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a b s t r a c t 

NiTiCu thin walls were produced by twin-wire arc additive manufacturing (T-WAAM) using commercial NiTi 
and Cu wires as the feedstock materials. This approach aims to solve the problems typically associated with large 
phase transformation hysteresis in NiTi shape memory alloys. The microstructure, mechanical properties, and 
phase transformation behavior of the as-deposited NiTiCu alloy were comprehensively examined. The results re- 
vealed that the as-deposited NiTiCu alloy was well-formed, with its microstructure showed columnar, equiaxed, 
and needle-like grains, depending on the location within the deposited walls. The microhardness gradually in- 
creased from the first to the third layer. The Cu content was 20.80 at%, and Cu-based precipitates were formed 
in the as-deposited NiTiCu. The volume fractions and lattice parameters of the matrix and precipitates in the 
as-deposited NiTiCu material were analyzed using high-energy synchrotron X-ray diffraction. The martensitic 
phase was identified as a B19 crystal structure, and the as-deposited NiTiCu underwent a one-step B2-B19 phase 
transformation. The tensile strength and fracture strain were approximately 232 MPa and 3.72%, respectively. 
In particular, the addition of Cu narrowed the phase transformation hysteresis of the as-deposited NiTiCu alloy 
from 24.4 to 7.1 ◦C compared with conventional binary NiTi alloys. This study expands the potential of T-WAAM 

in modifying the phase transformation behavior of NiTi-based ternary alloys. 
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. Introduction 

NiTi-based shape memory alloys (SMAs) exhibit remarkable proper-
ies, including shape memory effect, superelasticity, excellent biocom-
atibility, and high corrosion resistance. These properties make them
seful in diverse fields, such as aerospace, automotive, biomedicine, and
ntelligent manufacturing [1–3] . However, commercial binary NiTi al-
oys have low phase transformation temperatures and large phase trans-
ormation hysteresis, which limit their application in environments sus-
eptible to significant thermal alternations [4] . Introducing a third el-
ment into NiTi alloys is effective for manipulating the phase transfor-
ation temperature and hysteresis [5] . In particular, the addition of Cu

an effectively narrow the phase transformation hysteresis and improve
he thermal stability of NiTiCu alloy systems via alloy substitution, pro-
oting the application of NiTiCu alloys in temperature-sensitive sensors

nd actuators [6–8] . Nonetheless, it is difficult to accurately adjust the
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tomic composition ratio of NiTi-based alloys during traditional manu-
acturing processes, such as casting and powder metallurgy, as this ma-
erial system easily absorbs impurities that make the alloy brittle [ 9 , 10 ].
n addition, traditional manufacturing methods have limitations in the
ormation of NiTi-based alloys with complex shapes [11] , which limits
heir widespread use. 

Additive manufacturing (AM) technologies, which serve as near-
et shape manufacturing methods, enable the production of complex-
haped parts using a layer-by-layer deposition approach, effectively
vercoming the shortcomings of traditional manufacturing [12] . Laser
owder bed fusion (LPBF) is the most widely used AM process for fabri-
ating NiTi-based alloys. The phase transformation temperatures can be
egulated, cracking and porosity defects can be minimized, and the me-
hanical properties can be improved by optimizing the LPBF processing
arameters [13–15] . However, LPBF is limited by the part size, prepa-
ation costs, and manufacturing efficiency. 
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Table 1 

Elemental composition (wt%) of NiTi and Cu wires and TA1 substrate. 

Materials 
Composition (wt%) 

Ni Ti Cu Sn Mn Si Fe C O 

NiTi wire 55.62 Bal. – – – – 0.007 0.007 0.0342 
Cu wire – – Bal. 0.93 0.38 0.12 – – –
TA1 substrate – Bal. – – – 0.1 0.15 0.05 0.15 

Fig. 1. Experimental methods: (a) Setup for T- 
WAAM process; (b) Schematic representation 
of SXRD experiment. 
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Table 2 

Processing parameters for T-WAAM with UHFP TIG. 

