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A B S T R A C T

Shape memory alloys (SMAs) fabricated via additive manufacturing (AM) not only provide a feasible way to 
build components with complex shapes but also pioneer 4D printing applications due to their unique functional 
properties. However, the evolution of martensitic transition behavior and superelasticity in NiTiCu SMAs, 
especially in relation to process parameters and their underlying mechanisms, remains unclear. In this work, a 
novel Ni46Ti49Cu5 SMA fabricated via laser powder bed fusion (LPBF) exhibit outstanding functionality with a 
tunable phase transformation temperature without post-heat treatment. By systematically varying laser power 
(75–250 W), scanning speed (500–1500 mm/s), and hatch spacing (40–110 μm), we identified a distinct input 
energy density window (62.5–78.13 J/mm³) that achieves high relative density while eliminating cracks and 
minimizing porosity. Microstructural analysis reveals columnar grains formed by epitaxial growth along the 
maximum thermal gradient, resulting in a pronounced < 001 > crystallographic texture on the plane perpen
dicular to the build direction. The phase transformation temperatures change nearly monotonically with input 
energy density, primarily due to evaporation of Ni and Cu during processing, which alters the equivalent 
(Ni+Cu) content of the matrix. The input energy density also strongly influences the superelastic response by 
controlling porosity. The alloy fabricated with an energy density of 69.44 J/mm3 yields exceptional super
elasticity, with a recovery ratio of 95.33 % and a recoverable strain of 5.72 %. Notably, the phase transformation 
behavior of the Ni46Ti49Cu5 SMA can be precisely tailored by adjusting processing parameter combinations while 
maintaining a constant energy density. These findings establish a framework for fabricating NiTi-based SMAs 
with superior superelasticity and tunable phase transformation temperatures via LPBF, enabling their potential 
application in advanced smart materials.

1. Introduction

Shape memory alloys (SMAs) represent a remarkable class of func
tional materials characterized by their ability to recover substantial 
deformations through reversible phase transformations between 
austenite and martensite phases [1,2]. Among these, NiTi-based alloys 
have dominated industrial and biomedical applications due to their 
exceptional shape memory effect, superelasticity, biocompatibility, and 
corrosion resistance [3–5]. Recent studies have further highlighted their 
potential for solid-state refrigeration, owing to a significant elastocaloric 
effect [6].

Additive manufacturing (AM) has emerged as a new approach for 

fabricating NiTi SMAs, particularly in the context of 4D printing [7]. By 
leveraging computer-aided design, AM enables the direct fabrication of 
intricate geometries without post-processing machining. Nevertheless, 
the rapid melting and solidification dynamics inherent in AM introduce 
unique challenges for NiTi alloys, including compositional in
homogeneity due to elemental evaporation (particularly Ni), pore for
mation, crack initiation, and uncontrolled texture development [8]. 
With decades of development in the field, significant progress has been 
made. For example, the ideal input energy density level has been re
ported frequently for different AM methods, such as laser powder bed 
fusion (LPBF), directed energy deposition (DED), or electron beam 
wire-feed additive manufacturing (EBAM) [9–12]. Moreover, the AM 
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technology also provides a feasible way to tailor the phase trans
formation temperature and other functional properties by carefully 
altering the process parameters to control evaporation of Ni during the 
process, which is attributed to the unique characteristic of near equia
tomic NiTi SMAs, given the extreme sensitivity of near-equiatomic NiTi 
alloys to compositional shifts (e.g., a 0.1 at% Ni loss can reduce trans
formation temperatures by ~10 K) [13]. However, a critical unresolved 
challenge is the poor fatigue life of most AM-fabricated NiTi SMAs, 
which remains a barrier for applications such as elastocaloric cooling 
[10,14].

Compared with binary NiTi SMAs, the NiTiCu ternary SMAs exhibit 
superior fatigue property, functional stability, and narrow thermal 
hysteresis [15–17]. With similar chemical and physical properties, Cu 
can substitute up to 30 at% Ni for equiatomic NiTi SMAs while retaining 
the shape memory effect and superelasticity [18]. Notably, it is reported 
that when the Cu content exceeds 7.5 %, the B19 martensitic phase 
occurs, resulting in a shifted phase transformation path from B2 ↔ B19’ 
to B2 ↔ B19 ↔ B19’ [19]. The metastable B19 phase with an ortho
rhombic structure exhibits smaller thermal hysteresis compared with the 
monoclinic B19’ phase. The reduction of thermal hysteresis enhances 
functional stability by minimizing the accumulation of elastic strain 
energy and the formation of irreversible defects [20,21]. Even at low Cu 
concentrations, the incorporation of Cu improves lattice compatibility 
between austenite and martensite, further stabilizing cyclic performance 
[22,23].

Recent studies have explored AM-fabricated NiTiCu SMAs. Shiva 
et al. first reported NiTiCu SMAs fabricated by LPBF with three different 
Cu contents (5 %, 15 %, and 25 %) using a pre-mixed elemental powder 
[24–26]. The phase transformation behavior, surface roughness, and 
mechanical properties of SMAs with different Cu additions fabricated by 
AM were preliminarily explored. It was found that the as-printed 
Ni45Ti50Cu5 exhibited an extremely low thermal hysteresis of 1.48 K, 
compared with the other two high-Cu-content samples. However, due to 
the rapid solidification process during AM, the addition of a third 
element Cu, typically leads to elemental segregation, resulting in a 
heterogeneous structure, especially for pre-mixed elemental powders 
[27–29]. It was found that even with only 1 at% Cu addition, there was 
still a Cu segregation at the melt pool boundaries, leading to the coex
istence of B19 and R phase [30]. Zheng et al. investigated the thermal 
stability and shape memory effect in a Ni40Ti50Cu10 SMA using L-DED 
[29] with pre-alloyed powder. Excellent thermal stability was achieved 
in their work by introducing Ti2Cu precipitates in the twin ridge to 
hinder dislocation movements. However, excessive Cu addition leads to 
a brittle mechanical behaviour [31]. While some studies report super
elasticity in AM-fabricated NiTiCu, high recovery ratios typically require 
pre-training or post-treatment [27,32]. Furthermore, although process 
parameter optimization has been explored to minimize defects, such as 
cracks or delamination [27,32], it is essential to further enhance its 
functional properties and to understand the effects of process parame
ters on these properties, including phase transformation behavior and 
superelasticity.

