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Abstract: Selective Laser Melting (SLM) as one of the additive manufacturing 

technologies can be used to produce Ti-Ni shape memory alloys with complex shape. 

In this work, equiatomic Ti50Ni50 (at.%) samples were produced by SLM with 

different scanning speed, and near-fully dense (99.5% relative density) parts were 

obtained under a low input laser energy density (40 J/mm3) with the scanning speed of 

1000 mm/s. The different scanning speeds had limited influence on the phase 

composition, transformation temperatures and Vickers hardness. Under low 

magnification, the typical molten pool morphology with inhomogenous 

microstructure was shown in the samples of SLM-produced Ti-Ni alloy, and 

self-accommodate martensite (B19′) twins with a few austenite (B2), nanoscale Ti2Ni 

and rhombohedral (R) phases were found at higher magnification. Due to the 

formation of nanoscale Ti2Ni phase and inhomogenous microstructure, the 

SLM-produced Ti-Ni alloy exhbited lower phase transformation temperatures and 

larger hysteresis temperatures between the start and finish point of the phase 

transformation compared to the starting used Ti-Ni powder. The formation of the R 

phase was contributed to the special repeat heating process and stress field formed by 

Ti2Ni phase and dislocations in SLM equiatomic Ti-Ni alloy. The SLM-produced 

Ti-Ni alloy exhibits higher compressive and tensile fracture strength but lower 

compressive and tensile fracture strain compared to the conventional cast samples. 

Keywords: selective laser melting; Ti-Ni; scanning speed; microstructures; 

mechanical properties 
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1. Introduction 

Ti-Ni shape memory alloys have been widely used in medical and engineering 

fields for several decades due to their excellent performance such as shape memory 

and super-elasticity effect, biocompatibility with low elastic modulus, corrosion and 

fatigue resistance and high damping capacity [1-3]. In addition to the two common 

phases i.e. the high temperature mother phase of B2 and the low temperature of B19′ 

phase in Ti-Ni alloys, an intermediate R phase can also be observed during the 

transformation between B2 and B19′ [4-8]. In the near equiatomic Ti-Ni alloys, the 

phase transformation temperatures can shift by 10 ºC with the variation of 0.1 at.% Ni 

content, so it is possible to adjust the phase transformation temperatures between the 

two phases by manipulating the ratio of Ti and Ni elements or alloying other elements 

for different applications at various temperatures and environments [9-12]. However, 

the super-elasticity and shape memory effect can also make Ti-Ni alloys difficult to be 

machined for the resistance to deformation, and burrs can easily form on the sample 

surface when the cutting and feed speeds are not high enough [13]. Such a drawback 

limits the applications of this type of alloy in to the forms of simple rods, plates and 

wires [13, 14]. In addition to the traditional cast method, powder metallurgy (such as 

self-propagating high temperature synthesis, hot isostatic pressing, and spark plasma 

sintering) as the net shape fabrication method can also be used to fabricate the 

complex shape of Ti-Ni samples [15-17]. However, the content of brittle oxide 

impurities can be significantly increased from powder metallurgy process and it is 

hard to produce samples with a high relative density because of the different 

diffusivity between Ti and Ni and high exothermic during Ti-Ni formation reaction 

[13].   

Recently, the additive manufacturing (AM) techniques including Selective Laser 

Melting (SLM) and Electron Beam Melting (EBM) have been used to fabricate 

industrialized complex geometry products [18-21]. In particular, customized porous 

structure metal implants have elastic modules close to that of human bones, which can 

closely cover the surface of solid parts, provide space for bone tissue growth for better 
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fixation [22-24]. AM technology can reduce oxidation during manufacturing and 

obtain near-fully dense samples by melting and solidifying the powder via 

layer-by-layer in an inert gas or vacuum environment. Using the AM technology 

combined with the shape memory effect of Ti-Ni alloy, the spatial and time-dependent 

functional response of the Ti-Ni shape memory alloy prepared by AM can be 

modulated by adjusting the AM process parameters, from which the concept of 4D 

printing can be realized [23, 25].  

Due to their important applications in biomedical devices and industrial fields, 

Ti-Ni samples fabricated by AM techniques have been extensively investigated [2, 

25-29]. For example, Marettukalam et al. [2] showed that the laser power and 

scanning speed could significantly affect the phase constituents, microstructure and 

corrosion resistance of laser engineered net shaping (LENS) produced Ti-Ni alloy. Ma 

et al. [25] studied the impact of SLM processing protocol on location-dependent 

thermal histories. Saedi et al. [26] found that aging heat treatment had a strongly 

influence on adjusting the shape memory properties and super-elasticity of 

SLM-produced Ni-rich Ti-Ni alloy. Haberland et al. [27] investigated the influence of 

processing parameters on the microstructure, defects and functional properties of AM 

Ti-Ni parts. Shiva et al. [29] successfully fabricated three different compositions Ti-Ni 

shape memory alloys used the laser based AM process and found the properties of 

Ni-50% Ti-50% (wt.%) were close to that of conventionally processed samples. 