Process parameters Value 

Base current (A) 100 
UHFP current (A) 60 
UHFP frequency (kHz) 20 
UHFP duty cycle (%) 50 
Arc length (mm) 3 
Torch travel speed (mm/min) 300 
NiTi wire feed speed (mm/min) 2200 
Cu wire feed speed (mm/min) 240 
Deposited time interval (min) 1 
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Wire arc AM (WAAM) uses an electric arc as the heat source and
 solid wire as the feedstock material. WAAM has several advantages,
uch as high deposition speed, low defect level, and low preparation
osts [16] . Wang et al. [17] successfully fabricated Ni-rich NiTi alloys
sing Ni and Ti wires via WAAM with a tungsten inert gas (TIG) heat
ource. The effects of deposition current and substrate heating temper-
ture on the crystallographic orientation, precipitation, phase transfor-
ation, and mechanical properties of WAAM for NiTi alloys were sub-

equently investigated [ 18 , 19 ]. Furthermore, by introducing an ultra-
igh frequency pulse (UHFP) during TIG-assisted WAAM, Zeng et al.
20] fabricated a NiTi thin wall using a commercial Ni-rich NiTi wire,
hich exhibited an austenite state at room temperature and superelas-

ic behavior. In addition, twin-WAAM (T-WAAM), which involves the
se of two independent solid wires during WAAM, has been proven to
ffectively control the atomic composition ratio of NiTi alloys by setting
ifferent wire feed speeds [21] . 

In this study, NiTiCu SMAs with narrow phase transformation hys-
eresis were manufactured by T-WAAM using NiTi and Cu wires as feed-
tock materials. The microstructure, mechanical properties, and chem-
cal composition of as-deposited NiTiCu were characterized. Moreover,
he existing phases and phase transformation behavior were revealed
sing high-energy synchrotron X-ray diffraction (SXRD) and differential
canning calorimetry (DSC), respectively. This study provides insight
nto a new method for changing the phase transformation behavior of
iTi-based ternary SMAs using T-WAAM. 

. Experimental Procedures 

Commercially available Φ1.0 mm Ni-rich NiTi and Cu
ires were selected as feedstock materials for T-WAAM. A
00 mm × 100 mm × 15 mm TA1 titanium plate was used as the
ubstrate. Table 1 lists the elemental compositions of the wires and
ubstrates used in this study. 

The T-WAAM setup mainly consisted of an ABB 1410 six-axis robot, a
HFP TIG torch, twin-wire feed nozzles, and an argon-shielding device,
s shown in Fig. 1 (a). The wire feed nozzles were positioned at 20° rela-
ive to the TA1 substrate surface with a horizontal angle of 60° between
he twin-wire feed nozzles. In addition, lapping the NiTi wire on the Cu
ire ensured adequate fusion and liquid bridge transition of the twin-
ire droplets. The TA1 substrate was first preheated using direct cur-

ent TIG to facilitate the subsequent deposition. The preheating current
as 100 A, and the torch travel speed during the preheating stage was
2

00 mm/min. Ar gas (99.99%) was supplied at a flow rate of 15 L/min
hrough the TIG torch and local shielding device to reduce oxidation.
fter preheating, a thin NiTiCu wall was deposited using T-WAAM with
n UHFP TIG heat source. The processing parameters were optimized to
chieve excellent forming quality, as listed in Table 2 . Based on the wire
eed speed ratio between the Cu and NiTi wires, the preset proportion
f Cu in the as-deposited NiTiCu alloy was 20%. 

Cross-sectional specimens of as-deposited NiTiCu were cut vertically
cross the deposited layers. After grinding, polishing, and etching, the
pecimens were observed under a Nikon LV150 microscope for metal-
ographic analysis. The polished specimens were analyzed using a JSM-
600F scanning electron microscope (SEM) coupled with energy disper-
ive spectroscopy (EDS) to determine their microstructures and chemical
ompositions. SXRD experiments were conducted at P07 High Energy
aterials Science beamline of Petra III/ DESY to determine the existing

hases in the as-deposited NiTiCu. A two-dimensional Perkin Elmer fast
etector was used to capture the raw Debbye–Scherrer rings, as shown
n Fig. 1 (b). The wavelength selected for the experiment was 0.14235 Å.
he distance between the sample and the detector was 1396 mm, as de-
ermined using LaB6 calibration powder. The raw diffraction data were
rocessed using a combination of Fit2D, Jade9, and MAUD [22] . The
hase transformation behavior was analyzed using DSC214. The temper-
tures for the DSC measurements ranged from − 100 to 120 ◦C, and the
eating/cooling rate was 10 ◦C/min. Vickers microhardness was mea-
ured along the sample height using a Micro-586 microhardness tester
ith an indentation load of 4.9 N and a load duration of 10 s. Tensile

amples, each with a length of 30 mm and thickness of 1 mm, were cut
t the middle height of the as-deposited NiTiCu in a horizontal direction
arallel to the substrate surface. An Instron 5548 micro-tensile testing
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Fig. 2. Morphology of as-deposited NiTiCu: (a) Macroscopic 
morphology of different deposited layers; (b) Cross-section of 
zone B; Microstructure of (c) Region 1; (d) Region 2; (e) Region 
3; (f) Region 4. 
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Fig. 3. Microhardness along vertical centerline of cross-section of as-deposited 
NiTiCu. 
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achine was used to continuously apply loads to the tensile samples at
 displacement rate of 0.5 mm/min until fracturing occurred. 

