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We previously proposed a novel method for fabricating NiTi coatings on pure Ti surfaces using electron-beam multi-track scanning to
improve wear resistance. However, electron-beam scanning coatings exhibit spatial inhomogeneity in phase and elemental distributions, which
is suggested to decrease wear resistance. In the present study, we investigated the effects of heat treatment on reducing inhomogeneity and
improving the performance of the coatings. As a result, the homogeneity of the electron beam (EB) scanned coatings was significantly enhanced
after annealing (900°C, 10min), and then the Ni4Ti3 phase precipitated in the annealed EB-scanned coatings after aging (400°C, 60min). The
results of nanoindentation show that the hardness/indentation modulus (H/E) ratio and depth recovery ratio (©d,h) of the Ti-rich EB-scanned
coatings increased by 27% and 21%, respectively, after annealing and aging. The H/E ratio and ©d,h of the Ni-rich EB-scanned coating improved
by 8% and 14%, respectively, after annealing and aging. The wear test results demonstrate that the wear rates of the two coatings decreased by
52% and 26% after annealing and aging, respectively, approaching the wear performance of bulk Nitinol.
[doi:10.2320/matertrans.MT-M2025170]
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1. Introduction

Commercially pure titanium (CP-Ti) is widely used in
biomedical [1], aerospace [2], chemical [3], marine [4], and
nuclear [5] sectors due to its exceptional corrosion resistance,
biocompatibility, lightweight characteristics, and high spe-
cific strength [6]. Nonetheless, its limited wear resistance
restricts use in critical transmission components such as
engines and pumps [7, 8]. Although alloying can improve
wear resistance to some extent, it often affects bulk
properties. For instance, Ti-6Al-4V exhibits a dry friction
wear rate approximately 50% lower than that of CP-Ti [9,
10]. However, this enhancement remains insufficient, as
alloying typically reduces ductility; the tensile elongation of
Ti-6Al-4V drops to around 10%, nearly half that of CP-Ti
[11].

Surface engineering provides a practical approach to
enhance surface properties, such as wear resistance, while
imparting new functionalities to the surface without altering
bulk characteristics [12–14]. Coating [15, 16] is a prevalent
surface treatment technique in this field, in which the
substrate is covered with a more wear-resistant material to
protect it. Among various coating materials, NiTi is
particularly noteworthy due to its outstanding performance.
NiTi exhibits superelasticity (SE) [17, 18], which can
significantly improve wear resistance, surpassing even that
of Ti-6Al-4V [19]. Additionally, NiTi is an ideal candidate
for diverse coating methods, including thermal spraying
[20–22], cold spraying [23, 24], and magnetron sputtering
[25]. Therefore, employing NiTi coatings offers a promising
strategy to address the wear resistance limitations of
commercially pure titanium (CP-Ti).

In our previous studies [26, 27], a novel method that
combines electroplating with an additive manufacturing
technique [28–33], specifically EBM, was proposed for
fabricating in situ synthesized NiTi coatings on CP-Ti
substrates. The technique consists of two steps: first,
electroplating a pure Ni layer onto CP-Ti; second, scanning
the Ni-plate layer with an electron beam (EB). We
successfully fabricated NiTi coatings on CP-Ti surfaces
using multi-track scanning [27]; the optimal EB-scanned
NiTi coating consisted of the superelastic B2-NiTi phase,
which reduced the wear rate by 80% compared to CP-Ti.
However, EB-scanned NiTi coatings showed issues with the
elemental distribution inhomogeneity, which causes localized
presence of C15-NiTi2 phase and is suggested to limit its
performance.

Heat treatment is a commonly used post-processing
method for coatings such as thermal spray, cold spray, and
magnetron sputtering. It promotes homogeneity in the
distribution of phases in the coatings [18, 34, 35]. Fur-
thermore, studies show that the microstructure and
mechanical characteristics of additively manufactured NiTi
can be optimized through heat treatment; specifically,
annealing and aging processes can increase recoverable strain
[36, 37] and enhance strain cycling stability in superelastic
NiTi [38, 39], thereby improving wear resistance. Accord-
ingly, heat treatment should not only homogenize the EB-
scanned coatings but also further enhance their super-
elasticity, thereby improving wear resistance.