However, most literature focused on the effects of AM processing parameters on the 

mechanical or functional properties of the Ti-rich or Ni-rich Ti-Ni products. 

In this work, SLM was used to fabricate Ti50Ni50 (at.%) shape memory alloy, the 

influence of scanning speed (input laser energy density) on the relative density and 

defects was studied with aim to optimize the SLM processing parameters for Ti-Ni 

alloys. Then the microstructure, phase transformation temperatures, compressive 

mechanical property and the formation of precipitation phases in the SLM samples 

fabricated by optimal parameter were investigated in detail.  

2. Experimental 
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The nominal composition of the Ti50Ni50 (at.%) hot rolled rods, produced with 45 

mm in diameter and 600 mm in length by Institute of Metal Research (Chinese 

Academy of Sciences), were prepared into powder by gas atomization technique. The 

morphology of the powder (Fig. 1a) suggests that the powder is nearly spherical in 

shape. The distribution of particle size of the powder (Fig. 1b), which was measured 

by laser scattering particle size distribution analyzer (HORIBA LA-920), indicates 

that the powder has an average particle size of 35 µm, and such specific values are d10 

= 19.6 µm, d50 = 34.79 µm, d90 = 54.75 µm (the dx representatives the particle size of 

the powder when the cumulative volume percent reaches the x value). 

Several samples with different relative density were prepared using the Realizer 

SLM250 machine under a high-purity Argon with flow rate of 35 L/h to minimize 

oxidation. This machine was equipped with a 200 W Yb:YAG fiber laser for a spot 

size of 40 µm to melt the Ti-Ni powder. Cubic samples with an edge length of 8 mm 

were produced using laser scanning speeds varied from 500 to 2000 mm/s. The layer 

thickness and scan spacing were kept constant at 50 µm and 100 µm, respectively. 

Samples were built in 3 mm stripes with an alternating scanning strategy without 

overlap, the scanning vectors were rotated 90º between adjacent layers. Several 

selected sample groups (hereafter termed as SLM-500, SLM-750, SLM-1000, 

SLM-1500 and SLM-2000, respectively) were built at 500, 750, 1000, 1500 and 2000 

mm/s, respectively. The density of the SLM samples was measured by the 

Archimedes principle and then the relative density of SLM-produced Ti-Ni samples 

were estimated from the percentage compared with the density (6.45 g/cm3) of Ti-Ni 

cast sample. 

The microstructural analysis was performed using a Tescan Maia3 scanning 

electron microscope (SEM) and a Tecnai G2 F20 transmission electron microscope 

(TEM) equipped with an energy dispersive X-ray spectroscopy (EDS) detector. The 

specimens for the SEM analysis were mechanically polished and then etched in a 

solution composed of 10 vol.% HF, 30 vol.% HNO3 and 60 vol.% H2O for 30 s. The 

TEM specimens were prepared by a Leica RE S101 focused ion beam machining 

under accelerating voltage 5 kV and accelerating current 5 mA. Phase constitutions 
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were examined on a D/Max-2500PC 2D X-ray diffraction (XRD) using a Cu-Kα 

radiation source with an accelerating voltage of 40 kV and a current of 250 mA at a 

step size of 0.02º.  

The phase transformation temperatures were performed using a TA Q20 

Differential Scanning Calorimeter (DSC) instrument with heating and cooling rates of 

10 ºC/min. The phase transformation temperatures between the low temperature phase 

B19′ and high temperature phase B2 as Ms (martensite start), Mp (martensite peak), 

M f (martensite finish), As (austenite start), Ap (austenite peak) and Af (austenite finish) 

were determined by the intersecting tangents method. The Vickers hardness tests were 

conducted using a LM-247AT Vickers hardness tester with a 0.2 kg load and a dwell 

time of 15 s. A total of 10 measurements on each sample were performed. The 

compressive testing was carried out using an INSTRON 5582 universal testing 

machine according to ASTM E9 standard at room temperature at a strain rate of 

1.0×10-3 s-1. The tensile samples fabricated by the same parameters with SLM-1000 

and the experiment were performed at room temperature using a Zwick/Z150 testing 

machine equipped with a MakroXtens automatic extensometer, and samples 

fabricated according to ASTM E9 standard with a constant beam displacement rate of 

1 mm/minute. 

