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Abstract: In this paper, a TiINiCu shape memory alloy single-wall structure was fabricated by
the directed energy deposition technique with a mixture of elemental Ti, Ni, and Cu powders
following the atomic percentage of Ti50Ni45Cub5 to fully utilize the material flexibility of the additive
manufacturing process to develop ternary shape memory alloys. The chemical composition, phase,
and material properties at multiple locations along the build direction were studied, using scanning
electron microscopy, energy-dispersive X-ray spectroscopy, X-ray diffraction, Vickers hardness
testing, tensile testing, and differential scanning calorimetry. The location-dependent compositions
of martensitic TiNi and austenitic TiNi phases, mechanical properties, and functional properties were
investigated in detail. Variations were found in atomic compositions of Ti, Ni, and Cu elements along
the build direction due to the complex interaction between elemental powders and laser processing.
Good correlations were present among the chemical composition, phase constituent, hardness, and
feature of phase transformation temperatures at various locations. The ultimate tensile strength of
the as-deposited TiNiCu alloy is comparable with the previously reported additively manufactured
TiNi binary alloys. By adding Cu, a much lower thermal hysteresis was achieved, which shows
good feasibility of fabricating ternary TiNiCu shape memory alloys, using elemental powders in the
directed energy deposition to adjust the thermal hysteresis.

Keywords: additive manufacturing; directed energy deposition; elemental powder blends; shape
memory alloys; ternary TiNi alloys; material characterization

1. Introduction

Additive manufacturing (AM) has become a novel and essential fabrication method.
The layer-based additive feature makes AM more flexible in both geometry and materi-
als [1]. Directed energy deposition (DED) is an AM process that applies an energy source to
melt raw materials, such as metal powder or wire, and join them into solid parts [2]. Among
various DED-related techniques, laser and powders are commonly used energy sources
and raw materials, respectively [2]. Nowadays, as the manufacturing techniques of metal
powder is improving, various types of metallic materials and industrial alloys have been
made into pre-alloyed powders and thus used in DED, including steels [3-5], Inconel [6-8],
titanium alloys such as Ti-6Al-4V [9-11] and aluminum alloys [12,13]. Apart from using
a single type of pre-alloyed powder in DED, blending multiple types of powders creates
much more possibilities to generate new metallic materials and composites with more
advantages and, at the same time, the cost can be reduced [14]. Examples include mixing
metallic alloy powders with hard ceramic powders, such as TiC, SiC, and WC [15-18], to
gain high hardness and wear resistance, and blending various types of elemental metal
powders to synthesize industrial alloys and novel alloys, such as functionally graded alloys
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and high entropy alloys [19-24]. A schematic diagram for the mechanism of DED using
laser and pre-mixed powders is demonstrated in Figure 1.

Powder Nozzle

Laser Beam

Powder Mixture :,

Deposited
Layers

Figure 1. The schematic of laser-based DED with pre-mixed powders as feedstock materials.

TiNi alloy has attracted much more attention in applications in various engineering
areas due to its unique shape memory effect and superelastic behavior [25,26]. Researchers
have found AM to be a good choice to fabricate TiNi since conventional machining is
challenging [27]. Several previous works attempted to fabricate TiNi alloys via pre-alloyed
TiNi powders [28,29]. Due to the high cost of producing pre-alloyed TiNi powders, blending
Ti and Ni elemental powders has become a novel approach to fabricate TiNi alloys with
more flexibility and low cost [27]. It was reported that a small amount of a third metal
element could be added to design new ternary shape memory alloys [30]. A good example
of metal elements that can act as the third element is Cu. Adding Cu in TiNi alloy to replace
a small portion of Ni attracts interest due to its capability to shorten thermal hysteresis,
which can be more welcomed in the field of actuator fabrication [30].

