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Abstract: Among metallic biomaterials, near-equiatomic NiTi is one of the most promising inter-
metallic system applicable for biomedical applications, thanks to its high biocompatibility and unique
superelasticity (or pseudoelasticity), offering a complete recoverable strain up to 8%. In the prospec-
tive uses for bio-devices, the surface processing of NiTi medical components plays a fundamental
role for guaranteeing both a Ti oxide passivizing layer for avoiding Ni ion release into the human
body and surface morphology for controlling the cell proliferation. Mechanical polishing, thermal,
chemical or electro-chemical treatments are typically performed for surface modifications. Recently,
laser texturing has been successfully applied for different materials, included NiTi shape memory
alloys, and also for tuning the surface properties, such as wettability. In the present work, ultrashort
laser surface modification was carried out, through the use of a femtosecond laser, for the surface
texturing of commercial superelastic NiTi plates. The main goal is to investigate the correlation among
morphology, chemical composition and wettability with the principal process parameters, such as
average power and scanning velocity in high power ultrashort laser texturing. Laser patterned
surfaces were characterized by means of scanning electron microscopy, 3D-profilometry, XPS analysis
and wetting measurements. After the laser treatments, both surface morphology and Ni/Ti ratio
were largely modified from the initial surface, depending on the adopted process parameters. The
wettability of the laser textured surfaces can be also varied with respect to the initial surface, due
to the roughness values and grooves induced by the laser beam scans. The laser texturing process
induced a combination between micro and nano structures, depending on the input energy. In details,
the surfaces were tuned to lower roughness values (from 0.4 µm to 0.3 µm) with a laser power of
1 W, while it was increased up to 0.65 µm with a laser power of 13 W. The laser surface modification
promoted a change of the contact angle from 70◦ of the untreated condition up to 135◦ to the surface
laser treated with a power of 13 W.

Keywords: NiTi; shape memory alloy; laser texturing; femtosecond laser processing; surface modifi-
cation; XPS; wettability; 3D profilometry

1. Introduction

NiTi shape memory alloys (SMAs) are promising smart biomaterials, thanks to their
functional properties (shape memory effect—SME, and superelasticity—SE), excellent
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corrosion resistance and high biocompatibility [1–4]. However, the high content of Ni
(about 50 at%) in biomedical NiTi alloys is a great health issue because the release of Ni
ions into the human body can provoke allergic reactions and it may promote carcinogenesis
and toxic reactions [5].

It has been shown that the biocompatibility of these materials can be improved through
the elimination of Ni from the surface by several surface modification methods [6], such
as thermal treatments, plasma immersion ion implantation and deposition as well laser
remelting or texturing [7–11]. For instance, an artificial titanium oxide layer can enhance
the surface properties and reduce Ni out-diffusion from NiTi. Since NiTi SMA contains a
large amount of Ti, it can be readily oxidized to form a titania film by thermal oxidation [12]
or by laser induced oxidation [13,14].

On the contrary, laser texturing allows the modification of both the surface topography,
due to the material ablation, and the microstructural and/or eventual chemical composition,
due to the selective evaporation of single elements [15]. Moreover, these patterns can benefit
from the proliferation of osteoblasts on Ti-based alloy surfaces when compared with smooth
or acid etched surfaces.

For this reason, in the recent years, ultrashort lasers characterized by pulse durations
in the order of femtosecond, have been adopted for precise micro- and nano-machining
of several materials, including metals, ceramics and oxides [16]. Compared with short
laser pulses, femtosecond lasers can rapidly produce plasma and vapour, thus the surface
modification is allowed with limited heat conduction and the consequent formation of a
negligible liquid phase [17,18]. Femtosecond laser texturing allows the generation of typical
periodic nanostructures, called ripples, under specific process conditions, characterized by
high values of energy density, or namely fluence. The dimension of the ripples is around
some hundreds of nanometers and they are generated with an orientation perpendicular to
the electrical field direction [19,20].

It was found that the laser processing of NiTi SMAs can benefit from the use of
ultrashort laser pulses, due to the high sensibility of its microstructure to the heat. The
instantaneous vaporization of the material under processing can limit the heat conduction,
therefore microstructural modification and compositional change should be minimized.
The literature reports relevant results on NiTi surface modifications using low power
ultrashort lasers, but nowadays the use of high-power femtosecond lasers need to be deeply
investigated on the surface modification area. Therefore, in this work the effect of high
power laser texturing of commercial superelastic NiTi plates on the surface morphology,
chemical composition and wettability was investigated. The laser textured surfaces were
analyzed through SEM, XPS and 3D profilometry, respectively.