3. Results  

3.1 Processing optimization  

Fig. 2 displays the relative density of the studied SLM-produced Ti-Ni samples 

fabricated by different scanning speed and input laser energy density. For all the 

studied SLM-produced samples, their relative density has reached above 90%. For the 

parameters, the relative density does not show a linear relationship with scanning 

speed increasing or input laser energy density decreasing. When the scanning speed is 

1000 mm/s as the input laser energy density is 40 J/mm3, the relative density of the 

sample reaches the maximum value of 99.5%. It is important to mention that the input 

laser energy density is much lower than the values reported in literature for getting 

high relative density beyond than 99% for the SLM-produced Ti-Ni parts (e.g. 200 
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J/mm3) and for SLM-produced Ti alloys (e.g. 120 J/mm3) [27, 30].  

The effect of scanning speed on the defects type of SLM-produced Ti-Ni samples 

is shown in Fig. 3. When the scanning speed is higher than 1000 mm/s, the relative 

density decreases with increasing the scanning speed (Fig. 2). In this case, the defects 

are mainly the lack-of-fusion porosities with un-melted powder filled inside. As 

shown in Fig. 3a, the defects usually have an irregularly shape. When the scanning 

speed is lower than 1000 mm/s, the relative density reduces with the decrease in 

scanning speed (Fig. 2). The type of defects can be the gas porosities, which have a 

nearly spherical shape, and/or cracks, as displayed in Fig. 3b. It can also be detected 

that the gas porosities are much smaller in size than the lack-of-fusion-porosities. 

3.2 Phase identification and transformation 

The XRD spectra of the SLM-produced Ti-Ni parts fabricated by different 

scanning speeds and Ti-Ni powder are presented in Fig. 4. It is seen that the 

SLM-produced samples mainly consist of B19′ and Ti2Ni phase. Unlike the Ti-Ni 

powder, small amount of B2 phase with weak peak intensity (~42.8º peak) is also 

detected in all the SLM-produced samples with different scanning speeds, for B2 

phase can be stabilized to room temperature due to the fast cooling rate during 

solidification [28]. The same peak positions can be found in all the SLM-produced 

Ti-Ni samples fabricated in different scanning speed and the original Ti-Ni powder. 

Most of the stronger intensity peaks (e.g. the peaks around ~39.2º, 41.4º and 45.2º) 

are overlapped and the intensity of other weaker peaks are too little (e.g. the peaks 

around ~ 60.1º and 66.2º) to select, so it is restricted to calculate the relative amounts 

of the two phases of B19′ and Ti2Ni using the XRD technique described in literature 

to investigate the influence of the scanning speed or input laser energy density to the 

phase contents [31].  

The phase transformation behaviors of the original powder and the 

SLM-produced parts fabricated by different scanning speeds are shown in Fig. 5. The 

corresponding transformation temperatures are summarized in Table 1. It seems that 

only one endothermic peak and one exothermic peak are observed during the cooling 
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and heating processes (Fig. 5a), but the hysteresis temperatures between the start and 

finish point of the phase transformation of the SLM-produced samples are much 

larger than the corresponding ones of the powder. Furthermore, as seen from Fig. 5a 

and Table 1, all the transformation temperatures are close for the SLM-produced Ti-Ni 

samples fabricated by different scanning speeds. For example, the martensite 

transformation peak temperature Mp (42.5±2.5 ºC) and austenite transformation peak 

temperature Ap (75.5±3 ºC) are nearly the same (Fig. 5b). It is also interesting to find 

that the phase transformation temperatures for the studied SLM-produced samples are 

lower than the corresponding ones (e.g. Mp and Ap are 57.6 ºC and 96.9 ºC 

respectively) of original Ti-Ni powder, for most reported that the phase transformation 

temperatures larger than the initial powder or raw material [23, 27]. 

3.3 Microstructure 

The SEM microstructure of the SLM-1000 sample is shown in Fig. 6. A typical 

molten pool morphology is observed under a low magnification (Fig. 6a). However, it 

can be observed at higher magnification that the molten pool is composed of the 

following different types of microstructural feature due to different cooling rates 

throughout the whole molten pool: the columnar grains grown vertical or even extend 

through the boundary of molten pool (Fig. 6b of the area of A in Fig. 6a), large scale 

equiaxed grains in the core region (Fig. 6c of the area of B in Fig. 6a), small sized 

equiaxed grains at the sub-boundary (Fig. 6d of the area of C in Fig. 6a) and 

nanoscale or sub-micron equiaxed grains near the boundaries of the molten pool (Fig. 

