,000 mm, stabilizing to around 0.5. The friction co
efficients of NiTi coatings are higher than those of CP-Ti, possibly due to 
the much lower elastic modulus. This lower modulus leads to a larger 
contact area between the indenter and the NiTi coating during abrasion 
testing [81], resulting in increased friction. In contrast, the NiTi coating 
has a similar composition, elastic modulus, and phase structure to 

Fig. 9. Comparison of the indentation properties among the IS-coating/CS-coating in the present study, superelastic NiTi alloy [29,56,62,64], structural metal [29,
56,64,69–76], other NiTi alloy coating [67,68], and wear-resistant coating [77–80]. Plot of H/E ratio vs. (a) hardness (H), (b) Young’s modulus (E), and (c) depth 
recovery ratio (ηd,h).

Fig. 10. (a) Friction coefficient curves of two intermittently scanned (IS) coatings, CP-Ti, and NiTi alloy during the sliding wear test. (b) Comparison of specific wear 
rate (Ws) of IS-coating with CP-Ti and superelastic (SE) NiTi alloy.
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SE-NiTi, leading to comparable friction coefficients.
Fig. 10b compares the specific wear rates (Ws) of the two IS-coatings, 

SE-NiTi, and CP-Ti. The IS-coating produced at 138 W, despite having a 
higher friction coefficient, exhibits a Ws considerably lower than that of 
the CP-Ti substrate—approximately 33% Ws of CP-Ti. The IS-coating at 
126 W shows a further reduction in Ws, reaching only 20% Ws of CP-Ti. 
These results confirm that EB-scanned coatings significantly enhance the 
wear resistance. Elemental and phase composition analyses show that 
the IS-coating fabricated at 126 W contains a higher concentration of 
CNi, more Ni₃Ti phases, and fewer NiTi₂ phases compared to the coating 
produced at 138 W. The high hardness of Ni₃Ti enhances the mechanical 
strength of the coating [59], while the reduced presence of NiTi₂ phases 
minimizes damage from localized stress concentrations[60], thereby 
improving wear resistance. These wear test results are aligning with the 
predictions based on the ηd,h and H/E ratio data presented in Section 3.4.

Additionally, the Ws of the IS-coating at 126 W remains slightly 
higher than those of SE-NiTi, despite the similarity in elemental 
composition. The IS-coating at 126 W still contains a small amount of the 
NiTi2 phase due to compositional inhomogeneity (Figs. 5 and 6), 
although its primary phase is B2-NiTi phase. The NiTi2 phase shows 
significantly lower hardness and strength than those of the B2-NiTi and 
Ni3Ti phases and is prone to brittle fracture [59,60]. The presence of the 
NiTi2 phase is assumed to reduce the overall wear resistance of the 
IS-coating.

Fig. 11 shows the secondary electron (SE) images and corresponding 
EDS mapping of the worn surfaces of CP-Ti, IS-coating at 126 W, and 
superelastic NiTi alloy. The SE images reveal a common phenomenon of 
scratching and plate-like particle adhesion on the worn surfaces of the 
three materials. However, the origin of the particles are completely 
different. EDS mapping of the CP-Ti surface shows only Ti element, 
indicating that the plate-like particles result from delaminated CP-Ti 
rather than adhered substances. This suggests that the wear of CP-Ti is 
caused by both abrasive wear and delamination. The surface delami
nation of CP-Ti during sliding friction is caused by severe plastic 
deformation, which induces crack nucleation and propagation parallel 
to the surface, ultimately leading to delamination [82]. This mechanism 
contributes to the high Ws and poor wear resistance of CP-Ti.

In contrast, EDS mapping of the EB-scanned coating reveals particles 
rich in Al, indicating alumina particles detached from the indenter. The 
NiTi alloy exhibits a similar pattern, with adhered alumina particles 

observed on its worn surface. Therefore, the EB-scanned coatings and 
NiTi alloy do not exhibit delamination under indenter compression. This 
indicates that the wear of the EB-scanned coatings and NiTi alloys is 
caused by abrasive wear. In addition, adhesive wear [83] occurring on 
the alumina indenter side leads to the transfer of alumina debris parti
cles from the indenter, explaining their higher friction coefficients but 
significantly lower Ws.

3.5.2. Correlation between indentation properties and frictional wear 
properties

In Fig. 12a, Ws of IS-coating, SE-NiTi, and CP-Ti show a weak 
negative correlation with H. Hardness, a key result of indentation 
testing, is often considered a reference indicator of a material’s wear 
resistance. As discussed in Section 3.4.1, higher hardness is generally 
assumed to correspond to better wear resistance, meaning a lower wear 
rate under identical conditions. However, the results of this study 
challenge this assumption. SE-NiTi has the lowest Ws among the four 
materials, yet it does not have the highest H. Figs. 12b and 12c reveal a 
clearer linear negative correlation between Ws and both the H/E ratio 
and ηd,h. These results are consistent with the discussion in Section 3.4.1
that the H/E ratio and ηd,h are more reliable indicators of wear resistance 
than H alone.

