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a b s t r a c t 

Laser powder bed fusion is a promising additive manufacturing technique for the fabrication of NiTi shape 

memory alloy parts with complex geometries that are otherwise difficult to fabricate through traditional 

processing methods. The technique is particularly attractive for the biomedical applications of NiTi shape 

memory alloys, such as stents, implants, and dental and surgical devices, where primarily the superelas- 

tic effect is exploited. However, few additively manufactured NiTi parts have been reported to exhibit su- 

perelasticity under tension in the as-printed condition, without a post-fabrication heat treatment, due to 

either persistent porosity formation or brittleness from oxidation during printing, or both. In this study, 

NiTi parts were fabricated using laser powder bed fusion and consistently exhibited room temperature 

tensile superelasticity up to 6% in the as-printed condition, almost twice the maximum reported value in 

the literature. This was achieved by eliminating porosity and cracks through the use of optimized pro- 

cessing parameters, carefully tailoring the evaporation of Ni from a Ni-rich NiTi powder feedstock, and 

controlling the printing chamber oxygen content. Crystallographic texture analysis demonstrated that the 

as-printed NiTi parts had a strong preferential texture for superelasticity, a factor that needs to be care- 

fully considered when complex shaped parts are to be subjected to combined loadings. Transmission 

electron microscopy investigations revealed the presence of nano-sized oxide particles and Ni-rich pre- 

cipitates in the as-printed parts, which play a role in the improved superelasticity by suppressing inelastic 

accommodation mechanisms for martensitic transformation. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Superelasticity (SE) and shape memory effect (SME) in Shape 

emory Alloys (SMAs) originate from reversible martensitic phase 

ransformations. Control of these transformations has enabled a 

umber of important technologies, such as active biomedical de- 

ices, compact actuators, adaptive couplings and seismic damp- 

ng functional/structural elements. For most of these applications, 

iTi is the material of choice, as it is the most widely researched 

nd commercially available SMA, in addition to its superior shape 

emory properties, biocompatibility and corrosion resistance. Un- 

ortunately, NiTi is exceedingly challenging to machine and manu- 

acture into parts of arbitrary geometry due to its high toughness 

nd strain hardening [1–3] . Specialized machining techniques, such 
∗ Corresponding author. 
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s cryogenic machining and electrical discharge machining (EDM), 

rovide alternative fabrication methods, however they are costly 

nd offer limited geometric complexity in the parts that they pro- 

uce. 

Powder-bed fusion (PBF) [4–11] and directed energy deposi- 

ion (DED) [12–18] additive manufacturing (AM) techniques have 

een extensively studied as routes toward the fabrication of near- 

et-shape NiTi SMA parts, bypassing costly machining steps. PBF 

M techniques such as laser-PBF (L-PBF) or electron beam melt- 

ng (EBM) usually feature small beam size, require powders with 

ner size distribution, and rely on thinner powder bed layers, re- 

ulting in better surface finish and geometric accuracy. DED, on the 

ther hand, offers a greater degree of design freedom, including 

hanging the input powder composition during printing and can be 

sed to repair or add additional material to existing components. 

n biomedical applications, control of surface finish is necessary in 

rder to limit, for example, the release of (toxic) Ni [19] and sub- 

tantial attention has thus been given to L-PBF of NiTi. 

https://doi.org/10.1016/j.actamat.2022.117781
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2022.117781&domain=pdf
mailto:ikaraman@tamu.edu
https://doi.org/10.1016/j.actamat.2022.117781
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NiTi parts fabricated using AM have been reported to exhibit 

p to 10% compressive [11] and up to 8% tensile recoverable strain 

hrough SME [20] , comparable to NiTi parts fabricated via conven- 

ional ingot metallurgy techniques. However, the starting powder 

or these parts is usually a relatively low Ni-rich NiTi powder (i.e. 

i < 50.5 at. %) and the printed parts typically have transforma- 

ion temperatures above room temperature and do not display SE. 

ompared to SME, achieving SE in AM NiTi is exceedingly challeng- 

ng. Firstly, to accomplish SE in AM NiTi, the printed parts should 

ave an austenite finish (A f ) temperature lower than the operat- 

ng temperature––in biomedical applications this corresponds to 

ody temperature. Beyond 50 at.% Ni, the transformation tempera- 

ure(s) in binary NiTi SMAs decrease and to lower them to the re- 

uired operating temperature in biomedical applications it is nec- 

ssary to use a high Ni-rich NiTi powder feedstock (i.e. Ni > 50.7 

t. %). Local temperatures during AM of NiTi can easily result in 

ignificant preferential evaporation since Ni has a vapor pressure 

bout three orders of magnitude higher than that of Ti at rele- 

ant temperatures. This can alter the chemical makeup of the de- 

osited material and significantly affecting its transformation tem- 

eratures [ 4 , 7 , 9 , 20-27 ]. Therefore, processing parameters must be

arefully selected to achieve the final desired Ni content, and thus, 

he transformation temperatures of the printed NiTi parts. Sec- 

ndly, even if the processing conditions can be controlled to ensure 

arget transformation temperatures in the as-printed part, desired 

E behavior may not be achieved. This occurs when the strength 

f the matrix is not high enough, as the critical stress inducing 

he martensitic transformation also leads to dislocation plasticity 

n the parent phase during loading. Thirdly, the epitaxial growth 

etween successive layers, the presence of porosity (due to poorly 

ontrolled manufacturing conditions) and/or non-metallic inclu- 

ions (due to poor control of the atmosphere in the build chamber) 

nd the generation of residual stresses may lead to embrittlement 

f the part, as it fails before exhibiting SE effect. To date, a few

tudies have reported SE behaviour in AM NiTi samples under both 

ompressive and tensile loading [ 4 , 12 , 28-37 ]. However, the maxi-

um tensile recoverable strain in as-fabricated condition was at 

ost only 3%, accompanied by a relatively large residual strain of 

bout 1% [32] , partly due to the abovementioned issues. We note 

hat characterization of the tensile properties of AM NiTi is crucial 

ince as-printed parts are more prone to fracture from defects (e.g., 

orosity and micro cracks) in tension as compared to that under 

ompression. 

During L-PBF, excessive energy input can trap the vaporized 

onstituent elements within the melt pool causing spherical pores, 

hile insufficient energy input may lead to unmelted powder be- 

ween the melt pools or weak bonding (microcracks) between lay- 

rs. Although a porous structure [ 5 , 19 , 29 ] may be preferred for

iomedical implants for the low stiffness, pores may lead to early 

ailure through crack initiation and propagation, bringing serious 

onsequences especially in applications requiring multiple loading 

r actuation cycles. Due to the characteristic high cooling rates as- 

ociated with the L-PBF processes and resulting steep temperature 

radients in the printed parts, residual stresses may also result in 

npredictable mechanical behaviour or cause macroscopic defects 

uch as warping and delamination. Recent studies have suggested 

he use of strip scanning patterns with shorter scanning length 

also known as vector length) to induce smaller thermal gradients 

38] . Parts printed with such scanning patterns were reported to 

xhibit tensile ductility levels as high as 16% [38] . The highest ten- 

ile ductility reported so far for AM NiTi is about 20% which was 

chieved by utilizing a similar scanning pattern together with 25 

pm oxygen level in the build chamber [20] , which is much lower 

han the 500 ppm suggested by ASTM F2063-05 [39] . 

Control of the microstructure in AM NiTi is of paramount im- 

ortance in order to improve the thermomechanical properties to 
2 
 level close to those of NiTi fabricated by conventional ingot met- 

llurgy. Texture has been known to greatly affect functional prop- 

rties in single and polycrystalline NiTi [40–42] , and studies have 

evealed the evolution of specific textures in the direction of high- 

st thermal gradient during the intrinsic epitaxial solidification in 

M processes [ 6 , 31 , 43 ]. Utilizing a smaller hatch spacing between

aser tracks during printing has also been reported to result in a 

tronger texture and grain refinement [31] . 

In wrought Ni-rich NiTi, solution heat treatment to reach a ma- 

rix without secondary phases followed by aging heat treatment at 

00 to 550 °C [44] is commonly used to modify the size and distri- 

ution of Ni-rich precipitates, strengthen the matrix against defect 

eneration mechanisms and achieve SE. Although the effects of ag- 

ng on functional properties have been widely studied in NiTi fab- 

icated using conventional ingot metallurgy [45–49] , choosing the 

ppropriate heat treatment parameters for AM NiTi is a challenging 

ask, since the Ni content of the as-fabricated parts will usually be 

ifferent than the starting powder and may vary depending on the 

election of the process parameters. Post printing heat treatments 

ave been successfully used for AM NiTi parts to grow Ni-rich pre- 

ipitates [12] and improve SE [ 7 , 50 ] of Ni-rich NiTi. However, re-

ardless of the quality of the protective atmosphere, formation of 

xides such as TiO 2 or Ti 4 Ni 2 O x is a persistent problem during heat 

reatments at relatively high temperatures (e.g. solution heat treat- 

ent) that may impair shape memory behaviour and durability. 

ence, achieving good and stable SE in as-printed parts, without 

ny post printing heat treatments is a technological challenge that 

ust be overcome for practical use of AM NiTi parts. 

