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a b s t r a c t

Additive manufacturing (AM) of Nitinol could enable realizing smart 3D metallic structures

that combine the functional properties of shape memory alloys with higher geometrical

flexibility. However, powder feedstocks suffer from issues related to availability, chemical

composition stability, and long-term stocking. Therefore, wire-based AM processes are

considered promising for reducing the time required for the process development stage

and for maintaining quality over time. In this study, micro laser metal wire deposition

(mLMWD) was used for manufacturing thin walls with heights of up to 40 mm by using

commercial superelastic Nitinol wires of 0.4 mm diameter. The microstructure, martensitic

transformation (MT), and mechanical behavior were analyzed. The results showed that

mLMWD could be used to produce Nitinol walls with high aspect ratio and sub-millimeter

thickness, that were free of cracks and produced with relative density as high as 99%. The

as-deposited wall section was characterized by an almost homogenous composition,

which was associated with a solubilized condition, owing to the multiple heating cycles

during the deposition of advancing layers. Limited amount of Ni loss induced an increase

in the characteristic temperatures of the MT, and shape memory behavior was detected

with a recoverable strain of 4.4% upon heating up to 120 �C.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Additive manufacturing (AM) has opened up new possibilities

for the product design and development of shape memory

alloy (SMA) devices. SMAs are functional materials that

possess unique properties such as shapememory effect (SME)
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and pseudoelasticity (PE) [1]. An intermetallic NiTi compound

is the most widely used SMA owing to its stable and optimal

functional performance. These two peculiar characteristics

are due to a diffusionless solid-to-solid phase transformation,

namely, the martensitic transformation (MT), that can be

controlled above or below room temperatures by modifying
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Fig. 1 e DSC scans of the initial Nitinol wire.
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the Ni content of the near-equiatomic NiTi phase within the

stable compositional range [1]. Thus, the temperature range at

which the MT occurs determines the use of NiTi mainly as an

actuator or a biomedical device based on the shape memory

effect or superelasticity, respectively.

Combined with the complex geometrical features obtain-

able with metal AM processes, the use of the shape memory

effect could enable the fabrication of 4D materials, where the

dimension of time is added to the material geometry. As NiTi

alloys are one of themost widely studied SMAs, they have also

been explored as materials for AM, mainly by employing

powder feedstocks with powder bed fusion techniques such

as selective laser melting (SLM), electron beam melting (EBM),

and direct energy deposition (DED) [2e4]. These AM processes

are characterized by high geometrical precision, ability to

create internal channels, reasonable surface roughness, and

capacity to produce lattice structures in materials [5e7].

However, compared with powder bed fusion techniques, DED

processes such as laser metal deposition (LMD) have attracted

less research attention [8,9].

The AM of Nitinol (an alloy of nickel and titanium) can be

highly critical in terms of controlling the final Ni content in a

built part, especially owing to the preferential vaporization of

Ni [10]. This means that chemical variations can occur during

the AM process, resulting in deviations from the initial

chemical composition of the feedstock. The Ni loss during the

AM process can result in issues with the final use of the

component as well as process instabilities arising from the

local differences in the shape memory behavior of the mate-

rial. Therefore, the feedstock material should be carefully

selected to potentially compensate for the Ni loss. In this re-

gard, the production of powder feedstock via atomization can

be cumbersome for controlling and maintaining the desired

chemical composition within and among production batches.

Such variations can be more critical for the NiTi alloy perfor-

mance as it is highly sensitive to its chemical composition.

Studies have investigated the element-wise mixing of powder

and wire feedstocks for dealing with issues concerning

chemical composition variations in DED processes [11,12].

While NiTi powder feedstocks are not yet highly consumed by

AM end-users, thin NiTi wires are widely available in the

market and are being developed for various applications.

Commercial NiTi wires are available in different diameters

and have significantly lower prices than that of powder

feedstock having the same chemical composition. Different

heat soruces, like electrical arc and plasma, were studied in

DRD processes using NiTi wires [13e17].

