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Abstract: Additive manufacturing (AM) is revolutionizing the fabrication of metallic com-
ponents, offering significant potential to compete with or complement traditional casting,
forging, and machining processes, and enabling the production of complex functional
components. Recent advancements in AM technology have facilitated the processing of
shape memory alloys (SMAs) with functional properties comparable to those of conven-
tionally processed alloys. However, the AM of NiTi SMAs remains underexplored due to
the extreme complexity of the process, high melting point, and reactivity with oxygen. This
study investigates the impact of AM processing on the shape memory properties of NiTi
alloys using the Micro Wire and Arc Directed Energy Deposition (u-WA-DED) technique in
short circuit mode with a pioneering 0.3 mm pre-alloyed wire, focusing on increasing preci-
sion and control in the deposition process. The macroscopic morphology, microstructure,
phase composition, phase-transformation temperatures, and mechanical properties of each
deposited layer were analyzed. Results indicated austenite (B2) as the predominant phase,
with retained martensite (B19’) and a reversible martensitic transformation (B2 = B19’)
in the second layer. Mechanical characterization revealed variations in hardness (H) and
elastic modulus (E) due to microstructural heterogeneity and composition. The first layer
exhibited H = 3.8 GPa and E = 70 GPa, associated with the B2-NiTi phase, while higher
values were obtained in the second layer, i.e., E = 100 GPa and H = 7 GPa. This study
establishes for the first time the feasibility of NiTi alloy deposition with a 0.3 mm wire,
setting a new standard for future research and applications in AM using u-WA-DED.

Keywords: NiTi alloys; additive manufacturing; shape memory material; instrumented
indentation; mechanical properties

1. Introduction

The nearly equiatomic NiTi alloys, commonly denoted by Nitinol, are widely used
in several industrial areas, e.g., in the oil and gas, automotive, aerospace, robotic, and
biomedical industries. The high applicability of these alloys can be explained by their
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unique properties, such as shape memory effect (SME), superelasticity (SE), high corrosion
resistance, and biocompatibility [1-4]. The SME, or one-way SME of NiTi alloys, is defined
by the ability of the material to recover its initial shape from a reversible or irreversible
deformation state when heated [5,6]. Due to the mechanical deformation, twins are formed
in the microstructure of the NiTi alloy, initially martensitic (B19’ phase), and the material
needs to be heated to decompose the martensite. The B19’ phase will be formed during the
air cooling but without twins [7]. In contrast, the superelasticity effect of Ti-rich (around
50.10-52%) NiTi alloys is defined by the ability of the material to deform significantly (~10%)
and recover its initial shape after removing the mechanical stimuli [7-9]. The change in
microstructure induced by mechanical deformation in the NiTi alloy, initially austenitic (B2
phase), causes the formation of the B19” phase. Since the B19’ phase is known as an unstable
phase, it decomposes during air cooling, recovering an austenitic microstructure [6,7]. Due
to these functional properties that provide adaptability to structural systems, these materials
can be denoted “smart materials” [10]. NiTi alloys are often used as thermal actuators in
several applications, mainly for controlling and sensing [11,12].

Regarding the fabrication of these alloys, the literature has reported that the manufac-
ture of complex-shaped NiTi components is complex when using technologies based on
traditional manufacturing (subtractive manufacturing and formative manufacturing) [13].
Therefore, most NiTi alloy applications are restricted to simple geometries, including rods,
wires, bars, tubes, sheets, and strips [14]. To overcome this limitation, novel techniques
have recently been proposed in the literature to fabricate complex-shaped parts from shape
memory alloys (SMAs) [15,16].

In this context, Additive Manufacturing (AM) is promising due to its capacity to
produce parts on demand with geometric freedom and the potential for mass customiza-
tion [17,18], and some studies have been conducted to investigate the properties of NiTi
parts fabricated by AM [14,19,20]. This manufacturing method is based on depositing
multiple layers of feedstock material on a substrate to produce complex tri-dimensional
components [21]. Powder Bed Fusion (PBF) [22] and Directed Energy Deposition (DED) [23]
are two promissory categories of AM techniques that can be distinguished according to the
deposition method. The PBF techniques use powder as the raw material and have primary
exemplars in Laser PBF (L-PBF) [24] and Electron Beam PBF (EB-PBF) [25], in which the
NiTi powder is deposited on a substrate (forming a powder bed) and then melted by a
laser or electron beam, respectively.