6e of the area of D in Fig. 6a). A large number of precipitates with smaller diameter 

size of nanoscale are also observed most along the grain boundaries near the molten 

pool boundary, which make the boundaries of the molten pool form a sharp contrast 

with other areas (Fig. 6f).  

A low-magnification scanning transmission electron microscopy (STEM) image 

for a grain boundary with precipitated phases is displayed in Fig. 7. It can be clearly 

seen that several precipitation phases with nanoscale are distributed along the grain 

boundary (Fig. 7a). The EDS results obtained from a precipitation at the grain 



8 

 

boundary shown in Fig. 7b and 7c indicate the particle consists of Ti and Ni elements, 

and their relative atomic contents are 64.40 and 35.60 respectively. The ratio of Ti 

contents to Ni contents is nearly 2:1, which suggests that these nanoscale particles in 

SLM-produced Ti-Ni sample should be Ti2Ni phase.  

Fig. 8 shows the TEM images and the corresponding selected area electron 

diffraction (SAED) patterns for the twins in the SLM-1000 sample. It is observed that 

the sample mainly consists of self-accommodated transformation lamellar B19′ phase 

at room temperature (Fig. 8a). The B19′ phase has band twinned structure with 

straight interfaces (Fig. 8b) and the thickness of each twin band is about ~10 nm. In 

general, there are usually three types of B19′ twins, such as {11-1} type I, {011} type 

II and {001} compound twins, in the near equiatomic Ti-Ni alloy. In this work, the 

corresponding SAED pattern obtained from the region containing twins (Fig. 8c) 

indicates that the twins in the SLM-1000 sample are the {011} type II with a 

misorientation angle of 145º at the twin boundaries (Fig. 8d) [32, 33].   

3.4 Mechanical properties 

The Vickers hardness results of the studied SLM-produced Ti-Ni samples are 

shown in Fig. 9. It can be found that there is only a slight fluctuation of hardness for 

255±10 HV0.2 with scanning speeds changed from 500 mm/s to 2000 mm/s (Fig. 9a). 

It can also be observed that the average hardness of SLM-1000 sample on the building 

direction (from bottom to top), 253±19 HV0.2, and along the sample top surface, 

251±24 HV0.2, are very close (Fig. 9b). The reason for such a slight fluctuation in 

hardness is likely a result of the particular distribution of coarse and fine grains in the 

SLM fabricated samples [34].  

The compressive and tensile stress-strain curves of SLM-1000 sample and 

conventional cast sample for the same Ti50Ni50 (at.%) composition are shown in Fig. 

10. It can be seen that the SLM and cast samples present a very similar mechanical 

behavior. A typical double yielding behavior is observed and the whole compressive 

curve can be divided into four stages, i.e. the elastic deformation of martensite (or 

austensite), detwinning of martensite or reorientation, elastic deformation of 



9 

 

reoriented martensite and plastic deformation of reoriented martensite [35]. The 

SLM-1000 sample exhibits ~50 MPa higher compressive fracture stress and ~16 MPa 

higher tensile fracture stress than the cast counterpart. However, SLM-1000 sample 

~2.2% compressive fracture strain and ~1.9% tensile fracture strain lower than the 

cast sample. The compressive fracture stress is about ~2200 MPa larger than the 

reported LENS Ni55.2 (wt.%) Ti-Ni shape memory alloy with the similar ~255 HV 

[28], and also about ~1800 MPa larger than the same Ti50Ni50 (at.%) alloy fabricated 

by plasma arc deposition method [8]. 

The difference in compressive and tensile mechanical properties (Fig. 10) 

between the SLM-1000 and the cast samples may be attributed to the difference in 

microstructure (Fig. 6). During the SLM process, huge residual stress is retained in 

the SLM-produced sample because of the high cooling rate, which can assist the 

martensite transformation [23]. Then, the process of martensite reorientation finished 

and the high density of dislocations and refinement microstructure introduced by the 

SLM process may lead to the higher fracture strength and lower fracture strain for the 

SLM-1000 samples [11, 23, 36].  

The fracture morphologies of SLM-1000 after compressive testing are displayed 

in Fig. 11. The fracture takes place with an angle of 45º (Fig. 11a) aligned to the 

loading direction, which is in the maximum shear stress direction for compression, 

which has similar fracture direction with other reported SLM shape memory alloy 

[11]. The fracture surface along fracture direction is smooth (Fig. 11b), and no cracks 

are observed between the adjacent hatches of the SLM (Fig.11c). Dimple-like 

structure is not found at the magnified surface morphologies shown in Fig. 11d, which 

illustrates that the compressive fracture process is in the typically shear fracture mode.  

