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ABSTRACT: This study explores the impact of energy input and build orientation on the anisotropic mechanical and functional 

properties of Ti-rich Nitinol (NiTi) produced via electron beam powder bed fusion (PBF-EB), integrated with layerwise in-situ 

monitoring of the melted surface via backscatter electron detection (ELO). NiTi, a binary alloy of nickel and titanium, exhibits 

shape memory and superelasticity, making it widely used in biomedical applications and sustainable technologies. PBF-EB, 

particularly with ELO, is highlighted for its advantages in producing crack-free NiTi with tailored microstructures. The investigation 

reveals that energy input significantly influences microstructure phases, with higher energy promoting increased evaporation of Ni 

and enhancing Ti-rich Ti2Ni precipitates, allowing for tailored material properties. Build orientation also proves crucial, impacting 

mechanical responses and functional properties. The 0° orientation yields the hardest mechanical response with the highest ultimate 

tensile strength (UTS) and the highest strain recovery ratio while the 45° orientation shows improved ductility but lower UTS. The 

influencing factors towards the formation of the anisotropic material properties are explained and the potential of tailoring the NiTi 

properties for specific applications by controlling energy input and build orientation in the PBF-EB process are underlined. These 

insights offer valuable criteria for designing innovative NiTi parts. 

Keywords: Shape memory effect (SME); Superelasticity; Anisotropy; Nitinol (NiTi); Thermomechanical compression test; 

Electron Beam Powder Bed Fusion (PBF-EB); Electron-Optical Process Monitoring (ELO) 
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1. Introduction 

The binary alloy Nitinol (NiTi), consisting of nickel and titanium, is the most commonly used shape memory alloy. 

With its exceptional functional properties of restoring its shape after mechanical deformation through a thermally 

induced martensite phase transition and the so-called superelasticity resulting from the stress-induced martensite phase 

transition.  If the material exhibits either superelastic or shape memory properties depends mainly on the stable phase 

present at the operation temperature. If the alloy is Ti-rich (Ti-content xTi > 50 at.%) the NiTi exhibits the shape memory 

effect at room temperature since martensite is stable [1]. Otherwise, if the alloy is enriched in Ni (xTi < 50 at.%) the 

material shows superelastic properties due to the austenite present at room temperature. In the Ni-rich region of the 

alloy the phase transformation temperatures react much more sensitive to the change in chemical composition where a 

Ni loss of approx. 1 at.% can cause a drop of the transformation temperature of ca. 80 °C [1,2]. Therefore, NiTi shows 

a high variability of the functional properties, but an exact knowledge about the chemical composition is necessary to 

understand the material response under thermomechanical loading. Due to this variability, NiTi has a wide range of 

applications [1,3]. Due to its low modulus of elasticity and its functional properties, the biomedical sector is one of the 

most important areas for NiTi applications, e.g., stents or implants [4]. In addition, the material has a high potential in 

terms of new sustainable technologies, e.g., heating and cooling using the elastocaloric effect [5], newly designed 

actuators [6] or heat engines without the usage of fossil fuels [7]. The combination of NiTi and additive manufacturing 

(AM), especially powder bed fusion (PBF), has gained significant interest over the last years [8–12]. Conventional 
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processes such as casting can have a higher probability of impurity pick-up compared to electron beam powder bed 

fusion (PBF-EB), which operates under high vacuum [8]. Extensive post-processing [13] can be avoided due to near-

net-shape production, and the high freedom of design enables the development of new applications [5,6]. Furthermore, 

PBF-EB enables a high powder bed temperature of more than 800 °C, which suppresses cracking and residual stresses, 

making it possible to produce crack-sensitive materials such as NiTi [9,12,14] or other crack-sensitive materials with 

even the possibility to tailor the microstructure by controlling the thermal conditions [15,16]. In addition, the electron 

beam is not only used for melting and keeping the high build temperature, it can be also used for in-situ analysis of the 

build using layerwise imaging via backscatter electron detection (ELO) [17]. Based on the ELO in-situ monitoring 

system, the formation of the melt pool and any defects (e.g., pores, uneven surface and cracks) can be detected during 

PBF-EB in the earliest stage [17–19] This helps reducing the number of energy-intensive build processes and avoids 

the need to carry out time-intensive metallographic analyses in order to find suitable parameters for new materials [17]. 

Crack-free NiTi with shape memory effect and superelasticity has already been successfully produced by means of 

PBF-EB [9,12,14,20]. The chemical composition and the related ratio of equilibrium phases (austenite (B2)/martensite 

(B19’) NiTi, Ti2Ni) are highly influenced by evaporation due the PBF-EB process. The phase contents, in turn, can 

have an enormous impact towards the mechanical and functional properties [1,2]. In this study Ti-rich NiTi is used 

which is not as sensitive to the change in functional properties due to changes in the chemical composition [2]. A benefit 

for future applications of Ti-rich NiTi is a defined transformation temperature e.g., an austenite finish temperature Af 

of approx. 100 °C independently from the manufacturing. The temperature Af displays the temperature at which all 

martensite transformed to austenite. However, the controllable Ni-loss via the energy input can be used as a tool to 

manipulate the microstructure in order to tailor the mechanical properties. A similar technique has been applied to a 

TiAl alloy before [21]. Additionally, the functional properties of NiTi can also be adjusted through the Ni-content [2], 

which could be controlled by the process parameters of PBF-EB using Ni-rich NiTi. As already shown in the 

manufacturing of shape memory alloys via laser powder bed fusion (PBF-LB), the build orientation influences the 

functional and mechanical properties [22–28]. Regarding new possible applications, the choice of the build orientation 

with an anisotropic material response offers an interesting new field in research. 