2. Experimental Section

Superelastic Nitinol 250 µm thick plates in straight annealed and electropolished
condition were used to be treated by the femtosecond laser for performing texturing
experiments. A femtosecond laser (mod. Pharos 15 W from Light Conversion, whose
main characteristics are listed in Table 1), coupled with a galvanometer (mod. Cambridge
Technology PS1), was used for inducing surface modification on areas of 4 × 10 mm2.
The experiments were carried out in air by changing laser power and scanning velocity
according with a full factorial design of experiments (see the parameters listed in Table 2).
The schematic of the laser texturing process is depicted in Figure 1.
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Table 1. Main characteristics of the femtosecond laser source used in the texturing experiments.

Characteristic Values

Maximum average power 15 W

Emission wavelength 1028 nm

Maximum pulse energy 200 µJ

Pulse duration range 210 fs–10 ps

Beam quality factor 1.1

Repetition rate range Single pulse −200 kHz

Table 2. Variable and fixed process parameters implemented in laser texturing of NiTi tape.

Parameters Values

Average power 1–13 W

Speed for each pass 2–4 m/s

Pulse duration 213 fs

Laser spot size 18 µm

Repetition rate 75 kHz

Overlapping 50%
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Figure 1. Schematic representation of the laser texturing process.

The laser patterned surfaces were analyzed for their morphological characterization
using scanning electron microscopy (SEM, mod. Leo 1413).

Surface features and surface roughness (Sa) were quantitatively characterized by the
confocal technique using a 3D non-contact profilometer (Sensofar S-neox, Barcelona, Spain)
according to the standard ISO 25178, working with 100x objective allowing measurements
with a vertical resolution of 1.5 nm (green light was selected). Quantitative measurements
were performed using the software embedded in the system (SensoSCAN, Sensofar Metrol-
ogy, Terrassa, Spain) extracting the surface roughness, Sa; 5 measurements, done in an
area dimension of 130 × 170 µm2, were carried out for defining the variability of each
surface [21,22].

XPS analyses were performed with a PerkinElmer Φ 5600-ci spectrometer using Al Kα

radiation (1486.6 eV), according to a previously described setup [23,24]. Samples were mounted
on a steel holder and introduced directly in the fast-entry lock system of the XPS analytical
chamber. The XPS spectrometer was calibrated by assuming the BE of the Au 4f7/2 line at
83.9 eV with respect to the Fermi level. The BE shifts were corrected by assigning to the C 1s
peak associated with adventitious hydrocarbons a value of 284.8 eV. The standard deviation
for the BEs values was ± 0.2 eV. The sample analysis area was 800 µm in diameter. The
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sample analysis area was 800 µm in diameter. Survey scans were obtained in the 0–1350 eV
range (187.8 eV pass energy, 0.8 eV step−1, 0.05 s step−1). Detailed scans were recorded
for the C 1s, O 1s, Ti 2p and Ni 2p (23.5 eV pass energy, 0.1 eV step−1, 0.1 s step−1). Data
analysis involved Shirley-type background subtraction, nonlinear least-squares curve fitting
adopting Gaussian–Lorentzian peak shapes, and peak area determination by integration.
The atomic compositions were evaluated from peak areas using sensitivity factors supplied
by PerkinElmer, taking into account the geometric configuration of the apparatus.

To evaluate the wetting properties of the surfaces, static contact angle (CA) measure-
ments were carried out at room temperature using the ASTRA view tensiometer developed
at CNR-ICMATE [25]. High purity grade water, produced by a MilliQ (Milli-Pore, Burling-
ton, MA, USA) ion-exchange purifier with a microfiltration stage, was adopted during the
tests. Three replicas were carried out for each surface. Droplets of about 5 mm3 in volume
were gently deposited on the substrate using a microsyringe (Hamilton) with stainless steel
capillary of 0.21 mm in diameter. The measurements of CAH were performed changing at
low speed (0.1 µL/s) the volume of the static drop deposited on the surface.

