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Abstract.  

 
Additive Manufacturing allows to design and realize 3D parts, integrating additional 
functionalities offered by the interaction between complex shapes and the material properties. 
Results can be even more appealing when functional materials, like Shape Memory Alloys, 
are printed: new opportunities for smart devices can be opened. 
In the present bulk and lattice structures of Nitinol were additively manufactured with a 
Seletive Laser Melting. A pulsed laser, which is more suitable for manufacturing thin parts, 
was selected to process the initial powder. The selection of the process parameters, like laser 
power and exposure time, was performed for maximizing the relative density. Furthermore, 
the microstructure and the martensitic transformation temperatures were analyzed through X-
rays diffraction and differential scanning calorimetry, respectively. A comparison between the 
initial powder and SLMed parts was also considered. Finally, the mechanical properties of 
Niti builts under compression were tested for both bulk and lattice structures. 
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1 INTRODUCTION 

Among smart and functional materials, Shape Memory Alloys (SMAs) are well 
known, thanks to their unique properties, namely shape memory effect (SME) and 
pseudoelasticity (PE) [1]. Quasi-equiatomic NiTi compound is the most diffused SMAs for 
their stable and optimal functional properties. These properties depend on a solid to solid 
phase transformation, indicated as martensitic transformation (MT), which can be found in Ti 
rich-NiTi and Ni rich-NiTi alloys above or below room temperature, respectively. This 
permits to determine the use of these materials as actuators or for biomedical devices, 
according with the implementation of the SME or PE, respectively. 

The operating temperatures of the MT is of relevant importance for the specific 
application. Anyways, these are affected strongly by Ni/Ti ratio, the manufacturing of the 
NiTi SMAs is very challenging for getting stable functional characteristics [2]. 

In the recent years, the use of Additive Manufacturing (AM) techniques for realizing 
3D parts in NiTinol is becoming an attractive solution for advanced devices [3-5]. The 
manufacturing of Nitinol using different AM technologies, like selective laser melting (SLM), 
electron beam melting (EBM) and direct energy deposition (DED), has been studied in 
several experimental works [6-8]. Anyways, among the AM methods the SLM process is the 
most diffused one and nowadays it can offer the best performances and compositional control, 
which is fundamental for this system. In fact, the MT and the related functional properties of 
SLM built Nitinol parts have been shown to be almost comparable to those of the wrought 
alloy [9-11]. The compositional issue remains an aspect to be controlled during the laser 
process in order to allow the Ni/Ti ratio [12-13]. Moreover, the SLMed microstructure can be 
strongly textured, depending of the process conditions, and this can be optimized for 
enhancing the functional response of NiTinol parts [14].  

It is demonstrated that the heat transfer during SLM, particularly the laser emission 
mode, can affected the microstructure and the corresponding mechanical properties [15] in 
AlSi based alloys. Moreover, it was even found that the relative density and the geometric 
features can be affected by the laser emission modes: continuous wave (CW) or pulsed wave 
(PW) [16]. In fact, it is reported that a CW laser is preferable for producing fully dense large 
parts, while PW is more suitable for thin and precise structures. These results can be 
supported by previous works regarding some experiments using CW and PW lasers in 
welding, too [17]. 

As in literature the SLM process has been studied for printing Nitinol samples only by 
means of CW lasers, in the present work the feasibility of SLM with a PW laser was 
investigated in the view of realizing thin parts in Nitinol, in which more gentile energies are 
deposited on the powder bed for the local melting. 

 

2 EXPERIMENTAL 
Bulk and lattice samples were produced from quasi equiatomic NiTi powder (see Figure 

1a) by means of a SLM system (mod. AM400 from Renishaw), equipped with a pulsed wave 
laser. The process parameters, listed in Table 1, were used for manufacturing cylinders (5 mm 
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in height and 3 mm in diameter) printed on a Ti6Al4V platform. Full factorial design was 
performed for fixing the optimal set of process parameters able to maximize the relative 
density. Moreover, selected process parameters, reported in Table 2, were used for printing 
lattice structures (10 mm x 100 mm x 30 mm), whose schematic is depicted in Figure 1b. The 
schematics of the scanning strategies, used for printing the cylinders and lattice parts, are 
shown in Figure 2, respectively.  

  

(a)                                                                  (b) 

Figure 1: Nitinol powder used for the SLM printing (a) and schematic of the lattice structure (b). 

Table 1: List of variable and fixed process parameters used for printing NiTi cylinders 

Parameters Values 
Power 50-75-100-125-150 W 

Exposition time 25-50-75-100 s 
Scanning strategy Meander 

Atmosphere Argon 
Layer thickness 30 m 
Hatch distance 50 m 
Point distance 50 m 
Laser spot size 65 m 

Table 2: List of process parameters used for printing NiTi lattice structure 

Parameters Values 
Power 75 W 

Exposition time 75 s 
Scanning strategy Contour 

Atmosphere Argon 
Layer thickness 30 m 
Hatch distance 50 m 
Point distance 50 m 
Laser spot size 65 m 
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(a)                                             (b) 

Figure 2: Schematic of the scanning strategies, used for printing the cylinders and lattice parts, respectively: 
meander (a) and contour (b). 