4. Discussion  

4.1 The effect of scanning speed  

During SLM process, input laser energy density is an important factor to impact 

the density and defect. Generally, the relative density of SLM-produced part increases 

with the increase in the input laser energy density [37]. The input laser energy density 
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of SLM process is calculated using Equation (1) [26]: 

                        E = 
P

vhd
                           (1) 

where E, P, v, h and d are the input laser energy density (J/mm3), laser power (W), 

scanning speed (mm/s), hatch spacing (mm), and layer thickness (mm), respectively. 

In this work, only scanning speed was designated to change input laser energy density 

for manipulation of the relative density of SLM-produced Ti-Ni alloy. For the Ti-Ni 

powder with particle size of 15~60 µm, the parameters set-up (P = 200 W, v = 1000 

mm/s, h = 100 µm, d = 50 µm) with the lower input laser energy density of 40 J/mm3 

is the optimal processing parameters to fabricate nearly dense equiatomic Ti50Ni50 

(at.%) alloy.  

The laser absorption, radiation, reflection and heat transfer between liquid and 

solid phase etc. in the “laser radiation-powder-substrate” system could introduce 

various undesirable effects with the SLM processing parameters adjusted [38]. 

Additionally, different mechanics, powder types, scanning path and particle size, 

which have been reported in literature, can make the discrepancy for the required 

input laser energy density in producing dense parts of the same type of material [25]. 

So, the above reasons could cause the non-linear relationship between the scanning 

speed with the relative density and lower input laser energy density in fabricating 

nearly dense equiatomic Ti50Ni50 (at.%) alloy as shown in Fig. 2.  

There are several types of defects inside the SLM-produced samples, as the 

processing parameters are not properly optimized. When the scanning speed exceed 

than the optimal scanning speed, the Ti-Ni powder would not have enough energy to 

melt sufficiently during the fabricating process, thereby leading to lack-of-fusion 

porosities with un-melted powder filled inside (Fig. 3a) and/or decreased relative 

density of samples (Fig. 2) [37, 38]. If the SLM parameters are not changed as the 

number of powder layer increases, the existing lack-of-fusion porosities would be 

coated inside the samples and new ones could randomly appear in anywhere. When 

the scanning speed is lower than the optimal speed as the input laser energy density is 

exceed the optimal density, the defects type becomes the gas porosities and cracks 
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(Fig. 3b). Since nearly spherical shape gas porosity is usually introduced by 

entrapment gas pre-existed in the Ti-Ni powder, powder feed system and metal 

vaporization for larger input laser energy density under the rapid melting progress [39, 

40]. Furthermore, during the SLM process, the cooling rate could exceed 107 K/s, 

which can lead to a huge thermal gradient and residual stress between molten powder 

with relatively cold substrate or previously solidified layers [41]. Such a huge residual 

stress can be saved in SLM-produced parts to cause cracks (Fig. 3b) [23]. It is 

important to understand the types of defects generated under different SLM 

parameters and to choose the correct scanning speed to obtain Ti-Ni solid parts with 

the smallest defects. 

The hardness of Ti-Ni alloy is highly dependent on the temperature as phase 

transformation could occur during the hardness testing, it refers to the process of 

stress-induced phase transformation of B2 to B19′ (or R) or reorientation of different 

B19′ twins variant [26]. It can be found that there is only a slight fluctuation of 

hardness (Fig. 9a), when testing in the same room temperature for the SLM-produced 

Ti-Ni samples fabricated with different scanning speeds. It can also be seen that the 

phase transformation temperatures prepared at different scanning speed are very close 

(Fig. 5). This may be due to the following reasons. Firstly, it is shown in Fig. 2 and 

Fig. 3 that the changing of the scanning speed has obvious influence on the density 

and defect types of the alloy sample. However, all the samples were fabricated in the 

same batch, with the same parameters for the print chamber environment, sample size 

and powder layer thickness, so the content of impurities such as oxygen and nitrogen 

in the samples will be the same, and the microstructure (Fig. 6) and composition of all 

the well fusion regions can be kept stable. Secondly, in order to decrease the effect on 

the properties of AM Ti-Ni alloys, the process parameters should be carefully 

manipulated in such a principle that the input energy density should be as low as 

possible for fabricating dense parts [27]. And it was reported that, when the input 

energy density was lower than 90 J/mm3 with low laser power, the Ni evaporation 

could be negligible [42]. The input laser energy density displayed in Fig. 2 was 

changed from 20~80 J/mm3 as the scanning speed changed from 500~2000 mm/s, and 
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all the value were lower than 90 J/mm3, so the element contention for Ni and Ti in the 

samples fabricated in different scanning speed may changeless. Thirdly, It is 

important to note that when the Ni at.% content lower than 50 at.%, the phase 

transformation temperatures are almost constant [43, 44]. In this study, the powder is 

equiatomic Ti50Ni50 (at.%) used to fabricate the dense sample, so if considered the 

little negligible evaporation of Ni element, the Ni content in the SLM-produced Ti-Ni 

samples will lower than 50 at.%. In summary, the phase transformation temperatures 

are changeless with the changing of the scanning speed and stable in the room 

temperature for the hardness testing. Therefore, combined with the results of DSC 

