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This work aims at contributing to the development of a revolutionary technology based on shape memory alloy (SMA) coatings
deposited on-site to large-scale metallic structural elements, which operate in extreme environmental conditions, such as steel
bridges and buildings. The proposed technology will contribute to improve the integrity of metallic civil structures, to alter and
control their mechanical properties by external stimuli, to contribute to the stiﬀness and rigidity of an elastic metallic structure, to
safely withstand the expected loading conditions, and to provide corrosion protection. To prove the feasibility of the concept,
investigations were carried out by depositing commercial NiTinol Ni50.8Ti (at.%) powder, onto stainless steel substrates by using
high-velocity oxygen-fuel thermal spray technology. While the NiTinol has been known since decades, this intermetallic alloy, as
well as no other alloy, was ever used as the SMA-coating material. Due to the inﬂuence of dynamics of spraying and the impact
energy of the powder particles on the properties of thermally sprayed coatings, the eﬀects of the main spray parameters, namely,
spray distance, fuel-to-oxygen feed rate ratio, and coating thickness, on the quality and properties of the coating, in terms of
hardness, adhesion, roughness, and microstructure, were investigated.

1. Introduction
Ni-Ti shape memory alloys are extremely interesting materials both for their ability of showing the shape memory
eﬀect (SME) and for their elevated strength and ductility [1].
An attractive Ni-Ti-based SMA is NiTinol, a nearly
equiatomic intermetallics of nickel and titanium. NiTinol
shape memory properties were ﬁrst discovered by Buehler
and Wiley at the Naval Ordnance Laboratory, Maryland,
United States [2] (the name NiTinol is derived from the
chemical symbol “NiTi” followed by “NOL,” the acronym for
Naval Ordnance Laboratory).
In common with other SMAs, NiTinol shows two important
mechanical features: shape memory eﬀect and pseudoelasticity.
The former is related to fatigue and fracture resistances of an