In the present study, the effects of heat treatment on NiTi
coatings fabricated via EB scanning were examined. The
coatings were subjected to thermal annealing at 900°C
followed by aging at 400°C to assess changes in micro-
structure and wear resistance. The findings enhance the
understanding of EB scanning as an innovative coating
method, advancing its potential for practical applications and

+Corresponding authors, E-mail: okugawa@mat.eng.osaka-u.ac.jp,
ykoizumi@mat.eng.osaka-u.ac.jp

Materials Transactions, Vol. 67, No. 5 (2026) pp. 771 to 782
©2026 The Japan Institute of Metals and Materials

https://doi.org/10.2320/matertrans.MT-M2025170


informing heat treatment protocols for additively manufac-
tured NiTi.

2. Experimental Procedure

2.1 Sample preparation
A slab of CP-Ti (99.5% purity; Nilaco, Tokyo, Japan)

was sectioned into specimens measuring 25 © 25 © 10mm3

using electric discharge machining. A specimen with a 25 ©
25mm2 surface area served as the working electrode. The
CP-Ti specimen underwent a four-step pretreatment process:
(1) mechanical grinding with SiC abrasive papers of grit sizes
P120–P2400; (2) immersion in ethanol at room temperature
for 5 minutes; (3) immersion in a 10mass% HCl solution at
room temperature for 5 minutes, with a 9V DC voltage
applied to facilitate the removal of surface oxides and
contaminants; and (4) rinsing with ultrapure water.

A pure Ni anode with dimensions º 6 © 20mm and an
area of 405mm2 was employed, with an interelectrode gap
of 8 cm. In this study, a thicker nickel layer was required
for subsequent processing, leading to the use of a nickel
sulfamate solution as the plating bath. This type of bath
supports high current densities and produces plated layers
with reduced internal stress, making it suitable for
applications requiring greater coating thickness [40]. The
solution compositions and electroplating parameters, adopted
from an electrochemical handbook [40], are detailed in
Table 1. Electroplating was carried out for 4 hours to achieve
a sufficiently thick layer. Post-deposition, the layer was
ground using P120–P2000 grit SiC abrasive papers to reach a
final thickness of 45 µm.

The specimens were scanned using an EB in an EBM-
6LB-1 system (Mitsubishi Electric) within a helium at-
mosphere at a pressure of 0.5 Pa. Multi-track scanning was
conducted over a 3 © 4mm2 area employing a serpentine
pattern (see Fig. 1). The EB power was adjusted to two
levels, 126W and 138W. The line offset was maintained at
300 µm, and the scanning speed was set to 100mm/s. To
prevent heat accumulation, a 60-second pause was incorpo-
rated into the procedure between scans.

The EB-scanned samples were subjected to annealing at
900°C for 10 minutes under a vacuum condition, followed
by rapid quenching in ice water. Subsequently, the annealed
specimens were aged at 400°C for 60 minutes and similarly
quenched in ice water.

2.2 Microstructure and phase analysis
The coating samples were cut perpendicular to the beam-

scanning direction for cross-sectional analysis using field-
emission scanning electron microscopy (FE-SEM; JSM
6500, JEOL, Japan). Elemental distributions were examined
through energy-dispersive X-ray spectroscopy (EDS). Crys-
talline phases of the surface layer were identified using X-ray
diffractometry (XRD; SmartLab SE diffractometer, Rigaku,
Japan), with Cu Kα radiation and a 2 theta range from 20°
to 80°, scanning in 0.01° steps. Each sample was tested three
times under consistent conditions. The formation of Ni-Ti
intermetallic phases was investigated by analyzing the
equilibrium phase characteristics of the Ni-Ti binary alloy
using Thermo-Calc Software (version 2022b) and the TCTI4
thermodynamic database for Ti alloys [41].

2.3 Nanoindentation tests
Nanoindentation tests were conducted using an ENT-

1100a nanoindenter (Elionix, Japan) equipped with a
Berkovich indenter to assess the indentation behavior of the
EB-scanned coating. Specimen surfaces were ground with
P120–P4000 grit SiC abrasive papers and polished using a
50 nm alkaline colloidal silica suspension before testing.
Tests were performed at 26°C within a shielded enclosure
to minimize thermal drift. For each sample, 50 evenly spaced
points were selected for repeated testing under identical
conditions, and the results were averaged to reduce
variability. The peak load was set at 50mN with a loading
rate of 5mN/s. A Berkovich indenter [42] with a 65.03° apex
angle was used, and the contact area (A) and indentation
depth (h) relationship was applied as follows:

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

Fig. 1 Schematic of a Ni-plated CP-Ti substrate subjected to EB scanning.
(online color)
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Here, ¦h represents the indenter tip correction value
determined using the Sawa–Tanaka method [43], based on
indentation data from a standard fused silica sample. From
these results, indentation elastic modulus (E) and hardness
(H ) were computed in accordance with ISO 14577-1 [44].
Regarding the detailed determination of the E value in the
protocol, two steps are included in. Firstly, the reduced
modulus (Er) was calculated as follows:

Er ¼
S
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³
p

2
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Here, S is the gradient of the unloading curve on the load-
displacement curve, and hc is the contact depth between the
sample and the indenter. The reduced modulus Er reflects the
elastic contributions of both the indenter and the sample. The
indentation modulus of the sample is calculated by correcting
for the indenter’s elastic properties using the following
equation:

E ¼ 1� ð¯sÞ2
1

Er

� 1� ð¯iÞ2
Ei

: ð3Þ

Here, Ei and ¯i are the indentation modulus and Poisson’s
ratio of the indenter. The values used in this study are
1200GPa and 0.2 [45], respectively. The Poisson’s ratio of
the sample is represented by ¯s, for which the value of 0.45
for superelastic NiTi is used [46].

In indentation testing, the non-uniform strain field around
the indenter causes elastic strain, plastic strain and force-
induced martensitic phase transformation to occur simulta-
neously within the deformation zone surrounding the
indenter. Consequently, the measured indentation elastic
modulus in this study is an equivalent elastic modulus,
combining the elastic and superelastic responses of the
material.

Additionally, the depth recovery ratio (©d,h) is defined as
the proportion of recoverable indentation depth to the
indenter displacement at maximum load [47], calculated as
follows:

©d;h ¼
hmax � hp

hmax

; ð4Þ

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

2.4 Sliding wear tests
Sliding wear tests were performed in accordance with

ASTM G133-22 [48] using an OST3000 oscillation sliding
tester (Rhesca, Japan) to assess the coatings’ wear resistance.
Before testing, specimen surfaces were ground with P120–
P4000 grit SiC abrasive papers and polished with a 50 nm
alkaline colloidal silica suspension. Tests applied a constant
load (L) of 50N using an alumina ceramic indenter, which
has a diameter of 9.5mm and a hardness of 2085HV0.1 [49].
Each specimen underwent 1Hz oscillation with an 8mm
amplitude for 625 seconds, resulting in a total sliding
distance of 10 meters (8mm © 2 © 625 s). The internal tester

environment was maintained at 26°C temperature and 50%
relative humidity. Each specimen was tested twice under
these conditions. The friction coefficient (®) was calculated
as follows:

® ¼ FZ

FT

; ð5Þ

where FZ and FT are normal and tangential loads, respectively.
Both forces were measured and recorded continuously by the
integrated sensor throughout the testing procedure.

Specific wear rate (Ws) is an indicator of a material’s wear
resistance [50]. The Ws for the specimens was determined
using the following procedure:

Ws ¼
V

LD
: ð6Þ

The variables V, L, and D represent volume loss, applied
load, and sliding distance, respectively. V was determined
using a confocal laser scanning microscope following the
sliding test. Surface wear was further examined through SEM
imaging and EDS analysis. For comparison, a commercially
available superelastic NiTi alloy (Ni 50.6 at%, Ti 49.4 at%;
Seemine Keli, Lanzhou, China) and the substrate material,
commercially pure titanium (CP-Ti), were also tested as
control specimens.

3. Results and Discussions

3.1 Microstructure and crystallographic phase formed
in the heat treated coatings

Figure 2 presents BSE images and EDS maps of the cross-
sections of the as-scanned, annealed, and aged coatings. The
BSE images and EDS data of as-scanned coatings are
adapted from our previous study [27] for the purpose of
comparison. Some dark streaks and areas (indicated by the
black arrows) are visible at certain melt track junctions in
Figs. 2(a1) and 2(d1). This indicates inhomogeneity in the
EB-scanned coating. The dark phases in Ti-rich coating are
significantly larger compared to those in the Ni-rich coating.
EDS mapping data (Figs. 2(a2) and 2(d2)) show that these
areas near the junctions of the melt tracks are rich in Ti and
that the dark phases correspond to the NiTi2 phase. As
illustrated in Fig. 2(b1), the phase distribution across the
cross-section of the annealed Ni-rich coating has become
more homogeneous, with the dark streaks at the melt track
junction (indicated by black arrows) nearly eliminated.
Corresponding EDS map confirms a more uniform elemental
distribution. Similarly, the annealed Ti-rich coating shown in
Fig. 2(e1) exhibits markedly improved uniformity compared
to the as-scanned coating. The dark areas at the melt track
junction have noticeably diminished, and regions with Ti
concentrations reaching 66 at% in the EDS map have
significantly reduced. As can be seen in Figs. 2(b1), 2(c1),
2(e1), and 2(f1), the cross-sectional morphology of the
annealed and aged coatings differs minimally from that of
the annealed coatings. This is due to the low diffusion
coefficients of Ni and Ti within the NiTi phase at an ageing
temperature of 400°C, resulting in a short diffusion distance
of less than 0.1 µm [50]. Consequently, solid-state diffusion
does not substantially alter the cross-sectional morphology.