There are multiple factors that need to be considered during L- 

BF of NiTi in order to fabricate defect-free and fully dense parts, 

uch as starting powder composition and quality, the choice of 

canning strategy, and selection of processing parameters. Exten- 

ive research has been devoted to the optimal selection of process- 

ng parameters in different platforms, however it is known that 

ne set of parameters optimized for one AM platform may not 

lways produce the same results in another AM platform due to 

ardware differences. Therefore, there is a need for rapid AM pro- 

ess parameter optimization methods to select the best process pa- 

ameters for each AM platform. To address this issue, we have re- 

ently reported a robust process optimization framework [51] in 

rder to rapidly select the optimum process parameters to fabri- 

ate near fully dense AM parts. This framework utilizes a simple 

nalytical model, i.e. the Eagar-Tsai (E-T) model [ 51 , 52 ] to predict

elt pool dimensions during the L-PBF process as a function of 

aterial properties and processing parameters, paired with single 

aser track experiments to identify the window of feasible pro- 

ess parameters for different alloys including NiTi. This framework 

aves considerable effort in parameter optimization as compared 

o performing experiments spanning the full parameter space for a 

iven powder type. 

In a recent study by the authors [37] , defect free NiTi parts 

ould be printed starting with lower Ni content NiTi powders and 

sing a process optimization framework to construct an optimum 

rintability / processing map. The resulting samples exhibited su- 

erior ductility and SME. However, the parts had poor SE due to 

he lack of coherent Ni-rich precipitates that act as strengthen- 

ng agents against defect generation mechanisms. In addition, the 

rystallographic texture was not characterized. The present study 

emonstrates the highest tensile SE achieved to date in L-PBF of 

 high Ni-rich NiTi, owing to the selection of optimal process pa- 

ameters using the same process optimization framework for elim- 

nating defects, controlling crystallographic texture, and forming 

i-rich nanoprecipitates. Lowering the oxygen level in the printing 

hamber was also found to yield superior tensile ductility and SE, 

hile an increase in the volumetric energy density was revealed to 

itigate macroscopic defects such as cracks, warping and delam- 
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nation. Extensive microstructural characterization including elec- 

ron backscatter diffraction (EBSD) and transmission electron mi- 

roscopy (TEM) analysis was conducted to reveal the underlying 

echanisms of the superior SE and the effects of chamber oxygen 

ontent. Also reported in this study are thermal conductivity values 

f parts printed with different processing parameters and printing 

hamber oxygen content, which is extremely scarce for AM NiTi 

n literature and holds great importance for actuation and thermal 

anagement applications such as elastocaloric cooling. 

. Experimental and Computational Methods 

.1. Powder characterization 

A NiTi shape memory alloy (SMA) ingot with a nominal com- 

osition of Ni 51.2 Ti 48.8 (at. %) was acquired from Fort Wayne Met- 

ls and then gas-atomized by Nanoval GmbH & Co. KG. Solution 

eat treatment of powder samples was performed at 950 °C for 24 

 in quartz tubes with protective argon atmosphere followed by 

uenching and breaking the tubes in water at room temperature. 

 TA instruments Q20 0 0 differential scanning calorimeter (DSC) 

as used to measure the transformation temperatures of the as- 

eceived and solutionized powders. Two thermal cycles were run 

etween -150 °C and 150 °C at a heating/cooling rate of 10 °C/min. 

ransformation temperatures were determined from the second 

ycle results using the tangent line interception method follow- 

ng ASTM F2004-17 [53] . A FEI Quanta 600 FE scanning electron 

icroscope (SEM) operated at 20 kV was used to investigate the 

orphology and size distribution of the powder particles. 

.2. Generation of the printability map and additive manufacturing 

A 3D Systems ProX DMP 200 L-PBF system with a fibre laser 

f 1070 nm wavelength and beam diameter of 80 μm was used to 

abricate the NiTi parts. Equiatomic NiTi (i.e. Ni 50 Ti 50 (at. %)) plates 

ere used as substrates for the prints and were sandblasted with 

0 μm aluminum oxide prior to printing in order to achieve better 

owder spreading and coverage of the substrate. Layer thickness 

 t ) was set to 32 μm during printing of single tracks, cubes, and

ectangular prisms to have at least 80% of the powder within the 

ayer based on the particle size distribution (PSD) information. 

The Eagar-Tsai (E-T) analytical model was utilized to predict 

elt pool dimensions during L-PBF as a function of material prop- 

rties and processing parameters. The initial predictions of the E- 

 model were made based on nominal processing parameters P 

laser power), v (scan speed) and the size of the laser beam, and 

he material properties of NiTi collected from literature. The reader 

s referred to [37] for details on the selection of different material 

roperties used in the E-T model. With the measured melt pool 

imensions from the single-track experiments, the model was cal- 

brated in order to more precisely predict the melt pool dimen- 

ions corresponding to different P and v values. The printability 

ap could then be constructed taking into consideration the dif- 

erent regions (e.g. keyhole region, printable region, lack of fusion 

nd balling regions) bounded by specific ratios of d, w and t, where 

 is the melt pool depth, w is the melt pool width, and t is the

ayer thickness (set to d 80 of the powder) ( Fig. 1 ). For instance,

o define the “good” printable region on the printability map, d 

as selected larger than the powder thickness, t , ( Fig. 1 a) ensuring

nough remelting of previously printed layer to avoid lack of fu- 

ion ( Fig. 1 d), but not exceeding w /1.5 to cause potential keyholing 

orosity ( Fig. 1 b). As shown in Fig. 1 a, the single track classified

s “good” shows continuity along the length and enough penetra- 

ion into the substrate, which indicates potentially good remelting 

f the previously sintered layer. An l/w ratio, where l is the length 
3 
f the melt pool, greater than 2.3 was chosen as the initial esti- 

ate for the balling defect criterion ( Fig. 1 c) to generate the initial

rintability map. The balling region was determined by the support 

ector machines (SVM) classifier with the cubic polynomial kernel 

onstructed according to the single track experimental results, fol- 

owing the method introduced in [51] , from which the balling and 

ontinuous tracks were distinctly identified. 

10 mm long single tracks with 1 mm intervals were printed on 

n equiatomic NiTi substrate using 66 different P and v combina- 

ions, with a range of ( P,v ) = (40-240 W: 0.08-2.33 m/s). Top-view 

EM images were taken from the middle of each single track and 

ix width measurements were conducted to assess the continuity 

f the tracks. Cross-section samples of the single tracks were pre- 

ared using wire electrical discharge machining (wire-EDM) and 

hen grinding with up to 1200 grit sandpaper followed by a final 

olishing with water based colloidal silica (0.25 μm) suspension. 

he polished surfaces were then etched with an etchant of 1 part 

F, 2 parts HNO 3 and 10 parts distilled water for 15 s to reveal the

rains and the melt pool shapes. Optical microscopy images of the 

ingle track cross-sections were taken using a Keyence VH-X digital 

icroscope and d was calculated as the average of three different 

ross-section measurements. 

Following the printing of the single tracks, six cube samples 

ith dimensions of 10 × 10 × 10 mm 

3 were printed using a 

ange of process parameters selected from the “good” region on 

he printability map which also yielded high quality single tracks 

evoid of any keyholing or balling defects. After a visual inspec- 

ion of the overall quality of the printed cubes, confirming that no 

ignificant porosity existed, and taking into account the transfor- 

ation temperatures measured for each cube, the process param- 

ter set that resulted in the best print quality and yielded a fully 

ustenitic structure at room temperature was used to scale up and 

rint 30 × 10 × 10 mm 

3 rectangular prisms to yield dog-bone ten- 

ion specimens for mechanical and SE characterization. Finally, in 

rder to assess the effect of build chamber oxygen content on the 

echanical and SE properties, rectangular prisms were printed at a 

ower chamber O 2 content of 100 ppm compared to the 500 ppm 

or all other prints. For both cubes and rectangular prisms, a bidi- 

ectional scan pattern with a 45 ° angle to the edge of the prints 

nd a 90 ° hatch rotation between the layers was employed during 

rinting. 

.3. Density and porosity measurements 

Density of the as-printed rectangular prisms was measured us- 

ng Archimedes’ method following ASTM B962-17 [54] . A quanti- 

ative density comparison of the as-printed parts was also con- 

ucted by the porosity analysis of SEM images, taken from the 

ross-sectional surfaces parallel to the build direction. These im- 

ges were then processed using ImageJ software to calculate the 

orosity amount. 