To this end, this study comprehensively investigates the correlations 
among LPBF processing parameters, microstructural evolution, phase 
transformation behavior, and superelasticity in a Ni46Ti49Cu5 SMA. The 
slightly (Ni, Cu)-rich composition is intended to compensate for Ni 
evaporation during the LPBF process, which is frequently reported in 
NiTi-based SMAs [33–35]. We elucidate the effects of individual pa
rameters, including laser power, scanning speed, and hatch spacing, on 
densification, texture development, and superelastic performance. The 
growth mechanisms of column grain with strong 
< 001 > crystallographic texture under high thermal gradients during 
LPBF are revealed. Phase transformation temperatures are demonstrated 
to be tunable using various combinations of process parameters. 
Exceptional superelasticity, with a high recovery ratio and recoverable 
strain, is achieved in the as-printed condition without any post-heat 
treatment. This work establishes a processing-microstructure-property 

framework to fabricate high relative density NiTiCu SMA by LPBF 
with tailored functional properties, paving the way for their deployment 
in geometrically complex elastocaloric cooling systems and biomedical 
devices.

2. Experimental procedure

2.1. Powder characterization

The pre-alloy powders Ni46Ti49Cu5 (Liaoning Guanda New Materials 
Technology Co., LTD, China) for LPBF were fabricated by the plasma 
rotating electrode process to prevent carbon contamination. The NiTiCu 
powders exhibit good sphericity, as shown in Fig. 1a. The actual 
chemical composition of the powder is shown in Table 1. The powder 
size distribution measured by a particle analyzer (Malvern Mastersizer 
3000) ranges from 5 μm to 90 μm, with d50 and d90 values of 39.6 μm and 
66.2 μm, respectively (Fig. 1b). Fig. 1c shows the phase transformation 
behavior of NiTiCu powders from − 150 ◦C to 150 ◦C. Two successive 
phase transformation peaks are observed during both heating and 
cooling, attributed to inhomogeneities within or among the powders 
[35]. The main peak temperature of austenite transformation at 22 ◦C 
indicates the (Ni, Cu)-rich nature of the powder.

2.2. LPBF process

A commercial LPBF system (SLM 125, Nikon) equipped with a 400 W 
fiber laser and an 80 µm beam size was used to fabricate the Ni46Ti49Cu5 
SMA operating in continuous wave mode. A schematic of the LPBF 
process parameters is shown in Fig. 1d. The NiTiCu samples were 
fabricated on an equiatomic NiTi substrate with preheating at 200 ◦C. 
To minimize oxygen contamination, the O2 content in the chamber was 
reduced to < 10 ppm by continuous purging with high-purity (>
99.999 %) argon gas throughout the printing process. A stripe scanning 
strategy with an inter-layer rotation angle of 67◦ was employed 
(Fig. 1d). Different laser powers (P) from 75 to 250 W, laser scanning 
speeds (v) from 500 to 1500 mm/s, and hatch spacing (h) from 40 to 
110 µm were employed, while the layer thickness (t = 30 µm) was kept 
constant. Samples with different P, v, and h are denoted as batch P, batch 
v, and batch h. All process-parameter combinations are listed in Table 2. 
The parameters were selected based on the reported optimal process 
windows for binary NiTi alloys [35]. The printed samples are shown in 
Fig. 1e.

2.3. Characterization techniques

In this work, the morphology of defects, melt pools, and grain 
structure was analyzed using an optical microscope (OM, ZEISS Axiolab 
5) with a ZEISS Axiocam 208 color microscopy camera, and a scanning 
electron microscope (SEM, ThermoFisher Apreo 2S SEM). An energy- 
dispersive spectrometry (EDS, Oxford Ultim Max) system was used to 
assess the chemical composition and preliminarily identify second 
phases. Samples for OM and SEM observation were mechanically pol
ished on a Struers Tegramin-25 auto-polishing machine and chemically 
etched in a solution of HF (10 vol%), HNO3 (40 vol%), and H2O (50 vol 
%) for 30 s. Electron backscattered diffraction (EBSD, Oxford Symmetry 
S3) was used to study grain morphology and orientation. EBSD samples 
were mechanically polished and then electrolytically etched in a solu
tion of CH3COOH (21 %): HClO4 (79 %). Transmission electron micro
scope (TEM, FEI-Talos F200 X) coupled with a Super-X™ EDS detector at 
200 kV was used to qualitatively examine second phases. TEM samples 
were ground to ~80 μm, punched into 3 mm disks, and thinned using a 
Struers TenuPol-3 twin-jet electro-polisher in CH3OH (90 %): HClO4 
(10 %). The relative density of the as-printed samples was measured 
using Archimedes’ method, with a theoretical maximum density of 
6.45 g/cm³ . Rectangular samples (3 mm × 3 mm × 6 mm) were 
measured four times with a Vibra balance equipped with a density 
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measurement kit. Unless otherwise noted, all microstructural and phase 
characterization samples were taken from the mid-height region of the 
as-printed NiTiCu alloys.

The phase transformation behavior was characterized using differ
ential scanning calorimetry (DSC; TA DSC 250) between − 150 ◦C and 
150 ◦C at a heating/cooling rate of 10 ◦C/min. Specimens were stabi
lized at 150 ◦C for 3 min, cooled to − 150 ◦C and held for 3 min, then 
reheated to 150 ◦C and held for 3 min. The superelasticity of the as- 
printed specimens was evaluated using a universal testing machine 
(Zwick/Roell Z020) with a temperature-controlled chamber. Cyclic 
compression to 6 % strain was performed at a low strain rate of 1 × 10− 4 

s− 1 at various temperatures using a Zwick video extensometer. The 
compression direction was along the build direction (Z axis of samples, 
Fig. 1d). Compression specimens were rectangular columns (3 mm ×
3 mm × 6 mm) extracted from the central region of the as-printed 
samples.

