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a b s t r a c t 

The research focuses on systematically studying the effect of processing parameters in controlling the microstruc- 
ture and mechanical behavior including pseudoelasticity of a NiTi alloy. The alloy is prepared by laser engineered 
net shaping ( LENS ) based additive manufacturing technique. Laser energy densities of the manufacturing method 
are modified by altering laser scan speed and power. Corresponding effects on microstructure and phase evolution 
of NiTi alloy are evaluated thoroughly. Subsequently, mechanical properties are assessed implementing macro-, 
micro- and nano-indentations with load levels varying over five orders of magnitude. Layered microstructures, 
as a signature of the manufacturing process, are evident from the front and side planes of the products. Interest- 
ingly, existence of trace volume fraction of precipitates and martensite phase are noted in the alloy manufactured 
with highest laser energy density. These influence hardness, elastic modulus and indentation size effect of the 
alloy. Most importantly, pseudoelastic recovery of NiTi gets adversely affected. Spherical-nanoindentation is per- 
formed to precisely assess pseudoelasticity of NiTi alloys. Indentation-stress–strain graphs are generated from the 
spherical-nanoindentation. This is a unique and state-of-the-art way to assess the localized mechanical perfor- 
mance of materials. Considering that additive manufacturing is associated with microstructural inhomogeneity 
thereby leading to property variation along different regions, investigation is corroborated with bulk-scale tensile 
testing of the alloys, revealing similar results. Subsequent cyclic tensile tests complemented with digital image 
correlation are performed to appreciate their strain-recoverabilities. This study provides a scope to optimize 
the parameters of LENS to manufacture NiTi with the best combination of microstructure, phase stability and 
pseudoelasticity. 
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. Introduction 

NiTi, popularly known as Nitinol, is the most widely used shape
emory alloys (SMAs) having unique and smart functional characteris-

ics such as shape memory effect ( SME ) and pseudoelastic effect ( PE ).
wing to these attractive properties, NiTi has found usage in a wide
ariety of applications and gained immense interests from the scientific
nd engineering communities. By virtue of the SME , NiTi undergoes a re-
ersible and recoverable phase transformation from the parent austenite
hase with cubic ( B2 ) structure to a monoclinic ( B19 ′ ) martensite phase.
his happens primarily with the change in temperature and stress level.
hese materials in the PE state, upon loading, undergo stress-induced
artensitic transformation ( SIMT ) from the parent austenite phase. Dur-
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ng unloading, the martensite phase reverts back to the parent austenite
hase. Consequently, the reversible phase transformation in this alloy
enerates a recoverable strain of ∼8–10% [1–5] . Owing to the high level
f strain recoverability of this alloy associated with the unique SME and
E behavior, along with a combination of higher specific strength, bet-
er corrosion resistance and biocompatibility, SMA s are increasingly de-
loyed in a wide variety of technologies. For instance, NiTi alloys are
specially used in smart devices, MEMS and actuators, as well as in vari-
us biomedical applications such as stents and guide wires [1–3,5–8] . In
any cases, such applications however demand for complex component

hapes and apply multi-axial small scale loads. 
With the recent advancement of technologies, latest manufacturing

ethods are upgraded to such a level that near net shape components
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an be directly produced in a single step. This certainly eliminates the
ntermediate production routes. Consequently, the processing complex-
ties reduce which in turn cuts down the production cost as well as time.
oreover, even complex shaped components with high dimensional ac-

uracies and precisions are produced. Additive manufacturing ( AM ) is
ne such technique for manufacturing near net shape products. In this
ethod, a prototype of final product is designed in computer aided de-

ign ( CAD ). Based on the design, the entire product is sliced into various
ections. Subsequently, the final product or component is manufactured
ith layer by layer deposition or printing as per the CAD [9] . Conse-
uently, AM can produce the required shape with high accuracy. Nev-
rtheless, the complications in the manufacturing methods lead to com-
letely different microstructural evolution in the product in comparison
o that of the conventional one. Such variations in the microstructure
an in many ways affect their properties. Hence, any such processing
ased microstructural modifications needs to be well studied a priori.
urthermore, even the variation in AM processing parameters is noted
o alter the properties of the manufactured components. Hence, opti-
ized processing conditions are solicited to achieve the desired product

10–12] . 
Amongst the different types of additive manufacturing processes,

aser Engineered Net Shaping ( LENS ) is a well-known and widely used
ne [13–18] . As per this processing method, a high energy laser beam is
sed for melting the pre-alloyed powder on a substrate. This is followed
y its rapid solidification. Raster movement of the laser, as controlled by
he CAD generates the shape of the final product. It is noteworthy that
roducing NiTi based components using LENS technique is promising in
any ways in comparison to that achieved by conventional metallurgi-

al methods. This includes achieving better surface finish accuracies and
esired levels of porosity in the processed component, as observed for
he Co based alloys processed through LENS [19] . Furthermore, the mi-
rostructural size and morphologies and consequently the aimed proper-
ies of the end product can be tailored by altering the various processing
arameters of LENS . For instance, decrease in laser power as well as in-
rease in its scan speed leads to formation of porous materials, which
re in demand for biomedical implants [19] . Similar microstructure de-
elopment as well as porosity generation is therefore expected for NiTi
omponents manufactured by the LENS method, as well. Nevertheless,
t is important to perform a systematic study on how the microstructure
volves and affects the corresponding properties in the LENS manufac-
ured NiTi, at the first place. 

It is noteworthy that retaining mechanical and shape memory prop-
rties of NiTi while fabricating complex shapes in a single step is still
 foremost challenge. This is particularly because of the sensitiveness
f NiTi on the factors such as its exact atomic composition, grain size
nd phase fraction. It is noteworthy that even nominal alterations in
hese factors during fabrication may change the thermal transformation
haracteristics, elastic moduli, and overall recoverable strain of the NiTi
lloy [13,20–22] . The LENS process on the other hand, leaves traces of
icrostructural and morphological signatures of the layer by layer de-
osition process in the finished component, which is relevant for NiTi as
ell [9,13,23] . This is expected to modify all the associated properties
f the alloy as well. To appreciate the role of LENS parameters for suc-
essfully producing NiTi with the desired characteristics, it is important
o develop a thorough understanding of the processing – microstructure
property relations for the alloy and the manufacturing method. 

A few previous attempts were made to study the role of varying pro-
ess parameters in controlling the properties of the LENS processed NiTi
lloy which requires further in-depth investigation [13–15] . In this re-
earch, a systematic study has been performed to assess the influence
f LENS processing parameters such as laser power, scan speed or en-
rgy density in affecting the microstructure, crystallography as well as
hase evolution in the alloy. The investigation further focuses on cor-
elating these microstructural modifications with the global and local
echanical properties including the unique pseudoelastic characteris-

ics of the NiTi alloy. Detailed microstructural investigation involving
ptical, scanning and transmission electron microscopies, X-ray analysis
nd calorimetry are performed to meet the first objective. Furthermore,
ariation in hardness and the modulus of the alloy at different length
cales as well as the effects of processing conditions on them are thor-
ughly characterized by implementing macro as well as instrumented
icro- and nano- indentation techniques. Considering the importance of

pplication of load levels at small scale in the NiTi based components,
ndentation size effect of the LENS processed NiTi alloy is extensively
tudied as well. Alteration in the processing parameters is noted to con-
rol the microstructure and phase evolution in NiTi alloy. However, it
s noteworthy that such modifications are not reflected in significantly
odifying their conventional mechanical properties such as hardness or

lastic modulus. Pseudoelastic characteristics of the alloy, on the other
and, get considerably affected on changing the processing parameters
f LENS . This is particularly appreciated by implementing nanoindenta-
ion with sphero-conical indenter tips. Additionally, indentation stress–
train curves are generated from the nanoindentation results to appre-
iate the localized mechanical properties of the pseudoelastic NiTi alloy
urther. It is noteworthy that small scale conventional mechanical test-
ng of materials is difficult and expensive to perform. Rather similar
nformation can be extracted from the indentation stress–strain curves.
uch curves are uniquely generated for the first time for the NiTi based
seudoelastic alloy in this study. 

. Materials and experiments 

.1. Sample preparation 

NiTi powder having chemical composition of 50.04% Ni, 0.002%
, 0.006% C and 0.22% O, the rest being Ti (at.%) is used in the cur-

ent study to additively manufacture bulk NiTi products. The gas atom-
zed spherical solid powders with particle size varying in the range of
0–150 μm was supplied by ATI Powder Metals, PA, USA [24] . Hardly
ny presence of satellites was noted in the powder. NiTi specimens were
abricated using the LENS TM system ( MR7, Optomec Inc. Albuquerque,

M ). The entire fabrication process was carried out inside a glove box
n argon atmosphere. Moreover, oxygen content of the system was main-
ained to a level of < 10 ppm. The Ar atmosphere as well as low oxygen
evel ensured avoidance of oxidation to NiTi alloy during the manu-
acturing stage. This is primarily important considering the fact that a
inor change in the alloy composition leads to significant alteration in

he SMA s transformation characteristics as well as the mechanical per-
ormance [20,22,24,25] . Initially, a molten metal pool generated, on
ocusing the laser beam upon a 3 mm thick CP-Ti metal substrate. Sub-
equently, NiTi powder from the feed stock was injected and rastered
ack and forth onto the molten metal pool. The powder instantly melted
nd spread uniformly over the substrate. This was followed by almost
imultaneous solidification of the molten NiTi into a finite thickness.
he solidification was thereby associated with a very high cooling rate.
ased on the CAD model, the process was repeated in alternate per-
endicular directions. This resulted to a gain in the vertical dimension.
he desired shape was thereby achieved according to the layer-by-layer
eposition process. For the present study, cuboid NiTi specimens of di-
ension 60 mm × 12 mm × 2.8 mm were prepared by the LENS method.
he different parameters for this laser based process such as laser scan
peed ( v ) and power ( P ) are varied to achieve different laser energy den-
ities ( E ) as per the following relation [23,26] : 

 = 

𝑃 

𝜈 × 𝑑 
(1)

Constant beam diameter ( d = 0.5 mm) was maintained for all the ex-
eriments. The process parameters such as v and P however were varied,
s mentioned in Table 1 , to obtain three different laser energy densi-
ies. The subsequent products manufactured with increasing laser en-
rgy densities are named as NiTi _E1 , NiTi _E2 , and NiTi _E3 , respectively.
onsequently, variations in the microstructure, phase evolution as well
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Table 1 

Variation in the LENS processing parameters for manufacturing bulk NiTi 
alloys. 