.4. Thermal properties and thermomechanical characterization 

3 mm diameter x 1 mm thick DSC samples were wire-EDM cut 

rom the as-printed rectangular prisms. DSC samples were initially 

sed to find the transformation temperatures of as-printed parts. 

 thermal cycles were run between -150 °C and 150 °C at a heat- 

ng/cooling rate of 10 °C/min. The samples were subsequently solu- 

ionized at 800 °C for 1 h to dissolve any possible secondary phases 

nd retested for 2 more thermal cycles in an effort to indirectly de- 

ermine the matrix Ni content based on the martensite start (M s ) 

emperatures as outlined in [55] due to the difficulties associated 

ith detecting small changes in Ni content through conventional 

hemical analysis. 
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Fig. 1. Single track top-view SEM images and cross-sectional optical microscopy (OM) images displaying the examples of the single tracks with (a) good print quality, (b) 

keyholing defect, (c) balling defect and (d) lack of fusion defect. 
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Thermomechanical testing was performed using a servo hy- 

raulic MTS test frame with heating and cooling capability. Dog- 

one tension specimens with gage dimensions of 8 mm × 3 

m × 1 mm were wire-EDM cut from the as-printed rectangu- 

ar prisms, such that the loading axis was parallel to the long 

dge of the prisms, and the width direction is perpendicular to 

he build direction. Incremental loading-unloading tests were con- 

ucted on these dog-bone tension specimens at a nominal strain 

ate of 5 × 10 −4 s −1 and at different tem peratures above the A f 

emperature for characterizing the SE of the as-printed parts. A 

pring-loaded MTS high-temperature extensometer was attached 

o the gage section of the samples to monitor the tensile strain 

uring thermomechanical testing. Specimens were initially loaded 

o 0.5% strain, unloaded and the loading-unloading cycles contin- 

ed with 1% increments until failure occurred. To characterize the 

ransformation stress as a function of temperature, specimens were 

oaded at different temperatures to 1% strain, unloaded and heated 

p to 100 °C for full recovery, a temperature well above the A f tem-

erature. 

.5. Phase analysis and crystallographic texture study 

Two cross-sectional samples (perpendicular to and along the 

uild direction) wire-EDM cut from the rectangular prisms were 

echanically ground and polished using the same procedure used 

o prepare optical microscopy samples. Polished samples were then 

eated to 100 °C and cooled down to RT to recover any residual 

artensite before running the X-ray diffraction (XRD) and EBSD 

nalyses. Phase analysis was conducted using a Bruker D8 Discover 

-ray Diffractometer equipped with a Vantec 500 detector and Cu 

 α (0.15406 nm) X-ray source. The texture and microstructure of 

hese surfaces were investigated utilizing a TESCAN FERA SEM with 

BSD detector from Oxford Instruments. Large sample areas were 

nalysed using step size of 1.3 μm whereas a detailed analysis of 

maller areas was performed using a step size of 0.1 μm with a tilt 

ngle of 70 °. The EBSD raw data was processed using Aztec Crystal 

oftware to plot inverse pole figure maps, pole figures, and kernel 

verage misorientation (KAM) maps. For the evaluation, misorien- 

ations greater than 15 ° were defined as high-angle grain bound- 

ries whereas those greater than 2 ° but less than 15 ° were defined 

s low-angle grain boundaries. KAM was calculated using the 3rd 
4 
rder neighbors (kernel size) and maximum misorientation angle 

f 5 °. 

.6. Transmission electron microscopy (TEM) 

TEM experiments were performed on the cross-section surfaces 

both perpendicular and parallel to the build direction) from rect- 

ngular prisms to investigate any possible oxide inclusions and 

recipitate formation that may affect the thermomechanical prop- 

rties of the printed parts. TEM foils were prepared by initially 

echanical grinding of slices wire EDM-cut from the rectangular 

risms down to 50 μm, followed by punching of foils with a diam- 

ter of 3 mm. Foils were finally ion milled using a Gatan PIPS II 

t -165 °C. A JEOL ARM200F scanning transmission electron micro- 

cope (STEM) was used at an accelerating voltage of 200 kV. STEM 

nergy-dispersive X-ray spectroscopy (EDS) was also used to detect 

he chemical composition of the precipitates. 

.7. Thermal diffusivity measurements 

Thermal diffusivity measurements were performed on 1 mm 

hick, 10 × 10 mm square cross sections which were wire-EDM cut 

rom the rectangular prisms. From each prism, seven samples were 

ut normal to the build direction from varying build heights with 

.33 mm between samples. Additionally, three samples with faces 

arallel to the build direction were cut from each prism. It should 

e noted that since thermal diffusivity is measured through the 

hickness of the specimen, when a surface normal to the build di- 

ection is characterized, the measured diffusivity is parallel to the 

uild direction. All samples underwent thermal diffusivity mea- 

urement using a TA Instruments DXF 200 high-speed Xenon-pulse 

elivery source and solid-state PIN detector. Measurements were 

aken at approximately 50 °C temperature intervals as the samples 

ere heated from -150 °C to 150 °C. The measurements were re- 

eated during cooling from 150 °C to -150 °C. Specific heat capac- 

ty values were obtained from the respective DSC curves via the 

apphire standard method. Thermal conductivity was then calcu- 

ated according to the equation: k = α·ρ·c p , where k is thermal 

onductivity, α is thermal diffusivity, ρ is density, and c p is spe- 

ific heat capacity. 

Fig. 2 below shows a flowchart summarizing the experimental 

ethods utilized in this study. 
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Fig. 2. Flowchart summarizing the experimental methods used and properties/features measured/detected in this study. 
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. Experimental Results 

.1. Powder characterization 

Based on SEM observations, as-received NiTi powder has mostly 

pherical particles with sizes ranging from 5 μm to 70 μm ( Fig. 3 a

nd Fig. 3 b). d 50 and d 80 values are 20 μm and 32 μm, respectively

 Fig. 3 c). DSC results indicate that the as-received powder exhibits 

 broad peak during reverse transformation around -10 °C ( Fig. 3 d). 

fter solutionizing at 900 °C for 1h in a protective argon atmo- 

phere, no transformation peaks were observed down to -150 °C, 

ndicating the Ni content in this powder would be at least 51 at. % 

ased on the M s temperature prediction with respect to Ni content 

56] . 

.2. Single tracks and the printability map 

Single tracks were printed to investigate the quality and the 

orphology of the melt pools resulting from different laser power 

 P ) and scan speed ( v ) combinations as previously shown in Fig. 1 .

elt pool depth ( d ) and width ( w ) values showed an increasing

rend with increasing linear energy density (LED = P / v ) ( Fig. 4 a
5 
nd Fig. 4 b). In general, for the combinations resulting in relatively 

ow levels of LED, the laser was not able to melt the entire pow- 

er layer and left no tracks on the substrate or resulted in tracks 

ith non-uniform width and discontinuity, causing the lack of fu- 

ion phenomenon ( Fig. 1 d). On the other hand, when the LED was

elatively high, vaporization of elemental constituents resulted in 

rapped gases within the melt pools, leading to the keyholing de- 

ect ( Fig. 1 d). It is also observed that the melt pool becomes unsta-

le when P and v are both high, and the single tracks break into 

iscontinuous droplets on the substrate, causing the balling phe- 

omenon ( Fig. 1 c). 

Once the calibrated printability map ( Fig. 4 c) was obtained 

ased on the measured single tracks following the methodology 

ummarized in [ 37 , 51 , 57 ], four P and v combinations ( Table 1 )

ere selected from the “Good” region ( Fig. 4 c) that yielded con- 

inuous tracks with reasonable penetration to the substrate (e.g. 

eeper than the layer thickness, t ). The maximum value of the 

atch spacing between adjacent laser tracks was calculated using 

he formula h max = w 

√ 

1 − t 
( t+ d ) [51] to ensure sufficient overlap 

etween adjacent tracks and provide integrity to the single layer. 

At first inspection of Cubes #1 to #4 ( Fig. 5 ), macroscopic de- 

ects such as delamination from the substrate, cracks and warping 
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Fig. 3. (a) Low-magnification and (b) higher magnification SEM images of the as-received Ni 51.2 Ti 48.8 powder. (c) Particle size distribution (PSD) of the powder and (d) 

differential scanning calorimetry (DSC) results of both as-received powder and powder after a solution heat treatment at 950 °C for 24h. 

Table 1 

Processing parameters used for printing 10 × 10 × 10 mm 

3 cubes and 30 × 10 × 10 mm 

3 rectangular prisms. Layer thickness, t was set to 32 

μm for all prints, which is the d 80 of the powder used. 