3. Results

3.1. Microstructure

To study the printability of the Ni46Ti49Cu5 SMA, the dependence of 
relative density (with a theoretical density of 6.46 g/cm3) on input en
ergy density is shown in Fig. 2. The input volumetric energy density was 
calculated by the following equation [33]: EV = P / (v × h × t), where P, 
v, h and t represent the laser power, scanning speed, hatch spacing and 
layer thickness, respectively. Based on the relative density of the 
printing samples, three regions with different process parameters were 
identified. Regions I, II, and III represent the lack-of-fusion region, 
defect-free region, and keyhole instability region, respectively. In region 
I, the defects are mainly unmelting powders and lack-of-fusion pores due 
to the insufficient melt, while the types of defects are micro-cracks and 
pores in region III as shown in Fig. 2. A distinct process window (Region 
II) emerged where the relative density exceeded 99.2 %, peaking 

Fig. 1. Powder information and printing method (a) SEM image of NiTiCu pre-alloy powders; (b) the powder size distribution; (c) DSC curves of the NiTiCu pre-alloy 
powder; (d) the schematic diagram of LPBF additive manufacturing; (e) photos of printed samples.

Table 1 
The chemical composition of NiTiCu alloy powder.

Element (at%) Ni Ti Cu N C O

Powder 45.81 49.08 5.08 - ＜0.01 0.03

Table 2 
The detailed SLM process parameters for NiTiCu alloy samples.

Number Laser 
Power, P 
(W)

Scanning 
Speed, v 
(mm/s)

Hatch 
Spacing, h 
(µm)

Layer 
thickness, t 
(mm)

Energy 
input, E 
(J/mm3)

P1 250 1000 60 0.03 138.89
P2 225 1000 60 0.03 125.00
P3 200 1000 60 0.03 111.11
P4 175 1000 60 0.03 97.22
P5 150 1000 60 0.03 83.33
P6 125 1000 60 0.03 69.44
P7 100 1000 60 0.03 55.56
P8 75 1000 60 0.03 41.67
V1 150 500 80 0.03 125.00
V2 150 666 80 0.03 93.84
V3 150 700 80 0.03 89.29
V4 150 900 80 0.03 69.44
V5 150 1000 80 0.03 62.50
V6 150 1100 80 0.03 56.82
V7 150 1200 80 0.03 52.08
V8 150 1300 80 0.03 48.08
V9 150 1500 80 0.03 41.67
H1 150 800 40 0.03 156.25
H2 150 800 50 0.03 125.00
H3 150 800 60 0.03 104.17
H4 150 800 70 0.03 89.29
H5 150 800 80 0.03 78.13
H6 150 800 90 0.03 69.44
H7 150 800 100 0.03 62.50
H8 150 800 110 0.03 56.82
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between 62.5 – 78.13 J/mm³ (> 99.0 %) across all parameter sets.
To further reveal the microstructure evolution of as-printed 

Ni46Ti49Cu5 samples with different process parameters and energy 
densities, Fig. S1-S3 present unetched microstructures along the build 
direction (BD). At fixed scanning speed (1000 mm/s) and hatch spacing 
(60 μm), increasing laser power from 75 to 250 W reveals distinct defect 
regimes (Fig. S1). Sample P1 (250 W, EV = 138.9 J/mm³) exhibits severe 

thermal cracking (red cycles in Fig. S1a), resulting in the lowest relative 
density (97.53 %) due to thermally induced residual stresses [36]. With 
decreasing laser power, the volume fraction of microcracks and pores 
decreases gradually, as shown in Fig. S1. Few pores were observed in the 
samples fabricated with a laser power of 125 W (sample P6, Fig. S1f). 
With further reduction of laser power, unmelting powders with irregular 
shapes were observed due to insufficient energy input, as illustrated by 

Fig. 2. The process window of the Ni46Ti49Cu5 SMA and different types of defects.

Fig. 3. Microstructure of as-printed V4 sample (a) three-dimensional OM images; (b, c) OM and SEM images of the etched surface perpendicular to the BD and the 
morphology of melting track; (d, e) OM and SEM images of the etched surface parallel to the BD and the morphology of melt pool; (f) TEM images of regions of fine 
grain regions; (g, h) EDS mapping of the area around melting tracks and melt pools.
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the blue cycles in Fig. S1g and h.
Fig. S2a shows that many pores and microcracks are present in 

sample V1, fabricated with a low scanning speed v of 500 mm/s 
(P = 150 W and h = 0.08 mm). These pores originate from a keyhole 
structure at high energy density (125 J/mm³), where vapor recoil forces 
prevent melt pool collapse, entrapping gases and promoting elemental 
vaporization [37]. A progressive increase in scanning speed to 
700–1000 mm/s substantially reduces defect density (Fig. S2c-f), and 
the sample with a scanning speed of 900 mm/s shows the highest rela
tive density of 99.28 % among all samples. Conversely, excessive scan
ning speeds induce lack-of-fusion pores and unmelting powders due to 
insufficient energy density (Fig. S2h and i).

The microstructure of NiTiCu alloys fabricated with different hatch 
spacings (P = 120 W and v = 800 mm/s were fixed) is shown in Fig. S3. 
Similar to the above P and v groups, small spacings (40 μm, high EV) 
generate keyhole porosity, while large spacings (110 μm, low EV) cause 
lack-of-fusion voids. The highest densification (99.06 % relative den
sity) occurs at a hatch spacing of 100 μm (H6, Fig. S3f). Interestingly, the 
number of microcracks of H2 was obviously lower than in samples with 
the same energy density (P2 and V1), while the number of pores was 
clearly higher. This phenomenon suggests hatch spacing uniquely 
modulates thermal stress distribution through altered Marangoni con
vection patterns [38].