. Results and Discussion 

.1. Microstructural characteristics and microhardness 

Fig. 2 (a) shows the details of the macroscopic morphology of the as-
eposited NiTiCu, starting from the first to the third deposited layers.
he deposited beads were continuous, with a steady morphology, uni-
orm deposition width, and no defect. The cross-sectional specimen of
one B was free of cracks and porosity ( Fig. 2 (b)). An interlayer demar-
ation line was observed between each layer, indicating that remelting
ad occurred. Detailed microstructural characteristics for regions 1 − 4
re shown in Figs. 2 (c − f). The first layer predominantly consisted of
olumnar grains ( Fig. 2 (c)). Columnar dendrites and equiaxed grains
ear the fusion line are related to the preheating and remelting effects
f the first layer on the substrate. The remelting effect at high processing
peeds resulted in the formation of finer grains [ 23 , 24 ]. Fig. 2 (d) shows
he fusion zone generated at the interface between the second and third
eposited layers. Needle-like grains appeared at the fusion line, which is
elevant to the epitaxial growth of the partially remelted grains. The mi-
rostructure of the second layer showed mainly coarse columnar grains
 Fig. 2 (e)). Because the second layer was reheated by the subsequent de-
osited layers, the columnar grains grew and became coarse [25] . The
resence of fine columnar grains ( Fig. 2 (f)) is attributed to the absence
f the time and temperature required for grain growth. The last layer
id not experience any subsequent thermal cycling, which facilitated
he appearance of equiaxed grains at this location. 

The microhardness curve along the vertical centerline of the cross-
ection of the as-deposited NiTiCu, that is, in the direction of the de-
osited height, is shown in Fig. 3 . The average microhardness values
f the first, second, and third layers are approximately 320.9, 371.3,
nd 416.4 HV0.5 , respectively. The microhardness of the as-deposited
iTiCu gradually increased from the first to the third layers. The vari-
tion in microhardness is related to the different microstructures of the
3

eposited layers [ 26 , 27 ]. The fine columnar grains in the top layer led
o more grain boundaries and dislocations than the coarse columnar
rains in the bottom layer, which was conducive for an increase in mi-
rohardness [25] . Simultaneously, the volume fraction and distribution
f precipitates can result in microhardness transitions and fluctuations
wing to the precipitation effect [ 17 , 21 ]. 

.2. Chemical composition analysis 

The microstructure in the center of the second deposited layer of
he as-deposited NiTiCu was selected for chemical composition analy-
is, and the associated data are presented in Fig. 4 , Fig. 5 , and Table 3 .
he elemental distribution and atomic composition were obtained via
DS mapping, as shown in Fig. 4 . The Ti, Ni, and Cu contents of the as-
eposited NiTiCu were 44.33 at%, 34.86 at%, and 20.80 at%, respec-
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Fig. 4. Elemental distribution and atomic composition ratio 
of as-deposited NiTiCu: (a) EDS mapping; (b) Ti element; (c) 
Ni element; (d) Cu element. 

Fig. 5. SEM images and EDS point scanning 
positions of as-deposited NiTiCu: (a) Center of 
second deposited layer; (b) Point scanning lo- 
cations. 

Table 3 

Results of EDS compositional analysis of points indicated in Fig. 5 . 

Points 
Compositions (at%) 

Possible phases 
Ni Ti Cu 

P1 39.5 48.9 11.6 NiTi, CuTi, Ti(Ni, Cu) 
P2 29.4 39.5 31.0 NiTi, Cu2 Ti, Cu3 Ti, Ti(Ni, 

Cu) 
P3 39.0 48.3 12.7 NiTi, CuTi, Ti(Ni, Cu) 
P4 28.7 38.6 32.8 NiTi, Cu2 Ti, Cu3 Ti, Ti(Ni, 

Cu) 
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ively. The expected proportion of Cu was 20 at% based on the wire
eed speed of twin wires. Therefore, the Cu contents obtained from the
xperiment and presetting were consistent. 

