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A B S T R A C T   

NiTi alloys are widely used in different industrial and medical applications. Due to the inherent difficulty in the 
machining of these alloys, the use of Additive Manufacturing (AM) methods has become a popular method for 
their production. When working with NiTi alloys, there is a requirement on the precise control of their chemical 
composition, as this determines the phase transition temperatures which are responsible for their shape memory 
or superelastic behaviour. The high energies used in AM to melt the NiTi alloy leads to nickel evaporation, 
resulting in a chemical change between the batch powder and the additively manufactured part. Therefore, in 
AM techniques applied to different NiTi alloys, understanding the relationship between the melting strategy and 
nickel evaporation is crucial during the developing the desired chemical composition of the final-fabricated 
material. In this study, three NiTi alloys were fabricated using laser powder bed fusion (LPBF) starting from 
elementally blended Ni and Ti powders. Different melting strategies, including single and multiple melting, were 
studied in this work. Remelting improved the density and reduced cracking of the AM part. Microscopic ob
servations, using a Scanning Electron Microscope (SEM) with a Backscattered Electron (BSE) detector, showed 
that the chemical homogeneity of the materials was enhanced by multiple remelting. Pure Ni and Ti were not 
found in any of the samples, proving that the applied melting strategies ensured good alloying of both powders. 
Regardless of the number of melting runs, X-ray diffraction (XRD) analysis showed the presence of NiTi (B2) and 
(B19′) phases, as well as NiTi2, Ni4Ti3 and Ni3Ti precipitates in all samples. The research demonstrated that, 
during the AM process, and depending on the melting strategy, 1.6–3.0 wt% of nickel evaporates from the 
material. It was demonstrated that the amount of evaporated nickel increased with the increasing number of melt 
cycles.   

1. Introduction 

Additive Manufacturing (AM) technologies provide many benefits 
and hence components built using this method are being frequently used 
in all the areas of our lives. Despite their successful development, there is 
still a strong need to understand and control the phenomenon associated 
with AM; as this would, in turn, allow a wider use of this technology. 
Among existing metal AM technologies, laser powder-bed fusion pro
cesses (LPBF) are among the most frequently investigated techniques. 
This is due to the flexibility of the process in the ability to change a large 
number of process variables and parameters; enabling the successful 

fabrication of fully dense metal parts with controlled properties [1,2]. 
NiTi alloys are widely used for many engineering and medical ap

plications owing to their unique shape memory and superelasticity 
characteristics. However, the specific mechanical properties of NiTi al
loys make their machining a challenging task. This significantly reduces 
their application use and limits the potential of these alloys. According 
to the previously mentioned difficulties and limitations, the additive 
manufacturing of NiTi alloys started gaining significant attention 
because this technology eliminates many of the challenges associated 
with the conventional methods [3,4]. Plenty of publications show 
studies on the fabrication of NiTi alloys using many different AM 
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techniques, such as: the metal injection processes including laser direct 
energy deposition (LDED) [5], laser direct metal deposition (DMD) [6,7] 
and laser engineered net shaping (LENS) [8]; and the laser powder-bed 
fusion (LPBF) processes amongst which selective laser melting (SLM) 
[9–13] and electron beam melting (EBM) [14,15]. The majority of the 
research focuses on AM fabrication using pre-alloyed NiTi powders, 
however, some of the studies implement in-situ alloying using Ni and Ti 
elemental powders [14,16–19]. In-situ alloying is an approach that al
lows for the synthesis of an alloy from its elemental composition during 
the manufacturing process. In-situ alloying, via AM from elemental 
powders, is a promising and a cost-effective alternative which offers the 
flexibility to tailor the composition of the AM part produced. Hence, this 
method is an easy way to control the material properties or create novel 
alloys. This route is particularly true and important for producing parts 
or alloys made of NiTi since their phase transition temperature is highly 
sensitive to the alloy’s composition [14,19–21]. 

