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Experimental study of printing conditions
for a NiTi alloy obtained by SLM technique

M. Gragnanini, A. Fortini, C. Morales, F. Bucchi, B. D. Monelli, G. Macoretta

The widespread adoption of additive manufacturing (AM) techniques in biomedical device production, especially with
shape memory materials like NiTi alloys, is well-established due to their unique properties.

However, traditional manufacturing techniques face limitations when working with these alloys, prompting high interest
in AM research, with a special focus on the Selective Laser Melting (SLM) technique. In this study, a comprehensive
analysis of the printing conditions for NiTi alloys depositions through the SLM technique was conducted. With the
support of a previously explored analytical approach, experimental trials were designed to investigate the printability
of the NiTi alloy. NiTi samples were produced using an SLM machine with a maximum laser power of 500 W, operating
in continuous mode (also called pulsed), and with two different layer thicknesses, i.e. 30 um and 60 um. Experimental
analyses, including optical and electron microscopy were carried out to assess the microstructural characteristics of

the printed samples. Our findings enabled a preliminary exploration of the material's printability.
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INTRODUCTION

Additive manufacturing, also known as 3D printing, has
garnered significant attention in recent decades in both
research and production environments as an effective
alternative to conventional methods for manufacturing
components in the automotive, aerospace, and
biomedical sectors. This is due to its numerous
advantages, including cost reduction, customization,

eometric complexity, and the ability to print a wide .. ..
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range of materials, such as NiTi alloys [1] [2], [3]. These
alloys, as part of the shape memory alloy family, can

convert thermal energy into mechanical work, which

applications [4], [5]. Furthermore, these materials
exhibit exceptional properties such as pseudoelasticity,
inherent biocompatibility, and corrosion resistance [6].
In order to fully exploit these material properties and
overcome challenges such as poor machinability, oxygen
contamination risk [7], and high compositional sensitivity
[8], AM technologies have been explored in recent years,
particularly the Selective Laser Melting (SLM) technique,
to produce shape memory alloy parts [9]. In the present
work, the feasibility of printing NiTi samples using the
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SLM technique was investigated based on the results
of an analytical model, developed from a thermal field
produced by the laser heat source under steady-state
conditions, and from insights based on literature analysis.
Experimental analyses conducted on the samples allowed
for the identification of the material's feasible region.

BIBLIOGRAPHIC ANALYSIS: SLM and NiTi ALLOYS

The Selective Laser Melting (SLM) technique involves the
use of a high-power laser to melt and fuse metal powders
in a layer-by-layer process to create 3D near-net-shape
structures [1], [2]. When this technology is applied to
materialssuchasNiTialloys,theprintingprocessisreferred
to as 4D printing [2] because it enables the production of
components with complex and functional geometries that
change their shape or mechanical response depending on
temperature variations. The synergy between the unique
properties of NiTi and the precision of the SLM technique
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brings remarkable innovation for applications requiring
complex, highly engineered designs, such as biomedical
implants and aerospace components [3]. The SLM process
parameters play a critical role in determining the quality
of the final component, as even slight variations can
significantly impact the resulting microstructure, affecting
aspects like grain size, constituents, and defect formation.
Additionally, in the case of NiTi, these variations can alter
the alloy's transformation temperatures [6]. As shown
in Fig. 1, numerous parameters affect the SLM process
and can be grouped into broad categories based on their
relationship with the main process factors [7]. However,
the most important distinction is between predefined
and controllable parameters. Specifically, the predefined
parameters are the ones that depend on the powder's
size and morphology, the component's geometry, and
the printing environment [9]. Meanwhile, the controllable
parameters can be adjusted during the printing process.
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Fig.1 - Controllable and predefined parameters of the SLM process. Adapted from [7].

Among all the controllable parameters, the most
extensively investigated in the literature are Laser power

(P), scanning speed (V.), hatch spacing (H.) and layer

S
thickness (t). Laser power (P), measured in W, refers to
the laser's energy output per unit of time and determines
the extent of melting in the powder bed. Adeguate
laser power ensures sufficient energy to achieve proper
melting and bonding of the metal powders, which is
essential for a dense and high-quality structure. However,
excessive laser power can lead to defects such as keyhole

porosity, spatter, and thermal cracking due to overheating
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and excessive melting. Scanning speed (V.), typically
measured in mm/s, is the rate at which the laser moves
across the powder bed, controlling energy distribution
where slower speeds create larger melt poolsand stronger
bonding. Hatch spacing (H.), the distance between
adjacent laser scan lines, influences layer uniformity by
controlling overlap between passes; too large a spacing
may create unmelted areas, while too small a spacing can
cause overheating. Finally, layer thickness (t), defined as
the height of each powder layer, determines the resolution
and build speed, where thinner layers enhance detail but
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increase print time, while thicker layers allow faster builds
but may reduce precision. Table | summarizes the most
common valueranges for P, V, H, and t for the printing of
NiTi components according to [3], [6], with their graphical
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definition shown in Fig. 2 [3], [8]. These values can be
adopted to compute the energy density (E,) parameter,
defined by Eq. (1) as follows:

E, = P (1)
Pvext x Hg
To achieve characteristics that meet the required the printing of NiTi components, the lowest roughness

specifications, a deep understanding of the process
parameters and how they influence the onset of defects
duringprintingisrequired (3], [10], [11], [12],[13], [14], [15].
The most common defects associated with the printing of
NiTicomponents are the presence of impurities, excessive
surface roughness, fractures, keyholes, and lack of fusion
(LOF) [9]. Impurities, primarily oxygen and carbon, play
a key role in achieving a fully dense component. Rapid
heating and cooling cycles promote the growth of
intermetallic phases (TiNi,/Ti,Ni) and oxides (Ti,Ni,O),
the
mechanical properties and altering the alloy's transition

which generate porosity, negatively impacting
temperatures [16].

Parameters that directly affect impurity absorption include
energy density and powder granulometry. It has been
observed that impurity absorption increases dramatically
when the energy density exceeds 200]/mm3, and particles
with a granulometry of 45-100 uym show less tendency for
oxygenabsorption comparedto smaller particles[14], [17],
[18]. Surface roughness, a central concern in biomedical
implants, is strongly dependent on the process's energy
density and is negatively affected by the sintering of
partially melted particles adhering to the component's

surfaces [19]. Specifically, it has been observed that for

Tab.1 - Controllable parameters [9].

Laser power

P) 15-200 (W)
Scanning speed 200 - 1200 (mm/s)
(VS)
Hatch spacing
(HS) 60-100 (um)
Layer thickness _
() 20-100 (um)
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values are achieved with approximately 43 J/mm3 [18].
Crack formation is primarily attributed to different cooling
rates, phase transformations related to excessive thermal
stress, delamination in areas characterized by lack of
fusion, and residual stress. The process parameter that
most influences crack formation is the scanning speed.
Excessively high scanning speeds (over 1000 m/s)

can lead to too rapid cooling rates, promoting the
formation of a brittle intermetallic phase (Ti,Ni) between
the layers, which serves as a preferential site for crack
formation [9], [20]. Keyholes and lack of fusion depend
on laser power, which determines penetration depth.
In the case of keyholes, excessive penetration results in
the formation of cavities with variable geometry within
the component [21], while lack of fusion is caused by
low laser power (50-100 W), which, when combined with
excessively high scanning speeds, leads to insufficient
penetration. This results in partially melted powder being
trapped inside the component, significantly worsening
its fatigue behavior [8], [21]. Considering the challenges
and defects that can be introduced during SLM of NiTi
components, an analytical study was conducted to define
the printable region for the Ni50.8Ti49.2 alloy, aiming to
produce defect-free samples.
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Fig.2 - Controllable parameters [9].
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EXPERIMENTAL STUDY

NiTi powder produced by gas atomization in an Ar
atmosphere was used. The as-received powder was
analyzed by a Zeiss EVO MA15 (Carl Zeiss, Jena, Germany)
this

scanning electron microscope (SEM). Due to
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production technique, the powder exhibits a spherical
morphology, as visible in the SEM images in Fig. 3. Based
on the particle size analysis provided by the supplier,
the powder has diameters ranging from 13 ym to 53 ym
(D10-D90).

Fig.3 - SEM images of the adopted NiTi powder.