Recently, the use of pulsed wave (PW) laser emission has

been demonstrated to be effective for depositing wires of

small diameters without significant enlargement of the track

width compared to the wire diameter [18]. Micro laser metal

wire deposition (mLMWD) can be a good approach for

manufacturing small-scale 3D components or small-scale

semi-finished parts (e.g., plate, tube, and ring) made of

Nitinol. This process is intrinsically safer compared to powder

deposition, and the feedstock dimensions are comparable to

the diameters of commercially available NiTi wires

(0.4e0.5 mm). The feasibility of the mLMWD process has been

demonstrated for severalmaterials such as stainless steel [18],

AlSi12 alloy [19], and Mg-alloy with Dy as the main alloying
element [20]. PW laser emission with thin wires was proven to

be effective in improving the dimensional precision to the

range of that of powder-bed fusion processes [21]. These

geometrical features make mLMWD ideal for manufacturing

small parts or features in low volumes. Previous studies also

showed that PW emission is effective in terms of limiting the

material loss to only vaporization losses [18]. Moreover, the

high material usage (laser efficiency) is beneficial for main-

taining the chemical composition of the part with respect to

its initial chemical composition.

The present study experimentally investigates the mLMWD

processing of thin Nitinol wires having 0.4 mm diameter for

producing thin-walled components. By using process condi-

tions suitable for realizing multilayered deposition, the SMA

properties were investigated with respect to the microstruc-

ture and chemical composition variations as well as the MT

through optical and scanning electron microscopy methods,

differential scanning calorimetry, and X-ray diffraction. The

shape memory behavior was also detected via thermo-

mechanical testing of the as-built wall. The results were

analyzed by identifying the possibility of producing thin walls

in Nitinol for reproducing functional parts when starting from

commercial wires.
2. Experimental section

2.1. Material

Straight-annealed Nitinol (Ni50.8Ti49.2 at%, Saes Getters)

wires with 0.4 mm diameter and a 5-mm-thick Ti6Al4V base

plate were used throughout this study. The characteristic

temperatures and transformation enthalpies of the Nitinol

wire, as measured from the thermogram shown in Fig. 1, are

listed in Table 1. The base plate alloy is characterized by suf-

ficient weldability and metallurgical compatibility with NiTi

alloys [6].

2.2. mLMWD process

The mLMWD setup used consisted of an automated laser

welding station (Powerweld HL 124P, Trumpf, Ditzingen,
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Table 1 e Characteristic temperatures and enthalpies of
martensitic transformation, characteristic of the used
Nitinol wire.

Characteristic features from DSC Value

Martensite start temperature, Ms [�C] 3

Martensite finish temperature, Mf [�C] �55

Austenite start temperature, As [�C] �45

Austenite finish temperature, Af [�C] 10

Enthalpy of austenite to martensite transformation, HA/M

[J/g]

3.5

Enthalpy of martensite to austenite transformation, HM/A

[J/g]

7.2
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Germany) and the Lachesis custom-built wire feeding system,

as shown in Fig. 2. A PW Nd:YAG laser source with a

maximum average power of 120 W was used; it produced a

maximum pulse energy (E) and peak power (Ppeak) of 50 J and

5 kW, respectively. The output beam was coupled to a 0.4-

mm-diameter delivery fiber that was collimated with a 200-

mm-diameter lens and focused with a 150-mm-diameter

lens. In this configuration, the minimum spot diameter ob-

tained was 0.3 mm. The wire feeder was adjusted to control

the wire angle, wire feed direction, and wire speed. The pro-

cessing zone was protected with an inert gas layer provided

through a shielding gas nozzle.

2.3. Manufacturing of thin-walled NiTi structures

In an initial phase, the process parameters were varied to

determine a feasibility range for the stable melting of NiTi

wires on single tracks. The laser spot size (ds) was fixed at

0.65 mm to ensure a larger beam size compared to the wire

diameter and to ensure that the wire tip remains under the

beam despite variations in the wire position. The wire was fed

frontally with a 30� inclination as this configuration has been

found tomaintain a stable process in previous studies [18e20].