(Fig. 5) and hardness testing results (Fig. 9), we can confirm that the SLM scanning 

speed also has limited influence on the relative amounts for the equiatomic Ti50Ni50 

(at.%) alloy in this work.  

4.2 Formation of Ti2Ni phase  

It is noted that, in this work, a large amount of Ti2Ni phase in nanoscale is 

formed mainly along grain boundaries in the SLM-produced samples (Fig. 6). During 

the SLM process, the powder is rapidly heated above the melting point and the 

evaporation of alloying element from the molten pool would take place due to the 

high energy input from the laser in a short time [23]. As the boiling point of Ni (3186 

K) is lower than that of Ti (3560 K), the equilibrium vapor pressure of Ti is much 

lower than Ni, which may lead to evaporation of Ni [23, 25, 26]. Since the heating 

and cooling rates are fast enough to suppress element diffusion to obtain chemical 

homogenization, the evaporation of Ni may cause the enrichment of Ti along the grain 

boundaries, especially in the molten pool boundary areas (Fig. 6). According to the 

Ti-Ni binary phase diagram, the Ti2Ni reaction temperature (1257 K) is lower than 

that of Ti-Ni phase (1583 K), and the Ti2Ni phase can be formed as the following 

reaction [9]: 

                      2Ti + Ni = Ti2Ni                        (2) 

The Gibbs free energy of reaction (2) is -78.03 kJ/mol, which indicates that it is a 

spontaneous reaction during the SLM fabrication process [9, 45].  



13 

 

The Ti2Ni phase presents various morphologies in different type of Ti-Ni alloy. It 

was reported that in the Ti-rich Ti-Ni alloy, the microstructure primarily comprises 

columnar dendritic structures with 5~60 µm in size, along with the Ti2Ni present the 

inter-dendritic regions [42, 45]. The size and morphology of the dendritic structure 

and Ti2Ni phase can be manipulated by the laser energy density in the Ti-rich Ti-Ni 

alloy [42]. In the near equiatomic Ti-Ni alloys, Ti2Ni precipitates with large aspect 

ratio can be observed in the Ti-Ni matrix [46]. According to the Ti-Ni phase diagram, 

the Ti2Ni is mainly formed in the Ti-rich or near equiatomic Ti-Ni alloys. However, 

because of the formation kinetics is very fast for Ti2Ni phase and oxygen stabilization 

or composition gradients formed during SLM process, the Ti2Ni precipitates with 

10~20 nm in size are also observed in the Ni-rich Ti-Ni alloy [25]. In this work, the 

studied alloy is equiatomic Ti-Ni. Unlike the reported alloys, the morphology of Ti2Ni 

precipitates is partile-like in this work. This phenomenon may be attributed to the 

relatively low laser energy density used in this work to rapidly form the kinetics of the 

Ti-Ni phase, and the atomic fraction of the elements is almost equal. The formation of 

Ti2Ni precipitates may affect the performance of the SLM-produced Ti-Ni alloy. 

It has been widely reported that because of the evaporation of nickel during the 

SLM process, the phase transformation temperatures are higher than the original Ti-Ni 

powder [23, 27]. It is interesting that the corresponding phase transformation 

temperatures are lower than those of original Ti-Ni powder in this work and the 

hysteresis temperatures between the start and finish point of the phase transformation 

of SLM-produced samples are much larger than the corresponding ones of the powder 

(Fig. 5). The transformation temperatures of Ti-Ni alloys are very sensitive to 

microstructure (dislocations or precipitations) [23]. And the reason for such an 

abnormal phenomenon is attributed to the formation of Ti-rich secondary phases, such 

as Ti2Ni phase precipitates (Fig. 6 and Fig. 7) formed by eutectoid reaction between Ti 

and Ni as discussed above. The influence of formation of Ti-rich precipitates may 

overcome the effect of the evaporation of Ni, thereby resulting in the decrease in 

transformation temperatures [14]. The un-homogeneous microstructure (Fig. 6) would 

cause the uneven element distribution in the Ti-Ni matrix, thereby resulting in much 
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larger hysteresis temperatures between the start and finish point of the phase 

transformation of SLM-produced samples than of the powder (Fig. 5) [10, 23].  