The goal of this study is to investigate the influence of the energy input and the build orientation of PBF-EB 

integrated with ELO in-situ monitoring towards the anisotropic mechanical and functional properties of Ti-rich Ni-Ti. 

Furthermore, the aim is to get insight towards the complex interaction between the as-built PBF-NiTi texture and grain 

structure and the anisotropic character of as-built PBF-EB NiTi. The outcome of this study can be used to tailor the 

properties of a NiTi part specifically to the needs of an application. 

2. Materials and Methods 

2.1. Process Window Via In-Situ Electron Optical Imaging Characterization 

A pre-alloyed, Ar-atomized Ti-rich binary NiTi powder with a Ti-content xTi of 51.1 ± 0.3 at.% provided by Eckart 

TLS GmbH (Bitterfeld-Wolfen, Germany) was used for the PBF-EB manufacturing of the samples in this work. This 

chemical composition was analyzed using Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES, 

Ciros CCD, Spectro Analytical Instruments GmbH, Kleve, Germany). The phase transition temperatures, Differential 

Scanning Calorimetry analysis (DSC, Netzsch, Selb, Germany) of the powder was performed in a temperature range 

from −100 °C to 150 °C with a constant heating and cooling rate of 10 K/min. The powder particles exhibited spherical 

morphology with a small number of satellites analyzed by SEM (SEM Quanta 450, FEI, Hillsboro, OR, USA). Based 

on the laser diffraction analysis (Mastersizer 3000, Malvern Panalytical GmbH, Kassel, Germany), the NiTi powder 

showed a particle size ranging between 45 µm and 125 µm examined. The powder shows an austentite finish 

temperature of Af = 93 °C and a martensite finish temperature Mf = 24.5 °C. These values can be expected for Ti-rich 

NiTi with this Ti-content. A more detailed powder characterization of this powder was presented by Fink et al. [9]. To 

determine the processing window for NiTi PBF-EB regarding porosity and cracking tendency, specimens were 

fabricated on a PBF-EB machine Freemelt One (Freemelt Holding, Mölndal, Sweden) and analyzed by an electron-

optical (ELO) in-situ imaging system. After melting each layer, the surface of the specimens was imaged by ELO 

monitoring and categorized as dense, porous, or cracked. The characterization was done via image analysis, if no black 

defect was detected on the molten surface the sample was defined as dense and crack free. A more detailed description 

of the process window generation was presented by Pobel et al. [29] and about the detection of cracks by Bäreis et al. 

[18]. Table 1 lists the fixed PBF-EB process parameters for the generation of the NiTi process window study. lcube 

denotes the edge length of the produced NiTi cubes. The lateral velocity (vlat) was varied as a function of the beam 
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velocity vbeam (see Equation 1), and the area energy (EA) was adjusted as a function of the beam power Pbeam (see 

Equation 2) in order to find suitable parameters for producing dense and crack-free samples. The hatch-spacing l0 was 

kept constant at 200 µm. The as-built NiTi exhibits an austenite finish temperature (theoretically 100% austenite) Af of 

99 °C and a martensite finish temperature (theoretically 100% martensite) Mf of 42 °C [9].  

𝑣lat =
vbeam∙l0

lcube
 (1) 

𝐸𝐴 =
Pbeam

vbeam∙l0
 (2) 

Table 1. PBF-EB process parameters for the ELO process window. 

Process Parameter Value 

Build temperature Tbuild ~820 °C 

Cube length lcube 15 mm 

Layer height 75 µm 

Hatching Cross-snake 

Hatch distance l0 200 µm 

He—pressure 2 × 10−3 mbar 

Acceleration voltage HV 60 kV 

2.2. Influence of the Energy Input 

A specimen (cube 15 × 15 × 15 mm3) with a constant vlat and linearly increasing area energy from 2 J/mm² to 6 

J/mm² over the build height of 15 mm was built. The same cross-sectional area was used as for the samples from 2.1. 

The melt pool geometry was captured each layer by ELO monitoring and the maximum melt pool length was measured. 

The area fraction of precipitates was calculated based on binarized images from a scanning electron microscope (SEM 

Quanta 450, FEI, Hillsboro, OR, USA). The scanned area extends over the whole build height as shown in Figure 1 

(red dashed area). The local chemical composition of the cross-sections in the as-built samples was investigated in 6 

regions (blue dashed areas in Figure 1) with equal distance in between taken using electron probe microanalysis (EPMA, 

JXA 8100, JEOL, Tokyo, Japan). SEM analysis and EPMA were carried out after grinding, polishing, and ion milling 

(EM TIC 3X, Leica Microsystems, Wetzlar, Germany). The pure element standards (Ti, Ni) were used as reference for 

the EPMA. Images with the size of 100 × 100 µm² were taken with an interval of 50 µm as step interval, a dwell time 

of 200 ms, an acceleration voltage of 20 kV and a probe current of 2e−8 A. 

 

Figure 1. Sample with increasing energy input depending on the build height. The SEM analysis and EPMA measurement sites are marked. 