Heat Treatment of NiTi Coatings on CP-Ti 773



Figure 3 shows the changes in the average Ni concen-
tration (CNi_avg, at%) and the core Ni concentration of melt
track (CNi_core, at%) within the EB-scanned coating during
heat treatment. The regions selected for calculating these two
characteristic values are indicated in Fig. 2. The value of
CNi_avg is calculated using EDS data across all regions of each
coating cross-section. The value of CNi_core is calculated from
EDS data acquired within a circular area of approximately
60 µm in diameter at the core of the melt tracks in the coating.
It can be observed that CNi_avg increases in both Ni-rich and
Ti-rich coatings after annealing, while remaining generally
unchanged after aging. However, CNi_core did not exhibit a

trend similar to CNi_avg, showing no significant change after
annealing or aging. This indicates that although changes
occurred in the coating’s average composition, no large-scale
solid-state diffusion altering the coating’s matrix composition
occurred during annealing and aging.

Figure 4 shows magnified BSE images of the as-scanned,
annealed, and aged EB-scanned coatings, alongside EDS
depth profiles. The BSE images and EDS data of as-scanned
coatings are adapted from our previous study [27] for the
purpose of comparison. As discussed earlier, the NiTi2 phase
at the melt track junctions of the as-scanned state coatings
can also be observed in Figs. 4(a4), and 4(d4) (indicated by
black arrow). In the Ni-rich coating (Fig. 4(a4)), the NiTi2
phase are elongated, exhibiting a width of less than 1 µm but
extending tens of micrometers in length. The NiTi2 phases
are larger in the Ti-rich coating (Fig. 4(d4)), exceeding
10 µm in width at their widest points. Additionally,
Fig. 4(d3) reveals a NiTi2 phase branch protrudes from the
melt track boundary into the interior of the Ti-rich coating.
After annealing, as shown in Fig. 4(b4), the NiTi2 phase in
the Ni-rich coating is significantly reduced, with the
remaining phase transformed into a grain approximately
2 µm wide and 10 µm long. The NiTi2 phase at the melt
track junction in the Ti-rich coating also markedly decreased
after annealing (Fig. 4(e4)). Similarly, the NiTi2 phase branch
protruded from the melt track boundary also disappears
(Fig. 4(e3)). These results suggest that the NiTi2 precip-
itations which decrease the plasticity, toughness and wear
resistance of the EB-scanned coating are mitigated after
annealing.

Fig. 2 BSE images and EDS mapping of the cross section of four melt tracks in (a)–(c) Ni-rich EB-scanned coatings (P = 126W) and
(d)–(f ) Ti-rich EB-scanned coatings (P = 138W) undergone different heat treatment states. (a), (d) As-scanned coatings. (b), (e)
Annealed coatings. (c), (f ) Annealed and aged coatings. The black arrows in the BSE image indicate the dark streaks at the junctions of
the melt tracks. The BSE images and EDS data of as-scanned coatings are adapted from our previous study [27]. (online color)

Fig. 3 Variation in the average Ni concentrations (CNi_avg, at%) and the
core Ni concentration of melt track (CNi_core, at%) in the EB-scanned
coatings under different heat treatment states. The area selected for
calculating CNi_avg and CNi_core are shown in Fig. 2. (online color)
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Moreover, as can be seen in Figs. 4(a3) and 4(d3), a layer
of dark phase is present at the boundary of the Ni-rich and
Ti-rich coatings in their as-scanned state. EDS data in
Figs. 4(a2) and 4(d2) show that layer is primarily composed
of the NiTi2 phase. It is suggested that this layer is a reaction
layer formed through reaction between the CP-Ti substrate
and liquid metal in the melt pool during EB scanning. As
can be seen in Figs. 4(b3) and 4(e3), the NiTi2 phase reaction
layer has disappeared after annealing. Additionally, EDS
profiles (Figs. 4(a2), 4(b2), 4(d2) and 4(e2)) reveal that
the Ni concentration within the coating remains almost
unchanged after annealing, which is consistent with the
CNi_core trend shown in Fig. 3. Meanwhile, the substrate,
which contained no Ni before annealing, develops a Ni-
gradient layer approximately 80 µm thick post-annealing,
with Ni concentration decreasing vertically. This indicates
that the NiTi2 phase in the reaction layer has dissolved in the
Ti substrate during the annealing. This occurs because Ni
diffusion in the Ni-Ti system occurs almost exclusively in
one direction, from Ni-rich to Ti-rich regions [51].
Furthermore, the integrated diffusion coefficient calculated