Light gray coarse columnar grains were uniformly distributed on the
ark gray matrix ( Fig. 5 ), which is in good agreement with the mi-
rostructural analysis results. As listed in Table 3 , the compositional
atios of the matrix at points P1 and P3 were similar, and the same
esults were obtained for the columnar grains at points P2 and P4, indi-
ating that the elements were uniformly distributed in the as-deposited
iTiCu. 

In addition, because the molar enthalpy of the formation of Ti-Cu is
igher than that of Ti-Ni, the emergence of Ti-Cu phases had a weaker
hermodynamic driving force [28] . Hence, Ti preferentially formed com-
ounds with Ni, whereas the remaining Ti formed compounds with Cu.
ecause Cu and Ni can form a substitutional solid solution owing to their
imilarities in crystal structure, atomic radii, and electronegativity, Cu
4

toms can replace some Ni atoms in the material crystal structure. More-
ver, the Cu content in the columnar grains was higher than that in the
ark gray matrix. Therefore, the possible phases of the matrix might
e NiTi, CuTi, Ti(Ni, Cu), and those of the columnar grains might con-
ain NiTi, Cu2 Ti, Cu3 Ti, Ti(Ni, Cu) based on the compositional ratio of
lements. 

.3. Phase analysis 

Phase analysis was performed using SXRD to determine the phases in
he as-deposited NiTiCu. A diffractogram of the NiTiCu sample after full
ntegration along the azimuthal angle is shown in Fig. 6 (a). The iden-
ified phases were B2, B19, CuTi, Cu2 Ti, and Ti(Ni, Cu)2 . These results
ere in good agreement with those of the EDS chemical composition
nalysis. No single Cu phase was detected in the SXRD results, indicat-
ng that sufficient in-situ alloying of Cu with NiTi occurred during the
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Fig. 6. SXRD pattern of as-deposited NiTiCu: 
(a) Diffractogram after full integration along 
azimuthal angle; (b) Rietveld refinement plot. 

Table 4 

Refined lattice parameters and volume fractions of all phases in as-deposited NiTiCu. 

Phase a (Å) b (Å) c (Å) 𝛼 (°) 𝛽 (°) 𝛾 (°) Volume fraction (%) 

Matrix NiTi B2 3.022 a = b = c a = b = c 90 90 90 57.9 
Matrix NiTi B19 4.950 4.045 2.893 90 97.93 90 39.2 
CuTi precipitates 3.107 a = b 2.906 90 90 90 1.35 
Cu2 Ti precipitates 4.337 8.099 4.411 90 90 90 0.97 
Ti(Ni, Cu)2 precipitates 3.597 a = b 7.431 90 90 90 0.58 

Fig. 7. Variations in diffraction peak with az- 
imuthal angle and diffraction angle for austen- 
ite (A) and martensite (M) peaks: (a) Peak in- 
tensity; (b) Peak position. 
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-WAAM process. In addition, the presence of Ti(Ni, Cu)2 precipitates
ndicated that Cu replaced Ni to form this compound. 

Rietveld refinement of the SXRD data was performed to quantify the
olume fractions of all the phases and to determine the respective lat-
ice parameters in the as-deposited NiTiCu. As shown in Fig. 6 (b), good
greement was observed between the calculated and measured patterns
fter Rietveld refinement in terms of the position, width, and intensity,
emonstrating a good fit. The peak positions of the precipitates are not
arked in the refinement graph because of their relatively low inten-

ities. The volume fractions and lattice parameters obtained from the
alculations for all the phases are listed in Table 4 . The volume frac-
ions of matrix B2 and B19 phases were 57.9% and 39.2%, respectively,
ndicating the dominance of the B2 and B19 phases in the as-deposited
iTiCu. The volume fractions of CuTi, Cu2 Ti, and Ti(Ni, Cu)2 precipi-

ates were 1.35%, 0.91%, and 0.58%, respectively. Similar phase iden-
ification results were also described in Ref. [29] , but were not quan-
ified. The detection and quantification of low-volume-fraction phases
n this study benefited from the high signal-to-noise ratio associated
ith SXRD. 

