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Abstract: Among functional materials, quasiequiatomic NiTi alloys are one of the most promising and
diffused for some sectors, from the biomedical to aerospace ones. Their peculiar performance, namely,
shape memory effect and pseudoelasticity, is induced via a thermomechanical treatment called shape
setting or with the heat treatment of annealing. This heat treatment is carried out in cold-worked
conditions. The present work studies the effect of the material conditions of straight annealing and
cold working on the functional performance of diamond-shaped NiTi microdevices realised through
ultrashort laser cutting. In detail, experiments were carried out aimed at studying the effect of laser
power, scanning speed, and number of passes on the kerf width with the focus on defining the most
suitable process condition on both straight-annealed and cold-worked sheets of 100 µm in thickness.
After the process parameters had been defined, the transformation temperatures and superelastic
behaviour were analysed though differential scanning calorimetry and force–displacement testing.
The femtosecond cutting of straight-annealed NiTi did not change the characteristic temperatures of
the base material, while the same process induced a soft martensitic transformation with respect to
the cold-worked material due to a heat accumulation effect.

Keywords: NiTi alloy; shape memory alloys; laser cutting; ultrashort laser cutting; superelasticity

1. Introduction

Among shape memory alloys (SMAs), intermetallic NiTi is the most diffused for dif-
ferent sectors of applications, from biomedicine to aerospace, including its use in actuators,
sensors, and dampers [1–4].

In the industrial environment, laser cutting is largely adopted for manufacturing stents
and catheters in NiTi, and for sensor and actuation devices [5].

The use of the laser beam can alter the NiTi microstructure due to the heat transfer
within the material [6], but also the Ni/Ti ratio, which can alter the final performance [7].
In fact, the use of long [6] or short [8–10] laser pulses promotes relevant heat transfer into
the material; therefore, some thermal damage such as microstructural changes, cracks,
oxidation, and the modification of the chemical composition are typical defects altering
the initial shape memory effect or the superelasticity of the NiTi material. The main reason
for these thermal defects is related to the creation of the liquid pool that can induce the
heat conduction of the thermal wave into the material. These effects can be limited by
using ultrashort laser pulses that can induce the sudden vaporisation of the material with
a limited contribution of fusion for giant laser peak powers [11–13]. Several works in
the literature show that the ultrashort laser processing of NiTi SMAs can offer a high
level of precision and negligible microstructural alteration [14–18]. Additionally, other
technological solutions for limiting the heat transfer are the performance of laser cutting
under a liquid [19], using water-jet-guided laser-beam machining [20], and short-emission
wavelengths in the green and ultraviolet fields [15,21]. Good functional performance can
be achieved, but their use in the industrial environment is far from real application.
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In all these solutions, the correlation between the temperature and time of the imposed
thermal cycle are not the only parameters that can affect the final functional properties of
NiTi elements. The initial microstructure can be another relevant aspect that can limit or am-
plify the effect of the heat transfer on the microstructural evolution and the corresponding
functional behaviour of NiTi SMAs [22,23].

Moreover, other difficulties can be found in the laser cutting of NiTi in cold-worked condi-
tion, which exhibits a finer microstructure, and the risk of sensibility to the heat is higher [24].

For this reason, the present study has the goal of investigating the effect of the initial
microstructure of a Ni-rich NiTi alloy considered in cold-worked and straight-annealed
conditions on the laser-cutting performance and the corresponding functional performance
of diamond-like elements.

2. Experimental
2.1. Laser-Cutting Process

Straight-annealed and cold-worked 100 µm thick superelastic NiTinol sheets (etched
condition, supplied by the Memry-Saes Group) were laser-cut using a femtosecond laser
source (mod. Pharos-10W from Light Conversion). The main characteristics of the laser
source used for cutting are listed in Table 1.

Table 1. Technical specifications of the femtosecond laser source used for the cutting experiments.