Tensile tests were performed on samples with area energy input from 2.25 to 4.5 J/mm². The samples were built 

standing (0°, see Section 2.3). The tests were carried out according to DIN 50125:2016-12 [30] (Geometry B, M6) on 

a universal testing machine (Instron 4505 Retrofit, Instron Corporation, Canton, MA, USA) at room temperature using 

a strain rate of 0.018 min−1. For each chosen energy input four tensile specimens were built and individually tested. The 

average ultimate tensile strength (UTS) and fracture elongation with a standard deviation is calculated from the 

experiments.  
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2.3. Influence of the Build Orientation 

For the analysis of the influence of the build orientation on the microstructure, mechanical, and functional 

properties, fixed process parameters of vlat = 8 mm/s and EA = 3 J/mm² were chosen. Standing (0° deviation between 

build direction BD and loading direction LD), lying (90° orientation BD to LD) and diagonal specimens (45° orientation 

BD to LD) were built and tested. The arrangement of the testing samples on the start plate is shown in Figure 2a, and 

the CAD layout as well as as-built samples on the start plate are compared in Figure 2b. 

 

Figure 2. (a) Isometric view of the start plate with the planned post-processed specimens for metallographic, compression and 

tensile samples shown in the semi-transparent as-built parts; (b) Comparison between the CAD and the as-built start plate. 

Microstructure characterization was carried out using an optical microscope (AXIO Imager M1m, Carl Zeiss Jena 

GmbH, Jena, Germany). Prior to the microstructure analysis, the PBF-EB-produced cuboid samples were cut along the 

BD (z) and polished with a 1 µm diamond finish. Microhardness tests (Leco M-400-G, Saint Joseph, MI, USA) were 

performed on 15 sites equally distributed over the height of the metallographic samples after the optical analysis. Tensile 

tests were performed as specified in Section 2.2. 

Thermomechanical compression cycling tests (training) were carried out on a Gleeble 3500 machine (Dynamic 

Systems Inc., Poestenkill, NY, USA) using PBF-EB specimens to characterize the shape memory properties resulting 

from the thermally induced austenite/martensite phase transition. The test specimens were fabricated with the aspect 

ratio given in DIN 50106:2016-11 [7,31] (L = 16 mm, r = 4 mm) by wire erosion. The test procedure developed on the 

Gleeble machine has been explained in more detail in a previous study on determining the reversible strains caused by 

the phase transition and is summarized in Figure 3a [9]. During the compressive tests, the strain rate was set to 0.5 

mm/min. The specimen was heated and cooled using Joule heating at a pre-stress of 25 MPa. The loading was released 

to the pre-stress after the desired strain for each cycle was reached. The first 10 compression cycles were performed up 

to a strain of 5%. For the subsequent cycles, 1.5% strain was added after each two cycles until a strain of 14% was 

reached. The incremental increase of the pre-strain helps to possibly identify the strain where slip starts and the 

irreversible strain ratio increases. The procedure of the thermo-mechanical SME cycling is demonstrated schematic for 

the first three cycles in Figure 3a). In addition to the shape memory cycling, the superelastic properties resulting from 

the stress-induced phase transition were characterized by cyclic compression tests at a constant temperature of 120 °C 

(~20° higher than Af), which can be seen in Figure 3b) for the first three cycles. Again, the sample was loaded until the 

desired pre-strain of 2% was reached. Every cycle, this pre-strain was elevated by 1%, ending at 10% after a total of 9 

cycles. After attaining the pre-strain, the sample was unloaded down to 25 MPa. To compare the shape memory effect 

and the superelastic effect, the recovery ratio φn of each cycle n was calculated using Equation 3:  

𝜑𝑛 =
𝜀𝑚𝑎𝑥,𝑛 − 𝜀𝑠𝑡𝑎𝑟𝑡,𝑛+1

𝜀𝑚𝑎𝑥,𝑛
 (3) 

The difference of the maximum strain εmax,n reached in cycle n and the starting strain εstart,n+1 of the upcoming cycle 

n + 1 divided by εmax,n represents the recovery rate of each cycle. Figure 3 represents the previous explained experimental 

procedure on the Gleeble 3500 for the SME cycling (Figure 3a) and the SE cycling (Figure 3b). The focus in the results 

section is set towards the stress-strain response and the temperature axis is for the sake of simplicity not plotted. 
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Figure 3. A schematical experimental procedure at the Gleeble 3500 for the sake of simplicity shown for the first three cycles. (a) The 

thermo-mechanical SME cycling starts with the elastic deformation of the martensite (T < Mf), then the material deforms via detwinning 

and reorientation, subsequently a thermal induced phase transition to austenite due to heating to 120 °C (T > Af) follows after unloading. 

Adapted from [9]; (b) The superelastic cycling is performed at constant 120° (T > Af) with a reversible stress induced martensite (SIM) 

transition after elastic deformation. Slip at higher strains could lead to an increase in the irreversible strain for both cycling tests.  

3. Results 

3.1. Process Window Via In-Situ Electron Optical Imaging Characterization 

The PBF-EB process window for dense and crack-free NiTi by layerwise ELO monitoring is shown in Figure 4 

with three exemplary images from surfaces representing cracked, dense, and porous samples. The area energy EA is 

plotted over the lateral velocity vlat. 

 

Figure 4. PBF-EB process window for dense and crack-free NiTi via in-situ electron optical imaging characterization with an 

exemplary porous (red), dense (green) and cracked (black) surface. 