To elucidate orientation-dependent microstructural features, Fig. 3
presents a three-dimensional schematic of the as-printed sample V4 with 
the building direction (BD) indicated. From the cross-sections perpen
dicular to the BD (Fig. 3a and c), distinct melt track boundaries are 
observed, where fine-grained regions are concentrated (<1 μm grain 
size, Fig. 3f). On the surface along the BD (Fig. 3d and e), epitaxially 
grown columnar grains aligned with the thermal gradient are evident, as 
indicated by the red arrows. EDS mapping was performed in the melting 
track and melt pool regions (Fig. 3g and h), revealing homogeneous 
element distribution in these regions without obvious elemental 
segregation.

To investigate the grain size, morphology, and orientation, EBSD 
characterization was performed on the as-printed NiTiCu samples, as 
shown in Fig. 4. Inverse pole figure (IPF) maps relative to the building 
direction (BD) reveal distinct microstructural anisotropy. On the plane 
perpendicular to BD (Fig. 4a), columnar grains dominate with a pro
nounced < 001 > texture with a concentration of 8.33, evidenced by the 
IPF triangle below Fig. 4a. Conversely, the plane parallel to BD (Fig. 4b) 
exhibits a bimodal < 001 > /< 101 > orientation distribution, indi
cated by mixed red and green grains. This preferential 
< 001 > alignment arises from competitive epitaxial growth during 
layer-by-layer deposition. Partial remelting under large thermal gradi
ents enables newly solidified grains to inherit the crystallographic 
orientation of previously solidified grains, favoring columnar growth 
along the < 001 > direction due to its minimized interfacial energy and 
optimal heat dissipation [39]. The corresponding pole figures in Fig. 4e 
also exhibit a maximum intensity of 10.36 for the (100) texture from the 
surface perpendicular to BD.

Grain size distributions differ significantly between orientations: 
198.93 μm parallel to BD versus 75.74 μm perpendicular to BD (Fig. S4a
and b). Grain boundary analysis indicates 64.5 % low-angle grain 
boundaries (LAGBs, <15◦) perpendicular to BD, compared to 47.6 % 
parallel to BD (Fig. S4c and d). Kernel Average Misorientation (KAM) 
maps (Fig. 4d and e) reveal heterogeneous dislocation distributions on 
both surfaces from the two directions. For the surface perpendicular to 
BD, a higher volume fraction of dislocations was found in the edge area 
of the melt track (region A) than in the center area of the melt track 
(region C), which correlates with the presence of fine cellular sub
structures at solidification fronts. Interestingly, similar heterogeneity 
was observed on the surface parallel to BD, where fewer dislocations 
were found in region C and more were concentrated in region D 
(Fig. 4d). Fig. 4e exhibits the IPF map of surface perpendicular to the BD 
of V3. Similarly, V3 shows a strong texture orientation in < 001 > //BD, 
but with weaker texture intensity of 6.77, which will be discussed later.

To further investigate the precipitation and phase information, TEM 

Fig. 4. EBSD analysis of the as-printed NiTiCu samples (a, b) inverse pole-figure map of surface perpendicular and parallel to the BD, respectively of V4; (c, d) KAM 
images of surface perpendicular and parallel to the BD, respectively. (f) inverse pole-figure map of surface perpendicular to the BD of V3 (e) Pole-figure map of the 
surface perpendicular to the BD of V4.
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analysis was performed in the as-printed NiTiCu sample (V4), as shown 
in Fig. 5. Striped martensite and round nanoscale precipitates were 
observed in the as-printed V4 sample and are marked by blue and yellow 
circles, respectively (Fig. 5a). In addition, massive dislocations (marked 
by green arrows) are also distributed randomly in the matrix. The cor
responding selected area electron diffraction (SAED) patterns of 
martensite, marked by a red circle in Fig. 5a, confirmed that the 
martensitic phase is B19 and the matrix is the B2 phase. To further 
identify the martensitic phase in our SMA, high-resolution TEM images 
are shown in Fig. 5d. According to their corresponding inverse FFT 
images (Fig. 5e and f), the lattice fringe spacing for (110)B2 and (011)B19 
are 0.2118 nm and 0.3112 nm, respectively. These values were in 
agreement with the lattice spacing of 0.3122 nm for the (011)B19 rather 
than 0.3065 nm for the (011)B19’ [40]. This indicates the phase trans
formation path is B2-B19 in our AM-fabricated Ni46Ti49Cu5 SMA.

It was also observed in Fig. 5 that numerous, nearly spherical 
nanoscale precipitates with diameters smaller than 50 nm (Fig. 5d) are 
diffusely distributed throughout the matrix. Similar precipitates were 
identified in other samples, such as V1 (Fig. 6a) and V8 (Fig. 6c). It 
should be noted that the size of these precipitates in samples with high 
energy density (V1, 125 J/mm3) is slightly larger than that in samples 
fabricated with low energy density (V8, 48.08 J/mm3) due to the longer 
exposure time in high temperature [41]. These nanoprecipitates were 
determined as Ni2Ti4Ox phases based on the SAED patterns shown in 
Fig. 6e. The corresponding EDS mapping results (Fig. 6f) indicate that 
enrichment of Ti and O in the precipitates, accompanied by depletion of 

Ni and Cu. Ni2Ti4Ox precipitates are commonly observed oxides in 
AM-fabricated NiTi/NiTiCu SMAs, due to the high affinity of Ti to ox
ygen. The effects of these precipitates on phase transformation behavior 
and superelasticity are discussed later in the following section.

Fig. 7 shows the structural evolution during martensitic trans
formation upon cooling. The diffraction profiles at 343 K and 313 K 
correspond to the B2 parent phase. At 253 K and below, the reflections 
confirm the presence of B19 martensite through comparison with stan
dard PDF cards, indicating the occurrence of martensitic transformation. 
Compared with the B19' phase, the B19 phase exhibits a characteristic 
peak at 64.3◦ corresponding to the (200) plane, which is consistent with 
our TEM results.