Alloy Laser power (w) Scan speed (mm/s) Laser energy (J/mm 

2 ) 

NiTi_ E1 200 15 27 

NiTi_ E2 300 15 40 

NiTi_ E3 350 10 70 
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N  
s mechanical properties of the finished products are expected which
re being characterized and investigated next. 

.2. Microstructure analysis 

After fabrication, as a first step, microstructures of all the specimens
oth along the surface as well as across the horizontal and vertical cross-
ections were thoroughly investigated. Detailed microstructural charac-
erization of the NiTi _E1 , NiTi _E2 , and NiTi _E3 specimens were performed
sing both optical microscope (Zeiss Axiovert; Leica DM 2700 M ) as well
s scanning electron microscope ( Zeiss EVO 60 ). The specimens were ini-
ially cut into rectangular pieces of dimensions 10 mm × 4 mm × 3 mm
nd sequentially polished using the standard metallographic techniques.
he final polishing was carried out using diamond paste of size 1 μm
s well as colloidal silica solution. These fine polishing steps ensured
roper surface finish of the specimens by removing any polishing in-
uced transformed martensite. The polished specimens were next etched
sing a water-based reagent comprising of HNO 3 and HF for 1 min. Col-
red optical images were further obtained using tint etchant compris-
ng primarily of hydrochloric acid, Ammonium hydrogen fluoride and
otassium disulphate. 

Electron back scatter diffraction ( EBSD ) was performed next for the
ENS manufactured NiTi alloys (using Zeiss Auriga compact ). For this,
he initially well-polished specimens were electro-polished apriori using
truers, LectroPol-5 . An electrolyte, consisting of Acetic acid and perchlo-
ic acid was used for the purpose . A voltage of 10 V was applied for 20 s
o secure best surface finish. The surface quality was reciprocated in
btaining more than 95% indexing in the EBSD analysis. A voltage of
5 kV and step size of 3 μm were used for the EBSD analysis. 

To analyze the microstructural details of the LENS manufactured al-
oys further, transmission electron microscopy ( TEM ) of the specimens
ere performed. TEM specimens were extracted from the as deposited

amples using low speed precision diamond saw ( Buehler Inc., USA ). The
ut specimens were next ground and polished to achieve a thickness of
.1 mm. Further, circular disks were cut and dimpled using Gatan dim-
le grinder until a thickness of 40 μm at its center is obtained. These
impled samples were then Argon ion-milled in a Precision Ion Polishing
ystem ( PIPS ) to achieve electron transparency. A high-resolution TEM

 Tecnai G 

2 30ST, FEI Company, USA) operating at 300 kV was used to
haracterize the microstructure to greater details. Selected area diffrac-
ion was used for phase identification and crystal orientation determi-
ation. The microscope is equipped with a 1k by 1k Multi-Scan CCD

amera for digital imaging and an energy dispersive X-ray spectroscopy
 EDS ) system ( EDAX Inc., USA ) to perform local chemical analysis. 

Porosity generated in the LENS processed alloy was next character-
zed using the X-ray micro computed tomography technique ( GE pheonix

tomex ). A combination of voltage and current of 110 kV and 100 μA re-
pectively was used to capture the images. 1000 frames were captured
t a rate of 500 ms per image. Voxel resolution to capture each image is
aintained to 11 μm. 

.3. Phase and thermal analysis 

Crystallographic phases of the NiTi alloy were analyzed using the
-ray diffractometer ( X’Pert ProMPD, PANalytical, USA ). The diffrac-

ometer used Cu–K 𝛼 radiation, operating at a combination of voltage
nd current of 40 kV and 40 mA, respectively. The 2 𝜃 angle was var-
ed from 20° to 100° and a scan rate of 2° per minute was maintained.
ANalytical- X’Pert High Score software was used to analyze the XRD

esults. Different phases were noted to be present in the NiTi _E1 , NiTi _E2 ,
nd NiTi _E3 specimens as discussed in the next section. 

Transformation temperatures of all the NiTi based shape memory
lloy were characterized subsequently using a Differential Scanning
alorimeter, DSC ( Netzsch DSC 204 F1 ). Small sized specimens weigh-

ng around 50 mg were used for this. Specimens were carefully cut using
low cutting rate across the mid-section, to avoid the surface oxide layer,
f any. Moreover, the cut specimens were subsequently ground and pol-
shed to achieve flat surfaces. Experiments were conducted over the tem-
erature range of ± 150 °C with a heating/cooling rate of 10 °C/min [27] .
tarting from the room temperature, the test temperatures were varied
n cycles to generate the thermograms for heat flow vs. temperatures for
ll the LENS manufactured NiTi aloys. The characteristic peaks on such
SC thermograms represent the phase transformation of the NiTi alloy.

.4. Mechanical testing 

Further to the microstructural and crystallographic investigations,
ndentations at different load levels were performed. Samples for in-
entation tests were metallographically ground and polished and the
nal stage of polishing was performed using a colloidal silica suspen-
ion. This ensured smoothest surface finish devoid of polishing induced
artensite, which are important for precise indentation experimenta-

ions. Initially, hardness of all the NiTi _E1 , NiTi _E2 , and NiTi _E3 alloys at
acro-scale was determined using macro-Vickers indenter ( Leco Vickers

ardness Tester, LV 700 ). A maximum load of 500 N and a dwell time
f 10 s was used for the experiments. Furthermore, to assess the occur-
ence of size effect, if any, macro-indentations were also performed with
ecreasing load levels of 300 N, 200 N, 100 N and 50 N. 

In a similar way, properties of the alloys such as hardness and elas-
ic modulus at micro- and nano-scales were further analyzed using the
nstrumented indentation technique ( Anton Paar, Model: NHT3 ). Stan-
ard geometrically self-similar Vickers and Berkovich diamond inden-
er tips with respective tip diameters of ∼200 nm and 100 nm were used
or the micro- and nano-indentations respectively. Prior to the experi-
ents, area functions of the indenter tips were calibrated by performing

ndentation on standard specimens of steel and fused silica. To assure
tabilizations in temperature and mechanical vibrations due to handling
he specimens to the experimental setup, they were placed in the in-
trument for at least 2 h prior to the experiments [28,29] . Zero-point
orrections were performed before analyzing the data. Initially, load-
ontrolled micro-indentations were performed using three different load
evels of 1, 3 and 5 N. At least 10 indentations were performed at each
oad levels. Nano-indentations at a lower load levels of 3, 5 and 7 mN
ere performed next. Both the micro- and nano-indentations were per-

ormed over a range of load levels to assess the size effect of the LENS

rocessed NiTi alloys. In all the respective cases of macro-, micro- and
ano-indentations, a minimum of 10 indentations were performed at
ach load levels in the individual alloy specimens. The mean values of
ardness and elastic modulus for each alloy, as obtained from the ex-
eriments are reported. In all cases, the standard deviation values are
lso provided along with, to appreciate the scatter in the data. 

Furthermore, apart from assessing the elastic and plastic deforma-
ion behavior of NiTi alloys using sharp indenter tips, nano-indentations
ere also performed with blunt spherical indenter of tip diameter 40 μm.
 maximum load of 5 mN was used for this. The primary purpose was

o appreciate the pseudoelastic characteristics of the alloys. While the
oad-displacement data obtained from the spherical nanoindentation ex-
eriments estimate the permanent and recoverable deformation of the
lloys, indentation stress–strain curves generated therein precisely as-
ess the elastic, pseudoelastic and plastic deformation behavior of NiTi.

Next, room temperature tensile tests of the NiTi_ E1 , NiTi_ E2 and
iTi_ E3 alloys were performed using the universal testing machine
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Fig. 1. (a) Schematic representation of a specimen produced by the LENS process. The laser scan and build directions are represented by arrows. The various planes 
and locations used for characterizing the microstructure of the as-build alloys along the x –y, y –z and x –z planes are marked in the figure. Representative optical 
micrographs of (b) NiTi_ E1 , (c) NiTi_ E2 and (d) NiTi_ E3 alloy specimens captured from x –y -middle as highlighted in Fig. 1 (a). Build direction is marked with an arrow. 
Color contrasts in the micrographs are achieved using polarized light and differential interference contrast on the tint etched specimens. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article). 
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 Instron 3365, USA ) as per the ASTM standard [30] . Flat dog-bone
haped specimens with the reduced section length of 16 mm as well as
hickness of 1.6 mm were used for the purpose. The specimens were
achined in such a way that the tensile axis and the gage length is ori-

nted along the build direction. All the strengths and strains of the NiTi
pecimens manufactured by LENS were estimated from the tests. Tensile
ests for each category of alloys were repeated and the mean values are
eported. 