The layerwise ELO monitoring allows detecting porosity and cracks in the material in-situ. Hence, the samples can 

be categorized as porous, dense, and cracked during a running build job. The area energy input EA as well as the lateral 

velocity vlat can be adjusted simultaneously. With this method, a parameter region for dense and crack-free NiTi (green 

marks) was established for vlat between 10–30 mm/s and EA between 0.75 and 1.5 J/mm². For vlat ≈ 10 mm/s, the cracking 

tendency and porosity formation are minimal, allowing the highest variability of the area energy for achieving dense 

samples. The process window could be determined with just one build job and without extensive post-processing and 

metallographic analysis of the samples.  
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3.2. Influence of the Energy Input 

The following section focuses on the results regarding the influence of the energy input towards tailoring the melt 

pool shape, chemical composition, microstructure, and mechanical properties. 

3.2.1. Melt Pool Shape Characterization by In-Situ Electron-Optical Monitoring  

Since the melt pool shape can be used to draw conclusion about the final microstructure [15], the lateral melt pool 

extension of every layer of the sample was measured. The melt pool extension and the associated ELO images are 

displayed in Figure 5. The colored points represent the values determined from the ELO images on the right side with 

the correspondingly colored frames. 

 

Figure 5. The melt pool extension over the area energy EA and exemplary images from the ELO monitoring. The color of the frame 

from the ELO images corresponds to the highlighted points in the graph. The yellow dotted line displays the contour of the melt 

pool and the arrow the melt pool extension in the middle of the sample. 

At EA < 2.7 J/mm², the melt pool is trailing, and its lateral extension does not increase with higher area energy. 

Between 2.7 J/mm² and 3.3 J/mm², a partial-persistent melt pool evolves. Melt pools at the sample edge overlap since 

the local return time of the beam is shorter at the turning points than in the middle of the specimen. If EA > 3.3 J/mm², 

the melt pool reaches the persistent state, and the lateral melt pool extension shows a linear increase with EA. 

3.2.2. Chemical Composition and Precipitates 

The EPMA mappings (Figure 6a,b) display the local chemical composition of the microstructure at different EA. 

The average of the Ni content xNi was calculated and plotted in Figure 6c depending on EA. The colored marks 

correspond to the accordingly colored EPMA mappings in Figure 6a,b. Figure 6d shows the area fraction of the 

precipitates based on binarized SEM analysis carried out over the complete build height. 

The average Ni content tends to decrease with increasing area energy due to preferential evaporation of Ni. The 

EPMA plots allow classifying the precipitates as Ti2Ni due to the stoichiometric ratio of xNi ≈ 33 at.% measured at the 

Ti-rich areas. In addition, the EPMA plots visualize qualitatively the increase in area fraction of the of Ti2Ni phase with 

higher area energy. For the quantitative measurements, the SEM images were used since a larger area of the samples 

could be analyzed. The area fraction of precipitates increases linearly at EA > 3.3 J/mm² whereas the area fraction stays 

constant at lower EA. However, it is worth noting that the resolution of the SEM and EPMA is insufficient to clearly 

detect the absolute number of precipitates at area energies below 3.3 J/mm² since the precipitates are expected to be 

smaller than the resolution of the devices. No distinct precipitates are visible in Figure 6a. The image analysis tool 

cannot distinguish between matrix and precipitates at this resolution. CALPHAD simulations using Thermo-Calc 

software and the database TCTI2 were performed to evaluate the difference between the measured and the expected 

number of the precipitates. (see Supplemental Figure S1). For this study the focus is set on the increasing trend of the 

area fraction rather than on the absolute number of precipitates. 
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Figure 6. (a,b) Distribution of Ni content xNi at EA = 2.7 J/mm² and EA = 6.0 J/mm² measured via EPMA; (c) Average xNi determined 

by EPMA analysis in dependence of the area energy compared with the xNi of the fresh powder; (d) Area fraction of precipitates in 

dependence of the area energy measured via image analysis based on SEM measurements. 

3.2.3. Tensile Properties 

Four characteristic tensile stress-strain curves for each NiTi sample manufactured with area energies from 2.2 J/mm² 

to 4.5 J/mm² are plotted in Figure 7a. Figure 7b shows the UTS on the left y-axis (black) and the fracture elongation on 

the right y-axis (red) for all specimens measured. The lateral velocity vlat was constant (8 mm/s). 

The as-built Ti-rich NiTi exhibits in all samples a small detwinning and reorientation region (further only named 

detwinning region) starting at about 0.6–0.8% strain without a distinct stress plateau in the stress-strain curves. The 

highest UTS of ca. 1200 MPa could be reached for EA = 3.75 J/mm² while the highest fracture elongation of ca. 4% was 

achieved using the lowest tested EA = 2.25 J/mm². For area energies up to 3.75 J/mm², increasing EA does not affect the 

UTS or fracture elongation notably with all samples exhibiting a fracture elongation > 3.5% and a UTS > 1000 MPa. 

After reaching EA > 3.75, the fracture elongation (<2.6%) as well as the UTS (<900 MPa) drop, and the standard 

deviation of the experimental data rises significantly, indicating a more brittle mechanical behavior. 

 

Figure 7. (a) Stress-strain curves for exemplary samples at room temperature (martensite) with EA from 2.25 J/mm² to 4.50 J/mm². 

(b) Ultimate tensile strength (UTS) on the left y-axis and fracture elongation on the right y-axis for all samples tested. All samples 

were built standing (0°) with a constant vlat = 8 mm/s. 
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3.3. Influence of Build Orientation 

In the following chapter the outcome of the study on the influence of the build orientation towards the 

microstructure, mechanical und functional properties is presented. The color red represents the results for the standing 

0°, blue for the diagonal 45°, and black for the lying 90° orientation. 