Laser Metal Deposition (LMD) [26,27] and Wire and Arc Additive Manufacturing
(WAAM) [20,28,29] are the most common DED techniques, in which the feedstock mate-
rial (powder or wire, respectively) is directly inserted in a heat source, melted and then
added to the melting pool, producing the respective beads and layers. Due to their high
deposition rate (mainly when using wire feedstock), the DED techniques are adequate for
manufacturing large-size components. In contrast, the resolution of the produced parts
is inferior to PBF techniques. Consequently, relatively small components with complex
geometric structures are usually manufactured by PBF techniques [30].

It is well established that most metal AM techniques exhibit high production costs and
low manufacturing rates. With this regard, Wire and Arc DED (WA-DED) has emerged as a
promising alternative for fabricating structures of different materials more efficiently and
at lower cost. This is achieved by using wire as the feedstock material, which has a lower
production cost and a higher deposition rate when compared to PBF techniques [22,31].
In the WA-DED technique, the wire can be fed under an electric arc in three different
configurations analogous to the Gas Tungsten Arc Welding (GTAW) system, the Plasma
Transferred Arc Welding (PTAW) and Gas Metal Arc Welding (GMAW) techniques.
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The first NiTi-based component manufactured by WA-DED was produced from pure
Ni and Ti wires, resulting in an in situ formation of the NiTi alloy, whose printed parts
had a strong chemical heterogeneity [32]. It is well known that NiTi-based SMAs require
a precise ratio of Ni and Ti to present characteristics of “smart” materials [33]. Therefore,
the in situ alloying with WA-DED using wires of pure elements as raw material should
be avoided for alloys with functional properties highly sensible to chemical variations,
since any compositional fluctuation would make the application unfeasible. In contrast,
Zeng et al. [33] already reported the employment of a commercially Ni-rich NiTi wire
to produce SMAs with controlled chemical composition using WA-DED. The higher Ni
element content in the raw wire is typically used to balance their loss by evaporation due
to the high temperature evolved during the process by WA-DED.

In order to overcome the resolution limitation of SMA-based parts produced by WA-
DED, the variant Micro Wire and Arc Directed Energy Deposition (u-WA-DED) has recently
been proposed in the literature with the promise of manufacturing smaller parts with higher
deposition rates [34-36]. Such a process is based on a custom GMAW prototype in which
the diameter of the used wire can be inferior to 0.5 mm in contrast to diameters of 1 mm
or above for the conventional WA-DED technique [37]. Large beads can be obtained by
u-WA-DED despite the use of microwires. In other words, reducing the size of the electric
arc for AM involves more than just adjusting its geometric scale due to the new challenges
and limitations that must be studied and addressed [38,39].

In principle, by using a diameter smaller than 0.5 mm it is possible to improve the
resolution of the conventional WA-DED technique, comparable with the L-PBF technique
but with a higher deposition rate [40]. Therefore, the proposed variant of WA-DED has
the potential to produce small parts with high accuracy. The components manufactured
by WA-DED usually require additional machining processes to adjust the final dimension
tolerance and obtain a desirable surface finish [41]. This post-processing can be minimized
or excluded in the presence of u-WA-DED, showing the advantage of using this technique
over WA-DED. Furthermore, post-heat treatment can also be performed to reduce or
remove residual stress and change the microstructure to improve the thermos—mechanical
properties of printed parts [35]. In the context of NiTi-based SMAs, there is still a gap in the
literature regarding the processing of NiTi alloys using u-WA-DED and posterior physical,
chemical, and thermos—mechanical characterization of the printed parts.

Recent research on the development of applications with SMA has shown that minia-
turized components, mainly made of NiTi SMA, provide an excellent technological oppor-
tunity to replace conventional actuators such as electric, pneumatic, and hydraulic motors
due to their unique characteristics and the ability to directly respond to environmental
stimuli [42]. The present work experimentally investigates, for the first time, the p-WA-
DED processing of commercial NiTi SMA wires with a diameter of 0.3 mm to fabricate
thin-walled components. This significant innovation is focused on increasing precision
and controlling in the deposition process. It is worth mentioning that this is the first work
to investigate the properties of NiTi SMA-based parts manufactured by u-WA-DED. The
macroscopic morphology, microstructure, elemental chemical analysis, phases, phase trans-
formation, and mechanical properties of different locations of as-deposited NiTi parts were
investigated in detail.