The wire feed rate was fixed at 200 mm/min to provide stable

wire insertion to the deposition zone. Ar (gas purity of 99.95%)

was used as the local shielding gas. The process was found to

be stable with pulse energies (E) of 6e6.8 J, pulse durations (t)
Fig. 2 e The main components of the LMWD system during

the deposition of NiTi wires.
of 8.4e10 ms, and transverse speeds (v) of 90e110 mm/min.

Within this feasibility range, the change in process parame-

ters did not produce any significant changes in the trackwidth

and height, as shown in Fig. 3. The single tracks were found to

be free of cracks and macropores. Hence, the central point of

the feasibility window was chosen as a convenient combina-

tion of conditions for producing multilayered thin walls Here,

E was 6.4 J, t was 9.2 ms, and v was 100 mm/min. The corre-

sponding peak and average powers were 695 W and 32 W,

respectively. The average height and width of a single track

obtained with these parameters was 251 ± 27 mm and

919 ± 35 mm, respectively. For the deposition of multilayered

specimens, the height increment between the layers was set

as 260 mm. Table 2 lists the final process parameters. Thin-

walled specimens were produced by overlapping single-

track layers over the build direction. No interlayer delay was

applied between the layers except for the time required for the

linear axis to move to the initial deposition point, which was

~3 s. The deposition length was 25 mm and 145 layers were

deposited, thereby producing a nominal build height of

37.7 mm.

For analyses, the as-built samples were heat-treated in a

furnace at 400 �C and 750 �C for 10 min in an inert atmosphere

(Ar at 200 mbar) and then quenched in water, whereas the

initial wire was heat-treated at 750 �C for 10 min.

2.4. Sample characterization

The part density was measured on the basis of Archimedes’

principle using a Gibertini E50S2 precision digital balance and

considering a full density of 6.45 g/cm3. X-ray computed to-

mography (CT) was performed (Phoenix v|tome|x M 300, Baker

Hughes) to characterize the types of defects occurring within

the entire sample volume.

Metallographic analyses were conducted on the as-built

samples as well as on the wire feedstock for comparison.

Cross-sections of the built samples were taken over the build

direction in the longitudinal and transversal directions
Fig. 3 e The influence of the main mLMWD process

parameters on single track deposit geometry within the

feasibility window.
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Table 2 e Selected process parameters used in the
experiments.

Process parameter Value

Laser spot size, ds (mm) 0.65 mm

Pulse repetition rate, PRR (Hz) 5 Hz

Wire feeding angle, a (�) 30

Wire feeding direction Front

Wire feed rate, WFR (mm/min) 200 mm/min

Transverse speed, v (mm/min) 100 mm/min

Shielding gas Ar at 1.4 bar

Pulse energy, E (J) 6.4 J

Pulse duration, t (ms) 9.2 ms

Height increment, Dz (mm) 0.26 mm
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relative to the deposition direction. Optical (Aristomet from

Leitz, Oberkochen, Germany) and scanning electron micro-

scopy (SEM, LEO 1413 from Zeiss, Oberocken, Germany) were

performed for observing the melt pool geometry and micro-

structure. Moreover, compositional profiles were generated

using energy-dispersive spectroscopy (EDS) along the build

direction. MT was investigated using differential scanning

calorimetry (DSC, DSC220C from Seiko, Tokyo, Japan). Sam-

ples with ~10 mg weight were extracted from the top, middle,

and bottom positions of the built thin-walls. Five complete

thermal cycles were conducted on each sample under a

heating/cooling rate of 10 �C/min in the temperature range of

100 �Ce150 �C. X-ray diffraction analysis (XRD, X’Pert PRO,

Panalytical, Almelo, Netherlands) was performed on flat

samples with dimensions of 8 mm � 8 mm � 0.8 mm for

analyzing the martensitic and austenitic microstructures at

low (�100 �C) and high (þ120 �C) temperatures, respectively.