Characteristics Value

Max average power 10 W
Pulse duration <290 fs

Pulse duration range 290 fs–20 ps
Max pulse energy >0.2 mJ

Beam quality TEM00; M2 < 1.2
Base repetition rate 1 kHz–1 MHz
Central wavelength 1028 ± 5 nm

Waist diameter 30 µm

Process optimisation was first performed on the straight-annealed (SA) NiTi sheets,
varying the number of laser passes (N = 50, 120, and 200), average power (P = 5, 7.5, and
10 W), and scanning speed (v = 300, 550, and 800 mm/s) in a full factorial design. Three
linear cuts, 15 mm in length, were replicated for each process condition. The fixed process
parameters were the following: (i) repetition rate = 600 kHz; (ii) focus position, placed on
the top surface; (iii) no assist gas.

In the case of the cold-worked (CW) sheet, only the number of the laser passes (N = 50,
100, 125, 150, and 175) was investigated. The cutting experiments were carried out in the
condition with the following process parameters: (i) P = 10 W; (ii) v = 550 mm/s.

These choices were made for the following reasons: the cold-worked material was
internally prepared because it is not achievable in the market; therefore, its amount was
limited. Moreover, due to the large strain hardening introduced in the material, the
base NiTinol sheets were irregular. This aspect introduced some focus shift during the
cutting; therefore, we investigated the effect of the number of laser passes, starting from the
combination of laser power and scanning speed (indicating the energy required for laser
processing the NiTi alloy) selected from the straight-annealed material.

After the selection of the most suitable process condition for straight-annealed and
cold-worked NiTi, the diamond-like elements were laser-cut in both material conditions, as
depicted in Figure 1.
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Figure 1. Schematic of the laser-cut diamond-shaped device (D = 5.9 mm and d = 1.7 mm).

2.2. Chemical Etching

After laser cutting, the diamond elements were also subjected to chemical etching in
order to remove the dross and surface irregularities caused by the thermal processing. The
acid solution used for this process comprised 50% H2O, 40% HNO3, and 10% HF for 2 min.
This procedure was applied for the elements subjected to stress–strain testing.

2.3. Characterisations

The samples containing the linear cuts and the diamond-like elements were analysed
with a scanning electron microscope (Leo Electron Microscope 1430, Zeiss, Aalen, Germany).

Mechanical testing was carried out with dynamic mechanical analysis (DMA, mod.
Q800 from TA Instruments, United States) to obtain the force–displacement response at
different temperatures (30 and 100 ◦C). The maximal applied force was 17.9 N with a
loading/unloading rate of 0.200 N/min.

The operating temperatures of the martensitic transformation were detected with a
differential scanning calorimeter (DSC, mod. SSC 5200 from Seiko Instruments, Japan).
Complete thermal cycles were carried out within a temperature range between −100 and
+100 ◦C, with a heating/cooling rate of 10 ◦C/min.

3. Analysis of Results
3.1. Femtosecond Laser Cutting of Straight-Annealed NiTi Sheets

The process–ability map obtained from the full factorial analysis performed at varying
laser power levels, scanning speeds, and number of laser passes on NiTi straight-annealed
sheets is reported in Table 2.

In the case of 50 scans, only one condition was able to realise a through cut of the
sheet. This was the case of the cut with the highest power and the lowest process speed,
producing the maximal energy transferred to the material. By increasing the number of
scans to 120 and 200, the process–ability window could produce an enlarged through cut
and lower power values. Even with the adoption of 200 scans, the lowest studied power of
5 W was not able to generate through cuts with any studied process speed level because
the energy was too low.
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Table 2. Process–ability map indicating the realisation of complete through-cut edges (represented
by X) and blind-cutting edges (represented by O) while varying the investigated process parameters.