According to the classical wear theory, one significant cause of wear 
is localized fracture due to severe plastic deformation of the material 
surface [83]. Therefore, minimizing plastic deformation is crucial for 
reducing wear. The relationship between H/E and ηd,h, and the defor
mation behavior of the material in surface contact provide the mecha
nism by which these two factors can serve as indicators of wear 
resistance.

Greenwood and Williamson [84] introduced a “plasticity index” (ψ) 
for rough contact. In this research, it was concluded that the contact 
surface deforms plastically under even minimal loads when ψ > 1, 
whereas it deforms predominantly elastically when ψ < 0.6. The value of 
ψ is determined by multiplying Er/H with geometric factors: 

ψ =
Er

H

̅̅̅σ
β

√

. (5) 

Here, Er is a reduced modulus, and σ and β are geometric factors 
dependent only on the contact surface morphology. Er is defined based 

Fig. 11. SE images and EDS elemental mapping of the worn surface on (a) CP-Ti substrate, (b) IS-coating (tint = 60 s, P = 126 W), and (c) superelastic NiTi alloy 
(SE-NiTi).
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on the modulus (E) and Poisson’s ratio (ν) of the specimen, along with 
the modulus (Ei) and Poisson’s ratio (νi) of the indenter, as follows: 

1
Er

=
(1 − ν2)

E
+

(
1 − ν2

i
)

Ei
. (6) 

The value of Er is primarily determined by E when contact occurs 
between a specimen and a rigid indenter with a large Ei, as is commonly 
the case in indentation tests and friction wear tests. This indicates that 
under constant load and contact surface morphology, a larger H/E ratio 
results in a smaller ψ , which favors elastic deformation. Y.T. Cheng and 
C.M. Cheng [85–87] investigated in detail the numerical relationships 
between work, indenter displacement, and material properties such as H 
and Er in indentation experiments. From their findings, the following 
two scaling relationships can be summarized: 

We

Wtot
∝

H
Er

(7) 

and 

We

Wtot
∝

hmax − hp

hmax
= ηd,h. (8) 

Here, We is the reversible work, representing the work done by the 
specimen on the indenter during unloading, and Wtot is the total work, 
representing the work done by the indenter on the specimen during 
loading. We corresponds to the elastic deformation work, while the 
difference between Wtot and We represents the irreversible work 
consumed in plastic deformation. A larger H/Er or ηd,h indicates a higher 
proportion of reversible work to total work, meaning a greater propor
tion of elastic to total deformation.

These studies suggest that under constant contact conditions, a ma
terial with a higher H/E or ηd,h experiences less plastic deformation and 
consumes less deformation energy. Thus, it undergoes less surface wear 
in the friction wear test, resulting in improved wear resistance. The EB- 
scanned coatings fabricated in this study not only have considerably 
higher hardness than the CP-Ti substrate, but also very high H/E and ηd,h 
comparable to SE-NiTi. Therefore, the EB-scanned coatings achieve low 
Ws, i.e., excellent wear resistance.

4. Conclusion

A novel fabrication method for NiTi-alloy coating on CP-Ti has been 
developed utilizing Ni electro-plating and multi-track EB scanning for 
AM. Four levels of electron beam power (126 W, 132 W, 138 W, and 144 
W) were tested in each of the two scanning modes, continuous scanning 

and intermittent scanning, in order to evaluate the effects of processing 
parameters on the coating morphology, microstructure, composition, 
indentation properties, and frictional wear properties. The key findings 
and conclusions are summarized as follows: 

• Implementing an intermittent scanning instead of a continuous 
scanning strategy can produce coatings with reduced surface 
roughness.

• Intermittently scanned (IS) coatings exhibit improved composition 
and microstructure compared to continuously scanned (CS) coatings. 
In particular, the IS coating fabricated at 126 W shows a Ni con
centration exceeding 50 at.%, with a microstructure primarily 
composed of the superelastic B2-NiTi phase and reinforced by the 
Ni₃Ti phase.

• All EB-scanned coatings exhibit improved indentation properties 
compared to uncoated CP-Ti. Among them, the IS-coatings outper
form the CS-coatings, showing higher hardness-to-elastic modulus 
(H/E) ratios and greater depth recovery rates. The IS-coating fabri
cated at 126 W demonstrates the highest H/E ratio, even higher than 
that of the superelastic NiTi alloy.

• The IS-coatings fabricated at a power of 126 W demonstrate the most 
enhanced wear resistance compared to uncoated CP-Ti and other EB 
scanned coatings, approaching closely those of the superelastic NiTi 
alloy.

• The EB-scanned NiTi coatings developed in this study—particularly 
the IS-coating fabricated at 126 W—exhibited the best overall per
formance. This coating shows potential for use as a wear- or erosion- 
resistant layer in medical implants and aerospace components.

• Future work will focus on optimizing scanning strategies and pro
cessing parameters to eliminate defects in existing coatings and 
further enhance their performance.
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