Thermomechanical testing was conducted in the tensile

configuration on rectangular samples that were obtained by

mechanical cutting from the central part of the deposited wall

along the horizontal direction (xy, as shown in Fig. 4a; the

sample size was 3 mm � 0.8 mm � 25 mm) using an MTS 2/M

mechanical testing machine. A uniaxial tensile test was per-

formed at 20 �C under crosshead control with a loading/

unloading rate of 0.5%/min up to a maximum strain of 7%.
Fig. 4 e Schematic of the thin-walled structure (a) and a repre
After unloading, the samples were air-heated to 120 �C for

evaluating the strain recovery.
3. Results and discussion

3.1. Density and defect analysis

Fig. 4b shows a sample of the Nitinol thin-walled structures

produced by mLMWD. The layered structure is visible in the

images. The relative density of the multi-layer structures was

found to be 6.38 ± 0.01 g/cm3 (98.9 ± 0.4% of the nominal

density).

The main macro defects, namely, dripping and stubbing

[22], visible on the material surface are typical ones in wire

deposition processes. Stubbing occurs when insufficient en-

ergy is delivered to the wire, as a result of which the deposi-

tion follows an intermittent form. In mLMWD, stubbing can

manifest in terms of small pieces ofwire sticking out along the

deposition direction. The process parameters were set to

provide sufficient energy during the process. However, the

misalignment of the wire tip with respect to the laser beam

can cause partial irradiation of the wire. Such conditions

occur towards the end of each layer and its frequency in-

creases toward the top part of the thin-walled structures.

During mLMWD, the melt pool solidifies between each laser

pulse; therefore, constant contact is maintained throughout

the process. The wire does not plunge into the melt pool,

unlikewhat is common inwire deposition techniques that use

arcs or continuous wave (CW) lasers [12,23]. While these

conditions are certainly advantageous for maintaining small

melt pool sizes and sub-millimeter thin wall dimensions, the

process can become more susceptible to mechanical in-

stabilities. By contrast, dripping occurs owing to high energy

flux or thermal accumulation. The wire tip detaches from the

deposition site and forms a large droplet that eventually falls

on the workpiece owing to gravity [24]. However, such defects

are not common in mLMWD because the PW laser emission is

effective in avoiding such thermal accumulation.
sentative sample in Nitinol manufactured by mLMWD (b).

https://doi.org/10.1016/j.jmrt.2021.03.108
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Fig. 5 e Defect diameter distribution (a) and diameter/sphericity trend (b) detected inside the thin-walled structure in Nitinol.
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From the CT results shown in Fig. 5, it can be seen that the

macro images and CT scans are coherent in terms of the

defect formation mechanisms involved, which is related to

the mechanical stability of the wire. However, the process

evidently produces stable melt tracks, and the porosity dis-

appears once mechanical stability is established. From the CT

scans, an equivalent diameter was fitted to the pores found.

Their deviations from a perfect sphere were assessed using

the sphericity parameter, where a perfectly spherical pore

would correspond to 100% sphericity. Fig. 5a shows that the

defect sizes ranged from 50 to 200 mm. The highest defect

frequency is associated with the lowest size, and a second
Fig. 6 e Microstructure of the Nitinol thin wall in longitudinal (a,

high magnifications.
peak corresponding to a defect with a size of ~100 mm was

identified. The sphericities of the defects were also analyzed;

Fig. 5b shows that the defect sphericity appears to be directly

proportional to the diameter, and it increased from 60% up to

80% with a decrease in the defect size. The region of the de-

fects highlighted in Fig. 5b could enable an in-depth analysis

of the process conditions adopted during mLMWD. Here, most

defects were characterized by high sphericities and average

sizes lesser than the wire diameter. This region of the plot

defect size vs. sphericity has already been identified in pre-

vious studies to indicate that the process was performed with

sufficient energy for completely melting the Nitinol wire.
b) and transverse (c, d) cross-sections, acquired at low and
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Fig. 7 e Compositional analysis done along the building direction: SEM image showing the cross section of the entire wall (a)

and corresponding compositional profile (b). The arrow indicates the building direction.

Fig. 8 e Chemical composition analysis performed via EDS map crossing a liquid pool: electron image picture (a), Ti (b) and

Ni (c) elemental map.

Table 3 e Average chemical compositions of the bottom,
middle and top part of the as-built Nitinol wall, evaluated
in the cross section (see Fig. 7a).