The cylinders, in as built condition, were characterized according to the following 
features : (i) relative density with the Archimede’s method; (ii) martensitic transformation via 
differential scanning calorimetry (DSC) ; (iii) microstructure via X-rays diffraction (XRD); 
and (iv) superelasticity via compression testing. As term of comparison, the characteristic 
features of the initial powder were studied and compared to the ones of the as built samples. 
Moreover, the lattice, in as built condition, were studied according to DSC and compression 
testing.  

In details, relative density measurements were performed with a Gibertini E 50 S/2 
balance as set up for implementing the Archimedes method. Calorimetric properties of the 
SLMed Niti samples were investigated through a differential scanning calorimeter (DSC, 
mod. SSC 5200 by Seiko Instruments), in the [-100°C; 150°C] range with heating/cooling rate 
of 10°C min. Characteristic temperatures and corresponding transformation enthalpies were 
evaluated for both direct/reverse transformations upon cooling/heating scans respectively. 
XRD spectra were collected by a diffractometer (Panalytical X'Pert Pro) using Cu K 
radiation operating at 40 kV and 30 mA on the samples’ xy surfaces in the 20-70° 2theta 
range; the measurements were performed using a spinner at 30°C. Compressive tests were 
conducted at room temperature by means of an MTS 2/M machine, equipped with 
extensometer, at strain rate of 0.01 min-1. 8 complete loading and unloading cycles, up to 10% 
in strain, were carried out on cylindrical and lattice samples. 
 

3 ANALYSIS OF RESULTS AND DISCUSSION 

3.1 Evaluation of the feasibility window 
According with the PW emission mode in SLM process, the energy density per unit of 

volume, F, namely fluence, was calculated as follows: 
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(1) 

 
where P, texp, dp, dh and s indicate laser power, exposition time, point distance, hatch distance 
and layer thickness, respectively. The schematic of the temporal and spatial distribution of the 
laser pulses is shown in Figure 3.  
 

 
(a)                                                                    (b) 

Figure 3: Schematic of the temporal power profile and spatial pulses path (b) in SLM performed with PW 
emission mode [17]. 

The identification of the feasibility window has been performed considering the main 
process parameters (power and exposition time), representative of the PW emission mode, 
aimed at the maximization of the relative density. Figure 4 shows the correlation between the 
relative density, measured with the Archimede’s method, and the energy density.  

 
Figure 4: Evolution of the relative density as function of the energy density F. 

 
The evolution of relative density as function of the energy density is coherent with what is 

reported in literature: density first steeply increases up to a peak, and then decreases more 
gradually. It is noteworthy that the peak of density for the different exposure time values 
occurs for higher energy densities with increasing exposure time. The highest relative density 
value, is achieved with laser power of 125 W and exposure time of 75 µs. 
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3.2 Martensitic transformation, microstructure and mechanical behaviour of massive 
Nitinol samples 

In Figure 5 the DSC scans of the sample, obtained with the process condition previously 
selected for maximizing the relative density, and the initial powder, are shown. A unique peak 
can be detected upon heating, while two peaks, characteristics of the transformation from 
austenite to R phase, and from R phase to martensite, are visible upon cooling. The SLMed 
sample, in as built condition, shows the peaks of the MT upon heating and cooling at 
temperatures, which are pretty lower to the ones of the Nitinol powder, probably due to the 
presence of internal stresses. The transformation enthalpies are almost constant, indicating 
that the amount of material involved in the MT is maintained after the SLM process: about 7 
J/g and 9 J/g are the heats exchanged during the direct and reverse MT for both the SLMed 
sample and initial powder.  

 

 
(a)                                                                            (b) 

Figure 5: DSC scans of the NiTinol cylindrical sample, realized in the process condition: P=125W; texp=75 
s (a); Nitinol powder (b). 

In Figure 6 the XRD patterns, acquired at room temperature, of the SLMed sample and the 
initial powder, are shown. XRD spectrum of the SLMed sample indicates that the principal 
phase is austenite (B2). This is in good agreement with the DSC scan shown in Figure 5a. 
However, other peaks, related to residual martensite (B19’), could be found, too. On the 
contrary, the initial powder is fully characterized by austenite (see Figure 6b). Moreover, the 
shape of the peaks is quite different: as in the SLMed sample, broader peaks with lower 
intensity are present, if compared to the Nitinol powder. The broadening effect of the peaks 
and the presence of martensite can be due to different microstructures, associated to cooling 
rates faster in SLM than in the powder production, and to residual stresses, respectively. 
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(a)                                                                            (b) 
Figure 6: XRD patterns of the NiTinol cylindrical sample, realized in the process condition: P=125W; 

texp=75s (a); Nitinol powder (b). 