Subsequent to the conventional way of assessing the tensile behav-
or of the alloys, cyclic tensile tests were performed in association of
igital image correlation ( DIC ). The setup from GOM-Aramis Education

nd the associated software GOM-correlate was used for the purpose.
rior to the tests, a random speckle pattern with white background
nd black spots were spray painted on the surface of the polished ten-
ile specimens. Dual cameras with 5MP resolution (spatial resolution of
448 × 2050 pixels) and focal length of 12.5 mm were adjusted to cap-
ure the 3D images for the central part of the tensile specimens. Tensile
ests were performed while the specimens were loaded till a strain level
f 1.5%. Next, the specimens were subsequently unloaded to zero. Such
 loading–unloading tensile test approach is termed as cyclic-tensile test.
he cycles were repeated twice for each specimens. Extensometer of

ength 12.5 mm were mounted on the gage section of the specimens to
recisely capture the strain generated during deformation. Complemen-
 t  
ary to this, as the tensile test progresses, images were also captured
articularly, on the central part of the gage section by the DIC setup
t a frequency of 14 Hz. Consequently, the strain distribution and pro-
ression at this part was measured throughout the test. The purpose is
o appreciate the in-situ strain variation and subsequent strain recover-
bility of the specimens upon unloading. 

. Results and discussion 

.1. Microstructure 

Schematic representation of a specimen produced by LENS is pre-
ented in Fig. 1 (a). The build direction along with the laser scan di-
ections for the process is evident from the schematic. Also, formation
f the layered structure owing to the layer by layer deposition of the
etal powder is apparent from this figure. It is noteworthy that additive
anufacturing is primarily associated with layered and non-uniform mi-

rostructures which are expected to affect the mechanical properties
f an alloy. To develop a detailed insight on the microstructural evo-
ution of the NiTi alloys, systematic microstructural characterizations
or the surface and cross-sections of the as-produced NiTi _E1 , NiTi _E2 
nd NiTi _E3 alloys are performed. Accordingly, microstructural varia-
ions are characterized at different locations such as the bottom (near
o the substrate), middle and top (near to finishing surface) zones along
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Fig. 2. (a) Representative electron back scattered inverse pole figure map of LENS manufactured NiTi alloy revealing signatures of layer by layer deposition process. 
Color codes for the different grain orientations is presented at the inset. (b) Low magnification optical micrograph of NiTi_ E1 alloy. The hatch loops signifying the 
impression of laser tips and the subsequent alternate layers formed, are apparent from the micrograph. Two of the loops and consecutive layer boundaries are 
highlighted and the corresponding hatch spacing and layer thickness are indicated. (c) Microstructure of the NiTi_ E1 showing different regions comprising of grains 
of varying size and morphology. Such different regions are marked as (1) fine equiaxed (2) coarse equiaxed and (3) columnar grains. The difference is more apparent 
from the higher magnification images, presented for the regions 1, 2 and 3. (d) Bright-field TEM image of NiTi_ E3 specimen. Precipitates noted are pointed with 
arrows. EDS spectra collected from the precipitate and the neighboring region, marked as region 1 and 2 respectively are also provided adjacently. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article) 
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he front ( x –y ), side ( y –z ) and cross-section ( z –x ) planes, as marked in
ig. 1 (a). However, not much effect of directions on the microstructure
volution are apparent, particularly for the front and side planes. This
s also supporting the fact that the laser scan direction alters by 90° at
very consecutive layer. However, while layered structures with high
spect ratio grains are observed for these two planes, equiaxed grains
revail along the cross-sectional x–z planes. 

Optical microstructures with distinct color contrasts are captured
sing polarized lights and differential interference contrast for all the
hree LENS manufactured NiTi specimens. Representative micrographs
btained from the middle region of the x–y plane for the NiTi _E1 , NiTi _E2 ,
nd NiTi _E3 alloys are shown in Fig. 1 (b) to–(d) respectively. The build
irections are marked with the arrows. Different color contrasts signify
he variation in orientation at the different layers. 

Non-homogeneous nature of the microstructure is distinctly apparent
rom the figures. The signatures of the layer by layer deposition proce-
ure of the LENS based additive manufacturing method is more clearly
vident from Fig. 2 (a). This represents an orientation inverse pole figure
ap as obtained from the EBSD investigation of the NiTi _E1 alloy. 

On careful scrutiny of the optical and EBSD micrographs for the ad-
itively manufactured NiTi alloys, signatures of the layer by layer, laser
ased processing become prominent. A representative optical micro-
raph obtained from the central part of the front plane of NiTi_ E1 alloy
s presented in Fig. 2 (b). Existence of semi-circular loops, signifying the
race of the laser tip and formation of the parallel layers are evident
n the microstructure. Similar features are noted for other alloys manu-
actured by laser based additive manufacturing process as well [31,32] .
ew such loops and layer are highlighted in Fig. 2 (b). As explained in
he experimental section, such loops are noted to form at alternate layers
ince the laser direction is altered by 90° in every consecutive layers. The
atch spacing and the layer thickness signifying the distance between
wo such loops and the radius of the loops respectively are marked in
ig. 2 (b) [31,33] . All such dimensions are estimated for the alloys. Layer
hickness of the NiTi_ E1 , NiTi_ E2 and NiTi_ E3 alloy specimens are esti-
ated to be ∼340 ± 40 μm, 327 ± 59 μm and 258 ± 33 μm, respectively.

t is therefore apparent that as the laser energy during the manufactur-
ng increases from NiTi_ E1 to that of NiTi_ E3 , higher heat content of the
ystem during the subsequent processing takes a lead in compacting the
ayers. Hence, reduced layer thickness is observed for NiTi_ E3 . Hatch
pacing on other hand, is primarily controlled by the tip size and is
herefore independent of the laser energy density of the manufacturing
rocess. The hatch spacing of the alloys is noted to be ∼827 ± 31 μm. 

Higher magnification micrographs on the other hand, reveals exis-
ence of varying microstructural features having different morphologies
nd dimension. In support of this, a representative optical micrograph
aptured from the middle region of the x–y plane of the NiTi _E1 alloy is
resented in Fig. 2 (c). The image reveals that the overall microstructure
f the LENS processed NiTi comprises of three distinct zones with dif-
erent grain morphologies such as fine equiaxed ( FE ), coarse equiaxed
 CE ) and columnar ( CL ) grains marked as (1), (2) and (3), respectively
n Fig. 2 (c). The differences in the size and morphology are clearly evi-
ent from the higher magnification images of each of these FE, CE and CL

ones presented in corroboration. On quantifying the sizes of the various
icrostructural features (using the linear intercept method), it is noted
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Fig. 3. Representative micro- CT scan images of (a) NiTi_ E1 (b) NiTi_ E2 (c) NiTi_ E3 alloys manufactured by the LENS method. Color coded volumetric scale is provided 
adjacent to the figures. Reduction in the overall pore volume fraction and size to almost half its initial values is noted with increase in the laser energy densities of 
the manufacturing method. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article) 
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hat the average size of the finer grains (16 ± 6 μm) is almost a quarter
o that of the coarse grains (73 ± 9 μm). The CL grains on the other hand
aintained an aspect ratio of ≈6 with width of ≈31 μm. It is noteworthy

hat grains of such different sizes and morphologies are generated owing
o the unique characteristics of the LENS process. This includes layered
eposition, multiple melting and subsequent solidification steps as well
s reheating cycles as experienced by each layers. During the layer by
ayer deposition process, the pre-formed regions eventually get repeat-
dly heat treated as the subsequent layers are being formed [13,34,35] .
evertheless, while forming a particular layer, the outer part cools at a

aster rate. This leads to formation of fine equiaxed grains. In contrary,
he inner part of the layer that sustains a continuous higher temperature,
orm coarse equiaxed grains. The junction of the laser tip, on the other
and, forms the semi-circular zone, as shown in Fig. 2 (b). The combined
elting of subsequent layers in this zone leads to the directional solidifi-

ation and formation of columnar grains [34] . In the subsequent layers,
owever, only the cross sections of those columnar layers are viewed
s equiaxed grains owing to the alteration in the laser rastering direc-
ion. Similar characteristics and morphologically varying features are
herefore observed in all the layers. [13–16,23] . 

The microstructure seems to get homogenized for the NiTi_ E3 alloy,
ossibly owing to the higher laser energy density and heat content dur-
ng the manufacturing process. However, for this alloy, presence of pre-
ipitates of size ≈200 nm in the matrix is noticed as revealed by TEM

nvestigation. A representative bright field TEM image for the NiTi_ E3 
pecimen is presented in Fig. 2 (d), where such particles are highlighted
y white arrows. No such particles however are detected in the other
wo alloys. This indicates that the precipitates might have formed in a
egligible amount in case of NiTi_ E1 and NiTi_ E2 alloys owing to the re-
uced laser energy densities. Hence, they could not be traced in the TEM
tudy. EDS of the particles, marked as (1) confirmed its composition as
i 2 Ni. 

It is noteworthy that previous research on laser deposited equiatomic
iTi did reveal formation of Ti 2 Ni precipitates. The rapid solidification

echnique associated with the manufacturing method as well as the in-
reased oxygen content in the NiTi alloy produced with higher laser
nergy are counted as the possible reasons for that [2,36–38] . Similar
henomena of high cooling rate is also active during the LENS processing
nd particularly for the NiTi_ E3 alloy manufactured with the highest en-
rgy density. This alloy is expected to achieve highest peak temperature
rior to its cooling to room temperature, thereby experiencing highest
ooling rate. Moreover, aging treatment during the formation of subse-
uent layers also facilitate the precipitate formation. Furthermore, in-
rease in oxygen absorption is also noted previously in NiTi alloy manu-
actured using higher energy densities for selective laser melting process
10–12] . In a similar line, possible existence of higher oxygen concen-
ration in case of the alloy manufactured with highest laser energy i.e.
iTi_ E3 alloy can further justify the formation of the precipitates in this
lloy. EDS quantification confirms that the matrix adjacent to the pre-
ipitates, marked as (2) in Fig. 2 (d) is Ti-lean NiTi. Such decrement in
he Ti content of the matrix has also been noted in earlier studies owing
o the presence of Ti-rich precipitates [39] . 