using the Wagner method of the NiTi2 phase, 3.53 ©
10¹12m2/s, is significantly higher than that of the NiTi
phase, 18.1 © 10¹15m2/s, and the Ni3Ti phase, 6.2 ©
10¹15m2/s [51]. This also explains why the CNi_avg of the
coating increases after annealing: the region used to calculate
the CNi_avg of the as-scanned coating includes the NiTi matrix
and the NiTi2 reaction layer, whereas the region used to
calculate the CNi_avg of the annealed coating includes only
the NiTi matrix. This indicates that the coating composition
did not change significantly due to the solid diffusion during
the heat treatments. Thus, all microstructural changes are
almost attributed to diffusion within the coating itself.

Reticular bright regions indicated by white arrows in
Figs. 4(a3) and 4(a4) are distributed throughout the as-
scanned Ni-rich coating, which are suggested to be the Ni3Ti
phase. In the annealed Ni-rich coating (Figs. 4(b3) and
4(b4)), the reticular Ni3Ti phases observed in the as-scanned
state have grown into a needle-like or granular shape. EDS
profile (Fig. 4(b2)) reveals abrupt increases in Ni concen-
tration where the scan line traverses these Ni3Ti phases
(indicated by white arrows). The growth of the Ni3Ti phase

Fig. 4 Magnified BSE images and EDS depth profile of (a)–(c) Ni-rich EB-scanned coatings and (d)–(f ) Ti-rich EB-scanned coatings in
different heat treatment states. (a), (d) As-scanned coatings. (b), (e) Annealed coatings. (c), (f ) Annealed and aged coatings. The BSE
images and EDS data of as-scanned coatings are adapted from our previous study [27]. (online color)
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results from Ostwald ripening within the coating during
annealing [52]. However, as shown in Figs. 4(c) and 4(f ),
neither the Ni-rich coating nor the Ti-rich coating exhibited
any microstructural or elemental distribution changes
observable at the micrometer scale after aging compared to
the annealed state.

Figure 5 shows the XRD patterns of as-scanned, annealed,
and aged coatings. The data of the as-scanned coating
presented here were reported in our previous study [27]. The
EB-scanned coatings predominantly consist of the NiTi
phase. Notably, the elevated Ni concentration in the Ni-rich
coating leads to the prominent presence of the Ni3Ti phase
alongside the B2-NiTi phase in the as-scanned Ni-rich
coating shown in Fig. 5(a). The Ni3Ti peaks become
narrower and more intense in the XRD profile of the
annealed Ni-rich coating, confirming the growth of the Ni3Ti
grains observed in Figs. 4(b3) and 4(b4). Furthermore, after
annealing, peaks corresponding to the metastable Ni4Ti3
phase also appear, which is not observed under SEM in
Fig. 4. The Ni4Ti3 phase is suggested to be formed by
interfacial reactions between Ni3Ti, NiTi, and NiTi2 phases,
similar to observations in Ni-Ti diffusion couples reported by
Babaei-Dehkordi et al. [51]. As shown in the XRD patterns
of the aged Ni-rich coating (Fig. 5(a)), the peak intensity of
Ni4Ti3 increased after ageing, indicating greater precipitation
of the Ni4Ti3 phase. The Ni4Ti3 precipitates assist the stress-
induced martensitic transformation and suppress plastic slip

in the B2-NiTi phase, resulting in stabilized and superior
superelasticity [36–39]. These phases also contribute to
precipitation hardening and increased mechanical strength of
the coating [53].

The XRD pattern of the as-scanned Ti-rich coating shown
in Fig. 5(b) indicates a significant presence of B19A-NiTi
phase alongside NiTi2 phase. After annealing, low-intensity
peaks at 2ª = 43.39° for Ni3Ti appear. After aging, a notable
increase in Ni3Ti peak intensity and the appearance of Ni4Ti3
peaks are observed, indicating the precipitation of Ni3Ti and
Ni4Ti3 phases. Although the overall composition of the
coating is Ti-rich, the core regions are slightly Ni-rich, as
shown in Fig. 3, which allows the precipitation of these
Ni-rich phases. These precipitates are suggested to enhance
mechanical properties, as in Ni-rich coatings.