2. Materials and Experimental Methods
2.1. Raw Material and Substrate
Etched NiTi wires with a mechanically polished surface finish (300 £ 7.62 um di-

ameter/thick tolerance) were acquired from Fort Wayne Metals (Fort Wayne, IN, USA).
The bend and free recovery (BFR) test method (ASTM F2082-15) [43] was used by the
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manufacturer to measure the temperatures in which phase transitions occur. The used
substrate was a commercially pure Ti (CP-Ti) plate (ASTM F67-13, grade 2 [44]) measuring
120 x 50 x 3 mm? (length x width x thickness). The elemental chemical composition
of the as-received NiTi wire and substrate used in this work is presented in Table 1. The
composition of the NiTi wire was extracted from the manufacturer’s datasheet.

Table 1. Elemental chemical composition of NiTi wire and CP-Ti substrate.

Composition Ni Ti C Fe H o N Others
Wire (wt %) 56.03 bal. 0.0284 0.0081 <0.005 0.0239 - <0.2485
Substrate ! (wt %) - bal. <0.08 <0.30 <0.015 <0.25 <0.03 -

1 ASTM F67-13 standard.

2.2. Fabrication of the NiTi Parts

The GMAW-based p-WA-DED setup was employed for the fabrication of dual-layered
NiTi components. Essentially, the u-WA-DED prototype is composed of a customized
welding torch, a 3-axis moving table, and an electrical circuit associated with a CITOWAVE
III 520 power supply. A customized shielding gas feeder was also manufactured to protect
the molten pool from oxidation within a radius of 2 mm, operating with a contact-tip-to-
work distance of 5 mm. The deposition was performed using high-purity argon (Ar) gas
(99.99%) at 15 L/min feeding rate. More information on the u-WA-DED setup can be found
in ref. [45].

A two-layer wall, with a width equivalent to a single bead and dimensions of approx-
imately 20 x 2 x 3 mm? (length x width x height), was deposited onto a substrate at
room temperature using the processing parameters shown in Table 2. The bidirectional
deposition strategy was employed for the fabrication of the wall, as illustrated in Figure 1.
The successive overlapped beads were deposited discontinuously, and a 1 mm increment
was added to the Z-axis before initiating the deposition of the second bead. No preheating
was applied to the substrate. It is important to highlight that two layers are sufficient to
carry out the experimental investigations in this work, i.e., the microstructure identification,
layer-to-layer bonding analysis, and extraction of the thermal and mechanical behavior
of NiTi walls produced by p-WA-DED using a 0.3 mm NiTi wire. The properties of the
finished part are not explored in this work.

Table 2. Processing parameters that were used during the manufacturing process of the NiTi walls.

Travel Speed Arc Voltage Wire Feed Speed Ar Flow Rate
(mm/o) Current Peak (A) w e (mm/s) (L/min)
4 78 17.5 74 10
Z
Torch
X
Layer 2
<
1 mm T
Layer 1
>

Substrate

Figure 1. Schematic representation of the employed deposition strategy that was used to manufacture
the NiTi walls by n-WA-DED.
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2.3. Characterization of the Printed NiTi Parts

The NiTi parts were characterized in the as-deposited condition. The microstructure
of the NiTi parts was analyzed in a plane parallel to their longitudinal section (X-Z plane in
Figure 1). The printed parts were prepared using conventional metallographic techniques
(mounting in Bakelite, grinding, and polishing). A solution of 10 mL of hydrofluoric acid
(HF), 25 mL of nitric acid (HNO3), and 150 mL of water (H,O) was used to reveal the
microstructure as suggested by the ASTM E407-07 standard [46], employing an etching
time around 5-10s.

Stereographic microscopy and optical microscopy (OM) techniques were used to
identify porosity, determine indentation test locations, and measure the thickness of the
deposited layers. Specifically, a stereographic microscope (Olympus BX51M-DP72) and an
optical microscope (Nikon LV-100) with epi-illumination were employed. The microstruc-
ture in the deposited layers was analyzed by Scanning Electron Microscopy (SEM) using
a Field Emission (FE) gun (FESEM). For this, a Zeiss Ultra 55 microscope was used. The
images were captured on the cross-section of the samples using the backscattered electron
(BSE) mode. The chemical analysis of the phases was performed by Energy Dispersive
X-Ray Spectroscopy (EDS) using an X-ray detector (EDS, Oxford Instruments) coupled to
the FESEM microscope.

The study of crystalline phases generated in both layers was conducted by X-ray
diffraction (XRD) technique at 25 °C (room temperature), using a diffractometer (Panalytical
X’pert pro) with Cu K« radiation in Bragg-Brentano 0/6 configuration and Ni filter. The
range of the angular analysis in 20 was from 25° to 85° with steps of 0.02°and 1s per step.