3.2. Phase transformation behavior

The phase transformation behavior of as-printed Ni46Ti49Cu5 sam
ples fabricated with different parameters (listed in Table 2) was ana
lysed by DSC and shown in Fig. 8. According to the DSC curves, all 
samples exhibit a single peak during the heating or cooling process, 
which is confirmed as B2 ↔ B19 phase transformation behavior based on 
our microstructure analysis at room temperature. Fig. 8a shows that the 
transformation peaks of the as-printed samples shift gradually to higher 
temperatures with increasing beam power (from 75 W to 250 W). A 
similar trend is also observed in batches of v and h; the transformation 
peaks shift toward high temperatures with increasing input energy 
density either by increasing v or decreasing h (Fig. 8b and c). Notably, 

Fig. 5. TEM images of as-printed V4 NiTiCu sample (a) bright field of martensite, dislocation and nanoprecipitations; (b) SAED pattern of selected area marked by 
the red circle in (a); (c) bright field of martensite; (d) high-resolution TEM of the selected region marked by the red rectangle in (c); (e) IFFT images in the selected 
region marked by the yellow rectangle in (d); (f) IFFT images in the selected region marked by the blue rectangle in (d).
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specimens fabricated at or below 60 μm hatch spacing display broad
ened, flattened transformation peaks indicative of microstructural het
erogeneity [42]. Additionally, it is observed that the transformation 
interval is reduced and the peak becomes sharper as the energy density 
increases.

Fig. 8 also summarizes the dependence of phase transformation 
characteristics on the input energy density across three parameter 
batches. The starting, peak, and ending temperatures of the martensitic 
transformation and its reverse transition, denoted by Ms, Mp, Mf, and As, 
Ap, Af, are determined using the tangent method on DSC curves. Ac
cording to Fig. 8d-f, transformation temperatures of as-printed samples 
during forward and reverse martensitic transformation increase nearly 
monotonically with energy density for all parameter groups. However, 
the dependency of phase transformation temperature on different pro
cess parameters varies. For example, the Mp temperature increases 
46.06 K (Figs. 8d) and 16.99 K (Fig. 8e) with the same increase in input 

energy density of 83.33 J/mm3 (from 41.67 J/mm3 to 125.00 J/mm3) 
by controlling power and scanning speed, respectively. When control
ling the energy density by hatch spacing, Af and Ms are observed to in
crease with increasing the energy density, while Ms, Mp, Mf, and Ap first 
increase and then decrease when the energy density exceeds 89.29 J/ 
mm³ due to the inhomogeneous microstructure (Fig. 8f), thereby 
broadening the transformation peaks [7].

Since the transformation enthalpy and thermal hysteresis are also 
useful for analysing phase transformation behavior and specific appli
cations, their evolution with input energy density is shown in Fig. S5. 
The transformation enthalpies of the martensitic transformation (ΔHM) 
and austenite transformation (ΔHA), determined by integrating the peak 
area, exhibit a near-linear relationship with energy density, as shown in 
Fig. S5a. The transformation enthalpy is in the range of 18–26 J/g, 
which is comparable to that of NiTiCu fabricated by conventional 
methods, indicating a complete martensitic or austenitic transformation 
of our as-printed Ni46Ti49Cu5 SMA [43]. The thermal hysteresis, origi
nating from the energy barriers at the austenite-martensite interface, is a 
critical parameter for SMAs due to its direct correlation with functional 
fatigue [20]. In addition, the thermal hysteresis (determined by Ap - Mp) 
ranges from 16 K to 20 K, with a slight increasing trend as the energy 
density increases, as shown by the fitting lines in Fig. S5b.

3.3. Superelasticity

The superelastic response of as-printed Ni46Ti49Cu5 SMA was sys
tematically evaluated through 10 compressive loading-unloading cycles 
at Af + 10 K, as shown in Fig. 9 and Fig. S6-S8. It can be found that all 
samples exhibit superelasticity with different levels of residual strain 
(εir) and recoverable strain (εr). The residual and recoverable strains are 
indicated by the red lines shown in Fig. 9a. The recovery ratio (ηr) is 
defined as εr

εt
× 100%, where εt represents the applied strain (near 6 % for 

all samples). According to Fig. S6, NiTiCu samples fabricated with high 
laser power (250 – 150 W) exhibited moderate superelasticity with a 
similar residual strain and strain recovery rate in the first cycle. P5 
(P = 150 W) exhibits the best superelasticity in the batch P with a re
sidual strain of 0.52 % and a recovery rate of 91.19 % in the first cycle 
(Fig. 9b) and a total recovery ratio of 73.45 % after 10 cycles. When 
power is decreased to 75 W, the superelasticity deteriorates severely 

Fig. 6. TEM images of nanoprecipitates in the as-printed NiTiCu samples (a) V1; (b) V4; (c) V9; (d, e) HRTEM image and corresponding FFT images of nano
precipitates in V4; (d) EDS mapping of (b).

Fig. 7. XRD patterns of as-printed V4 sample at different temperatures.
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with only a 64.09 % recovery ratio in first cycle and a total recovery 
ratio of 44.12 % after 10 cycles as shown in Fig. 9c. For samples in the 
batch v, the V1 exhibited a normal superelasticity with a recovery ratio 
of 84.71 % and 62.81 % at first cycle and 10th cycle respectively 
(Fig. 9d). With increasing v, the recovery ratio keeps increasing until 
reaching to 95.33 % (1st cycle) and 84.43 % (10th cycle) of the V4 
sample, which is the best superelasticity among all samples as shown in 
Fig. 9e. The V9 sample with an energy density of 41.67 J/mm3 shows 
the worst superelasticity with only 33.32 % recovery ratio after ten 
cycles. In the H group, when h = 100 μm (H6, Fig. 9h), the largest re
covery ratio of 93.99 % with excellent stability was achieved.