Current research into the AM of NiTi alloys, starting from elemental 
powders, has been associated with challenges related to the heteroge
neity of chemical and phase composition of the fabricated materials. 
This can be induced by Ni evaporation during the melting process due to 
its relatively low temperature of evaporation (2732 ◦C) as compared to 
that of titanium (3287 ◦C) [22]. Precise control of the chemical 
composition of NiTi alloys is extremely important, since the smallest 
change in the relative Ni or Ti content has a large effect on the transition 
temperatures; which determine shape memory and superelasticity 
behaviour [20]. Below the martensite finish temperature (Mf), while 
above the Af temperature, NiTi alloys will exhibit superelasticity. The Ms 
temperature changes by approximately 80 ◦C for every atomic percent 
change in Ni content and therefore a great control of the alloying content 
is required during the manufacturing process [23]. Due to the nature of 
AM techniques of using high laser energies to consolidate the material, 
the manufacturing process can lead to evaporation of some alloying 
elements [24–28]. It is hypothesised that, finding a correlation between 
the amount of evaporated nickel, as a function of the initial powder 
composition and manufacturing conditions, would allow for predicting 
the final chemical composition of the manufactured material. Moreover, 
it was reported that the homogeneity of the materials fabricated from 
elemental powders can be improved by remelting each layer [29]. It is 
important to note that any additional energy input to the material 
caused by remelting can lead to an increased loss of Ni by evaporation. 
For this reason, to improve pre-alloying, the influence of manufacturing 
parameters on the amount of Ni lost by evaporation from the material 
which are fabricated from elementally blended Ni and Ti powders 
should be investigated. 

This study investigates the level of Ni evaporation in three different 
NiTi elemental powder blends with the chemical compositions of 
Ni53Ti47 and Ni57Ti43 representing the limit values of industrially used 
NiTi shape memory alloys [30], and Ni55.7Ti43.7, which corresponds to 
pre-alloyed NiTi, used in our previous studies [31]. Moreover, a 
remelting scanning strategy was applied to increase the homogeneity of 
the fabricated material. To the best of the authors’ knowledge and in 
relation to the use of LPBF technology in conjunction with elementally 
blended Ni and Ti powders, the influence of remelting on the chemical 
composition (Ni:Ti ratio) has not been studied so far. Designing the al
loys, and fabricating them from elemental powders, seems to be the 
promising approach to overcome the difficulties associated with chem
ical composition changes, and thus, the properties of additively manu
factured NiTi alloys. This research will give new insights into new 
materials that could be developed immediately, and thus eliminating the 
necessity of the time-consuming and expensive manufacturing of pow
ders. This work would therefore contribute to the faster development of 
the whole AM industry. 

2. Materials and methods 

Gas-atomised pure Ni (99.9% in purity, TLS Technik, Germany) and 

Ti (99.7% in purity, TLS Technik, Germany) powders, having a spherical 
shape with size below 45 µm were mixed in a tumbling mixer (Turbula, 
USA) for 2 h and used as powder feedstock. Three different chemical 
compositions of powder blends were used: Ni53Ti47, Ni55.7Ti43.7, and 
Ni57Ti43 (wt%). Samples were fabricated with laser powder bed fusion 
technique (LPBF) using realizer SLM50 (DMG MORI Additive GmbH, 
Borchen, Germany) machine equipped with a pulsed-wave ytterbium 
fibre laser having a maximum power of 120 W. Experiments were con
ducted in an argon atmosphere and with an oxygen content below 0.3 
vol%. The NiTi substrate was preheated to 200 ◦C to decrease the tem
perature gradient and facilitate the adhesion of the build to it. Samples 
were fabricated with three different melting strategies and are presented 
in Fig. 1. The single melting (SM), or first melting, was performed with 
30 W of laser power, 500 mm/s of scanning speed, and 30 µm of hatch 
distance. The remelting, which was done once (Fig. 1. b) or twice (Fig. 2. 
c) after single melting, was performed with 25 W of laser power, 1000 
mm/s of scanning speed, and 30 µm of hatch distance. A layer thickness 
of 25 µm was used, and to reduce the influence of thermal stresses on 
samples, scanning rotations of 45◦ between adjacent layers were applied 
during fabrication. 

The Archimedes standard method was applied to determine the 
relative density of the fabricated materials. Mass of each sample was 
measured independently 3 times in air and water using an electronic 
balance with ± 1 mg of accuracy. The relative density was calculated 
according to Eq. 1: 

ρ =
ρl

ma − ml
(1)  

where ρ is relative density, ρl is the density of the liquid (water), ma is 
the mass of the sample in air and ml is the mass of the sample in the 
liquid. 