Print ID Power, P (W) Scan Speed, v (m/s) Hatch spacing, h (μm) Volumetric energy density, VED (J/mm 

3 ) O 2 level (ppm) 

Cube #1 240 1.83 65 63 500 

Cube #2 240 1.58 70 68 500 

Cube #3 160 1.08 60 77 500 

Cube #4 60 0.205 85 108 500 

Cube #5 60 0.205 61 149 500 

Cube #6 240 1.58 24 198 500 

Prism #1 240 1.58 24 198 500 

Prism #2 240 1.58 24 198 100 
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ere found to be too severe, although the processing parameters 

ere selected from the “Good” region on the printability map. The 

everity of the defects was also found to decrease with increas- 

ng VED values. It should be noted that these defects were not ob- 

erved in parts printed with a less Ni-rich, i.e. Ni 50.8 Ti 49.2 (at. %) 

owder using the same process optimization framework in a pre- 

ious study, even at lower VED values [37] . Possible reasons for the 

verall inferior quality of prints with the Ni 51.2 Ti 48.8 (at. %) pow- 

er of the present study will be discussed in Section 4.1 . In an ef-

ort to mitigate these macroscopic defects, two more cubes (Cubes 

5 and #6) were printed using the same processing parameters of 

he Cubes #4 and #2, but with smaller hatch spacing ( h ) values

o reach higher VED values of 150 and 198 J/mm 

3 , respectively. By 
t

6 
sing this method, warping and delamination issues were dramat- 

cally reduced ( Fig. 5 ) and Cube #6 was found to have the overall

est print quality. 

.3. Superelasticity 

Since Cube #6, fabricated at a VED value of 198 J/mm 

3 , dis- 

layed the best print quality among other cubes, the P-v combi- 

ation used to print Cube #6 was utilized to print two rectan- 

ular prisms to be able extract dog-bone tension specimens and 

erform mechanical testing. The 30 × 10 × 10 mm 

3 as-printed 

ectangular prisms were found to be mainly austenitic microstruc- 

ure under ambient conditions based on the DSC results ( Fig. 6 a) 
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Fig. 4. Variation of melt pool measured (a) width and (b) depth as a function of linear energy density ( P/v ) in printed single tracks. (c) Calibrated printability map of the 

as-received Ni 51.2 Ti 48.8 (at. %) powder. 

Fig. 5. As-printed cubic Ni 51.2 Ti 48.8 parts showing diminishing grades of macroscopic defects such as cracks, warping and delamination, with increasing volumetric energy 

density (VED). 
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ith an A f temperature ∼ 27 °C ( Table 2 ). During the incremental 

oading-unloading test performed both at room temperature (25 °C) 

 Fig. 6 c) and slightly above the A f temperature (30 °C) ( Fig. 6 e), the

ensile specimen extracted from one of the as-printed rectangular 

risms showed early failure. The sample exhibited very low ductil- 

ty, failing at 1% without a distinct stress plateau indicative of the 

artensitic transformation. As evident from the oxide layer on the 

abricated samples ( Fig. 7 ), the early failure may be attributed to 

he severe oxidation that took place under the high VED of 198 

/mm 

3 . 

In an effort to increase the ductility of the as-printed NiTi parts, 

 2 level in the printer chamber was lowered from 500 ppm to 

00 ppm by purging more argon through the system and another 

ectangular prism was fabricated using the same set of parame- 

ers. The rectangular prism printed at a 100 ppm build chamber 

 2 content (referred to as S100 hereafter) is noticeably less ox- 

dized based on the colour differences when compared with the 
7 
ectangular prism fabricated under 500 ppm O 2 (referred to as 

500 hereafter) ( Fig. 7 b). Unlike S50 0, S10 0 material showed en- 

anced tensile superelasticity both at 25 °C and 35 °C (about 10 °C 

bove the A f temperature), recovering about 4% and 6% strain, re- 

pectively. The stresses required to initiate martensitic transforma- 

ion were determined as 300 MPa and 400 MPa at 25 °C and 35 °C,

espectively. To the best of the authors’ knowledge, this is the first 

ime in SMA literature that an AM NiTi SMA reaches the end of 

he stress plateau during tensile loading up to 5% and continues 

ith the elastic deformation of the detwinned martensite up to 6% 

train. 

Based on the stress-strain response of S100 material at different 

emperatures ( Fig. 8 a), the temperature dependence of the critical 

tress to induce martensitic transformation was calculated as 9.3 

Pa/ °C ( Fig. 8 b). It should be noted that the sample failed before

eaching 1% strain when tested at 50 °C, after undergoing 4 loading 

ycles to 1% strain at lower temperatures. 
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Fig. 6. DSC thermograms of Ni 51.2 Ti 48.8 samples extracted from rectangular prisms printed with the processing parameters ( P,v,h ) = (240W, 1.58m/s, 24μm) at (a) 500 ppm 

and (b) 100 ppm build chamber O 2 concentration. Incremental loading-unloading test results of the tensile specimens extracted from the prism printed at 500 ppm, test 

conducted at (c) 25 °C and (e) 30 °C. Incremental loading-unloading test results of the specimens extracted from the prism printed at 100 ppm, test conducted at (d) 25 °C 
and (f) 35 °C. The colors for each curve were used to distinguish different incremental loading-unloading tests. 
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Based on Archimedes’ density analyses, the measured densi- 

ies are 6.452 g/cm 

3 and 6.453 g/cm 

3 for S100 and S500 materi- 

ls, respectively, which are about 99.5% of the theoretical density 

6.4816 g/cm 

3 ) of Ni 51.2 Ti 48.8 calculated based on an austenite lat- 

ice parameter of a 0 = 3.0127 Å from XRD results in Section 3.4 .

i 51.2 Ti 48.8 nominal matrix composition was predicted from the 

ransformation temperatures of the solutionized S100 material 

 Fig. 6 b) using the M s dependence of transformation tempera- 

ures on Ni content as described in [55] . As shown in Fig. 9 ,

he SEM images of the cross-sections parallel to the build di- 

ection also indicate that both S100 and S500 parts are almost 
8 
ully dense. The small number of observed pores ( Fig. 9 c) have 

iameters smaller than 10 μm, and these pores could be a re- 

ult of hollow particles in the as-received powder, that have 

een previously reported in NiTi powder fabricated using gas 

tomization [22] . 

.4. Phase identification and crystallographic texture evolution 

S100 material was found to be mainly austenitic based on room 

emperature XRD analyses ( Fig. 10 ) confirming the DSC results. 

ow intensity peaks were detected in the samples prepared both 
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Fig. 7. a) Rectangular prisms (Prism #1) of Ni 51.2 Ti 48.8 samples printed with the processing parameters ( P,v,h ) = (240W, 1.58m/s, 24μm) in a build chamber with 500 ppm. 

b) Same processing parameters were used to print another set of prisms (Prism #2) at a build chamber O 2 content of 100 ppm. 

Fig. 8. a) Tensile stress-strain responses of the Ni 51.2 Ti 48.8 specimens printed at 100 ppm build chamber O 2 concentration (S100) upon loading to 1% strain and unloading at 

different testing temperatures. b) Temperature dependence of the critical stress to induce martensitic transformation was determined as 9.3 MPa/ °C. 

Fig. 9. SEM images of the cross-sectional surfaces of the Ni 51.2 Ti 48.8 specimens cut parallel to the build direction in (a) S500 and (b) S100 samples. (c) A pore with a diameter 

less than 10 μm detected in the S100 material, possibly resulting from the hollow particles in the as-received powder. 
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erpendicular and parallel to the build direction as shown in the 

nset of Fig. 10 , which indicate the presence of small amount of 

artensite since the transformation temperatures are very close to 

oom temperature. However, considering the limited penetration 

epth of X-rays, it is anticipated that the martensite peaks may 

ot be representative of the bulk of the sample. It is observed from 

eak intensities of different crystallographic planes that there is a 

trong texture in the as-printed part, which is actually expected 

nd typical for AM NiTi [6] . The same texture is hypothesized to be

esponsible for the appearance/disappearance of martensite peaks 

t different angles in samples oriented parallel and perpendicular 

o the build direction. It is also possible to conclude that both 
9 
rientations exhibit similar internal strain levels as the locations 

f the major B2 peaks do not change significantly. 

As a detailed texture analysis at the microstructural level, EBSD 

nalysis was performed on the S100 samples. Fig. 11 a shows an 

nverse pole-figure map constructed from the EBSD results for the 

lane perpendicular to the build direction (BD) with colors corre- 

ponding to the Z direction in the sample reference frame (IPF-Z). 

n this plane, a majority of the grains exhibit a < 100 > orienta- 

ion perpendicular to the build direction (BD) in agreement with 

he XRD data in Fig. 10 . Fig. 11 b shows the IPF-Z map from a sur-

ace parallel to the BD. In agreement with the XRD results shown 

n Fig. 10 , nearly all of the grains share a < 110 > orientation par-
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Fig. 10. X-ray diffraction (XRD) patterns of the Ni 51.2 Ti 48.8 rectangular prisms fab- 

ricated at 100 ppm build chamber O 2 content. Results are for the surfaces parallel 

and perpendicular to the build direction (BD). The magnified pattern in the inset 

exihibits the low intensity peaks in detail between 38 ° and 46 °. 
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Fig. 11. Large area electron backscatter diffraction (EBSD) orientation and inverse pole fig

and gray lines show GB misalignment larger than 2 °) and corresponding pole figures for t

the S100 samples of AM Ni 51.2 Ti 48.8 . (c) Band contrast map of the cross-section parallel to 

the build direction and the scanning direction, respectively. 