The as-deposited NiTiCu texture was assessed qualitatively using
ontour maps of the diffraction peak intensity of two martensite and one
ustenite diffraction peaks for a 2 𝜃 range between 3.85° and 4.25°, as
hown in Fig. 7 (a). These diffraction peaks are typically adopted because
hey are isolated from other diffraction peaks and possess high diffrac-
5

ion intensities at most azimuthal angles, thereby preventing misiden-
ification during peak fitting. The relationship between the peak posi-
ion (displacement of the diffraction angle) and the azimuthal angle is
epresented in Cartesian coordinates, as shown in Fig. 7 (b). The peak
ntensity and peak position shifted significantly with the azimuthal an-
le ( Fig. 7 ), indicating the presence of a significant preferred orienta-
ion in the as-deposited NiTiCu, as typical during arc-based processing.
he emergence of the preferred orientation was related to the relatively

arge grain size (coarse columnar grains) of the as-deposited NiTiCu.
hen these grains were diffracted at a specific azimuthal angle, very

igh diffraction intensities were observed. 
Generally, the phases in NiTi alloys are mainly B2, B19 ′ , and some

i-Ni precipitates [30] . B19 and B19 ′ are martensitic phases with dif-
erent lattice parameters. The martensitic lattice parameters of the as-
eposited NiTiCu were relatively lower than those of other NiTi-based
lloys [ 22 , 31 ], indicating that the martensitic structure of NiTiCu is
ignificantly different from those of the others. Moreover, Nam et al.
32] mentioned that the B2-B19 phase transformation occurs in Ti-Ni-Cu
lloys. Therefore, the martensitic phase in the NiTiCu alloy observed in
his study was B19. In addition, pure Ti-Ni precipitates were not detected
n the NiTiCu alloy; instead, Ti-Cu intermetallic compounds (IMCs) were
bserved. The microhardness of Ti-Cu IMCs is lower than that of Ti-Ni
MCs [33] . Therefore, the microhardness of the as-deposited NiTiCu was
ffected by the presence of Ti-Cu IMCs. 
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Table 5 

Phase transformation temperatures and hysteresis of NiTi and NiTiCu alloys. 

Materials 
Transformation temperatures and hysteresis (◦C) 

Ms Mf Mp As Af Ap Ap − Mp 

NiTi wire − 25.2 − 51.1 − 35.5 − 22.4 − 2.2 − 11.1 24.4 
NiTiCu 52.8 28.3 46.7 42.1 60.2 53.8 7.1 

Fig. 8. DSC results of NiTi wire and as-deposited NiTiCu. 
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Fig. 9. Representative tensile stress–strain curve of as-deposited NiTiCu speci- 
men. 
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.4. Phase transformation behavior 

The phase transformation behavior of the as-deposited NiTiCu was
nalyzed using DSC and compared with that of the NiTi wire feedstock.
ig. 8 shows the DSC results for the NiTi wire and as-deposited NiTiCu.
he phase transformation temperatures and hystereses of both alloys are

isted in Table 5 . As , Ap , and Af are the start, peak, and finish temper-
tures of the austenite phase transformation, respectively. Ms , Mp , and

f are the start, peak, and finish temperatures of the martensite phase
ransformation, respectively. 

The NiTiCu material underwent only a one-step phase transforma-
ion between high-temperature B2 and low-temperature B19 during the
eating and cooling stages ( Fig. 8 ). The phase transformation behavior
f Ti-Ni-Cu alloys was closely related to the Cu content [34] . For ex-
mple, when 1 at%− 7 at% Cu was added, two-step or three-step phase
ransformations occurred, whereas a one-step phase transformation oc-
urred at 10 at% Cu. 

The Ms value of NiTiCu was 52.8 ◦C, whereas that of the NiTi wire
as only − 25.2 ◦C ( Table 5 ). The Ms value of NiTiCu was 78 ◦C higher

han that of NiTi, demonstrating that the addition of Cu increased the
hase transformation temperature. The Ms value of NiTiCu alloy grad-
ally increased with increasing Cu content, and even the addition of 1
t% Cu could significantly increase the Ms temperature [34] . The sub-
titution of Ni with Cu and the subsequent formation of Ti-Cu IMCs de-
reased the Ni content in the matrix, further justifying the increased Ms 
alue of the NiTiCu alloy [35] . In addition, the phase transformation
ysteresis (Ap − Mp ) of NiTiCu was 7.1 ◦C, whereas that of NiTi was 24.4
C, indicating that the addition of Cu narrowed the phase transforma-
ion hysteresis of the NiTi alloy. In addition, the phase transformation
ysteresis of NiTiCu alloys fabricated via laser-directed energy deposi-
ion (L-DED) varied between 11 and 17.2 °C [ 36 , 37 ]; in comparison,
he phase transformation hysteresis of the NiTiCu alloys fabricated via
-WAAM was significantly narrower. This proves that T-WAAM is an
ffective AM method for preparing NiTiCu alloys with narrow phase
ransformation hysteresis. 
6