alloy and consists in its ability to return to its initial shape
upon heating to the austenite phase (high-temperature phase
having B2 cubic structure) after having been deformed in the
martensite phase (low-temperature monoclinic phase) [3–5];
the latter is due to the stress-induced martensitic transformation upon loading and the subsequent strain recovery upon
unloading at temperatures above the austenite temperature
Af [1, 6]. NiTinol’s ability to undergo a thermal- or stressinduced martensitic phase transformation and its recoverable
strains that are much greater than those in traditional alloys,
speciﬁcally between 8% and 10% [3, 7], make it the most
popular shape memory alloy [3].
NiTinol oﬀers additional advantage for the targeted application since there is a good understanding of its thermomechanical response and the crystallography, as well as of the
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eﬀects of changes of the transformation temperatures and the
heat treatment with variations in composition.
Among the several technologies for depositing metallic
coatings on metallic substrates, thermal spray high-velocity
oxygen-fuel (HVOF) is one of the most versatile [8] and
eﬃcient technologies, with many multiscale features [9, 10],
capacity to produce homogeneous [11] and very dense
coatings [12–17] with porosity levels typically in the range
0.1–2% [13], low oxide content [11, 12], high hardness
[13, 18], excellent bond strength frequently exceeding
69 MPa [11, 13, 19], and low decarburization [13, 20]. Also,
the low gas temperature of particles avoids superheating
during ﬂight and preserves the nanocrystalline structure of
the starting powders of the coating [21].
The HVOF thermal spray system utilizes high-pressure
combustion (6–10 bars for the HVOF spray system of third
generation [13]) of oxygen and gaseous fuels, such as hydrogen, propane, and propylene, or liquid fuels, such as
kerosene. Combustion produces a ﬂow of hot gas at supersonic or hypersonic velocity of approximately 2000 m/s
[19, 22–24]. The ﬂame achieves supersonic velocities in the
process of expansion at the exit of the convergent-divergent
nozzle with a diameter size from 8 to 9 mm [13, 22] and
temperatures in the range of 2500–3200°C, depending on the
type of the fuel, the fuel-to-oxygen ratio, and the combustion
pressure [13, 25, 26].
Powders, with typical particle sizes of 10–63 μm [13], are
axially or radially introduced into the stream of gases at the
exit of the nozzle [19, 26, 27], molten or semimolten in
a temperature range of 900–1800°C [28], and, passing
through the gun barrel nozzle, propelled with the produced
gas at a supersonic velocity [29] of 300–800 m/s toward the
surface of the substrate [13, 19, 26] at typical mass ﬂow rates
in the range of 2.3–14 kg/h [25].
Molten or semimolten droplets or particles cool rapidly
upon impact at a range of approximately 105 K/s, causing
splat quenching and resulting in very ﬁne submicrometric
crystals [30].
The HVOF thermal spray technology has primarily been
used for wear-resistant coatings; however, because HVOF
produces very dense coatings, it can be used for very good
corrosion-resistant coatings providing longer lifetimes than
the uncoated substrate [13, 19].
As reported in other studies, the properties of HVOF
coatings are dependent on spraying and coating process
parameters, such as spray distance, oxygen-fuel ratio, and
powder feed rate [31, 32], and on chemical and physical
states of particles, such as velocity, temperature, melting
degree, and oxide content [31, 32]. Spray distance acts on
velocity and temperature of the in-ﬂight particles and inﬂuences porosity, hardness of the coating [31], and oxide
content of the sprayed powders [23]; powder feed rate and
melting degree of powders aﬀect the coating hardness and
corrosion resistance, respectively [30, 32]; the fuel-to-oxygen
mixing ratio inﬂuences the ﬂame temperature and velocity
[33] and particle velocity [21] and aﬀects oxide content and
density of coating [23]. On the basis of these ﬁndings, to
obtain the best properties of the coating, it is necessary to
deﬁne the optimal spraying and coating parameters.
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Currently, NiTi alloys are often deposited as thin ﬁlms.
The deposition of NiTi thin ﬁlms on steel substrates has been
following two main directions: the former is the direct
deposition on top of a supporting structure, such as a bulk
micromachined silicon cantilever [34]; the second is their
use as stand-alone thin ﬁlms to become microactuators
[34, 35]. NiTi thin ﬁlms are also used in the ﬁeld of
microelectromechanical systems (MEMS) for several reasons, such as their high actuation force and displacement at
low frequencies [34–38], simpliﬁcation of the design, and
friction-free and nonvibrating movement [37]. Due to the
versatility and ﬂexibility of NiTi thin ﬁlms and their multiple
degrees of freedom and compact structure, they are used in
the aerospace industry, automotive applications, and the
biomedical ﬁeld for microgrippers and implant stents because of its excellent biocompatibility [35, 37, 39].
The development of SMA thin ﬁlms on metallic substrates is very challenging for three reasons: (a) it is related to
the need for controlling the SMA thin-ﬁlm composition; (b)
it is associated to the large mismatch of thermal expansion
coeﬃcients between the substrate and thin ﬁlm [40]; and (c)
it is linked to the development of future applications of thin
ﬁlms [41]. For these reasons, very limited work exists in the
literature about the deposition of potential SMA materials
on substrates, and the most of them are developed for
microactuating devices.
This study presents a new class of SMA-based HVOFprone coatings for elastic metallic structures, such as civil
constructions, which would contribute to their stiﬀness and
rigidity, withstand the expected loading conditions, improve
their integrity before or during their in-service life, and oﬀer
corrosion protection. Herein, the eﬀects of thermal spraying
parameters, namely, spray distance, distance between the
exit of the nozzle of the HVOF gun and substrate, fuel-tooxygen feed rate ratio, and coating thickness on the mechanical and microstructural properties of NiTinol coatings
on metallic substrates are evaluated by investigating hardness, adhesion, surface roughness, and microstructure of the
specimens. The optimal values of the spraying parameters
are established for thermal spraying application of NiTinol
powders by means of HVOF technology.
It is worth highlighting that, while there is limited work
on using NiTinol as a coating material [42], the development
of such coating with the shape memory eﬀect is a pioneering
objective, which was followed before the experimental work
described in the present manuscript; as a consequence, the
selection of a proper technology for a powdered SMA deposition technology in large scale is another innovative
purpose of the present investigation.

