Progress in Additive Manufacturing (2021) 6:321-337
https://doi.org/10.1007/540964-020-00155-1

FULL RESEARCH ARTICLE

=

Check for
updates

Towards an understanding of the functional properties of NiTi

produced by powder bed fusion

Adelaide Nespoli'
Giuseppe Sala? - Francesca Passaretti'

- Antonio Mattia Grande? - Nicola Bennato' - Daniela Rigamonti? - Paolo Bettini? - Elena Villa' -

Received: 28 April 2020 / Accepted: 24 October 2020 / Published online: 9 November 2020

© Springer Nature Switzerland AG 2020

Abstract

In this work, near fully dense NiTi components have been fabricated using a 55.2Ni-Ti (wt.%) powder through selective
laser beam melting. The effect of the manufacturing process on mechanical and functional properties of the selected NiTi
alloy has been systematically investigated by tuning the hatching distance, %, and the scanning speed, v, in order to define
a set of 12 NiTi families. The as-built NiTi parts present phase transformation temperatures higher than those of the feed-
stock, ascribed to the depletion of Ni during the process. Pseudoelasticity and shape memory responses have been evaluated
through uniaxial compression and bending measurements, respectively. Both quasi-static and dynamic analyses have been
considered. It is shown that the resulting material may exhibit distinct damping and strain recovery responses depending on

the used process parameters.

Keywords Additive manufacturing - powder bed fusion - NiTi - Pseudoelasticity - Shape memory alloys - Damping

1 Introduction

Nickel-Titanium (NiTi) alloys are known for their pseudoe-
lastic and shape memory mechanical behaviors, which occur
following a first-order and reversible thermo-elastic trans-
formationbetween two solid phases, austenite and martensite
stable at high and low temperatures, respectively. These two
mechanical responses are mainly attributed to the Ni-Ti
ratio and secondly to the thermo-mechanical history of the
material; both aspects influence the phase transformation
temperatures of the alloy and consequently determining the
functional properties of the material [1]. The main char-
acteristic of NiTi is the ability to reach and recover high
deformations when subject to a thermal cycle under load
(shape memory effect) or during a loading/unloading cycle
at constant temperature (pseudoelasticity). In both cases, the
resulting mechanical work has been exploited in practical
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applications as actuators and sensors [2, 3], spanning from
aerospace to biomedical industries [4, 5]. Lightness, com-
pactness, noiseless and thermo-mechanical cyclic stability
are the leading characteristics of NiTi-based devices [6].
However, the poor workability by means of conventional
processing techniques limits the use of NiTi; a poor work-
piece quality and a rather simple final geometry that often
is in the form of wires, springs or tapes [7, 13], are the two
main concerns deriving from the difficult processing.

In recent years, additive manufacturing has proven to
be an alternative production process of many metal alloys
[14]. As opposed to subtractive technologies, it uses material
only where it is needed and allows extending the freedom
of design and manufacturing of complex structures in a sin-
gle fabrication step. In particular, according to ISO/ASTM
52,900, Laser Beam Melting (LBM), also known with the
name of Selective Laser Melting (SLM), is a powder bed
fusion process that uses a laser beam source to selectively
melt metal micrometric powder, layer by layer following
a 3D CAD model. It allows producing three-dimensional
objects limiting the use of tools and overcoming the prob-
lems related to traditional technologies [15].