The dependency of recovery ratio and critical stress (σc) of as-printed 
NiTiCu samples on energy density is shown in Fig. 10. It is shown that 
even though the residual strain gradually accumulates with cycling, 
almost all samples are able to fully recover after 10 cycles, as indicated 
by blue lines in Fig. 9. So, the total recovery ratio was recorded to reflect 
the different functional stability of as-printed samples in Fig. 10. The 
recovery ratio first increases and then decreases with increasing input 
energy density for all three batches. The high superelastic performance 
occurs in an energy density range similar to that of its counterpart, 
corresponding to a high relative density. For batch P, the total recovery 
ratio remains stable at approximately 70 % within a wide energy density 
range of 65–130 J/mm3. In batch v, three samples (from 56.82 J/mm3 to 
69.44 J/mm3) exhibit a recovery ratio of over 90 % in the first cycle and 
80 % after 10 cycles, indicating good superelasticity and stability. The 
great superelastic responses are observed in an energy density range of 
62.5–89.29 J/ mm3 for batch h. Notably, extreme energy density values 

yield severely compromised superelasticity, as exemplified by the V9 
(41.67 J/mm3) and H1 (156.25 J/mm3) samples, which exhibit a total 
recovery ratio of less than 40 % after 10 cycles.

Notably, samples with identical energy density but different 
parameter combinations exhibit significant variations in performance. 
For example, the smaller recovery ratio of the P6 compared to the V4 
and the H6, all fabricated with the same energy density of 69.44 J/mm3, 
is attributed to a relatively lower density (due to more defects) and other 
microstructural features. This suggests that different parameter combi
nations may further improve superelasticity.

4. Discussion

4.1. The effect of process parameters on the melt pool

The melt pool morphology plays an important role in determining 
microstructure formation during the solidification process, including 
defect generation and texture orientation. Previous work reported that 
the melt pool shape is primarily governed by the linear energy density 
(EL, calculated as P/v) based on single-track experiments. The hatch 
spacing (h) is typically considered more influential for thermal history 
than melt pool shape [44,45]. However, the h can also influence the 
shape of the melt pool for printing bulk samples, as shown in Fig. 11a. 
The reduced h values (increasing EV) lead to simultaneous increases in 
both melt pool width and depth. The half-width and depth of the melt 
pool were increased from 83.96 μm and 47.39 μm of H8 sample (EV =

83.96 J/mm3) to 93.09 μm and 116.87 μm of H3 sample (EV =

Fig. 8. Phase transformation behavior of NiTiCu alloys fabricated by LPBF with different process parameters: DSC curves of (a) batch P; (b) batch v; (c) batch h, and 
the dependence of phase transformation temperature on input energy density: (d) batch P; (e) batch v; (f) batch h.
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104.17 J/mm3). Besides, the melt pool morphology shifts from the bowl 
shape toward keyhole structures due to increased overlap regions and 
residual heat accumulation. Thus, the EV, which incorporates the effect 
of hatch spacing, provides a more comprehensive metric for melt pool 
design. A schematic evolution of melt pool morphology with increasing 
EV is shown in Fig. 11b. At low EV values, melt pools exhibit a shallow 
morphology with flat bottoms, which is generally favorable for mini
mizing defect formation. However, excessively low EV reduces pool 
width, leading to insufficient overlap between adjacent tracks and 
resulting in lack-of-fusion pores or unmelted powder [41,46]. Moreover, 

balling may occur due to inadequate liquid formation and high surface 
tension. With increasing EV, the depth and width of the melt pool 
gradually increase, and defects, such as lack-of-fusion pores or unmelted 
powder, also disappear gradually (Fig. 11a2). In high EV mode, the melt 
pool geometry transitions to a keyhole structure (Fig. 11a3), resulting in 
increased porosity due to gas bubble entrapment within the vapor 
depression zone [10,47]. Additionally, the steep thermal gradients in 
high EV mode further promote the accumulation of residual stress, 
which can lead to thermal cracking or delamination. Based on our 
experimental results, the input energy density for fabricating a high 

Fig. 9. Superelasticity of as-printed samples tested at Af + 10 K: (a) P2;(b) P6; (c) P7; (d) V1;(e) V4;(f) V9; (g) H2; (h) H6; (i) H8.

Fig. 10. The dependence of recovery rate on EV (a) batch P; (b) batch v; and (c) batch h.
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relative density component was determined to be 69.44 J/mm3 among 
three groups with a flat bottom melt pool (Fig. 11a).

The morphology not only influences the formation of printing de
fects, but also the texture orientation of printed samples. While the 
< 001 > direction typically dominates under maximal thermal gradi
ents in cubic crystals [10], the orientation of the largest thermal gradient 
is tunable by varying the process parameters. The evolution of texture 
orientation with EV is shown in Fig. 11b. In low EV mode, due to the 
shallow depth of the melt pool, the highest thermal gradient is largely 
toward the printing surface, leading to a high concentration of 
< 001 > orientation texture. With increasing EV, the depth and width of 
the melt pool gradually increase, leading to a shift in the growth di
rection from < 001 > to < 011 > , especially on both sides of the melt 
pool (Fig. 11b2). Further increasing EV, the keyhole structure occurs and 
gradually shifts to the largest thermal gradient from the printing surface 
to the melt pool core, resulting in a higher fraction of < 011 > texture 
(Fig. 11b3). This explains that the stronger < 001 > texture intensity in 
samples fabricated with higher energy density in Fig. 4. For example, the 
< 011 > direction of a near-single-crystal aligned with the build direc
tion in AM 316 L steel was achieved in a high-energy-density keyhole 
structure [47]. Building on this, Xue et al. investigated the influence of 
the adjacent melt pool on crystal orientation evolution and fabricated a 
pseudo-single-crystal < 001 > /< 011 > texture in NiTi SMAs [10]
under low EL regimes.