2. Materials and Methods
A commercial prealloyed NiTinol, Ni50.8Ti (at.%), powder
S/BB superelastic, supplied by Memry Corporation (Connecticut,
USA) was used as a starting material. As per manufacturer
speciﬁcations, the powder particles occupied a particle size
range of 15 to 40 µm. To demonstrate the feasibility of the
concept, rectangular, common stainless steel coupons, AISItype 316, with dimensions 100 × 25 × 1.5 mm3, were employed
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Table 1: Spraying parameters employed in the HVOF spraying process.
Spraying parameter

Spray distance (mm) Kerosene/oxygen feed rate ratio (l/h-l/min) Coating thickness (mm) Specimen
300
20–800
0.30
A
Spray distance
350
20–800
0.30
B
400
20–800
0.30
C
300
20–800
0.30
A
Kerosene/oxygen feed rate ratio
300
22–860
0.30
D
300
25–900
0.30
E
300
20–800
0.15
F
Coating thickness
300
20–800
0.30
A
300
20–800
0.60
G

as substrates for coating deposition. A GTV HVOF-K2
system (GTV Verschleiss-Schutz GmbH, Germany) using
kerosene as the liquid fuel and argon as the powder carrier gas
was employed for the deposition of SMA coatings; the processes took place at the establishment of Thermal Spray
Service Ltd (Italy).
To improve the adhesion of the coating, before thermal
spraying, the substrates were grit-blasted with an alumina
grit using an ACB shot peening machine (ACB Sabbiatrici
S.R.L., Italy) up to an average Ra roughness value of 3 μm
and cleaned using compressed air. All specimens were
mounted on a horizontally rotating turntable and cooled
during and after spraying with compressed air jets. A robotic
manipulator was programmed to operate the torch spraying
NiTinol powder at predeﬁned distances from the substrates.
A parameter variation study was carried out in order to
investigate the eﬀect of spray distance (in the range 300–
400 mm), fuel-to-oxygen feed rate ratio (in the range 20 l/h800 l/min–25 l/h-900 l/min), and coating thickness (in the
range 0.15–0.60 mm) on the characteristics of the coating.
The powder feed rate and argon ﬂow rate were kept constant
at 70 g/min and 8 l/min for all depositions, respectively.
Seven sets of spray parameters were considered and are
summarized in Table 1.
A Galileo Ergotest COMP 25 (LTF, Italy) hardness
tester was used to measure superﬁcial Rockwell Hardness
15 N as per the requirements in ASTM E18 [43]. This test
is performed to deﬁne the NiTinol coating’s ability to
resist a permanent indentation or deformation when in
contact with a diamond cone indenter under a load of
15 kgf [44].
The adhesion of coating was tested by tensile adhesion
tests as per the recommendations in the dedicated standard
test method for adhesion strength of thermal spray coatings, ASTM C633 [45]. The tests were performed on
a M30K universal tensile testing machine equipped with
a 50 kN load cell (JJ Lloyd, UK). Therein, tensile loads were
applied on the faces of thermally sprayed cylindrical
specimens adhered to the sandblasted faces of identically
shaped uncoated specimens. A steel specimen of diameter
of 0.9 inches (about 23 mm) and length of 38.1 mm was
used as given in [45]. The specimen faces were adhered
together with one-part high-density epoxy adhesive, 3 M
Scotch-Weld 2214, of an ultimate tensile stress of approximately 70 MPa. Coating thickness of 0.015 inches
(0.38 mm) is recommended for high porosity coatings in

order to avoid possible penetration of the resin into the
voids of the sprayed porous coating; if the coating porosity
is less than 2%, the thickness of 0.015 inches required by the
ASTM Standard is not necessary [45, 46]. Hence, 0.25 mm
thick coatings were tested.
A Polytec TMS-1200 white light interference microscope
with resolution 3.65 nm (Polytec GmbH, Germany) was used
for rapid, noncontact, two- and three-dimensional microtopography of the materials’ surface. All samples were examined at a 2.24 × 1.67 mm2 ﬁeld of view. In terms of surface
proﬁlometry, the following parameters were investigated:
(i) Sq (μm), which represents the quadratic average
roughness value, “RMS” roughness within the deﬁnition area. It is equivalent to the standard deviation
for surface amplitude.
(ii) Sa (μm), which represents the arithmetic average
roughness value, the average surface roughness. It
expresses, as an absolute value, the diﬀerence in
height of each point compared to the arithmetical
mean of the surface.
(iii) Ssk (-), which represents the skewness of height
distribution: Ssk > 0 means that the height distribution is skewed below the mean plane.
(iv) Sz (μm), which represents the maximum height of
surface texture, the height between highest proﬁle
peak and lowest proﬁle value within the deﬁned area.
(v) Spk (μm), which represents the reduced peak height,
roughness height of proﬁle peaks. It indicates the
mean height of peaks above the core surface.
The microstructure of coating/substrate cross sections was
examined by optical microscopy (OM) while the morphology
of the coatings’ surfaces was assessed by scanning electron
microscopy (SEM). Optical microscopy provides valuable
feedback on microstructural aspects such as voids, unmelted
particles, lamellae obtained from particles that have been
modiﬁed chemically at spraying by reduction or oxidation,
and solid inclusions at the interface between the coating and
substrate [46]. This investigation was performed using Nikon
Eclipse L150 optical microscope (Nikon Instruments Europe
BV, Netherlands).
Scanning electron microscopy allows observing the individual lamella after a “splash” onto the substrate’s surface,
surfaces of as-sprayed coatings, ﬁne-grained microstructure,
ﬁne or recrystallized structure, and porosities [46]. SEM
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Figure 1: Effect of (a) spray distance, (b) kerosene to oxygen feed rate ratio, and (c) coating thickness on coating hardness.