One of the main advantages is the possibility to produce
net-shape or near-net-shape components that can potentially
expand the field of applications of NiTi [16, 20]. At present,
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the great part of the works concerning the production of
NiTi parts by LBM, deals with the study of the effects of the
process parameters on the microstructure and the thermo-
mechanical response [21, 25]. With this regard, the laser
energy input is one of the main criteria as it counts for the
main process parameters. The laser energy density E of a
continuous wave emission laser is often evaluated according
to the following simplified relationship [26]:

p
E =
h-v-1l M

where P is the laser power, v is the scanning speed, [/ is the
layer thickness, & is the hatching distance. For NiTi alloys,
values of E in the range of 55-222 J/mm? provide high den-
sity and low porosity level within the produced samples [22,
25,217, 29, 31]. Some selective laser melting machines use
pulse wave emission laser, which present unique process
parameters due to the laser pulse mechanism [32-34]. For
these devices, the laser energy density can be approximated
to [35]:

Pt
E_h-d-l &

where # is the exposure time and d is the point distance.
Among the main works on this topic, Haberland et al.
[22], Saedi et al. [28] and Walker et al. [21] studied differ-
ent compositions of NiTi. Haberland [22] investigated NiTi
alloys, from shape memory to pseudoelastic, and found that
the phase transformation temperatures increase with the
increasing of E. It was established that a minimum E of
about 200 J/mm? is required to fully consolidate the material
and that the process parameters need to be adjusted to have
E as low as possible. So, a set of optimized process param-
eters was defined: 77 W (P), 200 mm/s (v), 120 um (h),
50 um (/), which gave a laser energy density of 234 J/mm>.
The effects of post-processing, such as solubilization and
aging were also reported. Saedi [28] focused on NiTi with
50.8 at% of Ni and on one set of process parameters: 250 W
(P), 1250 mm/s (v), 120 um (h), 30 um (/), which result
in a laser energy density of 55.5 J/mm?>. They solubilized
samples and tested two aging temperatures through micro-
hardness, compression and strain recovery measurements.
Walker et al. [21] studied a NiTi alloy with 50.09 at% of Ni.
It was evaluated the effect of both a high and a low energy
input by varying the laser power P between 45 and 300 W
and the scanning speed v between 100 and 3000 mm/s. It
was found that when P is held constant, the relative den-
sity of the printed parts decreases with the increasing of
v. Based on their results, they defined an optimum set of
process parameters (same as the ones presented in [28]):
250 W (P), 1250 mm/s (v), 120 pm (%), 30 um (), which
gave a laser energy density of 55.5 J/mm?. They found an
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increase of the phase transformation temperatures after the
laser beam melting process ascribed to Ni evaporation and
established that the shift of the temperatures increases with
the increasing of E.

Furthermore, changes of the phase transformation tem-
peratures and consequently of the final functional perfor-
mances of the printed part were observed in [23]; these
changes were attributed to a change of the microstructure of
the final part with respect to the NiTi powder.

During laser beam melting process, the metal undergoes
to extremely rapid super-heating and under-cooling, generat-
ing ultrafine microstructure and high residual stresses inside
the as-built material. As recently reported [26], the change
of microstructure of NiTi produced through selective laser
beam melting process is related to one or more the following
causes: Ni loss by evaporation, oxygen pickup, precipitation,
strong texture, high density of dislocations, residual stresses,
inhomogeneous grain size distribution and microstructural
heterogeneity. Therefore, a deep understating of the link
between the process and both thermal and functional prop-
erties is fundamental to produce reliable components with
the desired properties.

In this view, this research systematically studies func-
tional and thermo-mechanical properties of different NiTi
specimens fabricated by selective laser beam melting. At
first, a large set of process parameters was selected to pro-
duce near fully dense parts and avoid discontinuous struc-
tures and irregular track morphology. To this end, families
with identical laser power, P, and layer thickness, /, but dif-
ferent 4 and scanning speed v parameters have been con-
sidered. Therefore, a matrix of (4, v) values was defined
and used to understand and to deepen the variation of the
microstructure, the phase transformation temperatures and
the mechanical response of NiTi parts. A thermal-treatment
based on solubilization at high temperature was also adopted
to tune and homogenize the microstructure of the processed
material. Dynamic study and damping response were inves-
tigated to explore the link between processing, post-process-
ing and functional properties of the selected NiTi alloy.