 
In Figure 7 the stress-strain behavior of the SLMed sample, obtained by mechanical testing 

at room temperature in compression configuration, is shown. Here, some loading/unloading 
cycles, characterized by increasing the applied strain, were performed in order to analyze the 
PE. The sample does not exhibit a complete recovery of the applied strain at room 
temperature. An evident PE behavior is visible, according to the majority of recoverable strain 
up to 6% in correspondence of the last cycle, with a residual strain of 1%. Anyways, a flag 
like behavior was not observed.   

 

 
Figure 7: Mechanical cycling under compression of the NiTinol cylindrical sample. 

 

3.3 Martensitic transformation and mechanical behavior of Nitinol lattice structures 
In this paragraph the characterization of the Nitinol lattice structures is reported. In 

Figure 8 some lattice structures are shown. The process parameters were slightly varied with 
respect to the ones used for the massive samples because generally lower energy density is 
required for building thinner structures. The martensitic transformation of the lattice part is 
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depicted in the DSC scan, reported in Figure 9. The main difference among the lattice part 
and the other samples, characterized in Figure 5, is the one step MT upon heating and cooling. 
Table 3 summaries the transformation temperatures and enthalpies of the SLMed samples in 
both massive and lattice configurations, and the powder. The variability of the enthalpies of 
the direct (indicated as ∆Hdir) and reverse (indicated as ∆Hrev) processes is quite limited: 6-7 J/g 
and 8-10 J/g, respectively. This indicates that the amount of material involved in the MT 
remains almost unvaried by the SLM process. On the contrary, the transformation 
temperatures are more affected by the process. Particularly, the lattice structure shows a 
broadening of the MT peaks. Due to the energy density being lower in the lattice structure 
than in the massive samples, it appears reasonable that Ni evaporation, usually present during 
laser processing, is not the reason of the temperatures shift. On the contrary, residual stresses 
can be more probably the cause of the modification of the peaks of the MT. In fact, the 
geometry of the lattice structure printed in this work (see Figure 1b and Figure 8) is 
characterized by thin struts, linked each other in several points of joining at limited distances: 
this may provoke the formation of intense values of residual stresses, which could be relaxed 
after proper heat treatments. This aspect will be analyzed in future works. 

 

Figure 8: Picture of the NiTinol lattice structures, realized in the process condition: P=75W; texp=75s. 

 

Figure 9: DSC scans of the NiTinol lattice structure, realized in the process condition: P=75W; texp=75s. 
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Table 3: Characteristic temperatures and transformation enthalpies of massive sample, lattice structure and 
initial Nitinol powder. 

Samples ∆Hdir 

[J/g] 
Rs 

[°C] 
Mf 

[°C] 
∆Hrev 

[J/g] 
As 

[°C] 
Af 

[°C] 
Massive sample 6.3 7 -97 9.8 -53 1 
Lattice structure 7.5 44 -52 10.5 -47 76 

Powder 7.0 3 -94 8.1 -34 19 
 

According with the measurement of the Af temperature from the DSC scan of Figure 9, the 
mechanical response of the lattice structure can be affected by the presence of both austenite 
and martensite, due to the uncomplete reverse MT at room temperature. Figure 10 shows the 
mechanical cycling behavior under compression of the lattice sample, evaluated at room 
temperature. After an initial elastic part, the curves are characterized by a flat plateau, which 
shall be ascribed to the densification process typical of trabecular structures. A limited 
pseudoelastic behavior is evident, presumably because of the presence of martensite in the 
sample, as evidenced by DSC analyses. Measured stresses, computed considering the nominal 
section of the whole structure, are sensibly lower than the ones typical of bulk samples 
because of the large void areas that characterize the lattice part. Moreover, it shall be 
considered that the deformation mechanism involves bending of the struts, thus further 
reducing the apparent strength. The large area subtended by the loading-unloading curves, 
higher than the one displayed by bulk parts, confirms the ability of the lattice structure of 
absorbing high energy during deformation. 

 

Figure 10: Mechanical cycling under compression of the NiTinol lattice structure. 

 

4 CONCLUSIONS 
In the present work the feasibility of Selective Laser Melting process of Nitinol 

samples, using a pulsed wave emission mode for emitting the laser power, was studied. 
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According to the selection of the best combination between laser power and exposition time, 
almost full dense samples can be obtained. Further characterizations were performed on the as 
built sample produced in this optimized process condition. The martensitic transformation is 
exhibited in the as built condition, without any post heat treatment, with enthalpies 
comparable to the powder and transformation temperatures just decreased. The microstructure 
of the printed sample, analyzed at room temperature via XRD measurements, indicates the 
presence of martensite, probably induced by residual stresses. Mechanical testing under 
compression indicates a PE behaviour at room temperature, showing a recoverable strain up 
to 6% in correspondence of a residual strain of 1%.   

Additionally to the manufacturing and characterization of massive samples, lattice 
structures, representative of thin elements, were successfully printed with selected process 
parameters. For the lattice samples the martensitic transformation varied significantly from 
the initial powder and the SLMed massive samples, probably more due to residual stresses 
than to potential compositional modifications. The mechanical properties are also very 
interesting, as both PE and energy absorption contributes are present, thanks to the integration 
of functional performances of Nitinol and deformability and ductility of lattice structures 
within the same part.  
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