Samples were hot mounted in resin and mechanically polished to be 
examined under a Zeiss Axio Scope Light Microscope (Germany). The 
presence of defects, such as porosity and cracks in the samples was 
assessed. Samples were also examined under a Hitachi SU-8000 (Japan) 
Scanning Electron Microscope (SEM) in Backscattered Electron (BSE) 
mode to determine the distribution of Ni and Ti elements. 

Phase identification of the manufactured samples was conducted 
using a Bruker D8 Advance X-ray diffractometer (Bruker, USA) having 
filtered Cu Kα (λ = 0.154056 nm) radiation and operated at 40 kV and 
40 mA. Bruker EVA software and a PDF-2 database (from the Interna
tional Centre for Diffraction Data) were used to analyse the X-Ray 
Diffraction (XRD) patterns. 

The chemical composition of the fabricated samples was analysed by 
using a PerkinElmer Optima 8300 (USA) inductively coupled plasma – 
optical emission spectrometry (ICP-OES). The samples were mineralised 
in a closed microwave system having an oxidising environment. The 
prepared samples were analysed by ICP-OES to determine the content of 
Ni and Ti elements. 

Thermal analysis was carried using a DSC 8000 analyser (Perkin- 

Fig. 1. Schematic illustration of melting strategies: a) laser scanning strategy 
no. 1: single melting; b) laser scanning strategy no. 2: melting and single 
remelting; c) laser scanning strategy no. 3: melting and double remelting. 
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Elmer, USA) which is capable of performing Differential Scanning 
Calorimetry (DSC) tests. Specimens were tested under an atmosphere of 
argon gas in the temperature range of 20–120 ◦C. The heating and 
cooling rates were of 10 ◦C/min. 

3. Results 

3.1. Macroscopic and microscopic observation 

Macroscopic observations of each alloy, with an initial powder blend 
weight ratio of: Ni53Ti47, Ni55.7Ti43.7, and Ni57Ti43, showed that using 
the same manufacturing parameters ensures good printability. Delami
nation or macrocracks were not observed for any composition or 
manufacturing parameters used in this work. The samples were me
chanically polished along the Z build direction to assess the presence of 
micro defects, such as microcracks and pores. As it can be seen in Fig. 2, 
microcracks along the Z-axis were present in all samples. Other research 
[32] concluded that this kind of cracks are referred to as ‘hot cracks’ and 
will be described in detail in the discussion section of this work. The 
cross-sections show the presence of spherical and irregular pores. 
Spherical pores, also referred to as keyhole pores, are created by metal 
evaporation due to the excess heat input [33,34]. Irregular pores are 
formed as a result of an insufficient fusion of the subsequent layer of 
material. As the number of melt runs increases, the number of pores 
decreases; as does the presence of cracks. The effect is most noticeable 
for the first remelting when the number of pores and microcracks is 
significantly reduced. In contrast, after the second remelting run the 
reduction of pores or cracks number is not that distinct. 

3.2. Density measurement 

The alloys’ densities expressed in g/cm3 are shown in Fig. 3. The 
Archimedes density of each sample was measured non-consecutively 
three times. The results showed that the samples with the highest 
nickel content (Ni 57%) exhibit the highest density, and the alloy with 
the lowest initial nickel content had the lowest density (Fig. 3). The 

density of the fabricated samples increases as the number of melts in
creases. This confirms earlier assumptions from microscopic observa
tions (Fig. 2) that remelting reduces the closed porosity and cracks that 
affect the density measurement of the sample by the Archimedes 
method. There is no clear relationship between the chemical composi
tion of the material or the number of melts and samples density; since 
the density varies differently for different compositions and numbers of 
melts. The greatest increase in density occurs after the second melting; 
the third melting does not significantly affect the density. This also 
confirms microscopic observations that the number of pores decreases 
most after the second melting and slightly after the third melting. 