2 Material and methods

Gas atomized NiTi powder was manufactured and supplied
by TLS Technik GmbH & Co. Spezialpulver KG (Bitter-
feld, Germany). Particles have spherical shape (provided
diameter <45 um) and chemical composition as reported in
Table 1. SEM images of the received powder are reported
in Appendix A.

NiTi parts were produced by a Renishaw AM400 machine
operating with a 400 W fiber laser in pulsed wave emission
and producing a spot diameter of approximately 70 um at the
focal point. Prior to processing, vacuum was applied (oxygen
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Table 1 Elemental composition of NiTi powder (wt.%)

Ti Ni C o N H

bal 55.2 0.005 0.069 0.0025 <0.001

level lower than 500 ppm), and the build chamber was filled
with Argon. No preheating was applied to the build platform.

Rectangular bars, 3 x3x15 mm?, were produced with
a meander strategy in a reduced build volume (RBV,
78 x 78 x 55 mm?). The parts were produced directly on
a Ti-based platform with the main axis parallel to the z
axis of the machine; in place of the supports, each speci-
men was designed with a 1 x 1 mm? tip end. A CAD model
and a sketch of the NiTi bars and of the production run are
reported in Fig. 1.

During the manufacturing process, the laser power P,
the laser point distance d and the layer thickness [ were
kept constant at 250 W, 60 um and 30 pum, respectively.
Besides, three laser exposure times were considered: 60,
48 and 40 ps. Therefore, the laser speed, calculated as the
ratio between the laser exposure distance d and the laser
exposure time 7, were 1000, 1250, 1500 mm/s, respectively.
Moreover, four hatching distance values were selected: 50,
75, 100, and 120 um. Consequently, the NiTi production
run is made up of 12 families (named from F1 to F12), com-
posed by 3 samples each (see Table 2). Along with the main
process parameters, a set of secondary parameters associated
to the borders was contextually defined (see Appendix B).
This supplementary set of process parameters are specific
of the used powder bed fusion machine and was defined in
accordance with the experience perfected on other metallic
materials.

The absolute density of the as-built NiTi specimens was
measured by the Archimedean method through an analyti-
cal balance (Gibertini E50/S2); mean density was calcu-
lated over three measurements per sample and at least two
samples per family were considered. The Vickers’ hardness

120

(a) ~ 10

(VH) measurements were carried out using a micro-hardness
tester (Leitz Miniload 2) under 200 g load and 15 s indenta-
tion time; mean VH was calculated over ten measurements
at different locations per sample.

Phase transformation temperatures of the NiTi alloys
were investigated by differential scanning calorimetry (DSC,
Q100 TA Instr.). Analyses were carried out with a heating/
cooling rate of 10 °C/min in the [— 120 to 150 °C] range
over two cycles per sample. The identification of the char-
acteristic temperatures was achieved by the tangent method.
Phase transformation temperatures were also examined in
solubilized samples to verify Ni loss during the process. Sol-
ubilization was done at 950 °C for 5 h (final water quench).

The microstructural analysis of the NiTi powder as well
as of the printed specimens was carried out by an X-ray
diffraction (XRD) analyzer (PANalytical X* PERT PRO
instrument) at room temperature. Additionally, an Energy
Dispersive X-ray Spectrometer (EDS, INCA ENERGY 200
Oxford Instr.) connected to a scanning electron microscope
(SEM LEO 1430) was employed to analyze printed parts.