10 
llel to the BD. Formation of columnar grains along the BD is ob- 

erved. The band contrast map in Fig. 11 c partially reveals the melt 

ools, and the elongated grains extend through several melt pool 

oundaries. The corresponding pole figures are shown in Fig. 11 d 

nd Fig. 11 e for the samples with surfaces perpendicular and paral- 

el to the BD, respectively. It is observed that the high-angle grain 

oundaries are wavy and a high fraction of low-angle grain bound- 

ries is present. Higher magnification IPF maps along with KAM 

aps shown in Fig. 12 a and Fig. 12 b, respectively, allow one to in-

estigate the local misorientation and geometrically necessary dis- 

ocation density. They reveal the high density of sub-structures in 

he NiTi sample. 

.5. Thermophysical properties 

The specific heat capacities of the S100 and S500 materials 

ere measured to be 0.43 and 0.44 J/g ·K respectively, showing 

ood agreement with specific heat capacity values of NiTi SMAs 

eported in the literature [58] . Thermal conductivity of samples is 

lotted against temperature in Fig. 13 . In Fig. 13 a, the thermal con- 

uctivity measured parallel to the build direction (with heat flux 

long the normal to the plane of the substrate surface) is shown 
ure (IPF) maps (black lines show grain boundary (GB) misalignment larger than 15 °
he cross-sections (a) (d) perpendicular and (b) (e) parallel to the build direction in 

build direction partially revealing the melt pools. Black and white arrows represent 
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Fig. 12. (a) Small area EBSD orientation and IPF map and (b) KAM map of the S100 material of AM Ni 51.2 Ti 48.8 with the build direction out of the plane. 3 nearest neighbors 

are considered for the KAM map. 

Fig. 13. Thermal conductivity of AM Ni 51.2 Ti 48.8 measured (a) parallel to the build direction and (b) perpendicular to the build direction. Measurements taken from S100 

material are represented by the circular markers, and those taken from S500 material are represented by the square markers. The error bars correspond to one standard 

deviation above and below the average value. 
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or both the S100 (open circles) and S500 (solid squares) samples. 

ach data point represents the average of the thermal conductivi- 

ies measured in seven samples taken from varying heights within 

he as built prisms. Although there was some scatter among the 

hermal conductivities measured at different build heights (indi- 

ated by the 1-standard deviation error bars) there was no trend 

ith respect to build height in either the S100 or S500 samples. 

urthermore, there was little difference in thermal conductivity be- 

ween the S100 and S500 samples as indicated by the proximity 

f the corresponding curves in Fig. 13 a. In Fig. 13 b, the thermal

onductivity measured perpendicular to the build direction (with 

eat flux direction within the plane of the build plate surface) is 

lotted against temperature for the S100 and S500 samples, where 

ach data point represents the average thermal conductivity mea- 

ured in three samples. Although the average thermal conductivity 
11 
f the S100 samples is lower than that of the S500 samples, signif- 

cant spread in the S500 data suggests that the difference may not 

e statistically significant, as shown by the overlapping error bars 

etween the two curves. In order to determine whether the mea- 

urement direction or build chamber O 2 level have a statistically 

ignificant effect on the thermal conductivity of the printed ma- 

erial, t-tests were performed on the 55 °C data points using 95% 

onfidence intervals (significance level α = 0.05). In each case, the 

esulting p-value was greater than the significance level, indicating 

hat the observed differences in thermal conductivity are not sta- 

istically significant. Therefore, it cannot be concluded that build 

hamber O 2 level or measurement direction has an effect on the 

hermal conductivity. 

Regardless of measurement direction and build chamber O 2 

evel, the thermal conductivity curves show similar behaviour with 



L. Xue, K.C. Atli, C. Zhang et al. Acta Materialia 229 (2022) 117781 

Fig. 14. TEM micrographs representative of the distribution and structure of secondary phases in the S500 samples of AM Ni 51.2 Ti 48.8 . (a) A bright Field (BF)-TEM image 

showing region with randomly distributed, spherical particles. (b) Another BF-TEM image showing region with networked, non-uniformly shaped particles. (c) Absolute 

background filtered HRTEM showing a spherical particle. (d) FFT of (c) with [110]-oriented NiTi austenite matrix reflections indicated by red arrows. (e) Absolute background 

filtered HRTEM showing a coherent particle representative of the networked particles shown in (b). f) The selected area electron diffraction (SAED) image from an area with 

networked particles with [100]-oriented NiTi austenite matrix reflections indicated by red arrows and secondary phase reflections indicated by green arrows. 
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hanging temperature. Upon heating from -150 °C, thermal con- 

uctivity increases slightly and subsequently dips during reverse 

artensitic transformation. The austenite phase shows higher ther- 

al conductivity as well as increased sensitivity to temperature 

ncrease compared to the martensite phase. As the samples were 

ooled down through martensitic transformation, thermal conduc- 

ivity dipped significantly lower than during the reverse trans- 

ormation. The thermal conductivities in both the martensite and 

ustenite phases are lower compared to the thermal conductiv- 

ty measured in bulk Ni 50 Ti 50 [59] . At temperatures of -100 °C 

nd 100 °C representing the martensite and austenite phases re- 

pectively, bulk Ni 50 Ti 50 showed thermal conductivities of approx- 

mately 12 and 16 W/m ·K [59] , whereas the AM Ni-rich NiTi of the

resent study showed average thermal conductivities of approxi- 

ately 8.5 and 11.5 W/m ·K. This difference in thermal conductivity 

ay be attributed to the differing composition and the unique mi- 

rostructure of AM NiTi with increased number of defect sources, 

.g. non-metallic inclusions, precipitates and increased dislocation 

ensity, acting as phonon scattering centers. Further investigation 

s needed to isolate the effects of compositional and microstruc- 

ural effects on the thermal conductivity of AM NiTi SMAs. 

.6. Transmission electron microscopy (TEM) 

As shown with superelastic testing results in Fig. 6 , S100 ma- 

erial exhibited enhanced superelasticity, with the highest recov- 

rable strain recorded in literature so far. On the other hand, S500 

aterial failed in a brittle manner without showing any sign of su- 

erelasticity. TEM was performed to reveal the role of microstruc- 

ural features, especially the presence of different types of non- 

etallic inclusions and precipitates, on the observed differences in 

he mechanical behavior of the as-printed NiTi samples. 
12 
TEM imaging revealed that both the S50 0 ( Fig. 14 ) and S10 0

 Fig. 16 ) materials have qualitatively similar microstructures con- 

isting of highly irregular grains with curved, wavy grain bound- 

ries and a large amount of low angle grain boundaries. In addi- 

ion, both conditions had a very high density of secondary phase 

articles. The microstructure of the S500 sample was inhomoge- 

eous, with the distinct distributions of secondary particles vary- 

ng from one area to the next. As shown in Fig. 14 a there were re-

ions of the specimen containing 20-50 nm spherical particles that 

ad no clear preferred orientation relative to the surrounding ma- 

rix. The background filtered high resolution TEM (HRTEM) image 

nd corresponding fast Fourier transform (FFT) shown in Fig. 14 c 

nd Fig. 14 d are representative of these particles. 

In addition, there were large regions of the S500 sample that 

ontained networks of < 20 nm particles that appeared simi- 

ar to subgrain networks, as shown in Fig. 14 b. The HRTEM and 

elected area electron diffraction (SAED) shown in Fig. 14 e and 

ig. 14 f reveal a clear orientation relationship between these par- 

icles and the matrix. However, the d-spacings observed do not 

atch well with any of the known secondary phases in NiTi in- 

luding pure and mixed oxides. STEM - High-angle annular dark- 

eld imaging (HAADF) and STEM-EDS ( Fig. 15 ) indicate that both 

ypes of particles contain oxygen and are poor in Ni relative to the 

atrix. 

Similar to the S500 samples, the S100 samples also contained 

wo distinct distributions of secondary phase particles. As shown 

n Fig. 16 a and Fig. 16 b, some areas of the samples contained ran-

omly distributed spherical particles, while other regions showed 

 network of particles. HRTEM revealed that there were very fine 

 < 15 nm), randomly distributed coherent particles present in addi- 

ion to the larger particles shown in Fig. 16 a. A representative par- 

icle and the corresponding FFT are shown in Fig. 16 c and Fig. 16 d,
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Fig. 15. STEM-HAADF and EDS maps of (a-d) spherical secondary phase particles and (e-h) networked particles in the S500 samples of AM Ni 51.2 Ti 48.8 . (a & e) HAADF images 

with brightness proportional to atomic mass. (b & f) at.% Ni maps. (c & g) at.% Ti maps. (d & h) at.% O maps. 