3.3. Scanning electron microscopy - backscattering electrons 

Fusion zones, in the manufactured samples, were observed in the BSE 
SEM images (Fig. 4). The bright areas are undiffused Ni-rich phases, 
while the dark shaded are Ti-rich regions. It can be noted that remelted 

Fig. 2. Light microscopy micrographs of samples manufactured from powders with different initial powder compositions and subjected to different numbers of melt 
runs. Arrows indicate cracks, irregular pores, and keyholes. 

Fig. 3. Relationship between relative density and number of melt runs for NiTi 
manufactured with elementally blended powders with different chemical 
compositions. Results represent the mean value of 3 measurements. Error bars 
present maximum and minimum value of measurements. 
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samples have a more homogenous microstructure in terms of Ni and Ti 
distribution; with the homogeneity increasing with an increase in the 
number of melt runs. Higher homogeneity is indicated by the lower 
phase contrast in the BSE SEM images. 

3.4. X-ray diffraction 

The phase composition of the manufactured alloy was determined by 
XRD analysis and Fig. 5 presents the patterns of all manufactured sam
ples. The results indicate the presence of NiTi (B2) austenite phase, 
having a cubic structure, and (B19′) martensite phase, having mono
clinic structure. NiTi2, Ni4Ti3 and Ni3Ti phases were identified in all 
samples. There is no evidence of free nickel and titanium peaks; proving 
that both elements have been thoroughly alloyed. Variation in the NiTi2 
and NiTi B19′ peaks intensities, which overlap each other, was found. 
The intensities of the NiTi2 and NiTi B19′ peaks are shown to increase 
with a decrease in the nickel content of the pre-printed powder 
composition. 

3.5. Inductively coupled plasma optical emission spectroscopy (ICP OES) 

For each sample, the chemical composition was analysed using 
inductively coupled plasma-optical emission spectrometry (ICP-OES). 
The analysis was performed to determine changes in the chemical 
composition (nickel evaporation) depending on the chemical composi
tion of the initial powder blend, as well as the number of melts. The ICP- 
OES data showed that the amount of nickel in the material decreases 
with an increasing number of melt runs (Fig. 6). However, the decrease 
in nickel content with the number of melt runs was not uniform for each 
of the blends. 

3.6. Differential scanning calorimetry (DSC) 

Fig. 7 presents the DSC curves of samples manufactured with 
different compositions and melting strategies. Due to the heterogeneous 
microstructure of the materials the DSC peaks are very wide, and it is 
difficult to determine the exact temperature of the start and end of both 

Fig. 4. BSE SEM micrographs of samples manufactured from powders with different initial powders compositions and subjected to different numbers of meltings. 
Dark and light shaded areas are titanium- and nickel-rich, phases respectively. Arrows indicate cracks, pores and Ti- and Ni-rich areas. 

Fig. 5. The XRD diffractograms of samples fabricated from powders with 
different initial powders compositions and subjected to different number of 
melt runs. 
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the austenitic and martensitic transition. However, it can be found that 
the martensitic transition temperatures decrease to about 5–8 ◦C with 
the decreasing content of Ni for different blends. However, for the 

blends with the same initial powder composition and produced using 
different melting strategies (number of melts), the differences in tran
sition temperatures are barely noticeable and have a range of about 
1–2 ◦C. 

4. Discussion 

The research focused on determining the value of nickel evaporation 
from three NiTi powder mixtures with different chemical compositions: 
Ni53Ti47, Ni55.7Ti43.7, and Ni57Ti43 (wt%) fabricated by LPBF with three 
different melting strategies. Moreover, the influence of multiple melting 
on the alloy microstructure was shown. Microscopic observation has 
revealed the presence of microcracks along the building direction 
(Fig. 2). The high thermal gradients associated with the LPBF process 
contribute to the formation of residual stresses, and in turn, induce large 
susceptibility to hot cracking [32,35,36]. Two mechanisms of hot 
cracking can be distinguished: solidification cracking and liquidation 
cracking. Solidification cracking occurs in the fusion zone when the 
material is in a semi-solid state during laser melting, which means that it 
consists of a partially solidified material with a non-solidified liquid 
entrapped in between. Solidification of the entrapped liquid induces 
tensile residual stresses, which in turn initiates cracking. This phenom
enon was observed for materials in which some phases had a much lower 
melting point than other components [37]. This problem applies to the 
Ni and Ti powder blends since titanium has a much higher melting point 
than nickel; which are 1670 ◦C and 1455 ◦C, respectively. Furthermore, 
the results of BSE images (Fig. 4) and XRD (Fig. 5) revealed the existence 
of various phases in the manufactured samples, including the NiTi 
phase, with a melting point of 1310 ◦C, and a NiTi2 phase with a much 
lower melting point of 984 ◦C. Thus, due to the presence of various 
phases with different melting temperatures within the material, solidi
fication cracking may occur. Liquation cracking occurs in the 
heat-affected zone where phases with low melting points are presented, 
such as eutectics and zones with chemical segregation. When the ma
terial is heated, a thin film of liquid material forms in the heat-affected 
zone, which eventually shrinks as it solidifies and promotes crack for
mation [32,38–40]. 