.5. Tensile properties 

Conventional tensile fracture tests were performed at 25 ◦C to eval-
ate the mechanical properties of the as-deposited NiTiCu. A represen-
ative tensile stress− strain curve of the as-deposited NiTiCu specimen
s shown in Fig. 9 . The tensile strength of the as-deposited NiTiCu was
32 ± 11 MPa, and the corresponding fracture strain was 3.7% ± 0.7%.
he fracture position of the tensile specimen was located in the parallel
ection of the specimen. 

Compared with NiTiCu (Cu: 3 at% and 5 at%) alloys prepared via
-DED [ 36 , 37 ], the mechanical properties of the as-deposited NiTiCu
repared by T-WAAM deteriorated, which might be associated with the
igher Cu content and the corresponding IMCs. The tensile strength and
racture strain of the NiTiCu alloys prepared by arc melting decreased
ignificantly as the Cu content increased from 1 at% to 10 at% [34] .
he same trend was observed for laser-welded NiTi-Cu alloys; the ten-
ile strength reached its lowest value of approximately 176 MPa when
he Cu content was 40 at% [38] . A comparison of the mechanical prop-
rties of the laser-welded joints with a Cu content of 20.7 at% (average
ensile strength of approximately 280 MPa and fracture strain of ap-
roximately 3.2%) [33] shows that adding excess Cu can increase the
raction of Cu-rich brittle IMCs, leading to the deterioration of the me-
hanical properties [29] . 

In addition, the mechanical properties of NiTi-based alloys are influ-
nced by the material transformation temperature, grain size, and pre-
ipitation. A generally negative relationship exists between the Ms tem-
erature and critical stress [39] . Smaller grain sizes increase strength
nd elongation based on the Hall–Petch relationship [18] . Fine and
niform precipitates caused a strain-hardening effect that strengthens
he material [40] . However, irregular and coarse precipitates are prone
o crack initiation and propagation, resulting in decreased strength
nd ductility [41] . Therefore, measures to enhance the mechanical
roperties of the as-deposited NiTiCu must be improved in future
tudies. 
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. Conclusions 

NiTiCu alloys were successfully deposited using the T-WAAM tech-
ique. The microstructure, mechanical properties, and phase transfor-
ation behavior of the NiTiCu alloys were investigated. The following

onclusions were drawn. 

1) The as-deposited NiTiCu alloy had a good forming quality, and
its microstructure consisted of columnar, equiaxed, and needle-like
grains, depending on the location within the deposited material. The
microhardness gradually increased from the first to the third layer.
The Cu content of the as-deposited material was 20.80 at%. The main
phases were B2, B19, CuTi, Cu2 Ti, and Ti(Ni, Cu)2 , indicating that
Cu reacted with Ti and replaced some Ni atoms. In-situ alloying of
Cu with NiTi successfully occurred during T-WAAM. 

2) The dominance of the B2 and B19 phases in the as-deposited NiTiCu
was determined based on the volume fractions quantified via Ri-
etveld refinement using SXRD. The martensitic phase was found to
be B19 based on the calculated lattice parameters. A significant pre-
ferred orientation in the as-deposited NiTiCu was developed owing
to the solidification conditions typical of WAAM. 

3) The tensile strength and fracture strain of the as-deposited NiTiCu
were 232 ± 11 MPa and 3.72% ± 0.7%, respectively. The as-
deposited NiTiCu underwent only a one-step phase transformation
between the high-temperature B2 and low-temperature B19 phases.
Moreover, the as-deposited NiTiCu had a higher martensitic phase
transformation temperature (Ms : 52.8 ◦C) and narrower phase trans-
formation hysteresis (Ap − Mp = 7.1 ◦C) than the NiTi wire (Ms =− 25.2
◦C, Ap − Mp = 24.4 ◦C). 

4) The feasibility of producing NiTiCu alloys with narrow phase trans-
formation hysteresis using the T-WAAM technique was demon-
strated, establishing a foundation for the efficient production of NiTi-
based ternary SMAs using T-WAAM. 
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