Fig. 16. TEM micrographs representative of the distribution and structure of secondary phases in the S100 samples of AM Ni 51.2 Ti 48.8 . (a) A BF-TEM image showing region 

with randomly distributed, spherical particles. (b) Another BF-TEM image showing region with networked, non-uniformly shaped particles. (c) Absolute background filtered 

HRTEM image showing a 14 nm diameter, coherent particle. (d) FFT of (c) with [111]-oriented NiTi austenite matrix reflections indicated by red arrows and secondary phase 

reflections indicated by green arrows. (e) Another HRTEM image showing several particles of different orientations representative of the networked particles shown in (b). 

(f) SAED from an area with networked particles with [110]-oriented NiTi austenite matrix reflections indicated by red arrows and secondary phase reflections indicated by 

green arrows. Blue arrows highlight streaking observed in the pattern indicating a potential range of lattice parameters in the secondary phase particles present. 
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espectively. The d-spacings observed in Fig. 16 d do not match well 

ith any of the expected secondary phases, but HAADF imaging of 

his region indicates that these nm-scale precipitates are Ni-rich, as 

hown in the STEM-HAADF image in Fig. 17 a. Unlike in the S500 

ample, as shown in Fig. 16 e and Fig. 16 f, the networked parti-

les do not have a clear preferred orientation. As shown in Fig. 17 ,

TEM-HAADF and STEM-EDS confirm that both the networked par- 
13 
icles and the larger, spherical particles are Ti-rich oxides, similar 

o what was observed in the S500 sample. 

While it is difficult to quantify the particle density due to the 

nknown thickness of the samples and the variation in visibility 

f particles due the various orientations present, the line-intercept 

ethod was used to determine the network spacing in both condi- 

ions. The mean network spacing for the S500 samples were 104.1 
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Fig. 17. STEM images and EDS maps showing secondary phase particles in the S100 samples of AM Ni 51.2 Ti 48.8 . (a) A HAADF image showing larger, Ni-poor oxide particles 

like the one indicated by the red arrow and smaller, Ni-rich particles like those indicated by the green arrows. (b) at.% Ni map corresponding to (a). (c) at.% Ti map. (d) at.% 

O map. (e) A HAADF image of the region containing networked, Ni-poor oxide particles. (f) The STEM-BF image of the region shown in (e). 

n

h

4

4

o

5

r

p

s

t

r

i

s

e

e

t

F

h

w

a

i

s

f

p

p

o

a

m

p

s

a

r

a

t

t

a

p

r

m, whereas for the S100 samples it was 127.6 nm, indicating a 

igher volume of oxide particles in the S500 samples. 

. Discussion of the Results 

.1. Fabrication of defect-free NiTi SMA parts 

Processing parameters P and v were systematically varied based 

n a previously developed process-optimization framework [ 37 , 51 , 

7 ] and h was selected based on a maximum hatch spacing crite- 

ion for the fabrication of defect-free parts from a Ni-rich NiTi SMA 

owder feedstock [37] . 66 single tracks were printed to be able to 

elect the optimal single track parameters that will yield a con- 

inuous melt pool with desired depth and ideally avoid porosity 

esulting from keyholing, lack of fusion and balling phenomena. It 

s well known that the selection of a sufficiently small h can en- 

ure the overlap and remelting of the adjacent tracks, while en- 

rgy input, i.e. the volumetric energy density (VED), controls the 

xtent of Ni evaporation from the molten powder [37] , hence the 

ransformation temperatures of the printed part. As illustrated in 

ig. 4 , optimal P-v combinations based on single tracks along with 

 values determined from the maximum hatch spacing criterion 

as not able to avoid the macroscopic cracks in the printed parts 

nd their delamination from the build surface of the substrate. It 

s possible that these defects stem from the high Ni content of the 

tarting powder since, as mentioned previously, none of these de- 

ects were encountered when a less Ni-rich powder was used in a 

revious study [37] . However, in the same study, only partial su- 

erelasticity could be obtained in the printed parts due to the lack 

f strengthening mechanisms such as coherent Ni-rich precipitates 

nd solid solution hardening from higher Ni contents. Therefore, a 

ore Ni-rich powder was selected with the aim of forming Ni-rich 

recipitates and taking advantage of higher Ni contents towards 

olid solution hardening to strengthen the matrix and ultimately 
14 
chieve superior superelasticity in the printed parts with a large 

ecoverable strain. Smaller h values were utilized to increase VED 

nd evaporate just enough Ni to achieve superelasticity near room 

emperature and to suppress macroscopic defects. It was shown 

hat the cracks and delamination from the substrate were notice- 

bly mitigated at higher VED values ( Fig. 5 ). Listed below are the 

ossible reasons that the as-printed parts were not able to be fab- 

icated defect-free without a necessary reduction in h values: 

a The gas atomization method used to fabricate the specific pow- 

der feedstock used in this study was reported to have notable 

internal pores within the powder particles [60] and this ex- 

plains some spherical porosity observed in the final NiTi prints. 

Additionally, carbon contamination from the graphite crucible 

during the gas atomization process may limit the ductility and 

make the prints more prone to cracks and delamination. 

b The bidirectional scanning pattern with a 45 ° angle employed 

in this study may generate a large thermal gradient during 

printing and result in excessive residual stress [ 61 , 62 ] within 

the NiTi parts. 

c At low VED values, the resulting matrix is more Ni-rich with 

the chances of precipitating out strengthening second phases 

and ending up with increased strength at the expense of duc- 

tility. In addition, it is well known for NiTi SMAs that the higher 

the Ni content, more brittle the material becomes [63] . The ini- 

tiation of cracks from defects like pores or inclusions will most 

likely be easier, especially in the presence of residual stresses. 

d Increasing transformation temperatures were observed with in- 

creasing VED due to increased Ni evaporation, similar to the 

results presented in [37] . Even if the transformation tempera- 

tures of the parts printed at high VED values were slightly be- 

low room temperature, each layer of these parts may be able 

to transform back to the martensite under potentially graded 

residual stress during cooling and before the subsequent layer 

is printed. Martensitic transformation may help the relaxation 
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of the residual stress introduced by the thermal gradient during 

the laser melting process. In contrast, in the absence of marten- 

sitic transformation, e.g. in parts built with lower VED values, 

residual stresses might cause cracks, warping and delamination 

problems. 

O 2 level in the build chamber was shown to be critical for con- 

rolling the high temperature oxidation during the printing pro- 

ess, especially at elevated VED levels. O 2 control has already been 

eported to be critical for the mechanical properties for AM NiTi 

nd a lower chamber atmosphere O 2 content of 25 ppm, which is 

uch lower than the 500 ppm required by ASTM F2063-05, was 

uggested by Wang et. al. [20] for improved tensile ductility. In the 

urrent study, tensile ductility was shown to dramatically increase 

nd superelastic recovery could be achieved by solely decreasing 

he O 2 level in the chamber from 500 ppm to 100 ppm. TEM ob- 

ervations revealed that the size and volume fraction of oxide par- 

icles were smaller in parts built at a chamber O 2 content of 100 

pm compared to 500 ppm. Hence was the necessity to limit the 

hamber O 2 content at high VED levels for improved ductility. De- 

ending on the capability of different L-PBF systems, O 2 content 

ay be decreased even further, e.g. as low as 25 ppm as shown in

he work of Wang et al. [20] . 

At high VEDs, not just the oxidation but also the residual 

tresses are expected to be higher due to larger thermal gradients 

nside the printed part. Warping may accumulate during the layer- 

y-layer building process under the residual stress, but the result- 

ng strains may be accommodated via the martensitic transforma- 

ion as discussed above. It is also likely that high VEDs increase 

he temperature of the currently printed layer and may help re- 

ieve the residual stresses stored in the previously built layers. As 

n alternative to increasing VED through a decrease in h values, it 

ay also be possible to eliminate cracks and delamination in Ni- 

ich NiTi through using a more complex scanning pattern than the 

5 ° bidirectional pattern used in the present study or employing a 

re-heated substrate that will result in smaller thermal gradients. 

It should be noted that the determination of the “good” print- 

ble region in the printability map in Fig. 4 c is, to some extent, 

onservative. During printing, the temperature of the region in the 

icinity of the current single track may increase due to thermal 

onduction, and the energy required to form a melt pool with a 

iven depth might decrease. Therefore, the minimum requirement 

f d > t (layer thickness) may be slightly relaxed and it is in-

eed possible that fully dense NiTi parts can be fabricated in the 

lack of fusion” region that is close to its upper boundary near 

he “good” printable region, especially with the selection of smaller 

atch spacing values. 