Number of Laser Passes
Speed (mm/s)

n = 50

Power (W) 800 550 300

10 X X O
7.5 X X X
5 X X X

n = 120 Speed (mm/s)

Power (W) 800 550 300

10 X O O
7.5 X X O
5 X X X

n = 200 Speed (mm/s)

Power (W) 800 550 300

10 O O O
7.5 O O O
5 X X X

The through cuts were evaluated with SEM analysis. The most representative SEM
pictures of the laser-cutting edges are shown in Figure 2, while the measurements of the
entry and exit kerf widths, performed only in the case of complete through cuts, are depicted
in Figure 3. The SEM images allowed for carrying out qualitative analysis for evaluating
the integrity of the kerf, such as the uniformity of the kerf width and the presence of recast
material. In particular, the amount of recast material in the selected process conditions
of Figure 2 varied largely. In the case shown in Figure 2a,b, the recast material was quite
limited and it was present almost only in the exit side, while it increased largely in the case
of Figure 2c, placed on both the entrance and exit sides. A higher amount of recast can
depend on the excess of energy supplied to the material.
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the material.

Figure 3 shows the kerf widths on the entry and exit sides of the cuts, only in full
penetration conditions. The analysis was carried out in relation to the kerf width with the
total energy E given the material, which could be calculated as shown in Equation (1):

E =
P
v
∗ n (1)

where P is the laser power, v the scanning velocity, and n the number of scans.
Figure 3 shows that the trends for the entry and the exit sides were completely different.

On the entry side, the kerf width was almost distributed in an interval in the range of
around 33–44 µm. The variability in the measurements was not dependent on the specific
process condition, and it mainly depend on the laser beam size that was incident on the
upper surface.

On the other hand, the exit kerf showed different behaviour. It tended to increase when
the total energy increased for the number of laser passes equal to 120 and 200. As it could be
expected, higher energy increased the material removal rate and consequently increased the
width of the exit kerf. The same trends could be observed on a smaller scale among the cuts
performed with the same number of scans. The dross was the main feature that generated
irregularities on the exit surface and created the variability in the observed kerf.

In order to define the best condition for the cut, both geometrical and heat accumu-
lation considerations needed to be taken into account. The use of the highest number
of laser passes promoted a large amount of recasting because of the exceeding energy;
therefore, these conditions cannot be considered to be suitable for the precise cutting of NiTi
functional elements. With the use of 120 number of laser passes, the condition characterised
by P = 10 W and v = 550 mm/s allowed for achieving a reasonable fine kerf width, and
limited oxidation and heat alteration.

Under this selected process condition, it was possible to cut through the straight-annealed
sheet, generating minimal effects on the base material, which preserved its functionality.
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3.2. Laser Cutting of Cold-Worked NiTi Tapes

The cold-worked NiTi alloy presented higher sensitivity to heat, hindering the process
for the two following reasons: (i) from a microstructural point of view, its microstructure
was finer than that of the straight-annealed alloy, so a smaller amount of heat could
thermally damage the material much more; (ii) from a technological point of view, the
high degree of plastic deformation required to suppress the martensitic transformation
rendered the sheets less flat, so the laser cutting appeared to be more unstable. Some
possible issues, such as possibly being out of focus, variable focal distance, and the motion
of the part during the cutting for material relaxation, could render the laser-cutting process
less repeatable and more unstable in the realisation of a complete through-cut edge.

First, a study to understand how to realise a through cut on a cold-worked sheet was
carried out, keeping all the parameters obtained for the straight-annealed sheet optimisation
constant, and only varying the number of scans during the process due to the two following
reasons: (i) cold-worked and straight-annealed sheets have the same chemical composition,
so the energy required by the material to be vaporised and partially melted can be assumed
to be constant; (ii) due to the deflections of the cold-worked sheets, it was assumed that the
number of laser pulses could be adjusted to achieve a through and stable cutting.