Mechanical response in quasi-static loading condition
was evaluated by compression tests at fixed temperature and
by strain recovery analysis at fixed stress. To avoid buck-
ling during compression tests, the height of each bar has
been reduced to 5 mm through a non-consumable diamond
blade and the contacting surface were refined by means of
metallographic grinding. Compression measurements were

Table2 Matrix (4 rows, 3 columns) representing the twelve NiTi
families

t=60 ps t=48 ps t=40ps
v=1000 mm/s v=1250 mm/s v=1500 mm/s
h1=50um Fl1 F2 F3
h2=75um F4 F5 F6
h3=100pum F7 F8 F9
h4=120pum F10 F11 F12

Fig.1 CAD model (dimensions in mm), (a), and sketches of the NiTi bar and of the production run, (b) and (c)
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accomplished by an MTS 2/M machine (10 kN load cell)
connected to an extensometer, at 0.5 mm/min crosshead rate
and at Af+ 10 °C (where Af is the austenite finish tempera-
ture resulting from DSC analysis). Five loading/unloading
cycles at 4% strain were accomplished. Strain recovery was
assessed in the three-point bending configuration in a Q800
(TA Instr.) device; homemade steel holders were fixed on
to Q800 clamp to reduce the span length to less than 7 mm.
Samples were prepared to have tape geometry with length
of 12 mm, width of 3 mm and thickness lower than 0.4 mm.
Strain recovery measurements were accomplished at 50,
100, 150, 200 and 250 MPa in the [— 70 to 150 °C] range
with a heating/cooling rate of 5 °C/min.

Dynamic analyses were carried out with an Instron Elec-
troPuls E3000 instrument equipped with a thermal chamber.
Samples were prepared to have the same geometry of quasi-
static compression tests. Measurements were accomplished
at Af+ 10 °C temperature, at 4% strain for 10’ loading/
unloading cycles and at a solicitation frequency of 1 Hz.

Damping response in quasi-static and dynamic loading
conditions was evaluated by the loss factor n) [36], which is
defined by the following equation:

I (A
"= 2-7- Wloading D
where, W is the loss energy and it is the area between the
loading and unloading curves, W4 is the mechanical
energy stored during the loading path, and the W/W,,, ratio
is the specific damping capacity. Finally, the depth of the
melt pools was estimated through ImageJ open source soft-
ware from optical micrographs. In this analysis, microscope
images (taken by a Leitz-ARISTOMET light optical micro-
scope) have been used. For microscope observations, sam-
ples were embedded in epoxy resin and then mechanically
grounded and polished up to 2500 grit papers, followed by
surface refining with micrometric diamond powder (from 6
to 1 pm of powder dimension), and then chemically etched
with 3%HF + 12%HNO3 + 85%H20 for 30 s (three separate
steps of 10 s each).

3 Results
3.1 Powder characterization

The result of the DSC analysis of the supplied NiTi powder
is reported in Fig. 2 and Table 3. The DSC trend is character-
ized by multi peaks that are reasonably due to inhomogeneity,
i.e., local change in composition and crystalline size [23].
Table 3 reports the phase transformation temperatures and
the transformation enthalpies of the NiTi powder before and
after the production run. After the first production run, the
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Fig.2 DSC of the provided NiTi micrometric powder before (black
line) and after (grey line) the first production run

NiTi powder presents thermal properties similar to that of the
feedstock; negligible fluctuations of few degrees centigrade
were observed for the phase transformation temperatures.

3.2 Density and micro-hardness

Figure 3 shows a photograph of the NiTi production run;
NiTi parts are grouped in a 4 X 3 matrix where each element
represents a family of process parameters. The laser energy
density (J/mm?) related to the 12 NiTi families is reported
in Table 4. It can be noticed that there are two couples of
NiTi elements, in the position (1;3), (2;1) (i.e., families F3
and F4) and (3;3), (4;2) (i.e., families F9 and F11), with the
same laser energy density, 111.1 J/mm? and 55.6 J/mm?, but
with different h and v parameters.