.2. Tailoring the transformation temperatures in AM NiTi 

Unlike the conventional fabrication methods typically used for 

he fabrication of NiTi, e.g. vacuum induction melting, oxygen 

ickup during the layer-by-layer fabrication in L-PBF processes is 

uch more critical as each of the many layers that comprise the 

art is prone to oxidation during printing depending on the atmo- 

pheric cleanliness of the printer chamber. Therefore, in addition 

o Ni evaporation, possible precipitation reactions and the unique 

M defect structure as a result of rapid cooling, oxidation may 

lso play a role in the evolution of transformation temperatures 

f AM NiTi based on different types of oxide particles observed 

n the TEM study. As most of these oxides, if not all, are Ti-rich

ue to the higher affinity of Ti towards oxygen, Ti is depleted from 

he matrix, tending to decrease the transformation temperatures 

t relatively higher VED values, countering the effect of Ni evapo- 

ation. The solutionized Ni 51.2 Ti 48.8 (at. %) powder showed no sign 

f martensitic transformation within a temperature range of -150 °C 
15 
o 150 °C ( Fig. 3 d). During printing of rectangular prisms, the evap-

ration of Ni with the selection of appropriate processing parame- 

ers resulted in the appearance of transformation peaks within the 

ame temperature range ( Figs. 6 a and 6 b). When the DSC results

f the solutionized rectangular prisms printed at 100 and 500 ppm 

 2 are compared, it is observed that S100 material exhibits slightly 

igher transformation temperatures. This correlates well with the 

ssumption that increased oxidation leeches more Ti from the ma- 

rix, decreasing the transformation temperatures and TEM images 

n Section 3.6 indeed show a qualitative trend of increased area 

raction and size of the oxide particles. 

.3. Crystallographic texture evolution and its effect on superelasticity 

Crystallographic texture of the S100 material has been inves- 

igated and a strong < 110 > orientation has been observed along 

he loading axis of the dog-bone tension specimens extracted from 

he rectangular prisms ( Fig. 11 e). Another notable observation is 

he formation of near pseudo single crystals in the printed NiTi 

amples ( Fig. 11 ). Due to the epitaxial growth in the layer-by-layer 

abrication process, the columnar grains with similar orientations 

orm a microstructure resembling a single crystal. In this section, 

e will discuss the effects of the process parameters selected here, 

n particular the linear energy density (LED) which changes the 

elt pool shape, hatch spacing, and rotation angle of the laser 

racks between the successive layers, on these two observed phe- 

omena. 

In the S100 samples, the [001] direction is aligned parallel 

o the build direction whereas the [100] and [010] directions 

re aligned parallel/perpendicular to the laser scanning directions 

 Fig. 11 d, Fig. 11 e, Fig. 18 a and Fig. 18 b). This texture and the

oading direction of the tensile samples are some of the reasons 

hy good tensile superelasticity was achieved in these samples, 

hich is better than what is reported in the literature so far. It 

s well known that texture plays a major role on the thermo- 

echanical response of NiTi SMAs. Gall et al. [ 41 , 64 , 65 ] have

eported the mechanical properties of Ni-rich NiTi single crys- 

als tested along different crystallographic orientations. The sin- 

le crystals with < 001 > orientation along the loading axis exhibit 

igher critical stresses to induce martensitic transformation during 

ensile testing and premature fracture (at < 2% strain), while the 

 110 > orientations result in a high recoverable strains ( > 5%) with 

he martensitic transformation triggered at relatively lower tensile 

tresses (under the same aging conditions and test temperatures). 

onsidering the premature fracture of the NiTi single crystals along 

he < 001 > orientation in tension [ 64 , 65 ], the AM NiTi parts, es-

ecially the ones with higher Ni contents than equiatomic compo- 

ition, should not have a strong < 001 > texture along the tensile 

xis for good superelastic performance. 

The < 001 > direction is the fastest crystal growth direction 

66] along the highest thermal gradient during solidification of cu- 

ic materials, and the < 001 > growth textures have been reported 

n AM NiTi samples [ 6 , 31 , 43 ]. At first glance, the < 001 > tex-

ure along the build direction may seem to result from the high 

hermal gradient between the molten layer and the substrate or 

he previously printed layer ( Fig. 18 c). However, considering the 

elting and solidification processes during the laser scanning pro- 

ess, there is also a large thermal gradient between the current 

aser track and the adjacent previously solidified track. For ex- 

mple, it has been reported that hatch spacing ( h ) between the 

aser tracks affects crystallographic texture strength, smaller h val- 

es induce stronger textures in AM NiTi by increasing the num- 

er of remelting and solidification cycles, hence favouring the grain 

rowth (forming pseudo single crystal structure) and better align- 

ent of < 001 > orientation with the build direction [ 31 , 36 ]. How-

ver, < 011 > orientation along the build direction has been re- 
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Fig. 18. Schematic drawings of (a) scanning patterns and tensile specimen orientation in the AM Ni 51.2 Ti 48.8 rectangular prisms in the present study, (b) B2 austenite lattice 

orientation with respect to the build direction and scanning directions in the AM samples based on the measured texture in Fig. 11 , (c) thermal gradient directions in the 

molten layer during the laser scan. 
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orted in some other AM cubic materials (e.g., 316L stainless steel 

67–69] ) by using a rotation angle of 0 ° or 180 ° between the suc- 

essive layers. Therefore, it is important to understand the under- 

ying mechanisms of texture evolution during AM processes and 

tilize it as guidance to achieve desired textures in SMAs in order 

o accomplish near perfect superelasticity along different directions 

f the built parts. Yet, the texture studies on AM NiTi SMAs are 

imited [ 31 , 36 , 43 , 70 ]. This is because of the difficulty of mea-

uring the austenite texture (which is the relevant texture for the 

uperelastic behavior) above room temperature which necessitates 

tudying Ni-rich compositions with the austenite phase at room 

emperature. In addition, many of the earlier AM NiTi works were 

ot able to achieve pseudo single crystals in Ni-rich NiTi composi- 

ions. 

.3.1. Effects of laser power and scan speed on crystallographic 

exture evolution 

The shape of the melt pool may play an important role in the 

exture evolution during AM as it affects the direction of the lo- 

al thermal gradient. As previously demonstrated with single track 

rints in Section 3.2 , the melt pool geometry can change from a 

eyhole mode ( Fig. 19 a) under a relatively high LED value (thus, 

igh laser power or low scan speed) to a shallow shape ( Fig. 19 b

nd Fig. 19 c) under low LED values. At low LED values, the melt 

ool has a flatter bottom and is more likely to develop a < 001 >

exture along the build direction as the thermal gradient is larger 

long the build direction. In our process optimization framework, 

he “good” tracks are defined conservatively with the criteria of 

 < w /2 for avoiding possible keyholing porosity ( Fig. 4 c) and thus,

hey are likely to result in the development of < 001 > texture 

long the build direction. 
16 
Sun et al. [69] have reported that < 011 > orientation was 

ligned with the build direction in AM 316L steel. Their melt pool 

hape (as a result of the high LED values they used) can be defined 

s the keyhole type based on the process optimization framework 

resented above. Fig. 19 a schematically illustrates the melt pool 

hapes that Sun et. al. [69] observed when they achieved < 011 > 

exture along the build direction. This schematic also explains the 

echanism proposed to rationalize the growth of < 001 > oriented 

rains 45 ° to the build direction due to the highest local ther- 

al gradient direction perpendicular to the solid-liquid interfaces 

f the keyhole melt pools shown in the schematic. Fig. 19 b and 

ig. 19 c also illustrate potential texture evolution mechanisms for 

ow LED melt pool shapes. In short, Fig. 19 explains a potential 

echanism to control the texture during AM process based on the 

elt pool shapes through the control of LED value, and thus, laser 

ower and scan speed. 

.3.2. Effects of hatch spacing on crystallographic texture evolution 

The value of h may also affect the texture in AM NiTi parts. 

ndreau et al. [67] proposed a mechanism for forming < 011 > tex- 

ure along the build direction in 316L steel taking the effect of h 

nto account. Based on this mechanism, the epitaxial growth at 

he overlap of the molten region with the previously printed track 

ill favour the crystallographic orientation that has less misalign- 

ent for lowering the nucleation energy of new nuclei, and the 

rowth direction may have a small angular difference with the lo- 

al thermal gradient ( Fig. 19 b). As printing takes place, this orien- 

ation will gradually dominate the others. However, h used in our 

iTi parts is very small (24 μm, a quarter of the melt pool width, 

ig. 19 c), so the epitaxial growth can start from a flatter region in 

he mid-bottom of the melt pool. At the mid-bottom region of the 

reviously (or the first) printed track will have a < 001 > orienta- 
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Fig. 19. Schematic illustration depicting the thermal gradient and solidification direction under (a) high linear energy density (LED) (keyholing mode) [69] , (b) lower LED 

(good print region in Fig. 4 c) with large hatch spacing, and (c) lower LED (good print region) with small hatch spacing as used in the present study. The melt pool becomes 

shallower and flatter under lower LED, so the thermal gradient and solidification direction are mostly along the build direction in the present case with small hatch spacing, 

which results in the < 001 > texture formation in (c). Cell growth direction from the solid-liquid interface indicates < 001 > orientation formation since it is the fastest crystal 

growth direction for cubic materials. The schematics were constructed for the rotation angle cases of 0 ° or 180 ° between the successive layers. 