The thermal analysis of the raw material (NiTi wire) and printed NiTi part was per-
formed by Differential Scanning Calorimetry (DSC) using a TA Instruments Q20 calorimeter
equipped with a liquid nitrogen cooling system and the Advantage™ software. The DSC
analysis was performed over a temperature range from —120 °C to 120 °C with a heat-

ing/cooling rate of 10 K min~1,

The initial and final temperatures of the martensitic
transformation (B19’ = B2) were extracted from the peak in the DSC curves using the
tangent method (ASTM F2004-05 [47]). The Advantage™ software v5.5.22 was used in this
work to conduct the experiments, record results, and perform calculations.

The O, N, and H contents in the printed parts were determined by the inert gas fusion
method using a LECO apparatus (model ONH-836), graphite crucible, and nickel capsule.
These values correspond to the average value of the three measurements.

The hardness (H) and Young’s modulus (E) in different regions of the printed layers
were obtained by instrumented indentation technique using a G-200 Nanoindenter (Agilent
Technologies, Santa Clara, CA, USA). Indentations were performed with a Berkovich geom-
etry tip whose area function was previously calibrated using a fused silica sample. Tests
were carried out using the Continuous Stiffness Measurement (CSM) mode at a constant
depth [48]. Different test strategies were carried out, summarized as (1) a linear array of
indentations profile, starting at the top of the second layer (2nd layer) and finishing at
the bottom of the first layer (1st layer). This profile was useful to reveal variations in the
mechanical behavior along the cross-section of layers, allowing us to predict and inter-
pret possible compositional /microstructural variations and interlayer interaction effects.
(2) Several square arrays of 7 x 7 and 10 x 10 indentations were performed in different
regions of each layer. These localized tests were used to analyze the mechanical features of
the single phases/microstructures. Indentations were carried out at a constant depth of
1000 nm and spaced 20 um apart. Finally, (3) a linear array of 50 indentations was employed
at a constant depth of 500 nm and spaced 1 um apart, focusing on the interlayer region.
Here, a profound study of the transition region was performed.
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3. Results and Discussion
3.1. Metallurgical Characterization

Figure 2 shows the stereographic microscopy images of the printed NiTi part cross-
section, confirming a good metallurgical joint between layers. Dispersed small pores were
observed in the 1st layer, while bigger pores were observed in the 2nd layer. The rounded
geometry of the pores indicates that their formation occurred due to gas entrapment during
the deposition procedure. Many variables may have contributed to this formation. Depend-
ing on the processing parameters used during the WA-DED process, the high heat input
can cause overheating on the raw material and consequently reach temperatures above the
vaporization temperature of the base materials, mainly nickel [31,49], contributing to an
increase in turbulence of liquid material. This effect, combined with factors such as the
Marangoni current in the melted area, the fast solidification rate in addition to a possible
gas shielding deficiency, may have facilitated the gaseous formation of contaminants such
as O, N, and H. These contaminants can be found on the surface of the first layer, which
could have mixed into the second layer during remelting. This phenomenon is commonly
observed in techniques with a heat source based on focused high-energy lasers, where the
energy input is more directed, causing evaporation and agitation of the flow of material
found along the laser scan, leaving a characteristic trail of porous formation just below the
construction surface [50,51]. However, this work used the same processing parameters
in both layers. On the other hand, the short cooling time between the layers may have
been insufficient to reach the room temperature in the 1st layer, which encourages higher
overheating in the 2nd layer, followed by rapid solidification of the weld pool. In this short
solidification time, it was impossible for gasses from the melting pool to escape.

5 mm BD

2 = 0.3 mm
——

Figure 2. (a) Schematic representation of the layer deposition with emphasis on the region analyzed
by SEM, (b) cross-section along the longitudinal direction after metallographic preparation of the
sample, (c) panoramic image of the printed NiTi part, and (d) 0.3 mm NiTi wire acquired from Fort
Wayne Metals (Fort Wayne, IN, USA). BD: build direction.

Regarding how to avoid the formation of these pores, Pellone et al. [52] observed a
significant reduction in porosity using He atmosphere instead of Ar in the weld region of
aluminum alloys. Kim and Ahn (2011) [53], showed that a protective gas mixture of Ar-He
(50:50 in vol.), flowing of up to 20 L/min, can also contribute to reduce porosity. Using
NiTi alloy in the LMD Process, Malukhin and Ehmann (2006) [54] observed the absence
of porosity with Ar shielding gas flows of around 17 L/min. Thus, using He shielding
gas (pure or mixed with Ar) or increasing the Ar flow rate, allied to the higher delay time
between consecutive layers, can be effective in avoiding pores formation in the L-PBF
process. In the case of WA-DED, Liu et al. [55] achieved favorable metallurgical results by
employing high-purity Ar shielding gas at a flow rate of 20 L/min, maintained for 90 s
after deposition.
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3.2. Microstructure and Chemical Characterization