Apart from the apparent microstructural modification, layer by layer
dditive manufacturing process is viable to develop porosity in the mi-
rostructure as well. Considering that porosity plays a pivotal role in
odifying the mechanical properties of NiTi, it is important to quan-

ify the pores developed in the NiTi alloys and therefore to assess the
oles played by the operating parameters of LENS . Representative 3-D
icro-CT images for the NiTi _E1 , NiTi _E2 and NiTi _E3 alloy specimens

re presented in Fig. 3 along with the respective color coded volumet-
ic scale bar. Varying processing parameters as well as the laser energy
ensities of the LENS process is noted to dominantly control the number
nd size of pores in the bulk NiTi alloy. 

As a first look, it is evident from the figures that the overall pore
olume fraction is more pronounced in the NiTi _E1 alloy. This is fol-
owed by the NiTi _E2 and NiTi _E3 alloys. Detailed quantitative analysis
eveals that the alloy processed with the lowest energy, NiTi _E1 consists
f micro pores of diameter ∼76.1 ± 27 μm. With increase in the laser
nergy densities during the manufacturing by ∼50 and ∼150% for the
iTi _E2 and NiTi _E3 alloys, the pore size is however noted to decrease

o 54 ± 25 μm and 37.8 ± 19.3 μm, respectively. Nevertheless, the maxi-
um pore size is noted to decrease from 196 μm in case of NiTi _E1 to 101

nd 67 μm for the NiTi _E2 and NiTi _E3 alloys, respectively. This signifies
hat as the laser energy increases by more than 2.5 fold, the pore size
educes by ∼50%. It is noteworthy that higher energy input for produc-
ng NiTi _E3 (70 J/mm 

2 ) is associated with better and uniform melting
f the powdered metal charging. Additionally, occurrence of consistent
igher temperature and therefore simultaneous heat treatment of the
re-formed layers poses possibilities to close the pores, thereby leading
o reduced porosity for the NiTi _E3 alloy [9,10,16] . 

.2. Phase analysis 

Evolution of crystallographic phases in the NiTi alloy owing to the
ariation in processing parameters of LENS is thoroughly analyzed next.
oom temperature XRD for all the NiTi _E1 , NiTi_ E2, and NiTi _E3 alloys
long with the prealloyed NiTi powder are performed. Fig. 4 (a) depicts
he representative XRD plots for them. 
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Fig. 4. (a) X -ray diffraction results of the as-received NiTi-powder and LENS manufactured NiTi_ E1 , NiTi_ E2 and NiTi_ E3 alloys. Occurrence of Ti 2 Ni precipitates as 
well as a feeble peak of martensite (indicated by an arrow) in the NiTi_ E3 alloy are evident from the plot. The powder as well as NiTi_ E11 and NiTi_ E2 alloys are noted 
to consist of B2 austenite phase. (b) Differential scanning calorimetry thermograms for NiTi_ E1 , NiTi_ E2 , and NiTi_ E3 alloys. While complete reversible transformation 
is noted for the first two alloys at room temperature, NiTi_ E3 alloy shows indication of double peaks and austenite finish at a temperature higher than ambient. 

 

o  

t  

N  

o
s  

p  

o  

t  

o  

i  

r  

o  

T  

c

3

 

l
 

p  

l  

a  

t  

h  

t  

s  

m  

d  

t  

t  

a
 

f  

L  

m  

i  

Table 2 

Phase transformation temperatures of NiTi_ E1 , NiTi_ E2 and 
NiTi_ E3 alloys manufactured by LENS . 

Alloy A s ( °C) A f (°C) M s (°C) M f (°C) 

NiTi_ E1 − 43.5 23 0 − 79 

NiTi_ E2 − 24.5 26 − 1.5 − 57.5 

NiTi_ E3 17 52.5 16.5 − 24 
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The diffraction pattern for the NiTi powder clearly shows existence
f single austenitic phase which matches with the relevant 2 𝜃 peaks for
he B2 phase. It is also evident from the plots that both NiTi _E1 and
iTi _E2 specimens primarily consist of the austenite phase. However,
ccurrence of Ti 2 Ni precipitates is evident from the XRD plot of NiTi_ E3 
pecimen. Such existence of Ti 2 Ni precipitates in case of the NiTi alloy
roduced with the highest laser energy density further supports the TEM

bservation. A feeble peak of martensite is also evident specifically in
he NiTi_ E3 alloy, as indicated by an arrow in Fig. 4 (a). Such existence
f martensite at room temperature has also been noted in the earlier
nvestigations on NiTi [20] . Possibility of occurrence of martensite at
oom temperature in this alloy is further supported by the investigation
f the transformation characteristics of the LENS manufactured alloys.
his certifies that change in laser energy density plays a crucial role in
ontrolling the phase evolution in this functional material. 

.3. Thermal analysis 

The representative temperature vs. heat flow diagrams for all the
aser deposited specimens are presented in Fig. 4 (b). 

The specimens are initially heated to + 150 °C. This is to ensure com-
lete transformation to the high temperature austenite phase. This is fol-
owed by cooling the specimen down to –150 °C. The solid lines as well
s the positive peaks in the DSC thermogram indicate transformation of
he parent austenite to martensite phase. The dotted lines, on the other
and, represent re-heating the specimen to + 150 °C. The negative peaks
hus obtained therefore indicate reverse transformation of the marten-
ite to the parent phase. Tangents to the forward and reverse transfor-
ation peaks during the cooling and heating cycles are constructed to
etermine the martensite start ( M s ), martensite finish ( M f ) as well as
he austenite start ( A s ) and austenite finish ( A f ) temperatures, respec-
ively. Transformation temperatures of all the laser deposited samples
re tabulated in Table 2 . 

At the first hand, wide peaks or humps are observed, particularly
or the NiTi _E1 alloy as evident from Fig. 4 (b). It is noteworthy that
ENS process implementing lower energy density is associated with for-
ation of thermally induced defects along with improper melting and

nhomogeneous microstructure development. It is reported in the previ-
us studies that such non-uniformities leads to sluggish transformation
haracteristics [10,23] . These could be the reasons for the shallow and
ess prominent transformation peaks for the NiTi _E1 alloy. On the other
and, higher laser deposition energies for the NiTi _E2 and NiTi _E3 alloys
void or reduce the chances for these defect generations and homoge-
izes the microstructure further. Consequently, phase transformation is
oted to be prominent and sharper on increasing the laser energies for
ormation, as observed for the NiTi _E2 and NiTi _E3 alloys. Nevertheless,
vidence of single step phase transformation with variation in tempera-
ure is observed primarily for the NiTi _E1 and NiTi _E2 alloys. 

It is noteworthy that a hint of oscillation or double peak is observed
or the NiTi _E3 alloy. Such multi-step peak has been noted in earlier
esearch primarily for the Ni-rich NiTi [40–43] . Occurrence of double
eaks in the DSC plots for NiTi manufactured by laser based additive
anufacturing technique is also documented by Haberland et al. [10] .
he studied alloy although not significantly Ni-rich, has a bit higher Ni
ontent in comparison to the equiatomic one. A possibility of occurrence
f intermediate R-phase transformation from the parent phase prior to
ts final conversion to the martensite phase might be a probable reason
or such oscillated DSC peak, particularly observed for NiTi_ E3 . How-
ver, the transformation is not complete and the peak did not reach the
aseline. Hence, any assumptions on this basis could be only hypothet-
cal. 

Furthermore, careful scrutiny of the results reported in Table 2 and
ig. 4 (b) signify that all the respective transformation temperatures in-
rease for the NiTi alloys manufactured with increasing laser energy
ensities. This can be primarily attributed to the Ni evaporation with
igher energies of the manufacturing [10–12] . It is also evident from
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he results that while the M s temperatures are way below the room tem-
erature for the NiTi _E1 and NiTi _E2 alloys, that for the NiTi _E3 alloy is
lose to the room temperature. On the other hand, the A f temperatures
or the NiTi _E1 and NiTi _E2 alloys are just close to or a little lesser than
he room temperature. A f temperature for the NiTi _E3 alloy however, is
bove the ambient temperature. This signifies that at ambient condition,
he martensite to austenite conversion completes for the first two alloys.
owever, for the NiTi _E3 alloy, this reverse transformation is only half a
ay at room temperature leading to the possibility of existence of trace
mount of martensite phase. This is further supported by the XRD re-
ults ( Fig. 4 (a)). Presence of precipitates also eases the formation and
tabilization of the martensite phase [44] . It is noteworthy that the ef-
ect of the compositional change on the transformation characteristics
f the NiTi alloy is a complex underplay of several factors including pre-
ipitate formation, oxygen absorption, Ni evaporation etc. [10–12,44] .
ll these factors are primarily controlled by the variation in the laser
arameters for the LENS process. 

All the detailed microstructural, phase and thermal analysis for the
ENS manufactured NiTi alloys reveal that the laser energy for man-
facturing affects the microstructural and phase evolution as well as
he transformation temperatures of the alloy significantly. The increase
n laser energy density reduces the porosity level, as observed for the
iTi _E3 alloy. However, existence of trace amount of precipitates at room

emperature is noted for this alloy as well. This further influences the
hase transformation characteristics of the alloy. All these modifications
re certainly expected to alter the mechanical performance of the NiTi
lloy as well, which are analyzed and reported next. 