Fig. 20. Schematic of the orientation selection/growth mechanism during (a) single-layer scanning (lattice cells were slightly rotated for better view) and (b) multi-layer 

scanning with a 90 ° rotation angle of scan directions. Both orientations would be possible for single-layer, but only the < 001 > would be favoured due to its less misalignment 

with the previous sintered layer for the multi-layer situation. 
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ion along the build direction, which is aligned with the thermal 

radient during its solidification. As more tracks are printed, this 

rientation may be inherited and dominate others. 

.3.3. Effects of rotation angle between successive print layers on the 

rystallographic texture evolution 

The rotation angle of the scan directions between succes- 

ive layers may also influence the resulting texture. As shown in 
17 
ig. 20 a, both < 001 > and < 011 > orientations along the build di-

ection could be possible during a single layer scan depending on 

he melt pool shape and h value, as described in Fig. 19 . How-

ver, if a rotation angle of 90 ° is imposed between layers ( Fig. 20 b),

he < 001 > orientation would be preferred along the build direc- 

ion since this orientation would perfectly match between the lay- 

rs and have minimum misalignment. In addition, this orienta- 

ion preference is more likely to be inherited from the previous 
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Fig. 21. Schematic of the precipitates and non-metallic inclusion particles observed in AM NiTi samples in this study. (a) Randomly distributed Ti-rich oxides surrounded by 

Ni-rich precipitates; (b) networked Ti-rich oxides surrounded by Ti-rich particles. 
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Fig. 22. Comparison of the tensile superelastic strain levels achieved in AM NiTi 

samples in the present work in comparison with what is reported in the literature 

so far. 
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ayer during cell growth since the < 011 > orientation parallel to the 

uild direction will have a large angular deviation of 90 °. Several 

tudies [ 68 , 71 , 72 ] have shown successful control of the texture

rientation in the AM parts in materials other than NiTi with dif- 

erent rotation angles. Therefore, a similar texture control should 

e possible in AM NiTi parts as well. 

Evidently, the pseudo single crystal AM NiTi samples in the 

resent study resulted from a combination of a shallow melt pool, 

 relatively small h value, and a 90 ° rotation angle between layers. 

nowing the orientation selection/growth mechanism shall expand 

he scope of texture engineering in additively manufactured NiTi 

ased SMAs as well as other materials with cubic crystal structure. 

.4. Effects of precipitates and inclusions on superelasticity and 

hermal transport of AM NiTi 

As observed from the TEM images presented in Section 3.6 , it 

s clear that the build chamber O 2 level plays an important role 

n the formation of Ti-rich oxides. It is also likely that the high 

ED values (198 J/mm 

3 ) employed in this study exacerbated the 

xidation as observed from the colored oxide layer formed on the 

ectangular prisms ( Fig. 7 ). 

As shown in Fig. 21 , there are four types of particles observed 

n the AM NiTi samples based on the TEM study. Ultrafine Ni-rich 

recipitates (with a size range of 2-4 nm) were identified in the 

100 material around the randomly distributed Ti-rich oxides in 

he grain interior. The depletion of Ti from the matrix due to the 

ormation of Ti-rich oxides has dual effects: first, it increases the 

i/Ti ratio in the matrix, hence decreasing the transformation tem- 

eratures; second it promotes the formation of Ni-rich precipitates. 

oherent nanosized Ni 4 Ti 3 precipitates are known to strongly in- 

uence the mechanical and shape memory properties of NiTi SMAs 

uch as transformation temperatures [73] , appearance of the inter- 

ediate R-phase transformation [74] , functional and structural fa- 

igue [65] and superelasticity [ 46 , 75 , 76 ]. In addition, the nano-

xides should generate elastic strain fields in the surrounding area 

nd serve as preferential nucleation sites for martensite at inter- 

aces. All these nanosized particles strengthen the matrix by act- 

ng as barriers against slip deformation and potentially suppress 

he irreversibility associated with the martensitic transformation. 

t is likely that the presence of nanosized particles in the present 

M samples (in addition to favourable crystallographic texture) re- 
18 
ulted in the good superelastic behavior. On the other hand, there 

s a notably higher volume fraction of large oxide particles in the 

500 samples, resulting in the inferior ductility and premature fail- 

re during the tension tests. 

So far, there are only a few studies showing the existence of 

i 4 Ti 3 type precipitates in AM NiTi in the as-printed condition [ 12 ,

7 ]. It is possible that the repetitive thermal cycling during the AM 

rocess is too fast to have enough time and preferable temper- 

ture for the growth of Ni-rich precipitates. It is also likely that 

he Ni-rich precipitates may be dissolved during the melting of 

ubsequent layers. To the best of authors’ knowledge, this is the 

rst time that ultrafine Ni-rich precipitates with a size range of 

 few nanometres were identified in AM NiTi SMA. Most impor- 

antly, the highest superelastic strain achieved in this study is al- 

ost the double of what has been reported in the literature for 

M NiTi ( Fig. 22 ). 

Based on the thermal diffusivity measurements, neither build 

hamber O 2 level nor the measurement direction were found to 

ave a significant impact on thermal conductivity values. There- 
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Table 2 

Transformation temperatures of Ni 51.2 Ti 48.8 samples showed in Fig. 6 a and 

Fig. 6 b. All transformation temperatures for the solution heat treated samples 

and those that can be determined with certainty for the as-printed samples are 

included. 

Sample ID M f ( °C) M s ( °C) A s ( °C) A f ( °C) 

As-Printed S500 - - - 27.1 

Solutionized S500 -123.6 -63.2 -77.7 -13.9 

As-Printed S100 -87.1 - -17.8 23.7 

Solutionized S100 -63.0 -27.7 -29.8 -0.1 
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ore, superelastic strain in AM NiTi can be increased as demon- 

trated here without a detrimental effect on thermal transport 

roperties. Additionally, part orientation during printing does not 

ave to be considered in order to optimize thermal transport, since 

hermal transport properties were not found to be anisotropic. 

evertheless, as a future work, a thorough systematic study is 

eeded to evaluate the effects of different processing parameters 

n thermal transport properties to be able to fully implement AM 

iTi parts in applications where the knowledge of thermal conduc- 

ivity is significant, e.g. in the case of actuation applications, with 

he cycle time dependent on how quickly the SMA can cool down; 

r elastocaloric applications, where the heat absorbed or released 

uring stress induced martensitic transformation should rapidly be 

ransferred between different media for increased operation fre- 

uency. 

. Summary and Conclusions 

In the present study, highly textured Ni-rich NiTi SMA parts 

ere successfully fabricated without notable porosity or microc- 

acks using the L-PBF technique and tensile superelasticity values 

p to 6% could be achieved through the selection of optimal pro- 

essing parameters and formation of nanosized precipitates and 

xide inclusions. The following summary statements and conclu- 

ions can be drawn: 

1 The transformation temperatures increase with increasing vol- 

umetric energy density (VED) values due to the Ni evaporation 

during the AM process. Build chamber O 2 content notably influ- 

ences the extent of oxidation that the printed parts experience. 

With increased O 2 content in the build chamber, the volume 

fraction of Ti-rich oxides increase, decreasing the transforma- 

tion temperatures, acting opposite to the effect of Ni evapora- 

tion on transformation temperatures. 

2 Crack and delamination issues observed in the printed parts 

may originate from the residual stresses generated due to the 

large thermal gradients during printing, and they were miti- 

gated by using smaller hatch spacing and higher VED values. 

It is possible that with increased transformation temperatures 

and the initiation of the martensitic transformation when the 

printed parts cool down, residual stresses might be relaxed. 

3 O 2 control of the atmosphere in the chamber was also found to 

be critical for the ductility of the printed parts and the achieved 

superelasticity levels. O 2 concentration of 500 ppm led to the 

parts that failed in a brittle manner at low strains without 

showing any sign of superelasticity, while decreasing the O 2 

concentration to 100 ppm yielded parts that exhibit 6% supere- 

lastic strain without any post fabrication heat treatment, which 

is the highest reported to date in literature. 

4 The unique AM microstructure with strong texture, the pres- 

ence of nano-sized inclusions and ultrafine Ni-rich precipitates 

suggest a possible approach for achieving high levels superelas- 

ticity in AM NiTi in the as-fabricated condition. Thermal his- 

tory during the process needs to be further studied in order to 

provide the ideal conditions for the growth of Ni-rich precipi- 
19 
tates, otherwise post heat treatments may be necessary for the 

achievement of superelasticity. 

5 The strong favourable crystallographic texture in the as-printed 

tension samples indicated that the superelastic properties are 

orientation dependent. Hence, further engineering the texture 

may favor better mechanical properties (i.e. strength and su- 

perelasticity level) for the near-net-shape fabrication of com- 

plex functional NiTi parts. 

6 Thermal conductivity values of the as-printed NiTi were found 

to be independent of the build chamber O 2 level, in the range 

studied in the present study, or orientation of the part. As a 

future work, a more detailed study is required to character- 

ize the effects of processing parameters such as laser power, 

scan speed and hatch spacing for a complete understanding of 

the relationship between microstructure and thermal transport 

properties in AM NiTi. 
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