Figure 3 shows the FESEM-BSE images of the microstructure in the 1st and 2nd layers
without chemical etching. In the 1st layer (Figure 3a,b), the presence of a small amount
of fine Ni-poor phase was observed with mainly globular morphology (darker region)
immersed in a Ni-rich matrix (brighter region). In the 2nd layer (Figure 3c,d), at least three
phases were observed with different morphology (dendritic, lamellar, and equiaxial) and
chemical composition (different shades of gray) in addition to the matrix phase.

‘f»’ EDS test 1
1 pm
R —
e - / \ S .
- :f",} . % Y ; ¥? : - [ AN [
BTy RN EDS tet 1
i : > i '*;.,.‘ PN / { | LK
< I VOSNE _,
/ e z ] 1o -’.O.' i 2} . 1 l.-— A}
e e/ oo Ca
NS S e (S
..\3{ Nk, \ 'EDStest4.{ l e ol
e SR S L D g 1 L EDStest‘S
/ ;a."_./ . 2 ‘
o f 4 t
% ~ 'J A 7) e 41 ,.L ' 3 \
£meis 4 &
R W pir b fum_
2 (o e e -~ (ORG e —

Figure 3. FESEM-BSE images of the microstructure in the (a,b) 1st and (c,d) 2nd layer with (a,c) low
and (b,d) high magnification, highlighting the EDS analysis locations in the higher magnification
images (i.e., (b,d)).

The EDS analysis was carried out on the regions with different contrasts in the 1st and
2nd layers, as indicated in Figure 3b,d, respectively. The chemical composition obtained
by the EDS analysis is summarized in Table 3. The EDS analysis revealed that the Ni
content in the matrix of the 1st layer (point 1) was around 55 wt%, while 57.6 wt% was
measured in the 2nd layer (point 1). Therefore, a Ni-rich matrix phase was obtained in
both layers and its chemical composition was close to the composition of the raw wire
(NisTigsa). However, segregation upon solidification, precipitation of secondary phases,
or preferential evaporation of elements may cause local changes in the Ni content of the
matrix [30]. Thus, a secondary phase was identified in the 1st layer (Figure 3b—test 2) with
a slight difference in Ni content compared to the matrix (Figure 3b—test 1). Due to chemical
composition similarity, allied with information from the Ti-Ni phase diagram and literature
reports [56,57], the matrix could be associated with the B2-NiTi phase. Furthermore, the
secondary phase denoted by point 3 (Figure 3b,d—test 3) presented a chemical composition
close to the NiTi, intermetallic phase (~38 wt% Ni) in both layers, with Ni content lower
than the Ni content of the matrix. A secondary phase was identified in the 2nd layer, with
Ni content around 70 wt% (Figure 3d—point 4), which was higher than the Ni content of
the matrix; this phase could be associated with the NisTi phase. Finally, a secondary phase
was also detected in the 2nd layer with low Ni content (Figure 3d—point 2). It is worth
mentioning that the low [ stabilizer content (Ni) allied with the presence of interstitial
elements (N and O), which were considered strong o-stabilizers, could stabilize the -Ti
phase at room temperature. The presence of a secondary phase with dendritic morphology
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in the microstructure of the 2nd layer indicates that this layer cooled at a lower solidification
rate if compared to the 1st layer. This agrees with the higher overheating process found in
the 2nd layer, which caused a decrease in the cooling rate.

Table 3. EDS results of selected points in Figure 3b,d.

Elements (at%)

Position
1st Layer 2nd Layer
1 49.93 Ni + 50.07 Ti 52.56 Ni +47.44 Ti
2 49.82 Ni + 50.18 Ti 0721 Ni+92.79 Ti
3 25.71 Ni + 74.29 Ti 35.22 Ni + 64.78 Ti
4 - 62.66 Ni + 37.34 Ti

Figure 4 shows more details about the microstructure in the 2nd layer of the NiTi part.
Some needles were observed around the Ni;Ti phase at a very low volume fraction, which
could be associated with the martensitic B19’-NiTi phase.

needles

Figure 4. FESEM-BSE high magnification image of the microstructure in the 2nd layer of the
NiTi part.