3.2 Effects of heat treatment on mechanical properties
Figure 6 shows the results of nanoindentation tests on

Ni-rich and Ti-rich EB-scanned coatings under different
heat-treatment conditions. The nanoindentation results of as-
scanned coatings, superelastic Nitinol (SE-NiTi) and the
substrate material, CP-Ti were reported in our previous study
[27] and are reused here to compare with the heat-treated
coatings. Figure 6(a) shows the load-displacement curves
from nanoindentation tests for the coatings, SE-NiTi and CP-
Ti. To avoid overlapping curves, only the Ti-rich coating data
are presented. The maximum indenter penetration depth

Fig. 5 XRD patterns of EB-scanned coatings under the state of as-scanned, annealed, annealed and aged. The scanning conditions for the
as-scanned coatings are as follows: (a) P = 126W, resulting in a Ni-rich coating; and (b) P = 138W, resulting in a Ti-rich coating. The
data of as-scanned coatings are adapted from our previous study [27]. (online color)
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during loading (hmax) and the permanent indentation depth
after unloading (hp) can be inferred from these curves.
Traditionally, higher hardness has generally been considered
to indicate improved wear resistance [54, 55]. However,
several recent studies have suggested that the hardness/
indentation modulus ratio (H/E ratio) [56–58] and the depth
recovery ratio (©d,h) [59–61] are better correlated with wear
resistance than hardness alone.

According to the classical wear theory, one significant
cause of wear is localized fracture due to severe plastic
deformation of the material surface [62]. Materials with
higher H/E ratio and higher ©d,h values exhibit a greater
proportion of recoverable elastic deformation and a smaller
proportion of irreversible plastic deformation during surface
contact [63, 64]. This also implies reduced susceptibility to
wear, i.e. superior wear resistance. While a significant
proportion of NiTi alloy’s recoverable deformation originates
from stress-induced martensitic phase transformation (supere-
lastic deformation) rather than elastic stretching of atomic
bonds (elastic deformation), the aforementioned description
of how H/E ratio and ©d,h influence wear resistance primarily
considers whether surface deformation is recoverable rather
than the underlying deformation mechanism. Therefore, this
mechanism of influence on wear resistance is suggested to
remain valid in superelastic NiTi alloys. Therefore, the H/E
ratio and ©d,h can be considered more reliable indicators of
wear resistance in this study.

Figure 6(b) shows a H/E ratio versus ©d,h plot for the EB-
scanned coatings, SE-NiTi and CP-Ti. The high H/E ratio
and ©d,h of SE-NiTi, as well as its superior wear resistance,
originate from its superelasticity [19, 65]. The H/E ratio and
©d,h of EB-scanned coatings before heat treatment are higher
than those of CP-Ti, but slightly lower than those of SE-NiTi.
However, after annealing and aging, the coating’s H/E ratio
exceeded that of SE-NiTi, and their ©d,h became almost
identical to that of SE-NiTi. This indicates that the
superelasticity and wear resistance of EB-scanned coatings
were enhanced by annealing and aging. Eventually, the heat-
treated coatings achieved a level of wear resistance
comparable to that of SE-NiTi. Moreover, in the as-scanned
state, the Ni-rich coating has a higher H/E ratio and ©d,h than
the Ti-rich coating. Following each heat treatment stage, the
increase in the Ni-rich coating was relatively minor, whereas

the increase in the Ti-rich coating was more pronounced.
Consequently, after annealing and aging, the Ti-rich and Ni-
rich coatings were almost identical in H/E ratio and ©d,h.
These observations confirm that annealing homogenizes the
coating, while aging promotes precipitation of the Ni4Ti3
phase, collectively enhancing wear resistance. Furthermore,
this demonstrates that annealing and aging can narrow the
performance gap between Ni-rich and Ti-rich coatings. If
applied to large-scale coating production, this technique
could help mitigate performance inconsistencies caused by
regional variations in coating composition.