The experiments were carried out at varying number of scans of 50, 100, 125, 150,
and 175. Figure 4 shows the SEM images of the cutting edges at both the entrance and
exit sides, carried out in some representative process conditions. The use of 50 laser scans
allowed for achieving a blind kerf, as the total energy transferred to the material was below
the threshold: this result was in good agreement with the previous results obtained for
straight-annealed NiTi tapes. Therefore, SEM analysis was carried out only for the through
cutting edges. The morphology of the kerf appeared to be more irregular in the case of the
cold-worked alloy, and the dross formation was more intense than that in the case of the
straight-annealed alloy. As previously mentioned, cold-worked tapes are characterised by
a finer microstructure, induced by cold rolling, and by consequent residual stresses. The
latter feature can be released by the thermal energy coming from the laser beam in the form
of the distortion of the NiTi tapes, provoking an unstable condition of cutting not entirely
inside the depth of field. The presence of a higher amount of dross could have been due to
the more difficult material evacuation during the cutting.
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Figure 4. SEM images of the entry and exit kerfs at varying numbers of laser passes on the cold-
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(c) P = 10 W; v = 550 mm/s; n = 150; (d) P = 10 W; v = 550 mm/s; n = 175.

By increasing the number of laser scans, the damage caused to the material became more
evident, shown by the presence of a larger amount of recast material on the cutting edge.

Figure 5 shows the evolution of the kerf width values measured at the entrance and
exit sides. The graph shows that a parabolic trend of both kerf widths was achieved with
the increase in the number of laser passes. In detail, at 50 scans, the width on the entry kerf
was below 10 µm, while for a higher number of laser passes (from 100 up to 150 scans), the
width was in the range of 20–30 µm; for 175 scans, it was reduced down to 15 µm.

The limited dimension of the kerf realised at 50 laser passes depended on the insuf-
ficient energy transferred to the material; therefore, the cutting edge did not completely
penetrate the tape thickness. By increasing the number of laser passes, the total energy was
increased sufficiently for promoting a complete through cutting edge.

After this investigation, the best conditions for cutting the cold-worked NiTi tapes
were the following: P = 10 W; v = 550 mm/s; n = 150 scans.
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Figure 5. Trend for entry and exit kerfs of linear cuts on cold-worked NiTinol sheet at varying
numbers of laser passes.

3.3. Processing of Straight-Annealed and Cold-Worked Diamond-like Elements

According to the process parameter selection carried out in the previous sections of
this work, diamond-like elements in SA and CW NiTi were laser-cut. A representative
images of an NiTi element is shown in Figure 6. Some samples were left in the as-cut
condition, while others were subjected to chemical etching for removing the residuals of
the drops of melted material, which could be found on the element border. The procedure
indicated in the experiment section was implemented in the same way for both the SA and
CW NiTi elements. SEM images showing the curvature of the diamond-like element as
representative of the most critical part of the NiTi element in the as-cut and chemical etched
conditions are shown in Figure 7. The present analysis was carried out to check the quality
of the final surface of the NiTi elements. After chemical etching, the borders were cleaner
from some small irregularities, linked to some residuals from the limited melting and the
vaporisation of the alloy.
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The functional characterisation of the NiTi diamond-like elements in both the SA and
CW conditions was carried out through differential scanning calorimetry in order to detect
the transformation temperature and through-force–displacement curves, obtained upon
loading and unloading, to test the superelasticity.

In detail, the DSC scans of the laser-cut sample were analysed and compared with the
ones of the initial material present in the SA condition (see Figure 8). The two DSC scans
almost completely overlapped with each other. The peaks of the martensitic transforma-
tion (MT) of the SA laser-cut diamond-like element were slightly shifted towards lower
temperatures, probably due to the limited heating correlated to the laser-cutting process.
This result was in good agreement with the ultrashort laser cutting of NiTi SMAs already
published in the literature [6]. In fact, vaporisation induced by ultrashort laser cutting
can largely limit the heat transfer in the material of the workpiece, provoking a negligible
thermal alteration.
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The evolution of the superelasticity of the diamond-like element, laser-cut in SA
condition, was studied via the static force/displacement curves, performed at low (30 ◦C)
and high (100 ◦C) temperatures, and is reported in Figure 9. In good agreement with
the DSC characterisation, the element was fully austenitic at 30 ◦C. In fact, the typical
flaglike curve was revealed during the loading/unloading testing. A force of 1.6 N was
achieved at the plateau of the force/displacement curve upon loading, and about 0.7 N
upon unloading.
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On the other hand, when heated up to 100 ◦C, the element lost the superelastic
behaviour, and only a linear path upon loading and unloading was reached. Figure 10
shows the superelastic behaviour of the SA diamond-like element in the as-cut and chemical
etched conditions. The plateau force values were shifted down to lower values because
of the material removal induced by the chemical etching; a similar change was also seen
for the maximal displacement, which could be increased in correspondence of the etched
sample. The force–displacement curves were very similar to each other, and no evident
differences could be detected.
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Figure 10. Comparison of static force/displacement curves at 30 ◦C before and after chemical etching.