3.3. Phase Analysis

To empirically verify the phases present in the bilayer system, an X-ray diffraction
study was carried out. Figure 5 depicts the XRD patterns of the 1st and 2nd layers of the
NiTi part obtained by a diffraction plane parallel to its longitudinal ax. The 1st and 2nd layer
diffraction peaks attributed to cubic Pm3m structure (ICDD PDF 65-917) were observed,
corresponding to the austenite phase (B2-NiTi). Additionally, the primary diffraction peak
of a cubic Fd3m structure (ICDD PDF 18-898) was also observed in both layers, indicating
the presence of the intermetallic phase (NiTi,). The identification of the B2-NiTi and NiTi,
phases via XRD aligns with the FESEM-BSE analysis. The higher integrated intensity of the
diffraction peaks of the B2-NiTi phase suggests the volumetric predominance of this phase
in the microstructure of both layers. On the other hand, the low integrated intensity or
absence of diffraction peaks associated with the NiTi, phase, as well as the «-Ti, B19'-NiTj,
and NizTi phases, respectively, confirms the observed microstructure in FESEM-BSE images
of the 2nd layer that could be due to its lower volumetric fraction.
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(110) o B2-NiTi
= NiTi,
S
: 211
S - ( i )
=
= 2nd layer
=
©
=
1st layer
T T T T T T 5 T 4 T
30 40 50 60 70 80

26 (degree)

Figure 5. XRD patterns of the 1st and 2nd layers of the NiTi part.

NiTi; phase is commonly encountered in Ni-rich NiTi alloys [58,59] and in NiTi SMA
wire that has not undergone annealing. However, the NiTi, phase can be dissolved within
the NiTi matrix through a post-heat treatment [21,60,61].

3.4. Phase-Transformation Behavior

The shape memory ability of the material is analyzed through the observation of the
phase transformations and their temperatures. The NiTi part was analyzed by DSC aiming
to detect the martensitic transformation (B19’ = B2), which determines the existence of the
presence of the SME in the studied material. The DSC curves of the two layers in the NiTi
part are depicted in Figure 6.

L _ — raw material L M =58 °C — 2nd layer
(a) M,=5.80 °C — 1st layer 03 (b) ° — 2nd layer (cycled)

Cooling

Cooling

o

Heat Flow Endo Up (mW/mg)
o
o

Heat Flow Endo Up (mW/mg)
o
°

[ —
-0.2 AS A, =02 Heating
-03 |

03 r A,=12°C

T T

T T T T T T
-120 -80 -40 0 40 80 120 20 40 60 80 100 120
Temperature (°C) Temperature (°C)

Figure 6. DSC curves of the NiTi part: (a) 1st layer; (b) 2nd layer and 2nd layer (cycled).

No martensitic transformation peak was detected in the sample of the 1st layer
(Figure 6a). In contrast, peaks attributed to this transformation were observed during
both heating (martensite decomposition: B19" — B2) and cooling (martensite formation:
B2 — B19’) processes in the sample of the 2nd layer (Figure 6b). These results support the
FESEM-BSE analysis since the B19’-NiTi phase was only observed in the microstructure
of the 2nd layer. The low integrated intensity of this peak suggests a minimal volumetric
fraction of the B19'-NiTi phase in the microstructure. Furthermore, the integrated intensity
of the martensitic transformation peak in the 2nd layer increased after the first thermal
cycling. More studies will be necessary to clarify this point.

Data about phase-transformation temperatures extracted from the respective DSC
curves are provided in Table 4, including A measured on the finished wire. The preliminary
tests by BFR conducted by the manufacturer on the finished wire showed that the A¢
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temperature of the raw material is lower than room temperature (11.40 °C). The martensitic
decomposition peak in NiTi wire shifted to a higher temperature in the 2nd layer of
the NiTi part, increasing As and A¢ values from 4 °C to 76 °C and from 11 °C to 95 °C,
respectively. In the 2nd layer, the formation of the Ni3Ti phase decreased the Ni content
in the matrix [21,56,62]. It is well known that the martensitic transformation is sensitive
to the variations in Ni content, e.g., M is inversely proportional to the Ni content in the
matrix [63]. This explains the increase observed in martensitic transformation temperatures
in the 2nd layer. B2-B19’ transformation is suppressed in the 1st layer due to the lack of
nucleation sites [64], likely caused by microstructural changes, annealing, and increased
energy barriers from repeated thermal cycling.

Table 4. Transformation temperatures of the as-received wire and the 2nd layer in the NiTi part.

Phase Transformation Temperature (°C) !