According to the high material flexibility of the DED process, adjusting material
properties by adding a third element in the Ti-Ni system can be carried out in a more
flexible way [31]. However, manufacturing ternary shape memory alloys by DED has not
been extensively reported. Shiva et al. [32] attempted to fabricate TiNiCu ternary alloys
via the DED process with elemental powders, and they compared material properties
among TiNiCu parts with different Cu compositions. However, some special aspects were
not reported in detail in [32]. For DED using elemental powders as feedstocks, it is also
worth mentioning the inhomogeneity of composition, microstructure, phase formation, and
material properties reported in the works of elemental powder-based DED [31]. The DED
process can cause anisotropic material behaviors due to its layer-wise fashion [33], and
for parts fabricated by DED with an elemental powder mixture, the interaction between
the powder mixture and energy is more complex than using pre-alloyed powders [31].
Thus, the composition of the final as-fabricated part can be location dependent with
compositional deviations [31]. In [32], the location information and the correlation among
chemical compositions, phase, and material behaviors at various locations within an as-
fabricated TiNiCu alloy part were not fully described. Therefore, in this work, we use a Ti,
Ni, and Cu elemental powder mixture to fabricate a TiNiCu ternary shape memory alloy to
find out more about the correlation among the composition, phase, mechanical properties,
and functional properties, which could provide a more comprehensive understanding of
the structure—property relationship in the TiNiCu ternary shape memory alloy, especially
when fabricated by the elemental powder-based DED process.

2. Materials and Methods
2.1. Materials

The feedstock for this DED experimental study is a mixture of near-spherical ele-
mental Ti, Ni, and Cu powders. The Ti, Ni, and Cu powders were supplied by AP&C,
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Atlantic Equipment Engineers, and Royal Metal Powders Inc., respectively. A Hitachi
54700 scanning electron microscope (SEM) was applied to obtain images of powders. SEM
images of Ti, Ni, and Cu powders are shown in Figure 2. Those powders were weighted
according to the atomic percentage of 50 at.% Ti, 45 at.% Ni, and 5 at.% Cu. The weighted
Ti, Ni, and Cu powders were mixed and homogenized using a Turbula T2F powder mixer
for 20 min. Grade-2 Ti bar with a dimension of 2 x § x 1 inch was selected as the substrate
material. The deposition was performed on the 2 x } inch horizontal surface. Before the
deposition experiment, the 2 x 3 inch flat surface was ground by sandpapers to remove
the surface oxidation layer and wiped with acetone to remove dust particles.
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Figure 2. SEM images of elemental powders used in this work: (a) Ti; (b) Ni; (c) Cu.

2.2. DED Fabrication

The DED fabrication process in this work was carried out by an in-house developed
laser powder DED system, which consists of a continuous wave fiber laser manufactured by
IPG Photonics with a wavelength of 1064 nm and a maximum power of 1 kW, a deposition
platform controlled by computer numerical control (CNC) with x, y, and z movements, and
a powder feeder designed by Powder Motion Labs. The diameter of the laser beam was
set at 2 mm. During the deposition process, the laser power generated a melt pool on the
solid materials. At the same time, the powder mixture was carried by Ar gas and delivered
through a vertical powder nozzle. A TiNiCu single wall was deposited by applying the
laser beam to travel back and forth with a distance of 30 mm. The laser power was set at
600 W for the first layer and 400 W for the rest of the layers; the laser travel speed was
250 mm/min. In the meantime, the powder blend was fed into the melt pool steadily and
continuously. The deposition was performed in an Ar atmosphere. The average height of
the entire single wall is approximately 16 mm.

2.3. Microstructure, Element Composition, and Phase

After the deposition, a thin piece of the cross-section area of the single wall was
sectioned by wire electric discharge machining (EDM). The build direction (BD) is from
the bottom to the top. In order to analyze the material properties at certain locations,
five specific heights were marked as H1, H2, H3, H4, and H5 along the BD. The detailed
information of the specific locations of the single wall cross-section is illustrated in Figure 3.
H1 is a near-bottom location that is 2 mm above the bottom of the TiNiCu single wall,
while H5 is a near-top location with a distance of 16 mm from the bottom. H2, H3, and H4
equally divide the cross-section from H1 to H5 into four sections. At the region of each
specific height, the chemical composition and phase were studied to reveal the differences
at various locations.

The cross-section was mounted, ground, and polished using a Buehler EcoMet
250 grinder/polisher. The well-polished cross-section of the single wall was analyzed
using an FEI Helios NanoLab 600 Dual-Beam SEM equipped with Oxford Energy Disper-
sive Spectrometer. Both large area and small area energy dispersive spectroscopy (EDS)
analyses were carried out within the cross-section area of the single wall. The large area
EDS analysis was conducted at all five height locations with a rough area of 1 mm?. Specific
small areas were selected within various phases for the EDS spectrum analysis to determine
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the composition of Ti, Ni, and Cu. The X-ray diffraction (XRD) technique was used to
characterize the crystal structure. All five locations were analyzed by an X'Pert X-ray
diffractometer with a step size of 0.03°.