investigations were carried out using JEOL JSM-5600 scanning electron microscope (JEOL USA, Inc., USA).
The chemical composition of the NiTinol coating was
assessed using X-ray fluorescence (XRF). The XRF measurements were performed using a micro-XRF Μ1-Mistral
X-ray fluorescence spectrometer (Bruker, Germany) with
700 μm diameter circular beam spot.
In addition, energy dispersive spectroscopy (EDS) was
used to investigate if oxidation occurred in the coating material
during the deposition process by the HVOF spraying technique.
The measurements were performed using an Oxford Instruments EDS system (Oxford Instruments, Oxfordshire, UK).
A TA Instruments Q series differential scanning calorimeter (DSC) (TA Instruments, New Castle, Delaware) was
used to precisely determine the transformation temperatures. The temperature range of the instrument is −180°C to
600°C while inert atmosphere was not used and cooling was
performed using liquid nitrogen. The heating and cooling
rates of the tests were fixed to 10°C/min.

3. Results
3.1. Hardness of the Coating. After grinding the specimens
for equal surface roughness, the coating hardness was
evaluated. The superficial Rockwell Hardness 15 N as
a function of spray distance, kerosene to oxygen feed rate
ratio, and coating thickness are plotted in Figure 1. The
hardness increases from a value of 60, measured for the

uncoated specimen, to a minimum value of 65 with a coating
thickness of 0.15 mm. Results demonstrate that Rockwell
Hardness 15 N decreases monotonically by spray distance,
decreases up to a plateau value with kerosene to oxygen feed
rate ratio up to 22 l/h-860 l/min, whereas with coating
thickness, a fluctuating behavior consisting of an initial
increase up to 0.3 mm thick coating followed by a decrease
thereon is noted. The maximum hardness value of 89 is
attained for a spray distance of 300 mm and a kerosene to
oxygen feed rate ratio of 20 l/h-800 l/min, where the coating
thickness is 0.3 mm.
3.2. Quality of Adhesion to Substrate. In this work, the effects
of spray distance and kerosene to oxygen feed rate ratio on
the coating adhesion strength were studied, and the results
are reported in Figure 2. It is therein observed that adhesion
strength decreases with spray distance while a fluctuating
behavior consisting of an initial decrease followed by increase is noted with kerosene to oxygen feed rate ratio. The
maximum tensile adhesion strength corresponds to sample
“E” having been thermally sprayed from a distance of
300 mm with the highest combustion energy stemming from
a kerosene to oxygen feed rate ratio equal to 25 l/h-900 l/min.
3.3. Surface Profilometry. The arithmetic average roughness
(Sa) is the most widely used because it is a simple parameter
to obtain, and it is an effective method for monitoring
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Figure 3: Effect of (a) spray distance, (b) kerosene to oxygen feed rate ratio, and (c) coating thickness on Sa roughness parameter.

surface texture and ensuring consistency in measurement of
multiple surfaces [47].
Figure 3 depicts the variation of average Sa with spray distance, kerosene to oxygen feed rate ratio, and coating thickness.
As it can be observed in Figure 3, Sa parameter increases
with spray distance and kerosene to oxygen feed rate ratio,
but shows the lowest value for a coating thickness of 0.3 mm.
Specimen A shows the minimum value of roughness in
terms of Sa.