Materials
M; M, M¢ Ag Ap A¢
Wire (raw material) 20.40 5.80 —5.40 2.10 12.00 23.60
2nd layer 64.60 59.14 24.90 75.80 83.07 96.40
2nd layer cycled 63.14 58.00 24.20 76.20 83.00 95.80

1 The temperature error was on the order of 1 °C.

Table 5 shows the interstitial elements content (O, N, and H) in the 1st and 2nd layers
of the NiTi part determined by the inert gas fusion method and reference values extracted
from the ASTM F2063 standard [65]. The O and N contents of the layers of the NiTi part
were higher than their nominal values in the ASTM F2063 standard, while the H content
was in good agreement with this standard. The higher O and N contents in the NiTi part
when compared to the raw material indicate a slight contamination by interstitial elements
(O and N) during the u-WA-DED processing, despite using a protective argon atmosphere.
The 2nd layer presented a N and O content slightly higher than the 1st layer, due to the
higher overheating and respective lower cooling rate during the deposition of the 2nd layer.

Table 5. Interstitial elements content in the 1st and 2nd layers of NiTi part and reference values
extracted from ASTM F2063 standard.

As-Received Wi Nt ASTM F2063
s-Received Wire (wt %)
Element (Wt %) ° (wt %)
1st Layer 2nd Layer
Oxygen 0.0239 + 0.04 0.212 £+ 0.033 0.262 £+ 0. 038 max. 0.040
Nitrogen 0.0004 + 0.026 0.066 + 0.008 0.0835 + 0.0116 max. 0.005
Hydrogen <0.005 + 0.0008 0.0009 =+ 0.0002 0.00114 + 0.00004 max. 0.005

3.5. Mechanical Properties Characterization

To study the mechanical response of both layers and the influence of their
phases/microstructures, different indentation tests were carried out. Figure 7 shows the
optical microscope (OM) and FESEM-BSE images of the NiTi part with imprints performed
on its surface. This analysis strategy aimed to correlate the microstructure observed by
microscopy techniques in each layer with the hardness (H) and Young’s modulus (E) values
obtained by instrumented indentation.

Figure 8 shows the E and H profiles obtained by the cross-section array indentations
performed from the top side of the 2nd layer to the bottom side of the 1st layer. It was
possible to differentiate one layer from the other since it was observed, in the 2nd layer, that
there were higher E and H values than in the 1st layer. The high E and H values acquired
in the 2nd layer could be explained by (1) the high N and O content in the 2nd layer,
which caused solid solution hardening; and (2) the presence of intermetallic phases with
a higher volume fraction in this region, which caused a deformation zone of indentation
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with lower contribution of the matrix and, consequently, with higher E and H values.
These hypotheses are in accordance with the highest dispersion of results observed in the
second-layer analysis.

Bottom region

Figure 7. (a) OM image of the cross-section of the printed NiTi part. (b) OM magnified image
of the red-rectangle region highlighted in (a), showing the location of nanoindentation imprints.
(c—e) FESEM-BSE images of the imprints localized in the two-dimensional array (c) and in the linear

array (d,e).
g5
— Gz 3
l i <
H o
1 (=
H b= |
H «
i o
s :
a : o
: c
e ] i®)
- s
164 a i
ol |
s I T HE c
© o H
0 o V9 o : f
g 8 A'ﬁ}ﬂ”’ I AV jmet i d e %
§et Ly N dtadoi]s | M
VIR i e B IO TR B
T ] m.;,w%nwm o) U
0 T T L T : ¥ T ¥ L
0 1000 2000 3000 4000

Distance (um)

Figure 8. Extracted E and H values of the NiTi part as a function of the distance from the top side of
the 2nd layer, denoted by a, to the bottom side of the 1st layer, denoted by f.

The line base of H and E profiles in both layers can be associated with the predominant
phase in the microstructure, which is the matrix of the B2-NiTi phase. Considering the
region from d to e in the 1st layer, a constant profile of E and H was observed, resulting in
approximate values of 75 GPa and 4 GPa, respectively. These values were higher than those
reported in the literature for the B2-NiTi phase [66,67], since the O and N contamination can
increase the E and H values. Considering the region from b to c in the 2nd layer, the average
values of E and H around 100 GPa and 7 GPa, respectively, were obtained in the baseline.
On the other hand, the variation in E and H values extracted in the baseline of both layers
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can be related to the presence of secondary phases (NiTiy, Ni3Ti, «-Ti) and/or inclusions.
As expected, the 2nd layer presented higher dispersion of E and H than the 1st layer, due
to the more complex microstructure that can be found in the 2nd layer. Furthermore, a
singular behavior was observed in the E and H values in regions close to the top of the
2nd layer (from a to b) and close to the bottom of the 1st layer (from e to f), which can be
associated with higher O contamination of the material and the atomic diffusion of the
CP-Ti substrate, respectively.