Figure 4 reports the density percentage and Vickers’
hardness data as a function of the laser energy density. For
each family, the density percentage was calculated as the
ratio between the measured absolute density and the den-
sity of the NiTi as bulk (6.45 g/cm® [37]). Results confirm
that the set of process parameters selected in this study is
appropriate as the most specimens are near fully dense alloys
with density higher than 99% (for comparison, Appendix
A reports an optical microscope observation); further-
more, the density is almost constant with the increasing
of the laser energy, except for F1 family for which density
is lower. Major details are reported in the density maps of
Fig. 5 where it can be seen a broad area in which density is
maximized. In contrast, micro-hardness is rather depend-
ent by the process parameters, clearly indicating the effect
on mechanical performances depending on the resulting
material microstructure after the selective laser melting
production. An absolute minimum is visible near 80 J/mm?,
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Table 3 Phase transformation Cooling Heating

temperatures of the NiTi

powder before and after the first Ms Pl P2 Pc3 Mf AH, As Py1 P2 Af  AH,

production run [°Cl [*C [ [°C] [°C] gl [°C] [*Cl [°Cl €] [Vgl
Feedstock 10 -5 =223 -392 -685 153 -345 -—-147 134 282 154
After first 98 -3 -—-295 -395 -—-725 214 -—428 -16 125 26 17.52

production
run

Fig.3 Photograph of the NiTi production run; the different quadrants
identified the 12 sample families obtained through different process-
ing parameters

which corresponds to a low scanning speed (1000 mm/s)
and 100 um hatching distance (F7 family), see the map of
Fig. 5. Besides, it was observed that the micro-hardness is
high when the parameters (hatching distance and scanning
speed) are £=50 pm and v=1000 mm/s (F1 family) and
h=120 um and v= 1500 mm/s (F12 family).

3.3 Microstructure and thermal properties
Figure 6a, b reports the phase transformation temperatures

of the 12 as-built NiTi families (As, Af, Ms and Mf are the
start and finish temperature of austenite, A, and martensite,

Table4 Laser energy densities [J/mm?’] of the twelve NiTi families

M, respectively). Results show that all the printed parts
have Af higher than that of the provided NiTi powder (see
Table 3) and out of the pseudoelasticity field (that was
assumed below 25 °C). Hence, from DSC data, it can be
established that a microstructural change occurs through the
laser beam melting process since the NiTi material lost the
pseudoelastic property [1]. Furthermore, the 12 combina-
tions of the process parameters generate 12 different NiTi
families each of them with specific phase transformation
temperatures. No particular trend with the laser energy is
observed; the lowest Af is at =100 pm and v= 1000 mm/s
(F7 family), and the highest Af is observed at =100 um
and v=1500 mm/s (F9 family), see the graph and the map
of Fig. 6¢, d. A microstructural change is confirmed by XRD
spectra taken at room temperature: in Fig. 7, it can be seen
that the feedstock powder is in the austenitic phase while the
12 families show some minor peaks representing the B19’
martensite phase, superposing those of the austenite.
Figure 8 depicts the phase transformation temperatures
of the 12 NiTi families after solubilization at 950 °C. The
applied thermal treatment slightly homogenizes the trans-
formation temperature for all families (Fig. 8a, b). Narrow-
ing of transition peaks is also detected, indicating a more
homogeneity in the material composition (see Appendix E).
Furthermore, all samples still present phase transformation
temperatures higher than those of the NiTi powder.

3.4 Mechanical and functional responses

In the austenite phase, samples of all families show the char-
acteristic hysteretic pseudoelastic behavior; Fig. 9 reports

1 2 3
1 166.7 133.3 111.1

(F1: h=50 pum; v=1000 mm/s) (F2: h=50 pm; v=1250 mm/s) (F3: h=50 pm; v=1500 mm/s)
2 111.1 88.9 74.1

(F4: h=75 pm; v=1000 mm/s) (F5: h=175 pm; v=1250 mm/s) (F6: h=175 pm; v=1500 mm/s)
3 83.3 66.7 55.6

(F7: h=100 pum; v=1000 mm/s) (F8: h=100 um; v= 1250 mm/s) (F9: h=100 pum; v= 1500 mm/s)
4 69.4 55.6 46.3

(F10: h=120 pm; v=1000 mm/s)

(F11: h=120 um; v= 1250 mm/s)