The specimens were produced using the Renishaw
RenAM500S  Flex (Renishaw, Wotton-under-Edge,
United Kingdom) printer installed at the Metal Additive
Manufacturing Laboratory of the University of Pisa,
equipped with a volume reduction accessory (Reduction
Build Volume). This accessory allows a print volume
reduction to a cube with dimensions of 80 mm x 80
mm x 50 mm. As a result, a reduced amount of powder,
approximately 1 kg, wasused. The samples were fabricated
in avertical orientation, with the largest dimension aligned
along the building direction. To prevent oxidation during
printing, the chamber was filled with Ar, ensuring an O,
presence of less than 20 ppm during the process. The
specimens were printed on a Ti alloy (Ti6Al4V) substrate.
A wide set of SLM process parameters featuring energy
density values ranging between 21.7 and 185 J/mm?,
was defined on the basis of the values adopted in recent
literature studies that employed a powder with the same
composition as that used in this study [26], [27], [28], [29],
[30], [31]. Only the process parameters that produced a
material with nonlinear elasticity properties were selected.
Based on these energy density values, 10 combinations
of power, scanning speed, layer thickness, and hatch
distance were defined, aimed at exploring the limits of the
printability region and the effects of process parameters
on the microstructural properties of the material. The
explored ED valuesarereportedin TabIl. Oncean ED value
was selected, the process parameters were determined
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based on an analytical model that extended Rosenthal's
solution to the SLM process [22], [23]. The model is aimed
at increasing the process efficiency, avoiding the onset of
macroscopic defects such as LOFs and keyhole-induced
porosity, as demonstrated by Macoretta et al. in previous
studies [24], [25]. The layer thickness was set to either 30
pum or 60 um, while the scanning speed, laser power and
hatch distance varied within a range of 0.3 to 1.75 m/s,
65 to 450 W and 30 to 120 um, respectively. The laser
was operated in continuous wave mode. Samples 9 and
10 were aimed at investigating the lower ED boundary,
where the occurrence of LOF defects can be predicted
by the analytical model. A cubic sample with a side
length of 5 mm and a height of 3.5 mm, parallel to the
building direction (BD), was printed per each investigated
process parameter. The samples featured a pyramidal
base to facilitate secure attachment to the build plate. A
representative image, taken with the Hirox HRX-01 (Hirox,
Tokyo, Japan) digital 3D optical microscope is shown in
Fig. 4. Microstructural analysis and image analysis for the
determination of porosity percentage were conducted on
all SLM-printed samples after standard metallographic
preparation, which included cutting, resin embedding,
grinding, polishing, and metallographic etching
with Kroll's reagent (92 % H,O, 5 % HNO,, 3 % HF).
Observations were made using a Leica DMi 8 A optical
microscope (OM) (Leica, Wetzlar, Germany) and with
the previously mentioned SEM microscope, while image
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analysis was conducted using Image ] software (Image J,
Maryland, US). The porosity percentage, evaluated on 10

micrographs at 200x magnification randomly acquired on
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the analyzed surfaces, was computed as the ratio of the

pore surface to the total analyzed surface.

Tab. 2 - Energy density (ED) values used for sample printing.

Fig.4 - Representative image of an SLM printed sample.

RESULTS AND DISCUSSION

The results of the image analysis are reported in the plot
of Fig. 5, which displays the porosity percentage as a fun-
ction of the investigated sample. As seen, the combina-
tion of printing parameters and the resulting energy den-
sity used allows the production of dense samples with
porosity percentages below 0.5 % for samples 1, 2, 3, 5,
and 7 and below 1 % for samples 6 and 8. As shown in the
graph, samples 9 and 10, printed with low energy density

4.0

Sample name E, [)/mm3]
1 185.2
2 185.2
3 83.3
4 82.4
5 55.6
6 55.6
7 55.6
8 54.9
9 35.0
10 21.7

values, used to explore the LOF region, displayed relati-
vely high porosity percentages. Sample 9 exhibited a po-
rosity percentage above 3.5 %, while sample 10 showed
excessive porosity levels that were not measured. Con-
versely, sample 4, printed with the same energy density
values as sample 3, highlights that its ED value is insuffi-
cient to achieve acceptable density. Therefore, the varia-
tion of individual parameters plays a significant role and

cannot be disregarded.
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Fig.5 - Results of the image analysis in decreasing order of E.
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According to the results of the image analysis, white arrows in the sample 9 micrograph showed in Fig.
metallographic observation of the specimens revealed 6a). Besides the keyhole phenomena depicted in sample 4
the presence of defects such as LOF, highlighted with micrograph 4 in Fig. 6b), highlighted by red arrows.

Fig.6 - OM micrographs of: a) sample 9 with widespread LOF defects, E, 35 J/mm3; b) sample 4 with widespread
keyhole defects, E, 82.4 J/mms3.

Fig. 7a)and Fig. 7b) depict the OM micrographs of samples by repeatable macroscopic defects and achieves an
7 and 1, respectively. A compact structure almost free average density, which was calculated by subtracting the
of defects, consisting of columnar grains parallel to the measured porosity percentage from the total area of the
build direction is shown highlighted by the black boxes. sample, resulting in a 99.8 % and 99.9 % for specimens 1
The analysis allowed for the preliminary identification and 7, respectively.

of a printability region where the material is unaffected

Fig.7 - OM micrographs of samples with a compact structure almost defects-free: a) sample 7, ED 55.6 J/mm3 b)
sample 1 ED 185.2 J/mm3.

Fig.8 - Secondary electron SEM micrograph of sample 7.
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CONCLUSIONS

the the
dimensionalized printability region using selective laser
melting (SLM) technology for the Ni50.8Ti49.2 alloy,

10 combinations

Based on analytical modeling of non-

of process parameters, including
laser power, scanning speed, hatch distance, layer
thickness were defined for a preliminary exploration of
the material's printability. Metallographic analyses were
conducted to determine the defects introduced by the
printing process, which enabled for the identification
of 5 parameter combinations with porosity < 0.5 % and

of 2 parameter combinations with porosity < 1 %. The
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study allowed for the identification of an energy density
threshold below which LOF occurs, negatively affecting
the material’s porosity. This result led to the identification
of a preliminary printability region for the adopted

material.
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