Region Build height (mm) Ti [at.%] Ni [at.%] Ni/Ti ratio

Top part 13e17 50.3 ± 0.6 49.7 ± 0.6 0.97

Middle part 7e11 50.6 ± 0.5 49.4 ± 0.5 0.99

Bottom part 1e5 50.1 ± 0.3 49.9 ± 0.3 1.00

Entire wall 0e20 50.3 ± 0.5 49.7 ± 0.5 0.99

Initial wire e 49.2 50.8 1.03
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Therefore, this confirms that the adopted condition was

correctly selected for the realization of the thin-walled

structures. In fact, Fiocchi et al. [20] noted that the lower

right side of the porosity plot shown in Fig. 5b can be associ-

ated with the highest density.

3.2. Microstructure and chemical composition

Fig. 6 shows the longitudinal and transversal cross-sections

acquired by optical microscopy at two selected magnifica-

tions. Fig. 6a and 6b shows the distribution of themelt pools in

the longitudinal sections; these partially overlap each other

owing to the layer-by-layer building strategy and the place-

ment along the deposition direction. Columnar grains are

detected in the semi-circular melt pool; these are oriented

from the border to the center of the pool. In the transversal

section, the microstructure indicates that solidification

occurred preferentially along the X direction, and equiaxial
grain growth was promoted owing to a slower cooling rate in

the transverse plane than that in the longitudinal one (Fig. 6d).

Moreover, the interphase regions among the melt pools on

both planes exhibit the same microstructure.

Chemical composition analysis was performed along the

build direction in the transverse section of the built wall. Fig. 7

shows the evolution of the Ti and Ni contents along the build

https://doi.org/10.1016/j.jmrt.2021.03.108
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Fig. 9 e DSC scans of the top, middle and bottom region of

the Nitinol thin-walled structure in the as-built condition.

Fig. 11 e DSC scans of the Nitinol thin-walled structure

after heat treatment carried out at 400 �C for 10 min (a) and

at 750 �C for 10 min (b); DSC of the Nitinol wire after heat

treatment at 750 �C for 10 min (c).
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direction along with that of the initial wire. The initial

chemical composition is seen to vary significantly from the

wire to the as-built wall. Ni loss is expected to occur prefer-

entially during the partial evaporation caused by the laser

beam [25,26]. The Ni:Ti ratio along the build direction was

found to be uniform within the experimental error of 0.5 wt%

of the measurement device. At higher magnifications,

compositional analysis was performed within a single melt

pool. Table 3 shows the average chemical compositions of the
Fig. 10 e Temperatures of the MT, evaluated at the 2nd

thermal cycle on the three regions of the thin-walled

structure in as-built condition and the initial Nitinol wire.

Fig. 12 e Temperatures of the MT, evaluated at the 2nd

thermal cycle, of the Nitinol thin-walled structure after

heat treatment carried out at 400 �C and at 750 �C for

10 min and the Nitinol wire after heat treatment at 750 �C
for 10 min.
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Fig. 13 e XRD patterns of the NiTi wall in as-built condition in the two extreme temperatures, at 120 �C and at ¡100 �C.
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bottom,middle, and top regions of the of themelt pools. These

results were compared with the total average value of the

entire wall and the initial wire. The compositionsmeasured in

the three regions of the wall were found to overlap, thereby

indicating good homogeneity of the Nitinol deposited during

mLMWD. In contrast, the compositional analysis performed on

the cross-section of the initial wire indicates a significant

compositional change after mLMWD. In particular, the Ni

content in the Nitinol wall decreased significantly from 50.8 at

% to 49.7 at%. This induced a reduction in the Ni:Ti ratio with a

consequent increase in the MT temperatures of the as-built

material compared to the those of the initial wire. Even

though the compositional change may appear very small, it

can be enough to significantly change the functional perfor-

mance of the NiTi compound [1,18]. Studies have already re-

ported Ni loss in NiTi alloys during laser material processing.

Owing to the high energy intensity, mainly with a Gaussian
distribution, of the laser beam, high temperatures can be

reached, especially at the center of the beam. Therefore,

preferential evaporation of Ni may occur in the upper surface

of the melt pool owing to its high vapor pressure [2].