(F12: h=120 um; v= 1500 mm/s)
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Fig.4 Density percentage and micro-hardness of the 12 NiTi families
as a function of the laser energy density

the compression curves registered at Af+ 10 °C of a repre-
sentative as-built sample of F6 family (compression curves
of all the families are reported in Appendix C). Different
mechanical responses have been observed between samples;
the main mechanical outcomes are collected in the graphs of
Fig. 10, which represent the residual strain and the maximum
stress as a function of the mechanical cycle and in the map of
Fig. 11 where the austenite elastic modulus (E,) and the loss
factor as a function of the process parameters are reported.
Firstly, in Fig. 10, a gradual stabilization with cycling is
observable: in the first cycle there is the highest residual
deformation (sample of F12 family has the highest perma-
nent deformation after the first mechanical cycle). At the
fifth loading—unloading cycle, all samples present an almost
stable mechanical response (see also Appendix C). The max-
imum stress slightly increases with mechanical cyclic; the
maximum stress is achieved by the samples of F2 and F9

120 density [%] —

110
100
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80

Hatching [um]

70

60

50
1000

1100
(a) Scanning speed [mm/s]

1200 1300 1400 1500

families. Austenite elastic modulus, E,, was evaluated in
the first cycle between 100 and 200 MPa. It was found that
E, does not change significantly with process parameters
(see Fig. 11a): the highest modulus (near 60 GPa) has been
observed with =75 pm and v=1000 mm/s (sample of F4
family); the austenite elastic modulus of the other speci-
mens is near 40 GPa. Sample of F1 family present the lowest
E,. Figure 11b reports the loss factor calculated through
the pseudoelastic curves of the quasi-static tests. It can be
noticed that the sample with the highest damping property
is the one obtained with A =120 pm, v=1250 mm/s (F11
family). Figure 12 depicts the elastic modulus and loss fac-
tor as a function of the laser energy density; it can be seen
that both of them do not show noticeable variations with
respect to the laser energy, except at high laser energy den-
sity, where the elastic modulus presents an anomalous value.
In dynamic condition, the flag-shaped pseudoelastic curve
is hindered. As an example, Fig. 13 depicts a representa-
tive dynamic response at the first, at the second and at the
1000th cycles. Furthermore, Fig. 14 shows that at 1 Hz and
in stabilized condition (1000th cycle), the loss factor is near
one order of magnitude lower than that registered in quasi-
static condition. It can be noticed a diagonal area from left to
right in the map of process parameters with high loss factor
values. The sample with the highest loss factor is the one
obtained with #=100 um and v=1000 mm/s (F7 family).
A representative example of functional response by
strain recovery analysis of NiTi as-built sample is reported
in Fig. 15 where the strain recovery of a sample of F9 fam-
ily is represented (strain recovery curves of all the families
are reported in Appendix D). The trend of the maximum
strain and the thermal hysteresis as a function of the applied
stress during the stain recovery tests are displayed in the
two graphs of Fig. 16. It can be noticed the specimens of
F4 and F12 families have the highest recovered stroke; F12

HV,

120 —
110 |
100
90

80 |

Hatching [um]

70

60

50 =
100 1100 1200 1300 1400

(b) Scanning speed [mm/s]

1500

Fig.5 Density percentage (a) and micro-hardness (b) maps as a function of hatching distance and scanning speed parameters
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Fig.6 a, b Phase transformation temperatures of the 12 families of
the NiTi as-built samples (As, Af, Ms and Mf are the start and finish
temperature of austenite, A, and martensite, M). ¢ Af temperature as

sample also exhibits the highest thermal hysteresis. The
worst response has been registered on sample of F1 family.

Finally, Fig. 17a, b depict the estimated melt pool depths
as a function of the hatching distance and the laser energy
density, respectively. It is possible to observe that high melt
pool depths are obtained at low hatch distance and at high
laser energy density.