.4. Mechanical behavior study 

Additive manufacturing technique is associated with variation in
he microstructure throughout the product, as explained in Section 3.1 .
ence, studying the corresponding effect in altering the mechanical
roperties of the materials is of utmost importance. To appreciate this,
ystematic indentation study has been performed on all the regions and
lanes, including the front ( x–y ), side ( y–z ) and cross-sectional ( z–x )
lanes, as shown in Fig. 1 (a). Hardness of all the alloys are investigated
sing the indentation techniques. Corresponding elastic moduli of the
lloys are also estimated from the instrumented indentation tests. It is
vident from such study that the hardness values of the cross-section
lter significantly in comparison to the other planes. Moreover, the top
ection of the plane reveals higher hardness with respect to that of the
ottom section. This is primarily due to the difference in microstructural
volution in the two regions, as explained in Section 3.1 . While repeated
eat treatments/aging for the bottom region leads to coarsened grains,
ast cooled top region exhibits finer grains and therefore higher hardness
34] . The hardness values for all the regions of the front and side planes
n the other hand, are noted to vary only nominally. This is owing to
he microstructural similarity between these two planes as explained in
ection 3.1 . Hence, for the representation, the results reported in this
ection ( Figs. 5–8 ) correspond to that obtained from indenting the mid-
le region of the front plane. To assess both the bulk as well as local
roperties of the materials and to estimate the indentation size effect, all
he macro-, micro- and nano-indentations are performed. A wide range
f indentation loads varying over five orders of magnitude (1 mN up
o 500 N) are applied for the evaluation process. Attempts were made
o rationalize the size effect as well as to appreciate the pseudoelastic
haracteristics of the LENS manufactured NiTi alloys. 

.4.1. Macrohardness 

To investigate the mechanical properties of the bulk NiTi_ E1 , NiTi_ E2 
nd NiTi_ E3 alloys, the macro-hardness tests were performed using a
elf-similar Vickers indenter. Maximum load of 500 N was used initially.
t is noted that the hardness of the NiTi alloys produced using differ-
nt laser energy densities does not vary significantly, as observed from
ig. 5 (a). 
An average hardness value of ∼2.4 GPa is obtained for the NiTi al-
oys. It is also evident from the post indentation microscopic charac-
erization (Inset of Fig. 5 (a)), that a large indention imprint size of
500 × 500 μm 

2 is achieved. Such a large indentation size covers almost
ll types of grain morphologies which are heterogeneously distributed
n the microstructure. Furthermore, macro-indentations are performed
ith peak loads reduced sequentially up to 50 N. However, no signifi-

ant variation in the hardness values are observed with alteration in the
oad levels. Macro-indentation is therefore noted to be free of any size
ffect and is capable of successfully estimating the hardness of bulk NiTi
lloy irrespective of its microstructural and phase inhomogeneity. 

.4.2. Microhardness 

Next, instrumented micro-indentation is performed to assess the
roperties of all the LENS manufactured NiTi _E1 , NiTi _E2 , and NiTi _E3 
pecimens utilizing lower load levels. It is noteworthy that the instru-
ented indentation technique, mostly employed in small scale indenta-

ion such as micro- and nano-indentation, leads to a precise estimation
f a material’s elastic modulus along with its hardness. Standard inden-
ation load ( P ) vs. depth of penetration ( h ) curves for all the NiTi alloys
re obtained from the experiments. Representative micro-indentation
–h curves for the specimens are presented in Fig. 5 (b). 

Hardness, H and elastic modulus, E of the alloys are estimated from
uch curves using the Oliver–Pharr method [45,46] . Hardness is esti-
ated from the projected contact area ( A p ) of the indents and P as per

he following relation: 

 𝑝 = 3 
√
3 ℎ 2 

𝑐 
𝑡𝑎 𝑛 2 𝜃; 𝐻 = 

𝑃 

𝐴 𝑝 

(2a)

here, h c is the contact depth of penetration and 𝜃 is the face angle of
he geometrically self-similar indenter. 

Elastic moduli of the test material, is determined from the P–h curve
sing the slope of the unloading part a per the following relation: 

1 
𝐸 𝑟 

= 

1 − 𝜈2 

𝐸 

+ 

1 − 𝜈2 
𝑖 

𝐸 𝑖 

(2b)

here, 𝜈 and E are Poisson’s ratio and elastic modulus of the NiTi al-
oy. 𝜈i and E i are Poisson’s ratio and elastic modulus of the diamond
ndenter. The values of 𝜈i and E i are considered as 0.07 and 1140 MPa,
espectively [47] . The reduced elastic modulus, E r on the other hand,
s estimated from the equation involving S i.e. the stiffness or slope of
he unloading curve at maximum displacement ( S = dP / dh ) and A p as

 𝑟 = 

√
𝜋

2 
𝑆 √
𝐴 𝑝 

[28,29] . 

It is also important to consider that statistically significant number of
ndentations are performed for all the alloys at each load levels to rule
ut the scatter lead by different factors, the prime being heterogene-
ty in the microstructure and phase as well as presence of precipitates
48,49] . Nevertheless, the indent impressions for micro-indentations are
lso fairly large (50 × 50 μm 

2 ) covering more than one or two grains at
he least. This provides a scope to estimate the properties of the material
rrespective of the effect of grain size and morphologies. Variation of H
nd E for the NiTi_ E1 , NiTi_ E2 and NiTi_ E3 alloys with varying load levels
re presented in Fig. 5 (c). Average elastic modulus of the LENS manufac-
ured NiTi alloys is noted to be ∼65 GPa ( Fig. 5 (c)). The value matches
easonably well with the standard elastic modulus of NiTi [46,50] . A
ominally lower value however corresponds to the porous and as pro-
essed microstructure produced by the LENS process. Hardness of the
lloys, on the other hand, turn around to be ∼2.9 GPa on application of
icron level loads. It is evident from the plot ( Fig. 5 (c)) that the H and E

alues does not vary significantly with variation in the indentation load
evels. A nominally increased H value is obtained for the NiTi_ E3 alloy,
hich however is still within the error limit. Presence of trace amount
f precipitates along with the martensite content in the alloy, as evident
rom the microstructural and phase investigation, could be the possible
eason for that [44,51,52] . 
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Fig. 5. (a) Variation in hardness ( H ) of NiTi_ E1 , NiTi_ E2 and NiTi_ E3 alloys at a representative indentation load, assessed from macro-Vickers indentation tests. 
Optical micrograph showing a representative indentation is presented at the inset. (b) Representative P–h curves for the NiTi _E1 alloy obtained from the micro- and 
nano-indentation experiments. Inset highlights the representative nanoindentation P–h curves. Fig. 5 variation in H and E at different indentation load levels for the 
NiTi_ E1 , NiTi_ E2 , NiTi_ E3 alloys on (c) micro-indentation and (d) nano-indentation experiments. 
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.4.3. Nanoindentation 

Further to the macro- and micro-indentations, instrumented nanoin-
entations are performed using Berkovich indenter tip to analyze the
roperties of all the LENS manufactured NiTi alloys at even smaller
cale. Load levels of 3, 5 and 7 mN are used for the study. Representa-
ive P-h curves for the NiTi _E1 alloy is presented in Fig. 5 (b) and is high-
ighted at the inset. Variation of H and E for all the NiTi _E1 , NiTi _E2 , and
iTi _E3 alloys with varying load levels in the nano-scale are presented

n Fig. 5 (d). Both H and E values of NiTi alloy in general as estimated
rom the nanoindentation of NiTi alloys match reasonably well with the
iterature [53] . The values for the individual alloys are not noted to al-
er with varying load levels. A careful scrutiny of the nanoindentation
esults however, reveals a notable variation in the trend of modulus and
ardness for the NiTi alloys manufactured with different laser energy
ensities. It is evident from the figure ( Fig. 5 (d)) that the alloy manu-
actured with highest laser energy density, NiTi _E3 , exhibits lower mod-
lus but higher hardness (by ∼20%) in comparison to the NiTi _E1 alloy.
his is particularly true at lower levels of 3 and 5 mN. A similar trend,
lthough less prominent is apparent from the micro-indentation results
s well and hence represents a genuine fact. 

It is observed that such an increase in H for the NiTi _E3 alloy can
e justified based on the microstructural and phase analysis of such al-
oy. It is evident from the TEM images and XRD plots ( Fig. 2 (c) and
 (a)) that unlike the other two alloys, NiTi _E3 consists of a minor frac-
ion of Ti 2 Ni precipitates in the microstructure. It is noteworthy that
uch precipitates having significantly higher hardness in comparison to
he B2 matrix, enhances the hardness of the system [35,36,38,50,53] .
dditionally, possibility of occurrence of martensite phase in the struc-

ure can also affect the hardness and modulus variation of the NiTi_ E3 
lloy. The monoclinic phase has significantly higher hardness as well
s lower elastic modulus in comparison to that for the austenite phase
53–57] . Nevertheless, such variation in hardness for NiTi _E3 alloy ow-
ng to the presence of precipitates and second phase can only be appre-
iated using small scale indentation. This is primarily due to the pres-
nce of very low volume fraction of the particles in the NiTi _E3 alloy.
haracterizing through macro-indentation and thereby involving larger

ndentation cross sectional area and volume beneath the indents how-
ver is not apt to ascertain the role played by the nominal presence of
uch phase. 