The number of cracks in samples subjected to additional melting 
(remelted) is reduced, which may be the result of filling cracks with 
liquid metal during remelting [32]. Significant differences in the 
reduction of microcracks are observed after the second melting, while 
the number of microcracks does not change distinctly after the third 
melting. This phenomenon may be evidenced by the fact that some of 
the microcracks were filled with liquid metal but some of them 
remained. This is due to the high internal stresses in the material 
generated by multiple remelting. The reduction in the number of cracks 
and pores also resulted in a density increase (Fig. 3). 

Although both components were not thoroughly blended (Fig. 4), no 
peaks of free nickel and titanium were observed in the XRD traces 
(Fig. 5). A recent study [8] demonstrated that martensitic (B19′) and 
austenitic (B2) phases coexist in additively manufactured NiTi. The B2 
phase is known to be stable at higher temperatures, while the B19′ phase 
exists at lower temperatures. However, their transition temperatures 
depend on the chemical composition of the alloy. The lower the Ni 
content, the lower the transition temperature. This means, that at the 
same temperature the nickel-rich B2 phase can coexist simultaneously 
with the titanium-rich B19′ phase within one material with areas having 
different Ni/Ti contents. In this study, BSE SEM observations showed 
heterogeneity in the alloying of both elements, and therefore, Ni and 
Ti-rich areas are observed within the microstructure. Furthermore, the 
increase in NiTi2/NiTi (B19′) peak intensity was observed for samples 
with the lowest Ni content in the initial powder blend. Since peaks 
corresponding to NiTi (B19′) and NiTi2 overlap each other, it is not 
possible to unequivocally determine which of those phases has a greater 
impact on the increase of that specific peak intensity. Moreover, it is 
possible, that both phases contribute to the peak growth due to the 

Fig. 6. Results of ICP OES analysis of samples fabricated from powders with 
different initial powders compositions and subjected to different numbers of 
melt runs; 0 refers to pre-printed powder; 1- single melting run; 2- single 
melting run and one remelting run; 3- single melting run and two remelting 
runs; the measurement error was ± 0.1 wt%. 

Fig. 7. The DSC curves of samples manufactured with different composition 
and melting strategies: a) Ni53Ti47; b) Ni55.7Ti43.7 and c) Ni57Ti43. 
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presence of two different phenomena. Firstly, as the Ni content de
creases, the likelihood of NiTi2 phase formation increases due to the lack 
of sufficient nickel atoms to form the NiTi phase. Secondly, a decrease in 
Ni content also causes a decrease in the martensitic transition temper
ature. Accordingly, the probability of the formation of more martensite 
than austenite in the material increases. The nickel content in samples 
Ni57Ti43 and Ni55.7Ti43.7 is more similar to each other; 57% and 55.7% of 
Ni respectively. Thus, the differences between their peaks are lower, 
than that of the Ni53Ti47 samples, with a nickel content of 53% [41]. The 
intensity of NiTi2 and NiTi (B19′) diffraction peaks is the highest for 7–9 
samples, which have significantly lower amounts of nickel. 