3. Analysis of Results and Discussion

In Figure 2, 3D-topography as well as 2D profiles of the surfaces, laser patterned at
different values of laser power (1 and 13 W) and scanning velocity (2 and 4 m/s) as well as
the initial surface, are shown, respectively. Similarly, SEM images of the surfaces, acquired
at low and high magnifications for analyzing local modifications induced by the laser beam,
are depicted in Figures 3 and 4. As a term of comparison, Figure 5 shows the low and high
magnification pictures of the untreated surface.
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Figure 2. Three-Dimension-profilometry and 2D profile of as it is sample (a); P = 1 W, v = 4 m/s (b);
P = 1 W, v = 2 m/s (c); P = 13 W, v = 4 m/s (d) and P =13 W, v =2 m/s (e).
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It can be observed that all the laser textured surfaces exhibited different types of
morphology, depending on the adopted process parameters. In details, the morphology
of the laser textured surfaces can be modified by using different values of pulse energy E,
which can be calculated as follows:

E =
P
v

where P and v represent the laser power and the scanning speed, respectively.
At low magnification, as shown in Figure 2a, the untreated NiTi surface (here referred

to as received condition) exhibited the typical morphology of electropolished surfaces, in
which some craters are present and it was free from sharp peaks but a smooth surface is
evident. Figure 5 shows that no clear nanostructures can be seen, because the material
removal in electro-polishing occurs typically in correspondence with the acute angles.

In fact, the laser texturing process, carried out with ultrashort laser pulses (in the
range of femtosecond), produced unique features among surface modification methods.
The theoretical description indicates that ultrashort laser radiation causes two-photon
absorption on the surface. The energy, which is transferred by the photons to the electrons,
provokes the vibration of high temperature electrons, therefore the energy is transferred to
the surrounding electrons and lattice, increasing the integral temperature of the sample
surface [26,27]. When the laser pulse energy reaches the damage threshold value, the lattice
of the sample surface starts to break with partial high energy atoms as well as electrons
stripping from the surface and splashing away with high velocity. Therefore, plasma can
be produced in the laser irradiated zone, due to the direct vaporization of the material
or forming bubbles. The shock waves generated during the bubble splitting arouses a
transformation in the structure of the sample surface. By increasing the laser power or
energy, the bubble size and pressure expanded with the increase in shock depth and width
formed by ruptures, thus enlarging the pore size on the sample surface.

During the femtosecond ablation, surface micropatterning can be managed by varying
the process parameters. When the sample is irradiated with a low power value (1 W), micro-
patterns composing ripple-like structures without holes are generated; the orientation of
this regular path is perpendicular to the scan direction, as reported in the literature. The
size of the ripples is evidently lower than the laser spot size, so their formation cannot be
linked to the dimension of the incident beam. As a result, a smooth surface can be obtained
using low pulse energy, as seen in Figures 3 and 4, the sub-micrometer surface topography
of the laser patterned surfaces under low energy conditions (10 µJ) appear slightly regular
with respect to the initial NiTi surface.

Increasing the power up to 13 W (pulse energy of 170 µJ), the modification of the NiTi
surface is strengthened and laser induced surface structures can be found to change as well
(see Figures 2d–e and 4c–d). A double pattern structure becomes visible: the ripple-like
structure is overlapped by a microgroove-like one. This effect of the pulse energy can be
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confirmed by the literature [8]. The ablation of the material becomes more aggressive and
promotes the realization of irregular surfaces, indicating the presence of a micro-scaled
textured surface. The results from the surface tomography indicate the formation of a
patterned surface that has both higher values of roughness, if processed with increased
power. This achieved both a micro- and macro-modification of the initial surface.

The increase in the roughness can be explained by the enhanced laser ablation pro-
cess [8]. If the process is performed above the threshold, ripples, microgrooves and holes
may be produced on the surface. By increasing more and more energy, the surface can be
seriously ablated and deep grooves can be induced and ripples can be formed only at the
border of the groove due to the local lower energy.

Moreover, sub-micrometric particles are generated on the surfaces machined with high
power values (i.e., 13 W for both the scanning velocity values), due to the large amount of
material suddenly vaporized by the laser beam, not removed but instantaneously solidified
and in situ redeposited [28]. Similar results were also achieved on other metallic samples,
such as FeMn tapes, processed under similar process conditions [29].