.4.4. Indentation size effect 

The results obtained from the indentation experiments considering
ll the different load levels are carefully scrutinized next. It is observed
rom the individual macro-, micro- as well as nano-indentations that



S. Kumar S, L. Marandi and V.K. Balla et al. Materialia 8 (2019) 100456 

Fig. 6. Variation of hardness with (a) indentation load ( P ) and (b) depth of penetration ( h ). A sharply decreasing slope indicates occurrence of indentation size 
effect. (c) Variation of the square of hardness ( H 

2 ) w.r.t. the inverse of depth of penetration ( h − 1 ) curve. The values of H o and h ∗ for all the alloys are estimated from 

the curve. 
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ne tuning of the load levels within the respective ranges do not alter
he hardness of the alloys significantly. However, the average values
f hardness of the LENS manufactured NiTi alloys, as estimated from
icro-indentation is noted to be higher ( ∼2.9 GPa) in comparison to that

ssessed from macro-indentation ( ∼2.4 GPa). Similarly, nano-hardness
 ∼4.2 GPa) is noted to be even higher compared to the micro-hardness.
ignificant enhancement in H of the NiTi alloys by ∼75% is therefore ob-
erved on reducing the indentation load levels by more than five orders
f magnitude during macro- to nano-indentation. This is also evident
rom Fig. 6 (a). The variation of mean values of H for the LENS manufac-
ured NiTi alloys with indentation depth of penetration, h is presented
n Fig. 6 (b). It is further noted that on decreasing the maximum inden-
ation depth, h max levels from the micro- to the nano-levels i.e. from
10 μm to ∼150 nm, H values vary largely (by ∼67%). 

Such a trend of increasing hardness with decrease in indentation
oad or depth of penetration is considered as the indentation size effect
 ISE ). The study by Nix and Gao is pioneer in this field to explain the
etailed mechanisms of ISE [49,58–62] . According to that, on indent-
ng the specimen surface, geometrically necessary dislocations ( GND s)
enerate within the indentation volume beneath the indenter tip. These
ND s primarily account for the shape change associated with the indent

mpression imprinted on the specimen surface. This further corresponds
o prevalence of a strain gradient within the indentation volume. Smaller
he indentation depth, larger is the strain gradient and hence larger is
he density of GND s. Such high dislocation density leads to enhanced
ardening at smaller indentation depth [58,63–65] . It is noted that H
nd h are related to each other as per the following equation: 

𝐻 

𝐻 0 
= 

√ 

1 + 

ℎ ∗ 

ℎ 
(3)

here, H 0 is the hardness at infinite indentation depth. In other words,
t is the hardness that would arise from merely the statistically stored
islocations ( SSD s) in absence of GND s. h ∗ , on the other hand, repre-
ents the depth dependence of hardness. It is a characteristic depth that
epends on the shape of the indenter, shear modulus and H 0 as well
58,63,66] . 

To carefully assess the ISE in the LENS manufactured NiTi alloys,
 plot of square of hardness vs. reciprocal of indentation depth is pre-
ented ( Fig. 6 (c)). Linear nature of the variation of H 

2 vs. h − 1 for the
iTi alloys do signify that indentation size effect is active for this ma-

erial. Quantification of ISE for the alloys is further performed on the
asis of the curve. The value of H 0 is obtained from the intercept of
he linear variation with its ordinate. The slope of the line, on the other
and, signifies h ∗ . For all the alloys, H 0 values are noted to be more
r less consistent and attains a mean value of 2.91 GPa. The values are
abulated and presented at the inset of Fig. 6 (c). 
Such a value of H 0 is also observed by Abbas et al. for NiTi alloy [56] .
 nominally higher value of H 0 for the NiTi_ E3 alloy in comparison to

he other two alloys signify higher hardness at infinite depth for this
lloy manufactured with the highest laser energy density. It is therefore
vident that the hardness dictated by the SSD s is higher for the NiTi_ E3 
lloy. This could be owing to the presence of trace amount of precipitate
s well as martensite phase in the microstructure of NiTi_ E3 alloy, both
f which enhances the hardness of the alloy [53] . This was also apparent
rom the nanoindentation results as well ( Fig. 5 (d)). The highest value
f h ∗ for the NiTi_ E3 alloy further confirms that the depth dependence
f hardness is maximum for this alloy. Reduction in the pseudoelasticity
ould also be a possible reason for such behavior. This factor is clarified
urther in the next section. 

.4.5. Spherical nanoindentation and indentation stress–strain behavior 

The microstructural investigation corroborated with the indenta-
ion study signify that the alteration in the processing parameters of
ENS do affect the microstructure generation and phase evolution of
iTi. However such microstructural and crystallographic modifications

ead to only nominal increase in the hardness of NiTi_ E3 alloy owing
o the presence of trace amount of Ti 2 Ni precipitates as well as room
emperature martensite phase in the alloy. Nevertheless, it is note-
orthy that the indentation experiments performed with the conven-

ional sharp Vickers or Berkovich indenter tips are capable of precisely
valuating the mechanical properties in terms of hardness and elas-
ic modulus of a material. However, such sharp tips are not appropri-
te to assess the pseudoelastic behavior of the alloy. This is particu-
arly so as the indentation volume beneath the sharp indenter tip of
iameter ∼100–200 nm is dominated by the dislocation mediated plas-
icity. These GND s superpose the reversible phase transformation i.e.
IMT based pseudoelasticity in NiTi. Such recoverable pseudoelastic
ehavior of an alloy however can be better appreciated using sphero-
onical (commonly known as spherical) indenter tip with a compar-
tively blunt tip of diameter around two orders of magnitude higher
han that of Berkovich indenter tip. A schematic representation of the
eformation zones within the indentation volumes beneath a Berkovich
nd a spherical tip is presented in Fig. 7 (a). For a pseudoelastic NiTi
lloy, primarily three deformation zones develop within that volume
namely plastic, pseudoelastic and elastic marked as ‘ A ’, ‘ B ’ and ‘ C ’,

espectively [67] . Dislocation based plasticity is more pronounced in
he plastic region – ‘ A ’ whereas the stress induced phase transforma-
ion and the associated pseudoelasticity is reflected in the mid-zone –
 B ’. Zone ‘ C ’, or the far most zone from the indenter tip, however is
ree from dislocation or SIMT based activities. ‘ C ’ therefore represents
he elastic zone with fully recoverable deformation. It is clearly evident
rom the schematic ( Fig. 7 (a)) that the pseudoelastic activity – zone
 B ’, is quite pronounced in case of the indentation volume beneath the
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Fig. 7. (a) Schematic representation of deformation mechanism beneath the Berkovich and spherical indenter tip for a pseudoelastic NiTi alloy. In the figure, the 
regions ( A ), ( B ) and ( C ) represent the consecutive zones for dislocation activity i.e. plasticity; stress induced martensite activity i.e. pseudoelasticity and elastic 
deformation, respectively. (b) Representative P–h curves and (c) variation of remnant depth ratio ( 𝜌) for the NiTi_ E1 , NiTi_ E2 and NiTi_ E3 alloys. (d) Representative 
P–h response of NiTi_ E2 as obtained from the nanoindentation experiment as well as the corresponding curve based on the Hertz equation for an elastic deformation. 
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pherical tip (right side of the schematic). The scope to precisely as-
ess pseudoelasticity therefore is better while indenting with a spherical
ip. 

Representative P–h curves for all the LENS manufactured NiTi al-
oys, nanoindented with spherical indenter tip of diameter 40 μm are
resented in Fig. 7 (b). Although the difference in the shapes of the P–h

urves generated by sharp Berkovich and blunt spherical indenter tips
re apparent from Figs. 5 (b) and 7 (b), it is better quantified from the
alue of the remnant depth ratio ( 𝜌). 𝜌 of a specimen undergoing instru-
ented indentation signifies the pseudoelastic recovery of the material.
is quantified from its P–h curve as the ratio of h r to h max ( Eq. (4) ). 

= 

( 

ℎ 𝑟 

ℎ max 

) 

× 100 . (4)

hile a low value of 𝜌 ( ≤ 10%) signifies pseudoelasticity, a higher value
orresponds to pronounced plastic deformation [68–73] . Variation of
DR at a representative load of 5 mN for the NiTi_ E1 , NiTi_ E2 and NiTi_ E3 
lloys are shown in Fig. 7 (c). As expected, the one possessing trace
mount of precipitates as well as martensite phase, i.e. NiTi _E3 alloy
xhibits a lower strain recoverability. Highest 𝜌 value of 41 ± 5% is
oted for this alloy which is far beyond the acceptable limit of 10%
or a typical pseudoelastic alloy. This is also evident from its P–h curve
dotted curve in Fig. 7 (b)) revealing lesser recoverable deformation or
n other words, higher amount of permanent deformation. On the other
and, the P–h curves for the NiTi _E1 and NiTi _E2 alloys yield 𝜌 values of
5 ± 3 and 9 ± 1, respectively. Such lower 𝜌 values are quite close to the
argeted value. It is noteworthy that the 𝜌 value of NiTi _E1 although is
ominally higher than 10%, has significant scatter in the data. Rather,
he NiTi _E2 alloy shows the optimum targeted 𝜌 value < 10%. This sig-
ifies that the processing condition or the laser energy density for pro-
ucing the NiTi _E2 alloy is ideal for producing the one with the best
seudoelastic recoverability. 

It is noteworthy that the alteration in the laser energy densities for
he LENS process is not reflected in significantly affecting the conven-
ional mechanical properties i.e. the hardness and elastic modulus of
he NiTi alloys. The self-similar Berkovich indenter tip with its sharp
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ip geometry and higher remnant plastic deformation, on the other
and, yields a higher and constant value of 𝜌 ( ∼65%) irrespective of the
oad applied or indentation depth achieved. This is also evident from
ig. 5 (b) [70,73,74] . It is therefore uniquely apparent from the results
f the spherical nanoindentation that the pseudoelastic characteristics
f the material, which primarily depends on its phase structure, modify
wing to such change in the additive manufacturing parameters. 