The region between the c and d points in Figure 8 corresponds to the transition between
1st and 2nd layers, resulting in an abrupt change. An in-depth study of this region was
conducted by analyzing the E and H values using a smaller spacing between indentations
and deeper indentation depths than those used in the linear array test. This study showed
that the transition region is narrow, and constrained to around 20 um, as shown in the E
and H profiles of Figure S1 available in the Supplementary Material.

To investigate the mechanical response of single phases in the respective microstruc-
ture, bidimensional arrays of indentations were performed into (d—e) and (b—c) regions of
the 1st and 2nd layers, respectively. Figure 9 shows the E and H results from histogram
plots to clarify the discussion. These results were obtained in both layers. In the 1st layer,
a single distribution was observed in both histograms, which can be associated with the
B2-NiTi phase, with a peak centered at E = 70 GPa and H = 3.8 GPa (Figure 9a,b, respec-
tively). In the 2nd layer, at least 3 distributions were observed in the E and H histograms
(Figure 9¢,d, respectively). These distributions were easier to detect in the H histogram (see
Figure 9d), as expected, due to the minor stress field volume generated by H in comparison
with E [68]. This result indicates that the second layer is multiphasic.
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Figure 9. E (a,c) and H (b,d) histograms of the NiTi part for the 1st (a,b) and 2nd (c,d) layer.

Table 6 summarizes the E and H results and their correlation with the crystalline
phases observed by FESEM-BSE. According to Li et al. (2017) [69], the E and H
values of the observed phases in NiTi alloy should decrease in the following order:
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NizTi > B2-NiTi > B19’-NiTi > NiTi,. Due to its lower volumetric fraction, the influence of
the B19'-NiTi phase in the E and H values could be ignored. Thus, the correlation between
the crystalline phase and the E and H values shown in Table 6 follows the previous order.
Furthermore, the «-Ti phase stabilized by the high N and O contents presented E values
close to CP-Ti but with higher H value.

Table 6. Summary of the E and H values measured in the 1st and 2nd layers (based on the results of
Figure 9) and correlation with crystalline phases observed by FESEM-BSE.

Layer H (GPa) E (GPa) Phase
1st 3.8 70 B2-NiTi
4.5 - NiTip
ond 6.7 85 B2-NiTi
8 105 o-Ti
15 135 NizTi

4. Conclusions

The present work addressed the experimental investigation of the macroscopic mor-
phology, microstructure evolution, phase transformation, and mechanical properties of
NiTi shape memory alloys fabricated by the u-WA-DED technique using a Ni-rich NiTi
wire. Each deposited layer was extensively analyzed in this paper, leading to the following
key findings:

Metallurgical Characterization: Strong metallurgical bonding was observed in the
deposited layers of the printed NiTi-based part, with the first layer exhibiting small
pores, while larger pores appeared in the subsequent layer, suggesting gas entrapment
during deposition;

Phase Analysis: XRD and DSC techniques demonstrated the presence of austenite
as the main constituent phase at room temperature. B19’ = B2 phase transformations
occurred only during the heating and cooling processes of the second layer, while no
martensitic phase transformation was observed in the first layer. Additionally, variations in
the chemical composition of the second layer, such as slightly elevated N and O content
which can be attributed to higher heat input and slower cooling rates during deposition,
contributed to the increase in martensitic transformation temperatures in this layer;

Mechanical Properties: Variations in Young’s modulus and hardness among vari-
ous phases and layers were revealed by instrumented indentation experiments, mainly
influenced by microstructural and compositional heterogeneities;

Overall Performance: The layers exhibited excellent interlayer bonding, despite
the observed porosity (as shown in Figures 2 and 7). Additionally, this work outlines a
pioneering effort to fabricate NiTi parts using a 0.3 mm wire, conditions that have not been
previously investigated in the literature or industry.

These findings provide critical insights into the thermomechanical behavior of NiTi
components fabricated by u-WA-DED (using a 0.3 mm wire) and outline opportunities for
optimizing AM processes to enhance material properties and performance. Although p-WA-
DED is still under development, results demonstrate that this technique can manufacture
parts with excellent layer-to-layer bonding. Future research will focus on fabricating
multi-layer NiTi components with complex geometries, aiming for improved dimensional
accuracy and enhanced thermomechanical properties.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390 /jmmp9020057/s1; Figure S1. Hardness and elastic modulus values were
obtained by instrumented indentation on the transition region between consecutive layers.
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