Figures 7(a) and 7(b) compare the parameters H/E ratio,
H, and E of EB-scanned and heat-treated coatings with other
materials such as superelastic Nitinol (SE-NiTi) [19, 56, 60,
66], structural metal (SM) [19, 56, 66–74], wear resistant
(WR) coating [75–78], and the NiTi coatings from other
studies [28, 79]. Commonly used SMs have hardness in the
range 1–10GPa and indentation moduli of approximately
100–300GPa. WR-coatings are typically used for surface
protection of SMs, and their hardness and H/E ratios are
higher than those of most SMs. The H/E ratios of the other
NiTi coatings, although higher than those of the SMs, are still
lower than the average of the WR-coatings. Although SE-
NiTi does not exhibit a higher H than SMs, WR coatings or
other NiTi coatings, its lower E gives it a considerably higher
H/E ratio. The H/E ratio of the EB-scanned coatings in this
study reached or even exceeded the average level of SE-NiTi
before heat treatment. This makes their H/E ratio higher
than that of all SMs, WR-coatings, and other NiTi coatings.
Although the H value of the EB-scanned coatings increased
only slightly after annealing and aging, their H/E ratio
exceeded that of all SE-NiTi coatings because the E value
remained essentially unchanged after heat treatment.

Figure 7(c) also shows a comparison of the depth recovery
ratio (©d,h) for different materials. The results show that WR
coatings exhibit a higher ©d,h than the average level of SMs.
However, even the highest ©d,h for either material only
reaches 0.3. The ©d,h of all SE-NiTi, however, is greater than
0.3, meaning it is higher than that of all SMs and WR-
coatings. This difference arises from the superelastic proper-
ties of SE-NiTi, which enable a high reversible strain
exceeding the elastic strain limit of conventional metals
[17, 18], leading to significantly higher ©d,h values. Although

Fig. 6 (a) Load-displacement curve and (b) plot of hardness/indentation modulus ratio (H/E ratio) versus depth recovery ratio (©d,h) of
CP-Ti, superelastic Nitinol (SE-NiTi) and EB-scanned coatings at various heat treatment states. The data of as-scanned coatings, SE-NiTi
and CP-Ti are adapted from our previous study [27]. (online color)
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the ©d,h values of other NiTi coatings are higher than those
of SMs and WR-coatings, they only reach the minimum
level of SE-NiTi. The EB-scanned coating in this study
was at the same level as other NiTi coatings before heat
treatment. However, following annealing and aging treat-
ment, the ©d,h of the EB-scanned coating surpassed that of the
other NiTi coatings, aligning with the lower to middle range
of the SE-NiTi.

3.3 Improvement of wear resistance by heat treatment
Figure 8 shows the results of the sliding wear test for CP-

Ti, superelastic Nitinol (SE-NiTi), and EB-scanned coatings
in various heat treatment states. The wear test results of as-
scanned coatings, superelastic Nitinol (SE-NiTi), and the
substrate material, CP-Ti, were reported in our previous study
[27] and are reused here to compare with the heat-treated
coatings. The results demonstrate that the specific wear rate
(Ws) of the EB-scanned coating before heat treatment is
notably lower than that of CP-Ti, but still slightly higher than
that of SE-NiTi. Following annealing and aging treatment,

the Ws of both the Ti-rich and the Ni-rich coatings decreased
significantly. Notably, the Ws of the Ti-rich coating decreased
by 51.8% after annealing and aging, compared to the as-
scanned coating, while the Ws of the Ni-rich coating
decreased by 26.5%. Both values approached that of SE-
NiTi. This indicates that heat treatment significantly enhances
the wear resistance of EB-scanned coatings, achieving wear
resistance nearly equivalent to SE-NiTi. Conversely, the
coefficient of friction (CoF) for CP-Ti in sliding friction tests
was 0.49; all EB-scanned coatings and SE-NiTi, however,
exhibited CoF values of 0.6–0.7, which are significantly
higher than those of CP-Ti. Interestingly, the CoF of the
annealed and aged EB-scanned coating decreased markedly
compared to the as-scanned coating, dropping from 0.64
to 0.60.

Figure 9 shows the worn surfaces of CP-Ti, SE-NiTi, and
EB-scanned coatings in all heat treatment states. Plate-like
debris (indicated by white arrows) can be seen adhering to
the worn surfaces of SE-NiTi and all EB-scanned coatings.
However, no such debris is present on the CP-Ti wear
surface. Corresponding EDS mapping images reveal that
these particles contain aluminium, indicating that they
originated from the aluminium oxide ceramic indenter and
adhered to the surfaces of the SE-NiTi and EB-scanned
coatings. This is due to adhesive wear [62] on the alumina
indenter side, which transfers alumina debris from the
indenter to the SE-NiTi and EB-scanned coatings. This also
explains why their friction coefficients are higher, but their
Ws are significantly lower.