4 Discussion

The first outcome concerns the change of the phase transfor-
mation temperatures of the as-built specimens with respect
to the provided feedstock NiTi powder. The Af of the NiTi
powder is 28.5 °C; it means that the powder is classified as a
near body-temperature alloy whose applications are mainly

a function of the laser energy. d Af temperature as a function of the
hatching and scanning speed parameters

found in the biomedical field [5]. Nevertheless, these alloys
are defined as pseudoelastic materials due to the excess of
Ni. In this work, the Af of the selective laser melted prod-
ucts is higher than the feedstock independently from the
process parameters. According to DSC data, it was found
that Af varies from 45 to 90 °C while Mf changes from
— 25 to — 13 °C. Furthermore, no relationship with laser
energy density was found. The first reason of the increas-
ing of transition temperatures with respect to those of the
powder may be ascribed to the evaporation of Ni during
the process (55.2 wt.% Ni content in the feedstock powder).
This is confirmed by EDX analysis; as examples, Ni con-
tent of F2 and F3 families is 54.63 wt.% (0.32 st. dev.) and
55.13 wt.% (0.01 st. dev.), respectively. Precipitate formation
may also contribute in some extent to this effect [26]. Dis-
solution of precipitates and microstructure homogenization
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Fig.7 XRD spectra of the 12 NiTi families at room temperature
(arrows pointed the martensite B19" XRD peaks)

may be achieved through solubilization at high temperature.
After solubilization, NiTi parts still present Af higher than
that of the feedstock powder confirming that Ni loss occurs
during the process. As observable in the graph of Fig. 8c,
Af presents a trend with a maximum at 120 J/mm?. Consid-
ering the single process parameters (Fig. 8d), it can be said
that after solubilization, the lowest Af is at A=120 pm and
v=1000 mm/s (F10 family) which is different as the one of
the as-built condition; on the contrary, the highest Af is still
at h=100 pm and v= 1500 mm/s (F9 family).
Solubilization heat treatment was employed to confirm the
Ni loss during the process. Besides, further considerations
may be derived from the as-built specimens. It is known that
precipitates arise with aging [1]; in the presented work, the
formation of precipitates is thought to be principally enhanced
by the pulsed wave emission laser source, which generates
additional regions where aging occurs. These regions derives
from the overlapping of two consecutive laser spots (pulse
overlap). The pulse overlap occurs only for pulse wave emis-
sion lasers [34] and it principally depends on the point dis-
tance d and on the exposure time ¢ parameters. Since d was
kept constant in the present study, pulse overlap was mainly
ascribed to ¢ parameter. Furthermore, precipitation is also
pronounced for lower & values since the band of overlay-
ing of adjacent laser tracks (line overlap) increases with the
decreasing of 4. Besides, melt pool depth may also increase
the regions where material re-melts; re-melting causes fur-
ther aging on the near-by material. Considering the as-built
specimens, it was found that melt pool depth with low £ is
larger, as presented in Fig. 17a. Additionally, the melt pool
depth increases with the laser energy density (Fig. 17b). These
observations indicate that high 4 and low laser energy den-
sity have to be considered to avoid aging and the subsequent
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formation of precipitates, which affects the Ni—Ti ratio in the
material and promotes a coherent change of the material prop-
erties. As an example, Fig. 18 depicts the micro-hardness of
the 12 families as a function of the respective Af temperature,
it can be concluded that micro-hardness increases with Af
temperature. Since Af increases with the decreasing of Ni in
the matrix, it can be stated that precipitates and Ni loss may
also contribute to the increasing of micro-hardness. It is worth
underlining that the expected melt pool geometry is strongly
affected by the emission mode of the laser. In general, for con-
tinuous wave emission mode, the laser energy cannot be the
absolute factor to determine the melt pool dimension. Despite
the same energy density, the melt pool formation can be dif-
ferent depending on the examined laser process parameters as
well as the profile of the laser beam. In case of a pulse wave
mode, rapid cooling rate and higher curvatures of melt pools
are registered, resulting in finer columnar dendrite structures
with relative high tilting angle [34].