It is noteworthy that apart from precisely estimating the recoverabil-
ty of the NiTi specimens, the P-h responses of the alloys also indicate the
xact applied load required for the onset of pseudoelasticity. This can
e better appreciated considering the classical Hertz theory for elastic
nd frictionless material [45,75] . According to Hertz theory, indentation
oad, P is related to the effective or reduced elastic modulus, E r of the
aterial as well as the effective indenter tip radius, R eff along with the

orresponding elastic indentation depth, h e as per the following equa-
ions: 

 = 

4 
3 
𝐸 𝑟 𝑅 

1 
2 
𝑒𝑓𝑓 

ℎ 
3 
2 
𝑒 (5a)

1 
𝑅 𝑒𝑓𝑓 

= 

1 
𝑅 𝑠 

+ 

1 
𝑅 𝑖 

(5b)

In the above equations, R i and R s denote radius of indenter tip and
adius of curvature on the sample surface, respectively. It is notewor-
hy that for elastic loading on a flat surface, R s approaches to infinity.
ence, effective radius turns out to be same as the indenter tip radius,
 . Furthermore, for a psueudoelastic alloy having significant depth re-
overy, h e corresponds almost to the h max . For considering the E r in
q. ( 5 ), it is important to appreciate that E of the NiTi alloy ( Eq. (2b) )
s dependent on the volume fraction of the austenite and martensite
hases, at any point. E r is further controlled by the respective modulus
f these constituent phases, which however are significantly different
50,76] . It is noteworthy that SIMT of NiTi commences almost initially
s the specimen is subjected to indentation. This primarily is associ-
ted with the sharp strain gradient within the indentation volume as
xplained through Section 3.4.4 and Fig. 7 (a). Hence, mixture of phases
s expected to exist within the indentation volume at any instance. Con-
idering the complexity to precisely assess the phase fraction of NiTi as
he indentation progresses, an average value of the elastic modulus of
oth the phases are considered for this study. 

To further illustrate the importance of Hertz equation to appreciate
seudoelasticity of a material, experimental P–h response of a represen-
ative alloy, NiTi_ E2 nanoindented using spherical indenter tip radius of
0 μm and P of 5 mN is presented in Fig. 7 (d). In addition, schematic
epresentation of the P–h response of the material based on the Hertz
quation (dashed line) is also superimposed in the plot. The later signi-
es the perfectly elastic deformation behavior of the alloy undergoing
he same applied loading scenario. 

It is evident from the figure that the two plots deviate at a particular
oad as indicated by an arrow. This critical load signifies the one nec-
ssary to alter the deformation behavior of the subjected material from
lastic to non-elastic such as pseudoelastic or plastic. It is evident from
he unloading part of the P–h curve for NiTi_ E2 (solid curve in Fig. 7 (d))
hat significant load recovery prevails for this material. The critical load
arrow) in this case therefore, represents the load required for the onset
f pseudoelastic deformation. 

It is important to note that all the parameters to assess the mechan-
cal performance of a material are better appreciated from its stress–
train behavior. The spherical nanoindentation P–h response of the LENS

anufactured NiTi alloys is therefore converted to the corresponding in-
entation stress–strain ( 𝜎ind –𝜀 ind ) curves. Such a complementary study
rovides a scope to assess the nature of the transformation mechanism
n the NiTi alloys. The indentation stress, 𝜎ind and indentation strain, 𝜀 ind 

eveloped during spherical nanoindentation are estimated according to
he following relations: 

𝑖𝑛𝑑 = 𝐸 𝑒𝑓𝑓 ⋅ ε 𝑖𝑛𝑑 (5c)
𝑖𝑛𝑑 = 

𝑃 

𝜋𝑎 2 
, 𝜀 𝑖𝑛𝑑 = 

ℎ 𝑚𝑎𝑥 

2 . 4 𝑎 
(5d)

here h max represents the maximum depth of indentation. a on the other
and, signifies the radius of the contact boundary of the indentation vol-
me and is expressed by the relation a = 

√
( R eff h e ). In this study, R eff is

ssumed to be same as the indenter tip radius and h e is considered to
e equivalent to h t . It is noteworthy that such assumptions are partic-
larly valid for NiTi that yields significant elastic as well as additional
seudoelastic recoverability. 

The representative 𝜎ind – 𝜀 ind curves for NiTi _E1 , NiTi _E2 , and NiTi _E3 
lloys are presented in Fig. 8 . 

It is apparent from the plots that the 𝜎ind – 𝜀 ind curves for the alloys,
iTi_ E1 and NiTi_ E3, are distinctly different from each other as well as

rom the NiTi_ E2 alloy. Elastic recovery is mostly prominent for the case
f the NiTi_ E1 alloy. Consequently, although its strain recoverability is
oted to be quite high, the corresponding 𝜎ind – 𝜀 ind curve does not
how any distinct plateau region or significant change in the slope. This
ignifies absence or rare occurrence of SIMT in the NiTi_ E1 alloy. This
s also evident from the P-h curve y and low value of 𝜌 for the alloy
 Fig. 7 (b) and (c)). 

Interestingly, it is noted that the 𝜎ind –𝜀 ind curve for the NiTi_ E2 al-
oy ( Fig. 8 (b)) corresponds to that of a typical pseudoelastic behavior.
he plateau region in the graph along with a significant strain recovery
onfirms the activity of reversible SIMT in the material. The stress re-
uired for the onset of martensitic transformation for this alloy, 𝜎ind-tr 

s estimated to be 527.6 ± 24 MPa. Values of transformation stress in
he similar range are also noted by other researchers [77] . The nature
f the indentation stress–strain behavior of the NiTi _E2 alloy resembles
ell with that observed by Gall et al. on studying the compressive re-

ponse of the NiTi [78] . Similar behavior is also apparent from the bulk
cale tensile testing of the alloy, as presented in the next sub-section. 

Moreover, the 𝜎ind – 𝜀 ind curve for the NiTi _E3 alloy ( Fig. 8 (c)) reveals
eatures of conventional plastic material behavior. Careful scrutiny of
he graph highlights absence of pseudoelastic plateau. It is clearly visible
hat the amount of recoverable strain is quite low in the NiTi_ E3 alloy
n comparison to that of the NiTi_ E1 and NiTi_ E2 alloys. This is in line
o the crystallographic and phase analysis of the alloys as discussed in
ection 3.2 and 3.3 as well as Fig. 4 . 

.4.6. Tensile properties 

The insight developed from the indentation study, on the localized
echanical properties of the LENS manufactured NiTi alloys is extrap-

lated further to their global performances by performing conventional
ensile tests. It is mentioned in Section 3.1 that the microstructure of the
ENS manufactured alloys change particularly along the cross-section
.e. x –z planes in comparison to that of the other planes. This poses a
ossibility to alter the localized properties at different planes. For the
ensile testing, however, uniaxial loads are applied along the build di-
ection. Hence, such a characterization is expected to estimate a more or
ess generalized set of properties taking into consideration all the non-
omogeneities. Representative engineering stress–strain characteristics
f the alloys are presented in Fig. 8 (d). 

It is apparent from the plots that the behavior of NiTi_ E1 and NiTi_ E3 
re quite comparable. For these two alloys, 0.2% offset stress amount
o ∼540 MPa and ∼600 MPa, respectively. No trace of pseudoelasticity
n terms of strain plateaus are however apparent from the respective
tress–strain curves of these alloys. This indicates that the above men-
ioned offset stresses correspond to the yield strengths of the NiTi_ E1 
nd NiTi_ E3 alloys. Highest ultimate tensile stress of ∼780 MPa associ-
ted with lowest ductility of ∼4.5% is observed for the alloy produced
ith the highest laser energy density i.e. NiTi_ E3 alloy. This observation

ynchronizes with that obtained from the indentation study. 
Interestingly, unlike the other two alloys, the engineering stress–

train curve for NiTi_ E2 alloy shows significant plateau strain that ex-
ends up to ∼10% as indicated with an arrow. This nominally constant
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Fig. 8. Indentation stress–strain curve for (a) NiTi_ E1 , (b) NiTi_ E2 and (c) NiTi_ E3 alloys. (d) Engineering stress–strain curves for NiTi_ E1 , NiTi_ E2 and NiTi_ E3 . Plateau 
strain is observed for NiTi_ E2 alloy. 
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tress deformation indicates for the occurrence of stress induced marten-
itic transformation in the alloy. Hence, the 0.2% offset stress in this
ase is considered as the martensitic transformation stress, 𝜎tr , which
mounts to ∼500 MPa. Corresponding transformation strain, 𝜀 tr , turns
o ∼2%. Similar deformation characteristic for NiTi_ E2 alloy is evident
rom the spherical nanoindentation studies ( Fig. 8 (b)). Moreover, 𝜎tr for
iTi_ E2 alloy matches reasonably well with that obtained from the re-

pective indentation stress–strain curves, 𝜎ind-tr ( ∼527 MPa). Nominally
igher value of 𝜎ind-tr , on the other hand, account for the tri-axial stress
tate along with small scale deformation associated with nanoindenta-
ion [5,79] . 

Nevertheless, apart from the stress induced phase transformation and
he corresponding plateau in the stress–strain curve, pseudoelasticity of
iTi is particularly dictated by its capability to largely recover the strain
enerated during deformation. This could be only realized provided the
IMT activity in NiTi is reversible. Hence, to estimate and analyze the
train recoverability and the related pseudoelasticity of the NiTi alloys
anufactured by LENS , it is necessary to perform the cyclic tensile tests

f the alloys [80] . In this case, tensile specimens were loaded continu-
usly up to a certain maximum strain, 𝜀 max followed by unloading the
pecimens back to 0 MPa. It is noteworthy at this point that the ten-
ile test results presented in Fig. 8 (d) is estimated in absence of an ex-
ensometer or strain gage. All the strain values estimated are therefore
ominally higher. Considering this, a lower value of 𝜀 max as 1.5% is ap-
lied for the cyclic tensile tests. Such lower value of 𝜀 max avoids the
ccurrence of significant plasticity, if any, within the specimens. Repre-
entative engineering stress–strain curves obtained from the cyclic ten-
ile tests for all the alloys are presented at Fig. 9 (a). Considering that
he cyclic tensile tests are performed within a significantly lower strain
ange, nominal variation in the respective elastic slopes for the alloys
re noted. 