3.3.1. Microstructure and Hardness 

The as-built microstructure of PBF-EB NiTi shows a notable difference when analyzed at different angles to the 

build direction. In Figure 8 three different optical microscope images for samples built in different angles to the start 

plate are shown. The metallographic samples were cut parallel to the loading direction (see Figure 2a, red planes). In 

addition, the hardness values corresponding to the images are shown in Table 2. 

When cutting parallel to the build direction, a columnar microstructure with lens-shaped precipitates aligned 

parallel to the build direction BD is observed. If cut at an angle of 45° to the BD, the area fraction of the precipitates 

increases due to the oblique cut. In some regions, the precipitates appear to form necklace-like structures. Cross-sections 

perpendicular to the BD reveal extensive necklace-like precipitate structures. Scheil calculations using CALPHAD 

suggest that these are Ti2Ni phases that form in the interdendritic region. Furthermore, round pores that originate from 

gas trapped in the powder are visible in the 90° sample.  

 

Figure 8. Microstructures of cuts in different orientations to the BD. The 0° sample shows long lens-shaped precipitates; in 90° 

direction the precipitates appear in a necklace-like structure. The 45° orientation is a mix of both while some precipitates seem to 

increase in size due to the oblique cut. 

Table 2. Hardness results at different angles to the build direction. 

∡ BD HV0.2 

0° 217 ± 7.70 

45° 221 ± 9.26 

90° 216 ± 10.56 

The orientation of the test surface to the build direction shows no distinct influence on the hardness values, which 

lie around 218 HV0.2. The standard deviations of the measurements at different orientations (about 9 HV0.2) is higher 

than the hardness differences between the build orientations (1 to 5 HV0.2). 

3.3.2. Tensile Properties and Failure Analysis (RT) 

Tensile tests were performed to investigate the influence of the build orientation on the mechanical properties. 

Three stress-strain curves for the tested build orientations are shown in Figure 9a. Figure 9b depicts the corresponding 

fracture surfaces of the specimens.  

At 0° orientation, the material exhibits the stiffest behavior characterized by the highest maximum tensile stresses > 

1200 MPa and the shortest detwinning length < 2%. The fracture surface shows a transgranular brittle fracture which 

started in the middle of the specimen. The crack’s point of origin could be a defect like a gas pore. In contrast to the 0° 

direction, at 45° orientation, an extended detwinning region is observed. The fracture surface exhibits an intergranular 

oblique brittle fracture with crack initiation starting at the machined outer surface. Finally, at 90° orientation, premature 

failure is evident, with stiffness levels lying between 0° and 90°. This orientation is associated with intergranular brittle 

fracture perpendicular to the loading direction. 
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Figure 9. (a) Stress-strain curves at room temperature (T < Mf) for the tested build orientations (0°, 45°, 90°). The process 

parameters were kept constant (vlat = 8 mm/s and EA = 3 J/mm²); (b) Corresponding fracture surfaces of exemplary specimens for 

each build direction. 

3.3.3. Superelastic Compression Properties (120 °C) 

The stress-strain curves obtained from the superelastic compression cycling experiments are displayed in Figure 10a–c 

for the three tested build directions. Figure 10d compares the recovery rate in dependence of the pre-strain for each 

cycle. 

 

Figure 10. Superelastic compression cycling at T = 120°C (>Af) for (a) 0° build orientation; (b) for 45° build orientation and (c) 

for 90° build orientation; (d) Comparison of the recovery ratio due to superelasticity for all tested build orientations over the cycles. 

The process parameters were kept constant (vlat = 8 mm/s and EA = 3 J/mm²). The stress induced martensite (SIM) transformation 

is marked exemplary in the (a). 
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At 0° orientation, the material exhibits a superelastic plateau due to the stress induced phase transition from 

austenite into martensite that initiates at approximately 600 MPa and 2% strain, followed by a steady increase of the 

slope after reaching a strain of 6%. After unloading, a distinct stress-strain superelastic hysteresis occurs with an 

unloading plateau stress of ca. 300 MPa for all cycles. For 90° samples, the plateau starts at 450 MPa and 2% strain. 

The rising slope begins at a strain of 7.5%. After unloading, a hysteresis without a distinct plateau is measured. 

Furthermore, the maximum compression stress after applying 10% strain is significantly lower for 90° (990 MPa) 

compared with 0° (1750 MPa). At 45° orientation, the plateau begins at approximately 450 MPa at 2% strain and the 

hysteresis is barely observable. Even after 10% strain a maximum compression stress of only 600 MPa is achieved. The 

differences become readily apparent upon comparing the recovery rate in Figure 10d. While the sample built standing 

(0°) reaches a recovery rate of > 90%, the 45° exhibits maximum 62%, the 90° sample lies in between. All samples 

have a trend to higher recovery after 4 cycles after a pre-strain of 5%. 

3.3.4. Shape Memory Properties (Thermomechanical Compression Cycling) 

The build orientation also has an impact on the shape memory properties, which can be seen in Figure 11. The 

SME stress-strain cycling curves up to a pre-strain of 14% are depicted in Figure 11a–c while the recovery rate for the 

first 9 training cycles is plotted in Figure 11d. 