The DSC scans of the laser-cut sample were analysed and compared with those of
the initial material present in the CW condition (see Figure 11). Nno evident peaks of the
martensitic transformation could be observed in the initial CW material; similarly, after
laser cutting, the DSC scan exhibited some peaks upon heating and cooling. This may have
been due to the effect of the laser cutting, which promoted the phase transformation. As in
the case of the SA NiTi, no evident differences were seen in the DSC analysis. In the case
of the CW NiTi, the material was overheated by the laser beam, and similar laser process
conditions could provoke different responses in the material. The finer microstructure
of the CW NiTi was more sensitive to the heat transfer, and this could induce a different
thermal response of the material.
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Figures 12 and 13 show the force–displacement curves of the CW diamond-like ele-
ments at varying testing temperatures and material conditions, respectively.
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The mechanical behaviour observed at 30 ◦C was not in a complete linear path, but a
limited hysteretic loop was visible. The loading/unloading testing carried out at 100 ◦C
highlighted a change in the Young modulus and maximal strain that occurred at the
maximal force applied during the test. For better understanding the mechanical behaviour
of the laser-cut element manufactured from the CW NiTi tape, Figure 13 shows the force–
displacement curve of both the as-cut and etched samples. The chemical etching promoted



Metals 2023, 13, 16 14 of 15

higher superelasticity, which allowed for reaching a maximal displacement of 800 µm,
double than that of the case of the as-cut sample. This indicates that the chemical etching
allowed for not only removing the thin layer of melted and overheated material, but also
for highlighting that the NiTi element, previously in CW condition, was heat-treated with
the laser processing to induce the martensitic transformation, as suggested in other papers
in the literature [25,26].

The obtained superelastic response of the CW laser-cut diamond-like element could
not be compared with the one from the SA element: the displacements were valued at
800 and 2800 µm, respectively. The transformation temperatures and the enthalpies of the
martensitic transformation were also largely different for the CW laser-cut and SA elements.
These differences can be explained by the fact that the CW material requires a more intense
thermal cycle for promoting optimal functional performance, as expected from the SA
material. Femtosecond laser cutting could also induce different thermal alterations, starting
from different material conditions (CW vs. SA) that can be associated with different initial
microstructures. The finer and stressed microstructure of the CW NiTi was more sensitive
to the heat supplied by the laser beam than the SA sample was, which had previously been
heat-treated. Consequently, some changes in material performance could be detected easier
in the CW than those in the SA NiTi.

4. Conclusions

Optimal parameters for the femtosecond laser cutting of straight-annealed superelastic
NiTi sheets were obtained and used as a starting point for the definition of the cutting of
cold-worked sheets with the same laser. Straight-annealed diamond devices cut without
any large thermal affection to the base material were used as a benchmark for superelasticity
quality evaluation.

The process parameters adopted for cutting the cold-worked material generated
superelasticity in the diamond-like elements through overheating imposed on the material
during the machining. The higher thermal load given to the material was linked to the
different properties of the cold-worked material compared to those of the straight-annealed
one: the microstructure in first case was finer, and the sheet was not flat, causing problems
of focusing that required 20% more scans to be used to cut through. The diamond-like
elements manufactured from the cold-worked NiTi showed initial superelasticity that was
largely minor with respect to the straight-annealed elements. This effect can be explained
by the higher heat sensitivity of the cold-worked material, even to the limited heat transfer
obtained in ultrashort laser processing. This study indicated that the plastic deformation
degree and the next annealing for manufacturing NiTi components could be optimised in
view of the laser cutting process.
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