Chemical composition analysis was also performed at

higher magnifications to analyze the chemical homogeneity

along the melt pools. Fig. 8a shows the EDS area, and Fig. 8b

and c respectively show the compositional maps of elemental

Ti and Ni. No evident elemental segregations were observed

from the center to the border of the liquid pool, indicating that

an almost constant Ni:Ti ratio was maintained. This homo-

geneity of the chemical composition can be explained by the

laserematerial interaction occurring in the long pulse dura-

tion domain (of the order of a few milliseconds) that allows

the homogenization of the alloy without any significant

segregation.

https://doi.org/10.1016/j.jmrt.2021.03.108
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Fig. 14 e Tensile response of the NiTi thin-wall in as-built condition (XY orientation).
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3.3. Analysis of MT

The top, middle, and bottom zones of the thin-walled struc-

ture were analyzed separately using DSC to study the MT

behavior. Fig. 9 shows the DSC scans of three regions of the

Nitinol wall in the as-built condition. Each sample was sub-

jected to five complete thermal cycles to evaluate the thermal

stability of the MT. A single-stage MT was detected after both

heating and cooling in the thin-walled structure. No large

variation in the MT temperatures from the top down to the

bottom of the wall was seen. Moreover, the stability of the MT

wasmaintained during the thermal cycles in the three regions

of the wall. The DSC scans started to fully overlap from the

second heating cycle, indicating that the alloy does not

require any thermal cycling to stabilize the operating

temperatures.

Fig. 10 shows the characteristic temperatures Ms and Mf

(start and end of martensite formation on cooling, respec-

tively) and As and Af (start and end of austenite reformation

on heating, respectively). The MT of the thin-walled structure

was seen to exhibit a significantly different behavior with

respect to the initial Nitinol wire. The results show that the

wall produced by mLMWD exhibited a MT exceeding room

temperature. For comparison, the initial wire was assumed to

be superelastic because MT occurs below room temperature.

For a better understanding of the functional behavior of the

Nitinol thin-walled structure, samples were subjected to

stress relief at 400 �C and fully annealed at 750 �C for 10 min.

For comparison, the initial wirewas also fully annealed. Fig. 11

shows the DSC scans of the heat-treated Nitinol thin-walled

structure and the Nitinol wire, and Fig. 12 shows the trans-

formation temperatures of the MT.

The MT of the walled structure is seen to exhibit almost

unvaried characteristic temperatures under the various con-

ditions shown in Figs. 9 and 11. This suggests that during
mLMWD, the as-built material does not accumulate residual

stresses; it should be typically relaxed at a temperature of

~400 �C and it reaches a condition equivalent to at least that of

a partially annealed alloy at 750 �C.
Accordingly, a comparison between the MT of the as-built

thin-walled structure and that of the fully annealed wire can

confirm Ni loss. The EDS is not satisfactorily precise for min-

imal variations of Ni. An increase in the transformation

temperature can be associated with Ni loss of the order of 5 at

% [1].

Fig. 13 shows the XRD patterns of the as-built Nitinol wall

acquired at different temperatures. In particular, such pat-

terns were detected above (120 �C, in austenite) and below the

MT (�100 �C, in martensite) temperature. At 120 �C, the sam-

ple shows the principal peaks of the austenite B2, as indicated

by the 110, 002, and 211 peaks; this agrees with the tempera-

tures measured using DSC (see Fig. 9). Some martensite,

possibly residual martensite, was also detected, as suggested

from the 111 and 022 peaks. On the contrary, in the XRD

pattern acquired at�100 �C, the principal peaks are associated

with the formation of the martensite B19’, as indicated by the

111 and 022 peaks. The residual austenite, characterized by a

lower peak intensity, was also detected at temperatures below

the MT temperature.