Another relevant surface characteristic is represented by the wettability. The homo-
geneity of peaks and valleys distribution was also confirmed by the symmetry of the
droplet for such a sample. Contact angle (CA) images are reported in Figure 6 for all the
surfaces. It can be seen that the wetting properties of the different laser textured surfaces
are modified, according with the investigated process conditions, when compared with the
initial untreated surface.
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Figure 6. Contact angle of base material (as it is condition) and of samples treated at P = 1 W (up)
and at P = 13 W (down).

Quantitative analysis of the CA and the corresponding roughness (Sa) values of the
investigated textured surfaces are shown in Figure 7. The smoothing effect induced by
the laser texturing processes, carried out at lower power (P = 1 W) on NiTi surfaces,
is supported by the measurements of Sa, the value of which appeared lower than that
measured for the base material. On the other hand, samples treated at a higher power
(P = 13 W) presented a rougher surface compared with the initial surface, due to the higher
material removal and due to the presence of evident grooves. The scanning speed increase
(from 2 m/s up to 4 m/s) promoted a decrease in the Sa values at 1 W, because of the
reduction of the linear energy E from 0.5 J/m down to 0.25 J/m. On the contrary, the use of
high laser power (13 W) made this trend not actually observable: the values of Sa are in the
same range, probably due to the fact that the energy threshold was achieved. In fact, the
linear energy E decreased from 6.5 J/m down to 3.25 J/m upon increasing the scanning
speed from 2 m/s up to 4 m/s.
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In the same graph (see Figure 7) the contact angle values of a high purity water droplet
on samples surface are reported. The CA values grow with the increasing of the roughness
both for P = 1 W and P = 13 W samples. Observing the 2D-profiles of samples reported
below each 3D-topography (see Figure 2), it is possible to affirm that surfaces treated at
P = 13 W, v = 2 m/s showed the most regular and homogenous pattern.

By changing the process conditions, the CA values were only increased with respect
to the untreated surface; this is in good agreement with the literature. In fact, in a previous
paper it was found that the CA can be tuned in accordance with the topography induced
by the laser texturing process [30]. In detail, if only nanostructures can be generated on the
surface, the CA can be decreased with respect to the polished or untreated surface. On the
contrary, if a mix of nano and micro-structures can be achieved, such as was detected in the
present study, the CA can increase and produce a surface with lower wettability.

XPS analyses were performed on the pristine sample (as it is) and the four laser
textured samples to investigate the composition and chemical–physical features of the
surface. All samples, including the laser textured surfaces and the initial surface, show
similar spectra, as depicted in Figure 8. Particular focus was added to the Ni2p, O1s, Ti2p
and C1s regions of the XPS spectrum.

Figure 9a shows survey scans for the untreated and the four processed samples. Due
to the similarities of the acquired spectra, only the sample processed with the process
parameters (P = 1 W, v = 4 m/s) are here discussed in detail. Detailed spectra for the other
samples are reported in the Supplementary Material section (Figures S1–S4). Figure 9b–d
displays the high-resolution scans for the O1s, Ti2p and Ni2p regions. Table 3 reports the
binding energies for the O1s, Ti2p and Ni2p photoemission peaks; all the samples have
very similar values. The binding energies of the Ti2p and Ni2p peaks suggest that these
two elements are present in an oxidized form on the surface. Indeed, the BE of Ti2p is
compatible with the presence of Ti4+ in an oxide environment [31] and that of Ni2p with
the presence of Ni2+ in Ni(OH)2 with the characteristic satellite peaks [32,33]. In agreement
with this, the photoemission peak of O1s presents two contributions attributable to an
oxide (ca. 530 eV) and a hydroxide (ca. 531.5 eV) component, respectively. Table 4 reports
the element atomic percentage for the analyzed samples. The variable amount of carbon
essentially derives from adventitious carbon. It is worth noting that in the pristine sample
the amount of Ni on the surface is significantly lower and its contribution increases at the
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increasing of the treatment power (see Ni/Ti ratio in Table 4). The ratio between the two
oxygen components remains almost constant.

Metals 2023, 13, x FOR PEER REVIEW 10 of 13 
 

 

 

Figure 8. Overview of XPS spectra of the laser textured surfaces and the initial surface (as it is). 

 

Figure 9. Representative XPS survey (a) and detailed scans (b–d) for the sample P = 1 W, v = 4 m/s. 

  

Figure 8. Overview of XPS spectra of the laser textured surfaces and the initial surface (as it is).

Metals 2023, 13, x FOR PEER REVIEW 10 of 13 
 

 

 

Figure 8. Overview of XPS spectra of the laser textured surfaces and the initial surface (as it is). 