 

Figure 11. SME stress-strain cycling for (a) 0° build orientation; (b) 45° build orientation and (c) 90° build orientation; (d) Comparison 

of the recovery ratio due to the SME training in all tested build orientations over the training cycles 1–9 with 5% pre-strain. The process 

parameters were kept constant (vlat = 8 mm/s and EA = 3 J/mm²). The loading was performed at room temperature (T < Mf). 

The material demonstrates its stiffest behavior in 0° direction, characterized by the highest maximum compression 

stresses and the shortest detwinning region. The stress at which the detwinning and reorientation of the martensite starts 

shows a similar trend as the tensile tests: the lowest is achieved at 45° and the highest at 90°. Regarding the maximum 

compression stresses of each cycle, the 45° and 90° samples show a similar response up to a strain of 8%. At strains > 

8%, the 90° orientation sample shows a decreasing slope of the stress-strain curve after 1000 MPa and does not reach 

values > 1200 MPa. The slope of the 45° sample stays constant up to ca. 1150 MPa and surpasses the maximum 
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compression stresses reached at 90°. However, the differences between the build orientations are not as significant as 

for the superelasticity or tensile tests. Comparing the recovery rates of the first 9 training cycles across all samples, it 

becomes apparent that the 90° and 45° samples exhibit less recovery compared to the 0° sample. This trend is even 

more pronounced in the first 5 cycles. As a consequence, for the as-built NiTi training of the 0° direction, the highest 

stress (580 MPa) was needed to reach the highest recovery rates (max. 99%), while the 45° sample was only loaded up 

to 415 MPa and reached the lowest recovery (max. 95%). 

4. Discussion 

4.1. Efficient and Sustainable PBF-EB NiTi Process Window Generation by ELO 

In previous studies it was shown that layerwise ELO monitoring can detect porosity [17] as well as the cracking 

tendency [18]. These two methods were applied to generate a process window for manufacturing dense and crack-free 

NiTi via PBF-EB. The results for the porosity are in good agreement with previous studies for Ti-rich NiTi [9] and 

equiatomic NiTi [14] via PBF-EB. Due to the high number of brittle precipitates in Ti-rich NiTi, this study focuses on 

the cracking tendency. The precipitation combined with the high thermal gradients and the high cooling rates 

characteristic for PBF-EB can lead to a high cracking susceptibility [32]. A higher vlat leads to a higher cooling rate and 

a higher EA leads to a higher thermal gradient as well as an elevated evaporation of Ni. All of these effects lead to a 

higher crack tendency at high EA and a narrowing of the process window at high vlat. which can be seen in Figure 4. This 

narrowing is seen especially at vlat > 30 mm/s. The increasing cracking tendency for elevated EA and vlat was also found 

for the selective laser melting process (SLM) [10,32]. 

Furthermore, it is worth mentioning that the outcomes for the process window were conducted during only one 

process with alternating process parameters and without any post-processing of the samples. Consequently, with the 

layerwise ELO monitoring the extensive metallographic sample preparation and costly PBF-EB processes in terms of 

energy as well as NiTi powder acquisition can be reduced significantly. The layerwise ELO imaging provides a more 

sustainable and cost-efficient way to find suitable parameters for dense and crack-free materials as shown in this study 

for Ti-rich NiTi.  

4.2. Tailoring of the Mechanical Properties by Adapting the Energy Input 

The trailing-to-persistent transition for NiTi was found to be between EA = 2.5–3.5 J/mm² for vlat = 8 mm/s. After 

reaching the persistent state, the lateral extension increases linearly with increasing area energy. Simulations and 

experiments for PBF-EB presented such melt pool characteristics with increasing EA for the nickel-based superalloy 

CMSX-4 [15,33] One could expect such an outcome due to the similar thermal properties of these two materials [34,35]. 

The control of the melt pool creates insights in tailoring of the microstructure regarding the grain size and precipitates. 

Other studies showed that even single crystals were accomplished by using a persistent melt pool [15]. In this study, 

the focus was set to the precipitation of Ti2Ni and the evaporation of Ni as a tailoring tool for microstructure and 

mechanical properties. 

It is known from literature on powder bed fusion that Ni evaporates from the melt pool due to the high surface 

temperature [12], which increases with higher energy input [25,28]. Tan et al [36] recorded a decrease of 1 at.% Ni in 

Ti-rich NiTi using a max. area energy of 8.4 J/mm² for PBF-LB, while in this study an evaporation of ~ 1.3 at.% Ni 

was present for EA ≈ 5 J/mm². The Ni loss could be enhanced by a persistent melt pool. In this case, high EA causes a 

greater lateral extension of the melt pool and, thus, creates a larger surface area from which Ni can evaporate. 

Furthermore, a higher energy input also leads to elevated peak temperatures, which further intensifies evaporation. This 

leads to the assumption that the Ni loss can significantly increase when a persistent melt pool is present compared to a 

trailing melt pool. Therefore, the Ni loss leads to a shift to a higher Ti/Ni ratio and the Ti2Ni precipitation is favored. 

Equilibrium CALPHAD calculations predict an increase in the fraction of precipitates by 4.8 mol.% for the measured 

Ni loss of ~1.3 at.%. The EPMA measurements of the Ni content and the area fraction of precipitates fit well with the 

theoretically calculated equilibrium data. Controlling the Ni content of NiTi by the energy input could also be applied 

for tailoring the transformation temperatures and thereby the functional properties [11,28]. For Ti-rich NiTi powder, no 

shift of the transformation temperatures is to be expected. Therefore, this study focused on the tailoring of mechanical 

properties exclusively through adjustment of the Ni content. 