The average values of the other roughness parameters
investigated are reported in Table 2. Therein, it is observed
that the coating of thickness of 0.30 mm on sample A,
sprayed at a distance of 300 mm at a kerosene to oxygen feed
rate ratio of 20 l/h-800 l/min, exhibits the optimal profilometry fingerprint with minimum values for all parameters,
across all specimens.
Figure 4 illustrates the typical appearance of the
morphology of NiTinol coatings’ surface in two- and
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Table 2: Surface profilometry results.

Specimen
A
B
C
D
E
F
G

Average Sq (μm)
6.99 ± 0.19
7.38 ± 0.05
7.67 ± 0.49
7.21 ± 1.01
10.60 ± 1.19
11.31 ± 3.74
7.86 ± 1.14
–0.5

100

0

y (mm)

z (μm)

50

–50
–100

0.0

Average Ssk
0.31 ± 0.13
0.52 ± 0.22
0.37 ± 0.05
0.53 ± 0.06
1.10 ± 0.64
0.56 ± 0.21
1.32 ± 1.47
0.5

1.0

Average Sz (μm)
92.28 ± 17.37
96.44 ± 15.7
115.78 ± 10.42
93.72 ± 34.68
102.12 ± 8.68
145.13 ± 53.98
104.16 ± 43.08

1.5

100

2.0
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0
0
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Figure 4: Two- and three-dimensional view of the NiTinol coating’s surface observed with the light profilometer.

three-dimensional displays. Coating morphology is dependent on the different conditions of spraying process.
3.4. Microstructure. Scanning electron microscopy (SEM)
and optical microscopy (OM) reveal good homogeneity and
uniformity. All coatings present the lamellas and porous and
unmelted particles that are all inherent to the HVOF thermal
spraying. A better adherence is found in the coatings sprayed
with the highest kerosene to oxygen ratio and lower spray
distance, specimens A and E, respectively. In contrast, the
highest combustion energy level may produce higher
amounts of oxides attributable to the high feed rate of
oxygen (E). A lower porosity is revealed in the coatings
sprayed with a lower spray distance (A, D, and E) because of
the shorter exposure time in flight and the high particle
velocities that yield higher impact energies (Figures 5 and 6).
3.5. Chemical Composition and Shape Memory Effect. To
assess the chemical composition of the coating material, two
types of samples were used: (a) Ni-Ti-coated samples sprayed
by HVOF using Ni-rich Ni50.8Ti (at.%) powder and (b) bulk
SMA samples on known composition Ni50.8Ti (at.%).
Figure 7 shows the XRF results from these two types of
samples that were compared for assessing the coating
chemical composition. The figure clearly shows that the
chemical composition of the NiTinol coating sprayed using
the HVOF technique is almost identical with that of the bulk
sample of known Ni50.8Ti (at.%) composition.
Figure 8(a) shows the EDS spectrum of the NiTinol
coating, and Figure 8(b) depicts the corresponding EDSlayered image that gives complete picture of chemical

composition of the coating. The compositional distribution
of the coating was found to be Ni50.8 (at.%) and Ti49.2
(at.%), confirming the findings of XRF. Moreover, no
presence of oxygen or carbon was observed, indicating the
absence of oxides or carbides in the Ni-Ti coating. This is
proof that the NiTinol coating deposited on the substrate
was not oxidized or burned-out during HVOF spraying.
The ability of the NiTinol SMA coating to maintain its
intrinsic properties during the spraying process was assessed
using differential scanning calorimetry (DSC). Ni-Ti SMAs
exhibit the shape memory effect based on the thermoelastic
martensitic transformation occurring during cooling and
the reverse transformation occurring during heating. Hence,
the DSC analysis allows assessment of the obtained shape
memory effect.
The DSC curve for the NiTinol Ni50.8Ti (at.%) SMA
coating is presented in Figure 9, which exhibits peaks clearly
revealing transformation temperatures of MS  54.2°C,
Mf  45.3°C, AS  67.5°C, and Af  86.6°C.
XRD measurements showed the presence of two phases
in this NiTinol material, martensitic (B19′) and austenitic
(B2). As the cooling progresses and temperature decreases
from above 100°C down to −90°C, the intensity of B2 diffraction peak decreases, and peaks related to B19′ martensite
appear. On heating, the diffraction peaks corresponding to
B19′ start disappearing while the B2 phase peak reappears.