The analysis of the XRD patterns acquired at different

temperatures reveals the presence of a Ni4Ti3 and Ti2Ni pha-

ses having the similar intensities at both low and high tem-

peratures. The presence of Ni4Ti3 can attributable to its

precipitation during the cyclic heating and cooling experi-

enced during the deposition of the successive layers. This

secondary phase is typically obtained for heating at

400e500 �C for 30e60 min. The presence of Ti2Ni phase can be

confirmed by the Ni depletion from thematrix, as indicated by

the EDS analysis, and by the increase in the MT temperatures,

https://doi.org/10.1016/j.jmrt.2021.03.108
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as seen in the DSC scans. These results are in good agreement

with those of similar wire AM processes [17].

Therefore, as noted in previous studies of the effects of MT

temperatures on AM-produced NiTi parts [2], this change in

material properties can be explained as follows:

(1) Change in Ni:Ti ratio: The chemical composition varia-

tion, previously detected from EDS analysis and then

from DSC analysis, can result in the shift of the MT

temperatures. Specifically, a lower Ni content in the

alloy can be realized by increasing the characteristic

temperatures [26].

(2) Precipitation: In NiTi SMAs, solution heat treatment is

well known to promote the formation of precipitates

such as Ni4Ti3 that reduce the Ni content in the matrix,

and therefore, the MT temperatures can increase

[25e28].

(3) Residual stresses: The rapid cooling rates associated

with the layer-by-layer building strategy, which are

inherent to the high cooling rate induced by laser

melting, can promote the formation of residual stresses

that tend to shift to higher temperatures in the MT.

However, in this case, the fully annealed deposited

Nitinol was found to exhibit a stress relieving effect.

It is worth mentioning that all these phenomena tend to

work together, thereby producing complex effects on the MT

[26]. Overall, the main contribution of this study is likely the

finding of Ni loss during the process.

3.4. Evaluation of the shape memory effect

The thermomechanical behavior developed due to LMWD

exhibits a typical shape memory effect, as shown in Fig. 14.

From the DSC analysis shown in Figs. 9 and 10, the tensile

specimen obtained from the middle part of the wall is char-

acterized by anMf of 40 �C andAs of 58 �C; thus, thismaterial is

in a martensitic state at a testing temperature of 20 �C. Upon

loading, after the initial elastic zone, detwinning of the

martensite starts at ~250 MPa with an almost linear detwin-

ning plateau up to amaximum strain of 7%. After unloading, a

spring back effect was detectable, and a residual strain of

5.75% at 0 MPa was measured. The sample was heated to

~120 �C without applying any load, and a recoverable strain of

4.4% was measured (dashed line in Fig. 14). The materials

fabricated by LMWD are not trained; therefore, a permanent

deformation of 3.35% is seen after the first thermomechanical

cycle.
4. Conclusions

In this study, micro laser metal wire deposition (mLMWD) was

used for manufacturing thin walls with a height of up to

40 mm using a commercial superelastic Nitinol

(Ni50.8Ti49.2 at%) wire. The following conclusions were

drawn from this study:

� Nitinol walls with high aspect ratios and sub-millimeter

thicknesses were obtained using the mLMWD process.
They were free from cracks and had a relative density of

~99%.

� The material fabricated by mLMWD was characterized by a

homogenous chemical composition in the entire wall

section.

� The thin-walled structure showed MT with operating

temperatures higher than those of the initial superelastic

wire. This was due to a significant Ni loss of ~1 at% owing to

the variation of the Ms temperature after heat-treatment

was applied for realizing full annealing.

� The structure of the as-built condition was similar to that

of a fully annealed alloy, probably owing to the cyclic

heating through the advancing layers. Calorimetric anal-

ysis indicated the absence of any residual stresses in the

as-built wall.

� Thermomechanical testing revealed shape memory

behavior in the as-built sample,with a recoverable strain of

4.4% upon heating up to 120 �C.

It can be concluded that mLMWD can be successfully used

for producing Nitinol components. The final shapememory or

superelastic behavior is determined by the compositional

variation during the process. The initial chemical composition

of the wire feedstock should be carefully selected to

compensate for the Ni loss to ensure the correct functioning of

the device, including its superelastic and shape memory per-

formances. The mechanical properties of the wire feedstock

should also be considered for the process stability, which can

vary with the transition from the superelastic to the shape

memory region.
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