In fact, texture orientation is influenced not only by adjacent tracks 
but also by the previously printed layers. During processing, epitaxial 
growth at the overlap between the molten region and the earlier printed 
track or layer inherits the existing crystal orientation, leading to a slight 
difference in growth orientation between the current melt pool and the 
prior one [10]. This multiscale inheritance mechanism explains why the 
printing strategy has a significant impact on texture development. For 
example, the ‘X-scan pattern’ with 0◦ inter-layer rotation maintains 
perfect orientation inheritance, enabling near-single-crystal 
< 001 > growth [47]. In contrast, our process strategy with 67◦

inter-layer rotation (Fig. 1d) was designed to mitigate thermal accu
mulation and minimize defects, but it necessarily introduces crystallo
graphic misalignment between successive layers. This controlled 
misorientation produces the observed < 001 > or < 011 > texture in 
the plane parallel to BD (Fig. 4b), where competing growth directions 
emerge according to local thermal gradient orientations during 
solidification.

4.2. Tunable phase transformation temperature

The phase transformation behavior of as-printed Ni46Ti49Cu5 sam
ples is shown to be highly influenced by process parameters. While all 
sample exhibits a single stage B2 ↔ B19 martensitic transition during the 
heating and cooling process, the phase transformation characteristics, 
such as transformation temperature, enthalpy change and thermal 
hysteresis, vary with energy density (Fig. 8). For most samples, the 
phase transformation temperature increases with rising energy density 
(increasing P or decreasing v or h), which is attributed to the extreme 
sensitivity to Ni content in Ni-rich NiTi-based SMAs [33]. According to 
Frenzel et al., in near-equiatomic NiTiCu SMAs, the Ms temperature 
remains strongly dependent on the equivalent (Ni + Cu) content when 
xNi+Cu exceeds 50 at% [43]. The chemical composition of the printed 
samples is mainly determined by two factors. First, the evaporation of 
Cu and Ni elements during printing, especially at high EV levels, alters 
the matrix composition. Second, oxide formation during LPBF affects the 
composition of the matrix and thereby the transformation behaviour. 
Unlike conventional manufacturing, the layer-by-layer nature of LPBF 
makes the process particularly sensitive to chamber oxygen levels due to 
the longer exposure time of the melt pool [8]. Our TEM analysis iden
tifies Ti-rich Ni2Ti4Ox as the predominant oxide phase (Fig. 6), due to the 
higher affinity of Ti to O [35]. These precipitates deplete Ti from the 
matrix, which would normally decrease transformation temperatures. 
However, the strict argon atmosphere maintained during the printing 
process limits oxide volume fraction and particle sizes to below 50 nm 
(Fig. 6), making their impact secondary to Ni/Cu evaporation.

Fig. 12a exhibits the relation between the transformation tempera
ture AF and the equivalent (Ni + Cu) content. The AF decreases as the (Ni 
+ Cu) content increases from 50.0 at% and 51.0 at%, consistent with 
previous work [43]. Fig. 12b-d illustrates the dependence of Ni, Cu, and 
the equivalent (Ni + Cu) content on energy density, with the dashed 
lines representing the fitted results. It is shown that they all decrease 
linearly with increasing energy density, directly correlating with the 
observed shifts in transformation temperature. This compositional 
evolution explains the consistent elevation of phase transformation 
temperatures across all parameter sets, as reduced (Ni + Cu) content 
drives the alloy toward Ti-richer compositions with higher trans
formation temperatures. It has been reported that Ni is more prone to 
evaporation than Ti in binary NiTi SMAs due to its lower boiling point 
and higher equilibrium vapor pressure [33]. Similarly, compared with 

Fig. 11. Schematic of melt pool morphology and the mechanism of grain growth direction under different printing parameters: (a) OM images of melt pool 
morphology; (b) schematic of melt pool evolution with EV.
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Ti, both Ni and Cu have lower boiling points (at 3003 K and 2835 K, 
respectively), leading to enhanced evaporation during the LPBF process. 
In particular, the lower boiling point of Cu leads to slightly higher 
evaporation than Ni, despite its relatively low addition of 5 at%.

While energy density (EV) serves as a primary control parameter, 
individual process variables (laser power (P), scanning speed (v), and 
hatch spacing (h)) affect the phase transformation temperature differ
ently. For example, for the same increase in energy density (ΔEV ≈85 J/ 
mm³), variations in laser power and scanning speed produce tempera
ture shifts of ~30 K, larger than the ~20 K shifts from hatch spacing 
adjustments. This differential sensitivity is consistent with prior reports 
emphasizing the dominant influence of scanning speed on thermal his
tory [33]. Notably, specimens fabricated with identical EV but different 
parameter combinations exhibit transformation temperature variations 
of up to 15 K, indicating that the temperature depends not simply on EV, 
but on the joint effect of P, v, and h. These findings enable precise tuning 
of the transformation temperature through strategic parameter selection 
for different applications.

The thermal hysteresis, originating from the energy barriers at the 
austenite-martensite interface, is a critical parameter for SMAs due to its 
direct correlation with functional fatigue [20]. It reflects energy dissi
pation during phase transformation, where minimizing the elastic 
interfacial layer reduces the formation of irreversible defects. The 
magnitude of thermal hysteresis is fundamentally linked to the middle 
eigenvalue (λ₂) of the martensitic transformation matrix U, which serves 
as a quantitative indicator for designing fatigue-resistant SMAs. In the 
present Ni46Ti49Cu5 SMA, the incorporation of 5 at% Cu reduces thermal 
hysteresis to below 20 K, a significant improvement over the > 30 K 

typical of binary NiTi. This reduction indicates enhanced lattice 
compatibility between phases, attributed to the Cu-induced modifica
tion of the transformation strain tensor [17,48]. The lowered thermal 
hysteresis suggests improved functional stability under cyclic loading 
compared with binary NiTi SMAs.