4. Discussion
The results of this study demonstrate that spray distance,
kerosene to oxygen feed rate ratio, and coating thickness
affect the characteristics and properties of HVOF-prone
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Figure 5: OM images of NiTinol coatings’ cross section of samples A (a), B (b), C (c), D (d), and E (e).
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Figure 6: SEM micrographs of NiTinol coatings’ surface of samples A (a), B (b), C (c), D (d), and E (e).

NiTinol coatings. Spray distance in particular influences
both particle temperature and velocity, with higher distances
found associated with increased temperatures and decreased
velocities [31, 48]. Herein, the maximum values of superficial
Rockwell Hardness 15 N and adhesion are achieved at

a spray distance of 300 mm, which is the lowest among
distances investigated. The coatings’ surface roughness is
influenced by temperature and velocity of the particles [49].
At spray distance of 300 mm, surface profilometry shows
lowest roughness parameters, and OM and SEM investigations
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demonstrate the greatest density and lowest porosity. This
behavior can be explained with the higher velocity and the
higher energy of the particles that impact the substrates leading
to lower porosity and higher density coatings.
The fuel to oxygen ratio influences both particle temperature and velocity: the increasing of fuel to oxygen ratio provides
either a decrease in particle velocity or an increase in particle
temperature [50]. Maximum hardness is obtained at kerosene to
oxygen feed rate ratio of 20 l/h-800 l/min, but the highest adhesion value is observed in the coating sprayed at intermediate
kerosene to oxygen feed rate ratio. The higher the kerosene to
oxygen feed rate ratio, the less smooth the coatings, and OM
and SEM images reveal a molten surface between substrate and
coating due to the greater heat released from combustion.
XRF analysis clearly showed that the chemical composition
of the NiTinol coating sprayed using the HVOF technique
remained of Ni50.8Ti (at.%) composition, as the composition
of the original powder used. EDS characterization also confirmed the findings of XRF. In addition, EDS showed the
absence of oxides or carbides in the Ni-Ti coating, indicating
that the NiTinol coating was not oxidized or burned-out during
the HVOF spraying process.
Finally, the ability of the NiTinol SMA coating to
maintain its intrinsic properties during the spraying process
was demonstrated using DSC, which revealed the coating
transformation temperatures and proved the existence of
shape memory effect.

5. Conclusions

100 μm
(b)

Figure 8: EDS results of the NiTinol coating sprayed with the
HVOF technique: (a) EDS spectrum and (b) EDS-layered image.

SMA NiTinol powder was sprayed on stainless steel AISI 316
specimens by using an industrial-scale HVOF thermal spray.
The effect of spray distance, kerosene to oxygen feed rate
ratio, and coating thickness on coating properties, in terms
of hardness, adhesion, surface roughness, and microstructure was experimentally investigated in order to define the
best set of parameters for coating application.
Best hardness was found for minimal spray distance,
minimal kerosene to oxygen feed rate ratio, and for 0.3 mm
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coating thickness. Coating adhesion to substrate decreased
with increasing spray distance, but the highest adhesion value
was observed for the coating sprayed at an intermediate
kerosene to oxygen feed rate ratio. Surface proﬁlometry
revealed smoothest surfaces in the coating sprayed at shortest
distance and lowest kerosene to oxygen feed rate ratio with
a thickness of 0.30 mm. OM and SEM images showed greatest
density in the coatings sprayed at a short distance and greater
adhesion for greater kerosene to oxygen feed rate ratios.
Coating adhesion and microstructure characterization
results pointed out the eﬀectiveness of the HVOF technology
for the powdered SMA-coating deposition since good adhesion conditions and good quality of the coating were achieved.
Furthermore, the optimal HVOF spraying parameter,
resulting in the highest value of Rockwell Hardness 15 N
(89), a great adhesion (62 MPa), lowest porosity and greatest
density, and the smoothest coating surface was found for the
specimen A, with a spray distance of 300 mm, a kerosene to
oxygen feed rate ratio of 20 l/h-800 l/min, and a coating
thickness of 0.30 mm.
Finally, it was demonstrated that the HVOF spraying
technique did not alter the chemical composition of coating
material in relation to the original powder and produced
oxidation-free SMA coatings.
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