4.3 Formation of R phase 

It has been reported that for equiatomic Ti-Ni alloy, prepared using traditional 

methods, has a tendency to exhibit an R phase between the high and low temperature 

phases after thermal cycling [4, 12]. Thus, the B2 to B19′ transformation becomes the 

two-stage transformation after several thermal cycling. The first stage is from B2 to R, 

and the second is R to B19′. With the increase in thermal cycles, the R phase is 

stabilized [4]. During the SLM process, the previous layers are re-melted and 

re-heated several times until the manufacturing process is completed, which could be 

equivalent to a special constant thermal cycle, and it is also possible to form the R 

phase during repeated melting and heating. 

As such, TEM observations were used to verify the existence of R phase in the 

SLM-produced equiatomic Ti-Ni alloy for sample of SLM-1000 in Fig. 12. It is 

interesting to observe that the diffraction spots located at near 1/3 position in the 

reciprocal lattice are very sharp and strong, which confirms the existence of R phase 

in the right and left regions of the grain boundary at room temperature in the B2 phase 

areas (Fig. 12a, 12b and 12c) [5, 6]. However, the content of the R phase is too less to 

be detected in the XRD pattern (Fig. 4) and DSC curves (Fig. 5). Some nonascale 

Ti2Ni particles are also observed along the grain boundary (Fig. 12a). These results 

indicate that B19′, B2, R and Ti2Ni phase coexist in the SLM-produced Ti50Ni50 (at.%) 

samples at room temperature. In addition, the repeating process could also introduce 

much lattice defects, such as dislocations (Fig. 12d), in the SLM-produced samples. 

The dislocations and embedded grain boundary Ti2Ni particles in Ti-Ni matrix phase 

may create local stress fields, which may also accelerate B2 to R and suppress B2 to 

B19′ transformation [4, 8]. Consequently, the formation of R phase during the SLM 

processing was discussed above, but the effect of the R phase on properties of the 

SLM-produced Ti-Ni alloy also need to be investigated in the future.  

5. Conclusion  
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In the work, the solid parts of equiatomic Ti50Ni50 (at.%) alloy were successfully 

fabricated by SLM, and the microstructure, phase transformation temperatures, 

compressive mechanical property and the formation of precipitation phases were 

investigated. The results are summarized as: 

(1) The scanning speed of 1000 mm/s (thus with energy density of 40 J/mm3) is the 

optimal parameter to achieve the dense product with the minimum defects. Lower 

or higher than this scanning speed, the density of SLM-produced equiatomic Ti-Ni 

samples decreases due to the formation of different types of defects,  

(2) The phase composition, transformation temperatures and the Vickers hardness are 

changeless with the changing scanning speed . 

(3) The SLM-produced equiatomic Ti-Ni samples mainly consist of 

self-accommodate <011> type II martensite (B19′) twins. The B2, R and Ti2Ni 

phases are also detected in the samples. 

(4) The formation of Ti2Ni phase results in lower corresponding phase transformation 

temperatures for SLM-produced equiatomic Ti-Ni alloy than for the original Ti-Ni 

powder.  

(5) Becaues of the special repeated heating process and stress field formed by Ti2Ni 

phase and dislocations, the intermediate R phase is formed during the SLM 

process. 

(6) Compared to the traditinal cast counterparts, the SLM-1000 samples exhibit higher 

compressive and tensile fracture stress with lower compressive and tensile strain.  
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Tables 

Table 1 

Phase transformation temperatures of SLM Ti-Ni parts and original Ti-Ni powder from DSC graphs 

Sample Mf / ºC Mp / ºC Ms / ºC As / ºC Ap / ºC Af / ºC 

Powder 47.8 57.6 65.3 82.5 96.9 103.0 

SLM-500 18.2 44.9 62.2 56.8 78.5 89.2 

SLM-750 2.3 42.0 63.9 53.8 76.3 92.7 

SLM-1000 7.4 42.4 64.4 51.0 74.4 93.5 

SLM-1500 20.0 43.0 56.2 54.6 75.7 88.5 

SLM-2000 13.5 40.2 60.2 50.0 73.4 87.6 
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Figure Captions 

Fig. 1 (a) The SEM shape morphology and (b) the size distribution of Ti-Ni powder. 

Fig. 2 The relationship between relative density of SLM Ti-Ni parts with SLM scanning speeds or input 

laser energy density. 