4.3. The effect of process parameters on superelasticity

The superelastic performance of as-printed Ni46Ti49Cu5 SMA is 
fundamentally governed by the microstructure formed during LPBF, 
including defects, precipitations, and crystallographic texture [49]. 
Printing defects, such as cracks and pores, are the primary factors 
affecting the superelastic response, as evidenced by the parallel trends 
between recovery rate and relative density with increasing energy 
density, as shown in Figs. 2 and 9. The irrecoverable strain during 
loading-unloading cycles is mainly attributed to two reasons: plastic 
deformation via dislocation slip and stabilization of residual martensite 
through dislocation pinning. The rapid solidification during LPBF gen
erates high intrinsic dislocation densities and heterogeneous residual 
stress distributions (Fig. 4), which promote the formation of defects. 
During loading-unloading cycling, elevated local stress near defects 
further promotes dislocation accumulation, leading to a severe stress 
concentration [9]. Once the stress exceeds the critical level for dislo
cation slips, irreversible plastic deformation occurs, producing perma
nent strain. Concurrently, dislocation networks interact with martensite 
variants, impeding their reverse transformation and contributing to 
irrecoverable strain. This explains why superelastic recovery is rela
tively low in both the low EV and high EV modes in our as-printed NiTiCu 

Fig. 12. (a) The dependence of AF temperature on equivalent (Ni + Cu) content; The dependence of (b) Ni content, (c) Cu content, and (d) equivalent (Ni + Cu) 
content in the matrix on energy density (dashed lines are the fitted results).
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samples. However, an appropriate dislocation density is beneficial for 
achieving optimal superelastic recovery in the alloys. Conventionally 
processed NiTiCu alloys typically require mechanical training or cold 
working to stabilize their superelastic response [50,51]. During 
pre-training or cold deformation, a large volume fraction of dislocations 
or remnant martensite is introduced, creating a favorable internal stress 
for subsequent transformation. As a result, dislocations tend to saturate, 
and fewer dislocations form, leading to a stable recovery ratio in further 
cycling.

Interestingly, while large-sized Ni2Ti4Ox precipitates are detrimental 
to ductility, nanosized precipitates (20 − 50 nm, Fig. 6) are considered 
beneficial to superelasticity [10,52]. On the one hand, the elastic strain 
fields around the nanoprecipitates provide nucleation sites for 
martensite at the interfaces between the matrix and the precipitates, 
leading to the lower critical stress for martensite transformation. On the 
other hand, nanoprecipitates act as barriers to dislocation slips and can 
suppress irrecoverable strain during cycling, resulting in larger irre
coverable strain. Thus, the combination of high dislocation density and 
nanoprecipitates contributes to the exceptional superelasticity in our 
as-printed Ni46Ti49Cu5 SMA. It should be noted that the precipitates 
contribute mainly to cyclic stability rather than the magnitude of 
recoverable strain.

The relation between the grain structure, crystal texture, and loading 
direction is also essential for superelasticity and mechanical properties. 
According to Sehitoglu et al. [53], a higher recoverable transition strain 
and lower Schmid factors for austenite slip are found in the [001] and 
[148] orientations compared with other directions for the compressive 
test of NiTi single crystal SMAs. As shown in Fig. 4, the as-printed 
Ni46Ti49Cu5 SMA exhibit a pronounced columnar grain structure with 
a strong < 001 > texture (Fig. 4), which supports their excellent 
superelasticity. The unique texture, combined with high relative density 
and nanoprecipitation, synergistically produces remarkable super
elasticity performance, with a 95.33 % recovery ratio, and a 5.72 % 
recoverable strain in sample V4 without any post-processing. Fig. 13
exhibits the superelastic response of some ternary NiTi-based SMAs 
fabricated by AM [27,32,54–56]. As compressive results of most re
ported works are recorded by the stroke of the fixture instead of the 
extensometer, we also add a data point recorded from the fixture 
movement, and the stress-strain curve is shown in Fig. S9. It should be 
noted that the strain derived from fixture movement is larger than that 
measured by an extensometer, because it includes the displacement of 
both the sample and the fixture. In Fig. 13, all data obtained using an 
extensometer are plotted as hollow symbols, while the other data ob
tained from the fixture movement are plotted as solid symbols. It can be 
seen that our as-printed NiTiCu SMAs exhibit superior superelastic 
response among ternary NiTi-based SMAs.

5. Conclusion

In the present study, the microstructure evolution, phase trans
formation behavior, and superelasticity of NiTiCu SMAs fabricated by 
LPBF were systematically investigated. The main conclusions could be 
summarized as follows: 

(1) The input energy density (EV) plays an important role in the 
relative density of the NiTiCu SMAs fabricated by LPBF. An 
optimized EV window of 62.5–78.13 J/mm³ was established to 
fabricate defect-free NiTiCu SMAs.

(2) Epitaxial growth along maximal thermal gradients produces 
columnar grains with distinct texture anisotropy. A strong 
< 001 > crystallographic texture was observed on the surface 
perpendicular to BD, while a mixed < 001 > and 
< 011 > texture was found on the surface parallel to BD.

(3) All specimens undergo a single-stage B2↔B19 transformation 
during DSC. The phase transformation temperature and trans
formation enthalpy increase monotonically with increasing input 

energy density, primarily due to the evaporation of Ni and Cu 
during LPBF.

(4) Superelastic performance exhibits a strong correlation with 
relative density and energy density. A high recovery ratio of 
95.33 % and a recoverable strain of 5.72 % are achieved in the V4 
without any post-treatment.

(5) NiTiCu samples fabricated with the same energy density using 
different combinations of parameters exhibit different relative 
densities and functional performance. Therefore, all process pa
rameters (P, v, h, and rotation angle) should be carefully designed 
to achieve the desirable phase transformation temperature and 
optimal superelasticity.

These results establish a framework for fabricating high-performance 
NiTiCu SMAs with tailored phase transformation temperature and 
superelasticity, unlocking their potential for biomedical and elasto
caloric applications requiring complex geometries.
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