Due to the increase of the precipitates in number and size, a trend towards more brittle mechanical properties was 

found up to EA ≈ 4 J/mm². As explained in section 3.1, a higher energy input induces a higher cracking tendency. Since 

the process window suggests a higher cracking tendency at higher area energies, it can be concluded that at EA > 4.5 
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J/mm², which lies outside the evaluated parameter range for process window determination, cracks could start to form 

in the material and decrease the ductility, as evidenced by the reduced fracture elongation.  

By controlling the Ni evaporation, the mechanical properties (stiffness, ductility, strength) are tailorable. With an 

even lower Ni content of the powder, the functional properties could also be controlled by adjusting the phase 

transformation temperatures. 

4.3. Dependency of the Functional and Mechanical Properties on the Build Direction 

The microstructure of as-built NiTi shows interdendritic Ti2Ni lens-shaped precipitates oriented parallel to the BD. 

In addition, previous studies found a columnar grain structure for PBF-EB NiTi [9,12,14]. The columnar grain 

morphology results from the thermal gradient being highest in the vertical direction. This microstructure is typical for 

NiTi fabricated via PBF-EB [9,36]. In the B2 phase, a <001>B2 texture is expected in BD. Such a texture has already 

been measured for PBF-LB [26,27] and PBF-EB [12]. This 0° orientation shows the highest plateau stress σplateau for the 

mechanical tensile tests at room temperature and SE as well SME compression tests. If analyzed perpendicular to the 

BD (90°), the columnar grain structure appears equiaxed and the precipitates stretch out in a necklace-like interdendritic 

structure. For a 90° build orientation, no clear texture was measured for PBF- laser beam (LB). [26,27]. Accordingly, 

mechanical and functional property values between the extremes of the 0° and 45° orientations were found in this study 

for the 90° sample. However, premature failure under tension was observed. The oblique cut of the grain structure at 

45° leads to an apparent increase of the size of the precipitates and a necklace-like structure. In the literature, the texture 

for this direction was characterized as <011>B2 [27]. The lowest plateau stresses σplateau were measured in this direction. 

On the one hand, almost no superelastic stress-strain hysteresis occurred. On the other hand, the most ductile response 

with a fracture elongation ca. three times higher than for the 0° specimen was reached in tensile direction. Overall, the 

differences between the build orientation are more pronounced in tensile direction than under compression. These 

anisotropic outcomes for the mechanical und functional properties can be explained by a combination of several 

influencing factors.  

First, the texture affects the mechanical properties. A model for predicting the mechanical properties of superelastic 

materials based on a modified Taylor factor M’ was presented by Ono et al [37]. The conventional Taylor factor M 

relates the flow stress to the critical shear stress in polycrystalline materials. It depends on the crystallographic structure 

and the texture [38]. The Taylor factor allows predicting the influence of texture towards the mechanical behavior. The 

modification of this factor was established for the SIM transition in polycrystalline NiTi to analyze the superelastic 

stress-strain response to account additionally for the effects of the volume change and hydrostatic stress induced by this 

phase transition [37]. The modified Taylor factors M’ for the different orientations are summarized in Table 3. The 

plateau stress σplateau can be calculated using the product of M’ and the shear stress τ (see Equation 4) while the 

detwinning length εlength is the quotient out of a factor for martensite reorientation γ (0.13) and M’ (see Equation 5) [39]. 

σplateau = τ × M’ (4) 

εlength = γ/M’ (5) 

Table 3. Taylor factor M’ for the three crystal orientations <001>, <011>, <111> in the B2 structure of NiTi [37]. 

Loading Direction Taylor factor M’tensile [37] Taylor Factor M’compression [37] 

<001> 4.9 2.7 

<011> 3.2 2.6 

<111> 2.4 4.1 

The model predicts that the <001>B2 should have a higher plateau stress with less detwinning strain under tension 

compared to the <011>B2 or the <111>B2 texture due to the highest M’. In contrast, the <111>B2 texture shows the highest 

M’ under compression. The asymmetry between tensile and compression is due the fact that martensite variants [1,40,41] 

can only shear in one direction [37,41,42]. Laplanche et al. [39] validated this modified Taylor-based model for the 

reorientation and detwinning of the martensite variants. The model showed that the dependency between the orientation 

and SIM can also explain the mechanical response of textured martensite. Based on this theory, the <001>B2 texture 

should result in higher plateau stresses with a lower detwinning as well as SIM region compared to <011>B2. As already 

mentioned, the influence of the texture on the mechanical response should be more significant under tensile than under 

compression loading. This theoretical model explains well the difference in plateau stress σplateau and length εlength which 

is observable in the tensile tests for the different build orientation. The model predicts at circa an increase of 1.5 of the 
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detwinning stress σplateau and detwinning region εlength
 comparing the <001>B2 and <011>B2 directions. The observed 

difference of σplateau between 0° and 45° fits well with the model, but the detwinning region, which is circa three times 

longer for the 45° orientation, cannot be explained by only using the Laplanche model. In addition, the predicted tension-

compression asymmetry [37,39,42] is observed since the differences between the orientations are less pronounced when 

tested under the compression loading state.  