As expected, the stress–strain values obtained during the loading se-
uence of the cyclic tensile tests ( Fig. 9 (a)) match reasonably well but
ot exactly with that of the conventional tensile tests ( Fig. 8 (d)). This is
articularly owing to the use of extensometer for the cyclic tensile tests.
p on complete unloading, the existent remnant or minimum strains,
 min for all the NiTi _E1 , NiTi _E2 , and NiTi _E3 alloys are estimated from
he extensometer reading and the corresponding strain recoverabilities
f the alloys are assessed. It is apparent from the graphs ( Fig. 9 (a)) that
ll the alloys recover major part ( ∼92 ± 2%) of the strain, unlike that of
ther conventional metallic systems. This is evident from the change in
lope of the unloading curve instead of following the elastic unloading
81] . The study therefore reveals that at lower strain levels (1.5%), all
he NiTi alloys manufactured by LENS do exhibit reversible SIMT lead-
ng to higher pseudoelasticity. However, it is further evident from the
raphs that the strain recoverability is nominally higher ( ∼97 ± 1%)
or the NiTi_ E2 alloy (blue curve). This signifies that pseudoelasticity is
ertainly higher for this alloy in comparison to the other NiTi alloys,
anufactured by LENS using different processing parameters. 

To gain further insight on the forward and backward phase transfor-
ation behavior for all the alloys, the overall strains generated in the

age sections of the specimens, as estimated by the extensometer are
eing complemented by DIC analysis. The later reveals the strain distri-
ution throughout the central part of the gage section of the specimens,
s the loading and unloading progresses. The variation in the strain gen-
rated within the targeted regions are appreciated by the color coded
ovies or plots captured at different time frames. Representative color

oded strain distribution images for the alloys, captured at 𝜀 max and 𝜀 min 

re presented in Fig. 9 (b) and (c), respectively. 
It is apparent from the figures that although the 𝜀 max , as estimated

y the extensometer reading, amounts to 1.5%, it is not uniformly dis-
ributed throughout the gage sections. This is in line with the obser-
ation made by various research groups [82–85] . Their studies have
hown evidences for inhomogeneous deformation and formation of lo-
alized deformation bands while tensile testing pseudoelastic NiTi. Sim-
lar non-uniform strain distribution is noted from the present study as
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Fig. 9. (a) Engineering stress–strain curves for NiTi_ E1 , NiTi_ E2 and NiTi_ E3 alloys as obtained from the cyclic-tensile tests. Increased recoverability is observed for 
NiTi_ E2 alloy. (b) Color coded strain variation within the central gage sections of the NiTi_ E1 , NiTi_ E2 and NiTi_ E3 specimens on application of overall maximum 

tensile strain, 𝜀 max = 1.5%. (c) Color coded strain variation within the central gage section of the specimens on complete unloading, leading to remnant strain, 𝜀 min . 
Non-uniform strain distribution is apparent for all the alloys. Lowest local 𝜀 max and 𝜀 min values are noted for NiTi _E2 alloy. (d) Variation of strain with time at the local 
central point on the tensile specimens marked in (b) and (c), quantified by DIC . Lower strain is achieved in NiTi _E2 alloy at this point throughout the deformation. 
Lower remnant deformation is apparent from the blue dashed curve on unloading leading to highest recoverability. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article) 
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ell, for all the LENS manufactured NiTi alloys, which could lead to
ominal amount of plasticity locally, even at such low strain. This is ev-
dent from the finite value of 𝜀 min . However, no particular trend in the
train variation amongst the different NiTi alloys is noted. To account
or the generalized strain within the gage section of the tensile speci-
en, a representative point is chosen at the central part of the specimen

as marked by a circle) to quantify the local strain in all the different
iTi alloys. The local point selection is based on the standard protocol

or characterization. It is evident from Fig. 9 (b) that while higher ap-
lied strain, 𝜀 max of ∼1.5% is noted to prevail, particularly near to the
op and bottom edges for the selected region, the central part shows a
ighter shade signifying reduced strain. It is quantified that at the se-
ected point, 𝜀 max values reach lower positive strains of ∼1.4%, 1.1%
nd 1.3% for the NiTi_ E1 , NiTi_ E2 and NiTi_ E3 alloys, respectively. Up on
nloading back to zero stress, the residual strain values are also noted
o vary non-uniformly throughout the selected area in the gage section.
t is indicated in Fig. 9 (c) that the residual 𝜀 min values turn up to 0.11,
.01 and 0.10% for the NiTi_ E1 , NiTi_ E2 and NiTi_ E3 alloys respectively.
he 𝜀 min value for NiTi_ E2 alloy is therefore noted to be the least thereby

nferring occurrence of superior reversible deformation and pseudoelas-
icity indeed for this alloy. Strain recovery for NiTi_ E1 and NiTi_ E3 at
he selected point amount to ∼93% whereas that for NiTi_ E2 reaches to
 value as high as ∼99%. 

To commemorate the quantification of the local strain, variation of 𝜀
ith time at the selected central point is presented in Fig. 9 (d). It is ap-
arent from the plots that the peak strain signifying, 𝜀 max as well as the
esidual strain, 𝜀 min achieve the lowest values for NiTi_ E2 alloy in com-
arison to the other alloys. It is further apparent from the plots that the
ocalized strains reach a lower value for this alloy (blue dashed curve
n Fig. 9 (d)) throughout the loading and unloading stages of the cy-
les. Consequently reduced possibilities of permanent deformation and
ncreased scopes for reversible deformation, reflected as lower resid-
al strain is evident for this alloy [2] . Although, assessing pseudoelastic
haracteristic of an alloy from its localized deformation behavior may
ot be appropriate, the cyclic tensile tests and the corresponding strain
easurement using extensometer and DIC analysis do indicate for im-
roved pseudoelasticity for NiTi_ E2 alloy. It is therefore apparent from
he study that higher pseudoelasticity of NiTi_ E2 alloy is reflected both
ocally as estimated by nanoindentation and DIC and globally, measured
y conventional tensile test and extensometer. 

In connection to this prime observation, higher strain recoverability
f NiTi_ E2 alloy with respect to that of NiTi_ E1 alloy mandates a clear
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ustification in this regard. This is particularly considering the fact that
oth these alloys consist of fully austenite phase at room temperature
 Fig. 4 (a)). Hence, both NiTi_ E1 and NiTi_ E2 alloys stand fair chances
or SIMT up on indentation or tensile loading and therefore to reveal
he corresponding pseudoelasticity. However, careful scrutiny of the
hase transformation behavior of the alloys ( Fig. 4 (b)) signifies that the
artensitic transformation peaks are sharper in case of NiTi_ E2 in com-
arison to that for NiTi_ E1 alloys. This implies that the conversion of
ustenite to martensite is energetically more favorable for the NiTi_ E2 
lloy. The austenitic transformation peaks shows a similar pattern for
his alloy thereby revealing higher pseudoelasticity for the NiTi_ E2 al-
oy. 

It is important to note that such change in mechanical performance
f the NiTi alloy is critical particularly for applications prone to cyclic
oading. The functional fatigue for the pseudoelastic NiTi in that case
ill affect the overall performance of the alloy. 

. Concluding remarks 

NiTi based shape memory alloys are prepared by additive manufac-
uring method as per the laser engineered net shaping technique. The
ole of process parameters such as laser scan speed, power as well as en-
rgy density in modifying the microstructure, phase evolution as well as
echanical properties of the alloys are systematically investigated along

he different planes and regions of the product. Microstructures and
roperties of the front and side planes are noted to resemble with each
ther quite well and are further characterized thoroughly. Signatures of
he layer by layer deposition process are evident from the microstruc-
ure. Grains of different sizes and morphologies are noted to form ac-
ordingly. The processing parameters used in LENS are noted to affect
he generation of porosity as well as phase evolution in the structure.
uch variation in turn, modifies the mechanical properties of the alloys.
hile the porosity reduces significantly, existence of trace amount of

recipitates along with an indication of co-existence of minute amount
f martensite phase is apparent for the alloy manufactured with the
ighest laser energy density i.e. NiTi_ E3 . These microstructural modifi-
ations although have not influenced the hardness and elastic modulus
f the alloy at the macro-scale, alter the values at lower load levels of
icro- and nano-indentations. Additionally, the pseudoelastic recover-

bility of this functional material is also markedly influenced by the laser
nergy density. Consequently, NiTi_ E3 alloy reveals higher hardness, re-
uced elastic modulus and pseudoelasticity. This is further confirmed
n performing spherical nanoindentation on the alloys. A step forward
s moved up on generating the indentation stress–strain curves, similar
o that obtained from the conventional mechanical testing for the NiTi
lloys. The graphs reflect not only the elastic and plastic, rather the pseu-
oelastic transformation and recovery distinctly especially at the small
ength scale. It is noted that the microstructures of LENS manufactured
lloy changes along the different locations and planes which may affect
he property variation as well. Hence, the localized mechanical prop-
rties of the alloys as evaluated by nanoindentation is complemented
nd validated with conventional bulk tensile testing along with the cus-
omized cyclic tensile tests. The later, complemented with the strain
easurement using extensometer and DIC is particularly informative to

ssess the reversibility of SIMT mechanism in the LENS manufactured
iTi alloys leading to corresponding strain recoverability. From all the

nvestigations, it is realized that best pseudoelastic recoverability along
ith a good combination of microstructural homogeneity, proper phase

volution and mechanical properties is obtained for the NiTi_ E2 alloy.
uch processing parameters therefore seem to be the optimum one. 
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