Figure 10 shows magnified images of the wear surfaces
of EB-scanned coatings in various heat treatment states. The
worn surfaces of the as-scanned coatings (Figs. 10(a) and
10(c)) exhibit deep grooves (indicated by black arrows). The
grooves on the Ni-rich surface are shorter and more
discontinuous than those on the Ti-rich surface, which are
longer, deeper, and wider. Figures 10(b) and 10(d) show that
the number of deep grooves on the annealed coating’s worn
surface has decreased, with a significant reduction in both
width and depth. Figures 10(c) and 10(e) show that the
grooves on the worn surface of the coating after annealing

Fig. 7 Comparison of the indentation properties among the EB-scanned heat-treated coatings in the present study, superelastic NiTi
[19, 50, 54, 60], structural metal [19, 50, 60–68], wear resistant coating [69–72], and other NiTi coating [28, 73]. Plot of H/E ratio vs.
(a) hardness (H ), (b) indentation modulus (E), and (c) depth recovery ratio (©d,h). This figure is a reproduction of “Fig. 9” from our
published paper [27], reproduced with permission. (online color)

Fig. 8 Comparison of specific wear rate (Ws) and coefficient of friction
(CoF) of CP-Ti and superelastic Nitinol (SE-NiTi) with EB-scanning
coatings at various heat treatment states. The data of as-scanned coatings,
CP-Ti and SE-NiTi are adapted from our previous study [27]. (online
color)
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and aging became fine and uniform with no individual deep
grooves present. This indicates that, following heat treatment,
the increased hardness/indentation modulus ratio (H/E) and
depth recovery ratio (©d,h) of the coating make it more
difficult for abrasive particles to plow through the surface
during sliding friction, thereby reducing abrasive wear. This
also explains the decrease in CoF after heat treatment.

Figure 11 shows the correlation between Ws and H, the
H/E ratio and the ©d,h value for CP-Ti, SE-NiTi and EB-
scanned coatings in various heat treatment states. As can be
seen in Fig. 11(a), there is a weak negative correlation
between Ws and H in these materials, with a coefficient of
determination (R2) of 0.59. Conversely, Figs. 11(b) and 11(c)
show that Ws exhibits a clear linear negative correlation with

both the H/E ratio (R2 = 0.97) and with the ©d,h (R2 = 0.98).
This aligns with the findings of other relevant studies cited
in Section 3.2, which confirm that the H/E ratio and ©d,h are
more reliable indicators of wear resistance than the H alone.

4. Conclusion

This study aims to improve the properties of the NiTi
coatings scanned with an EB and fabricated in the previous
study by applying heat treatment methods such as annealing
and aging. Ti-rich and Ni-rich EB-scanned coatings were first
annealed at 900°C for 10 minutes, followed by aging at
400°C for 60 minutes. The effects of the heat treatment on
the performance of the coatings were evaluated by analyzing
the phase composition, cross-sectional morphology, micro-
structure, indentation properties and friction-wear properties
before and after the treatment. The key findings and
conclusions are as follows:
(1) Annealing reduced the volume fraction and modified

the morphology of the C15-NiTi2 phase, achieving
homogenization. Subsequent aging after annealing
promotes precipitation of the Ni4Ti3 phase in the EB-
scanned coating, thereby enhancing superelasticity and
precipitation hardening.

(2) Annealing and ageing both significantly enhanced the
hardness/indentation modulus (H/E) ratio and the
depth recovery (©d,h) ratio of EB-scanned coatings.
Notably, the differences between the Ni-rich and Ti-rich
coatings are significantly reduced after annealing and
ageing, with the properties of both approaching those of
superelastic Nitinol.

(3) Annealing and ageing markedly improved the wear
resistance of EB-scanned coatings while reducing their
friction coefficient. After annealing and ageing, the
disparity in wear rates between the two coatings was
eliminated, resulting in wear resistance comparable to
that of superelastic Nitinol.

(4) Annealing and ageing treatments can improve the
performance of EB-scanned NiTi coatings, bringing
them up to the same level as bulk Nitinol. Therefore,
these coatings show potential for use as wear- or
erosion-resistant layers in medical implants and aero-
space components.

Fig. 9 SE images and Al-Kα EDS mapping of the worn surface on (a) CP-Ti substrate, (b) superelastic Nitinol (SE-NiTi), (c) as-scanned
Ni-rich coating, (d) as-scanned Ti-rich coating. (online color)

Fig. 10 Magnified SE images of worn surface on (a) as-scanned Ni-rich
coating, (b) annealed Ni-rich coating, (c) annealed and aged Ni-rich
coating, (d) as-scanned Ti-rich coating, (e) annealed Ti-rich coating, (f )
annealed and aged Ti-rich coating. The black arrows indicate the deep
grooves.
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