The second influencing factor represents the columnar grain structure resulting from the PBF-EB process. The grains 

and the lense-shaped precipitates of the 45° sample are aligned in the direction of the maximum shear plane (see Figure 

12). If arranged in this direction, the grain boundaries represent weak sites for crack growth, reduce the detwinning stress 

[43] and improve dislocation sliding in this direction [44]. In the other two directions the grain boundaries and the 

precipitates could act as an obstacle for dislocations, detwinning and crack propagation resulting in a strengthening of the 

material [26]. This influence of the grain structure can be observed in the fracture behavior, where the 45° sample showed 

an oblique intergranular fracture while the others fractured perpendicular to the loading direction in a transgranular manner. 

In addition, the strengthening due to precipitates and grain boundaries explain the higher UTS of the 0° sample. 

It is important to note that cracks occurred on the fracture surface of the 90° sample. This could be due to a third 

factor, the residual stresses σres from the manufacturing. Those could lead to the premature failure seen under tensile 

loading as well as a smaller recovery ratio under compression since defects could lead to slip which degrades the 

reversible strain [1]. The large contact area with the start plate constrains the contraction after melting. The highest 

stresses occur in the longitudinal direction of the part and increase with length which could lead to cracking [45,46]. A 

higher build temperature or other innovative hatching strategies could reduce the residual stresses. 

The fourth factor is the probability of slip in B2 austenite calculated by the Schmid-factor. The maximum Schmid 

factor (0.5) under compression in the B2 austenite is in the <100> {110} system [47]. A previous study showed that 

PBF-LB samples built in 45° direction showed the highest probability of slip with the lowest irrecoverable strain under 

this loading conditions [25]. The effect of diminishing superelasticity due to preferred slip is well known in solution 

annealed NiTi [40]. This effect can explain the low recovery ratio from the superelastic hysteresis in 45° orientation.  

To summarize the discussion of the anisotropic NiTi behavior resulting from the PBF-EB process, the influencing 

factors are visualized in Figure 12 for the three build directions. 

 

Figure 12. Summary of the influencing factors towards the three different loading and building directions, respectively. The 

mechanical and functional properties are based on different influencing factors, namely the texture with the resulting Schmid-factor 

m, the residual stresses and the columnar grain structure with the hardening effect. Data for visualization based on results of this 

study and literature research on PBF NiTi [12,25,27,37,44,45].  

In summary, the anisotropic mechanical, SE and SME response of PBF-EB as built-NiTi is explained by a complex 

combination of influencing factors, namely the texture, residual stresses and grain structure. If loaded in the build 

direction (0°) the strongest mechanical behavior with the highest UTS and the lowest fracture elongation was achieved. 

Furthermore, the best strain recovery ratio (<95%) was reached for SE and SME. In contrast, the 45° orientation showed 

three times higher fracture elongation with a third of the UTS of the vertical samples and only 50% recovery rate under 

SE compression. The 90° sample showed mechanical and functional properties lying in-between the other orientations 

with a premature failure. A combination of the above-mentioned influencing factors must be accounted to predict the 

anisotropic mechanical and functional properties of PBF-EB as-built NiTi. However, with controlling the built 

orientation, the properties of NiTi can be tailored to the needs of the part. 
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5. Conclusions 

The study investigates the influence of the energy input and the build orientation of PBF-EB integrated with ELO in-

situ monitoring towards the anisotropic mechanical and functional properties of Ti-rich Ni-Ti. The layerwise ELO monitoring 

can be used to determine suitable processing parameters for fabricating dense and crack-free components in a more time- and 

cost-efficient and sustainable way than by metallographic sample analysis. The process parameters to gain dense and crack-

free PBF-EB NiTi were in good agreement with previous published literature. In addition, it was found that the energy input 

impacts the phases of the microstructure significantly and can be controlled due to the high energy density of the electron 

beam. With rising energy input, the melt pool enlarges in the lateral direction, more Ni can evaporate, and, as a consequence, 

the area fraction of the Ti-rich Ti2Ni precipitates increases. This can be used to adjust the as-built material since the amount 

of Ti2Ni has a significant impact towards the mechanical properties. Furthermore, the build orientation exhibits a major 

influence on the microstructure and the resulting functional as well as the mechanical properties in the as-built state. Loading 

in the build orientation showed the strongest mechanical response with the highest UTS and the lowest fracture elongation. 

However, the best strain recovery ratio was achieved. In contrast, the 45° orientation showed three times higher fracture 

elongation with a third of the UTS of the vertical samples. This mechanical and functional behavior is explained by a 

combination of the texture, residual stresses, and the grain structure. It explains the complexity of the anisotropic PBF-EB as 

built-NiTi in terms of mechanical behavior as well as superelasticity and shape memory effect. Future research could focus 

on the functional and structural fatigue depending on the process parameters and the built orientation and innovative 

applications. A possible practical application could be a cellular PBF-EB-NiTi structure. Using the anisotropic functional 

properties, the structure could be designed with different stiffness and Poisson's ratio depending on the energy input and the 

build direction. Struts aligned parallel to the build direction could benefit from the stiffer mechanical response, while struts 

perpendicular or oblique to the build direction would exhibit more ductile behavior. This could be used, for example, as a 

cellular damping application with different stiffness depending on the load direction. However, this study demonstrated the 

potential to adjust the anisotropic mechanical and the functional properties by PBF-EB by controlling the process parameters.  

Supplementary Materials 

The following supporting information can be found at: https://www.sciepublish.com/article/pii/166, Figure S1. 

CALPHAD calculations of the Ti2Ni mole fraction over the Ti-content in a binary alloy NiTi using Thermo-Calc 

software and the database TCTI2. 
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