 

Figure 9. Representative XPS survey (a) and detailed scans (b–d) for the sample P = 1 W, v = 4 m/s. 

  

Figure 9. Representative XPS survey (a) and detailed scans (b–d) for the sample P = 1 W, v = 4 m/s.



Metals 2023, 13, 381 10 of 12

Table 3. Binding energies (eV) O1s, Ti2p and Ni2p regions. O1s photoemission peaks fitted with two
components oxide (OOX) and hydroxide (OOH).

E [J/m] OOX OOH Ti 2p3/2 Ni 2p3/2

Base material - 530.1 531.6 458.1 856.0

P = 1 W, v = 4 m/s 0.25 530.0 531.6 458.2 855.8

P = 1 W, v = 2 m/s 0.5 530.1 531.5 458.5 856.0

P = 13 W, v = 4 m/s 3.25 529.8 531.4 458.2 855.7

P = 13 W, v = 2 m/s 6.5 529.9 531.5 458.1 855.7

Table 4. Atomic percentage for C, O, Ti and Ni elements and Ni/Ti and OH/Ox ratio.

E [J/m] C (%) O (%) Ti (%) Ni (%) Ni/Ti OH/Ox

Base material - 72.3
22.7 (Tot)
14.2 (Ox)
8.6 (OH)

3.5 1.5 0.4 1.7

P = 1 W, v = 4 m/s 0.25 43.5
37.7 (Tot)
22.9 (Ox)
17.7 (OH)

3.0 15.8 5.3 1.6

P = 1 W, v = 2 m/s 0.5 65.3
24.6 (Tot)
16.1 (Ox)
8.4 (OH)

1.7 8.4 4.9 1.9

P = 13 W, v = 4 m/s 3.25 24.9
48.1 (Tot)
30.4 (Ox)
17.7 (OH)

3.5 23.5 6.8 1.7

P = 13 W, v = 2 m/s 6.5 22.2
49.1 (Tot)
30.5 (Ox)
18.6 (OH)

3.5 25.2 7.3 1.6

When the energy per unit of length, E, increased, the Ni content on the treated surfaces
increased largely with respect to the untreated surface. In fact, the Ni/Ti ratio, in atomic
percentage, grew up from 0.4 up to 7.3 upon the increase in energy E. In a previous work, it
was found that a limited increase in the Ni/Ti ratio from 0.35 up to 0.82 under an irradiation
with lower energy values was detected [8]. Similar results were also achieved in another
work, in which femtosecond laser textured surfaces were characterized by an increase in
the Ni content on the surface from 0.2 up to 1.58 with respect to the Ti content [30].

4. Conclusions

In the present work, the effect of laser power and scanning speed in surface texturing
of superelastic NiTi tapes, carried out using a high-power femtosecond laser, on the mor-
phology, wettability and surface composition was investigated. In detail, the exploration of
the investigated process parameters allowed to achieve a correlation with the evaluated
surface features of the laser textured areas.

The following was found:

• Varying both laser power and scanning speed allows for the tuning of the average
roughness, Sa; in detail, Sa can be decreased from the initial value (0.41 µm) down to
0.28 µm or increased up to 0.62 µm;

• In all the investigated process conditions, a mix of nano- and micro-structures can
be achieved;

• The contact angle of the laser-textured surfaces was varied according to the irradiated
energy: at the lowest energy, no change with respect to the untreated surface was in-
duced (CA around 70◦) while by increasing the energy the contact angle was increased
up to 131◦, reducing the wettability of the laser textured surfaces;



Metals 2023, 13, 381 11 of 12

• The surface Ni/Ti ratio, expressed in atomic percentage, was modified under different
laser energy; the Ni/Ti ratio increased from 4.9 up to 7.4 when the laser energy
increased, starting from 0.4 in the untreated surface.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/met13020381/s1, Figure S1: Representative XPS survey (a) and
detailed scans (b–d) for the pristine sample; Figure S2: Representative XPS survey (a) and detailed
scans (b–d) for the sample P = 1 W, v = 2 m/s; Figure S3: Representative XPS survey (a) and detailed
scans (b–d) for the sample P = 13 W, v = 4 m/s; Figure S4: Representative XPS survey (a) and detailed
scans (b–d) for the sample P = 13 W, v = 2 m/s.
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