The ICP OES results showed changes in Ni content in samples of 
different compositions subjected to a different number of melts (Fig. 6). 
In all samples there was a decrease in the amount of nickel from the 
initial powder blend composition. Depending on the initial powder 
blend composition and melting strategy, the amount of evaporated Ni 
ranges from 1.6 to 3 wt%. The content of Ni decreases with the 
increasing number of melts. During the subsequent laser melting with a 
high-power laser. the material is reheated and melted multiple times, 
hence, there is a higher probability for Ni evaporation. Consequently, 
the more times the material is remelted, the more Ni would evaporate. It 
would be beneficial to predict the amount of evaporated nickel during 
LPBF manufacturing depending on the composition of the batch powder 
and the scanning and melting strategy used during the manufacturing 
process. Thus, to obtain a desired final alloy composition, the initial 
powder composition and manufacturing strategy must be developed 
separately. 

DSC plots, shown in Fig. 7, are not uniform, and multiple small peaks 
are observed. In general, the existence of an additional peak before the 
austenitic and martensitic transition is related to the presence of the R 
phase, which is the intermediate phase between martensite and 
austenite [42]. Nevertheless, in the presented DSC results, multiple 
small additional peaks are observed along the entire length of the 
transition peak. Therefore, it can be concluded that these peaks are not 
related to the presence of R phase and might be generated by hetero
geneity in Ni and Ti distribution in the NiTi phase. It can also be seen 
that the peaks of austenitic and martensitic transition are wide, and it is 
difficult to precisely determine the start and finish transition tempera
tures. Li et al. [38] have reported that the peak width is related to the 
inhomogeneity of the B19′ phase. It is possible, that the range of the 
transition temperatures extends over a wider area, while B19′/B2 phases 
show chemical inhomogeneities in the Ti/Ni content; since the NiTi 
phase can be composed of 53–57 wt% of Ni. Nevertheless, a slight shift 
of the value of the transition temperatures is observed in the samples 
with different initial powder blend compositions and this is due to the 
reduction in nickel content. It was found that with the decrease in Ni 
content in various blends, the transition temperature decreased by about 
5–8 ◦C, while for the blends with the same initial powder composition 
and produced using different melting strategies (number of melts), the 
transition temperature decreases by only about 1–2 ◦C. It is well known 
that a 1 at% change in nickel content changes the transition temperature 
by about 80 ◦C [23]; however, such a large change in transition tem
perature was not noticeable in the studied AM produced samples of this 
work. This is because the microstructure is very heterogeneous, result
ing in a wide DSC peak and the inability to accurately determine the 
start and end transition temperatures. Therefore, it would be necessary 
to homogenise the microstructure by a post-additive manufacturing heat 
treatment in order to be able to more accurately define the start and 
finish martensitic and austenitic transition temperatures. 

5. Conclusions 

Three NiTi powder blends with chemical compositions of Ni53Ti47, 
Ni55.7Ti43.7, and Ni57Ti43 (wt%) were melted by LPBF using three 
different melting strategies. The same manufacturing parameters 
applied to all powder blends allowed each sample to be successfully 

fabricated. Ni evaporation from the manufactured samples was studied, 
and the amount of nickel that evaporates during the production process 
ranges from 1.6 to 3.0 wt%. This depends on the initial powder’s 
chemical composition and the number of melts. It was demonstrated 
that the amount of evaporated nickel increases with increasing number 
of melt cycles. Furthermore, an increase in the number of melt cycles 
reduces the number of cracks and pores and increases the chemical 
homogeneity of the alloy. Nevertheless, multiple meltings can still 
generate high residual stresses and result in crack formation. Thus, the 
number of remelting cycles must be precisely defined to increase the 
chemical homogeneity and density of the material and prevent cracking. 
Due to the large heterogeneity of the chemical composition of the 
manufactured materials, it was difficult to accurately determine the start 
and final transition temperatures of martensite and austenite. Therefore, 
homogenisation of the chemical composition would be necessary to 
precisely define the influence of different melting strategies on the 
transition temperatures, and hence, thermomechanical properties of the 
material. Since remelting does not eliminate the problem of heteroge
neity an additional heat treatment would be required and further 
investigated. The presented results are very promising for in situ alloy
ing in additive manufacturing and could provide valuable information 
for designing the batch material’s chemical composition to obtain the 
desired chemical composition of the fabricated alloy. 
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