Fig. 3 The SEM images for top surface after mechanically ground and polished to show the defects of 

(a) SLM-1500 and (b) SLM-500. 

Fig. 4 The XRD spectra of the Ti-Ni powder and SLM fabricated samples at different laser scanning 

speeds. 

Fig. 5 (a) The DSC curves and (b) temperature of phase transformation peaks of Ti-Ni powder and 

SLM fabricated samples at different laser scanning speeds. 

Fig. 6 The SEM microstructure of SLM-1000: (a) top surface of molten pool, (b) the area of A in Fig. 

6a for columnar grains, (c) the area of B in Fig. 6a for large scale equiaxed grains,, (d) the area of C in 

Fig. 6a for little size equiaxed grains, (e) the area of D in Fig. 6a for nanoscal or sub-micro equiaxed 

grains, (f) molten pool boundary area. 

Fig.7 (a) Low-magnification STEM image of a grain boundary with precipitation phases in SLM-1000, 

(b) and (c) EDS results obtained from a precipitation marked in (a). 

Fig. 8 TEM microstructure of SLM-1000: (a) bright field image, (b) the morphology of twins, (c) the 

corresponding SAED pattern obtained from the region containing twins, (d) high-resolution TEM 

image for a twin with the misorientation angle of 145° at the twin boundaries. 

Fig. 9 The Vickers hardness of (a) SLM fabricated samples in different scanning speed and (b) 
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SLM-1000 along the building direction and the top surface on a straight testing line that spans the 

entire sample for ten different positions respectively. 

Fig. 10 The compression of (a) and tensile of (b) stress-strain curves loaded until failure for SLM-1000 

and the cast counterpart with the same chemical composition. 

Fig. 11 (a) The morphology of SLM-1000 before and after compression testing, SEM image for (b) 

whole fracture surface, (c) crack morphology and (d) smooth area. 

Fig. 12 TEM microstructure of the SLM-1000 sample: (a) bright field image for Ti2Ni phases at a grain 

boundary, SAED patterns obtained respectively from the (b) left and (c) right regions of the grain 

boundary shown in (a)and, and (d) bright field image for dislocations obtained under the two-beam 

condition inside the sample. 

 

 

Fig. 1 (a) The SEM shape morphology and (b) the size distribution of Ti-Ni powder. 

 

 

Fig. 2 The relationship between relative density of SLM Ti-Ni parts with SLM scanning speeds or input 

laser energy density. 
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Fig. 3 The SEM images for top surface after mechanically ground and polished to show the defects of 

(a) SLM-1500 and (b) SLM-500. 

 

 

Fig. 4 The XRD spectra of the Ti-Ni powder and SLM fabricated samples at different laser scanning 

speeds. 

 

 

Fig. 5 (a) The DSC curves and (b) temperature of phase transformation peaks of Ti-Ni powder and 

SLM fabricated samples at different laser scanning speeds. 
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Fig. 6 The SEM microstructure of SLM-1000: (a) top surface of molten pool, (b) the area of A in Fig. 

6a for columnar grains, (c) the area of B in Fig. 6a for large scale equiaxed grains,, (d) the area of C in 

Fig. 6a for little size equiaxed grains, (e) the area of D in Fig. 6a for nanoscal or sub-micro equiaxed 

grains, (f) molten pool boundary area. 

 

 

Fig.7 (a) Low-magnification STEM image of a grain boundary with precipitation phases in SLM-1000, 

(b) and (c) EDS results obtained from a precipitation marked in (a). 
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Fig. 8 TEM microstructure of SLM-1000: (a) bright field image, (b) the morphology of twins, (c) the 

corresponding SAED pattern obtained from the region containing twins, (d) high-resolution TEM 

image for a twin with the misorientation angle of 145° at the twin boundaries. 

 

 

Fig. 9 The Vickers hardness of (a) SLM fabricated samples in different scanning speed and (b) 

SLM-1000 along the building direction and the top surface on a straight testing line that spans the 

entire sample for ten different positions respectively. 
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Fig. 10 The compression of (a) and tensile of (b) stress-strain curves loaded until failure for SLM-1000 

and the cast counterpart with the same chemical composition. 

 

 
Fig. 11 (a) The morphology of SLM-1000 before and after compression testing, SEM image for (b) 

whole fracture surface, (c) crack morphology and (d) smooth area. 
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Fig. 12 TEM microstructure of the SLM-1000 sample: (a) bright field image for Ti2Ni phases at a grain 

boundary, SAED patterns obtained respectively from the (b) left and (c) right regions of the grain 

boundary shown in (a)and, and (d) bright field image for dislocations obtained under the two-beam 

condition inside the sample. 
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