A further experimental evidence that is worth to high-
light, is the effect of / and v with respect to the laser energy
on the thermo-mechanical properties. Families with identi-
cal laser energy (F3 and F4; F9 and F11) but different &
and v parameters were studied. These couples of samples, in
spite of same laser energy density, have different mechani-
cal and thermal responses. Table 5 summarized the main
characteristics of these samples.

Data of Table 5 clearly indicate that the laser energy den-
sity can only be used as a preliminary guidance since it is not
sufficient for a full control of the overall performance of NiTi
parts produced by selective laser melting even though it sum-
marizes several active process parameters. It was found that
each (h, v) couple plays a predominant role in determining a
specific set of phase transformation temperatures and conse-
quently a precise mechanical and functional responses. With
this regard, samples of each family may be considered as a
pseudoelastic or as a shape memory material. In the austenite
field, quasi-static compression tests show well-defined pseu-
doelastic curves. In this condition, good damping performance
are exhibited by samples of F2 (h=50 pm, v=1250 mm/s)
and F11 (h=120 pm, v=12,500 mm/s). In dynamic condi-
tion, the mechanical curve loses the flag shape and the high-
est loss factors is exhibited by samples of F6 (h=75 um,
v=1500 mm/s) and F7 (h=100 um, v=1000 mm/s) families.

As concerns the shape memory effect, high strain recov-
eries at different stress levels and low residual strains have
been registered in quasi-static thermal cycles. In this regard,
the choice of =75 pum and v=1000 mm/s (F4 family)
and £A=120 pm and v=1500 mm/s (F12 family) produces
promising shape memory performance. Finally, in both the
quasi-static mechanical studies (compression and strain
recovery tests) as well as density measurements, the choice
of =50 ym and v= 1000 mm/s (which correspond to F1
family) has brought the worst outcomes.
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5 Conclusions

In this work, Ni-rich NiTi powder was used to fabricate
several NiTi components by selective laser melting. Find-
ings were collected to show the functional and mechanical
properties of the specimens and the effect of 4 and v process
parameters compared to those associated to the laser energy
density. Two fundamental outcomes were obtained:

1. A loss of Ni was observed on the as-built parts. This
caused an increase of the phase transformation temperatures
of the printed parts (with Af that varies from 45 to 90 °C)
with respect to the powder (Af=28.5 °C). Consequently, all
as-built samples performed the shape memory property at
room temperature.

2. Process parameters / and v resulted to be more effec-
tive than the laser energy density in defining the mechanical
performance. In particular, two couples of (4, v) parameters

@ Springer
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assure an increased dynamic damping response: (75 um,
1500 mm/s) and (100 um, 1000 mm/s). Besides, the shape
memory response is maximized when parameters are
(75 pm, 1000 mm/s) and (120 pm, 1500 mm/s).

Finally, in this work, no observations taken at differ-
ent locations of the sample are reported. In particular, the
mechanical response was observed considering the whole
sample. It is worth to point out that different locations may
present a specific microstructure due to different cooling
speeds. To this end, since NiTi alloys are very responsive to
a change of microstructure, it is recommended to evaluate
the effect of the geometry on the homogeneity of measure-
ments in case of more complex NiTi structures.
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Appendix A: SEM and optical microscope
observations

See appendix Figs. 19, 20.

Fig.20 Optical microscope images at two magnifications of representative as-built samples of F2 family perpendicular to the building direction
(a and b) and of F7 family along building direction (c and d)
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Appendix B: Process parameters for borders  Appendix C: Compression tests of all families

in as-built condition

Beam compensation 0.1 mm
Number of borders 2
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Appendix D: Strain recovery tests of all

families in as-built condition
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Appendix E: Extend of the austenite
and martensite peak in as-built
and solubilized conditions
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