® [<— H5 (16mm above bottom)

® [<—H4

Building direction @ |[<—H3
(BD)

& l—H2

Bottom of
TiNiCu deposition S ® [<— H1 (2mm above bottom)

Figure 3. Schematic of the location H1, H2, H3, H4 and H5 along the BD.

2.4. Hardness Test

Vickers hardness tests were performed using a Struers Duramin 5 Vickers hardness
tester equipped with a pyramidal diamond indenter. A thin slice of the TiNiCu single wall
was sectioned and polished for the hardness testing. The hardness measurement was taken
from 1 to 16 mm above the bottom, with an interval of 1 mm. For each measurement, the
indentation load was 1.96 N, and the dwell time was set at 10 s.

2.5. Tensile Test

Tensile tests were applied by an Instron 5969 universal testing machine to evaluate
the tensile strength of the as-deposited TiNiCu structure. The type of mini tensile sample
was designed, and more details about this design can be found in the previous work [34].
The sketch is shown in Figure 4. The gauge length of this mini tensile sample design is
3 mm. Samples with the horizontal direction and vertical direction were both prepared by
EDM and tested. Details of the location of sample extraction can be found in the section
of results and discussions. The testing speed (strain rate) was 0.003 mm/mm/s from the
start to fracture. The fracture surface was imaged by the Helios SEM, and discussion was
provided based on the fractographical feature.

119 Unit: mm

4.12

9.53

Figure 4. The mini tensile sample design.

2.6. Phase Transformation Characterization

Differential scanning calorimetry (DSC) was used to identify the phase transformation
temperature of the as-deposited TiNiCu at various locations. In this work, a slice of the
cross-section was divided into four sections according to the five location points. As seen in
Figure 3, the four sections marked by the orange color between location points H1-H2, H2-
H3, H3-H4, and H4-H5 are named S12, 523, S34, and 545, respectively. A TA Instruments
Q2000 differential scanning calorimeter was utilized to run a heating and cooling cycle on
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each section. The range of the heating and cooling cycle was from 0 °C to 120 °C, with a
constant rate of 10 °C/min.

3. Results and Discussion
3.1. Element Composition and Microstructure

A picture of the as-deposited TiNiCu single wall structure is displayed in Figure 5.
The as-prepared cross-section of the TiNiCu deposition was analyzed by Helios SEM in
both the element composition and phase distribution. At each location, large area EDS
was applied for element composition study. The atomic compositions of Ti, Ni, and Cu
regarding the location from H1 up to H5 are plotted in Figure 6. From Figure 6, all three
elements have some variations along with BD. Ti and Cu start with a composition higher
than the as-mixed composition in the powder state and decrease gradually when the
location rises. In contrast, Ni begins with a lower composition and gradually increases.
At higher locations, the composition of the three elements becomes much closer to the
initial as-mixed composition Ti50Ni45Cu5. The element deviation at the lower height
might be due to a combined effect of dilution from the Ti substrate and powder flow rate
difference among different types of metal powders [35].

as-deposited single wall

Ti substrate

Figure 5. Image of the as-deposited TiNiCu single wall on Ti substrate.
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Figure 6. Ti, Ni, and Cu element composition distribution along with the height locations.

SEM images were obtained for detailed analysis in microstructure and phase com-
position. Figure 7 is a combination of images of all five locations. Among the ten sub-
images, Figure 7a,c,e,g,i are SEM images of locations H1, H2, H3, H4, and H5, respectively.
Figure 7a,c,e,g,i shows the overall phase distribution, and Figure 7b,d,f,h,j shows higher
magnified SEM images of a specific region within Figure 7a,c,e,g,i for small area EDS
analysis on phases, respectively.

As shown in Figure 7a,c,e,g, locations H1, H2, H3, and H4 are all dominated by the
light gray phase as the matrix phase and the dark gray phase as the secondary phase,
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which disperses within the matrix. In general, it can also be seen that the area covered by
the dark gray phase decreases as the height increases. In Figure 7i, another light phase
that is brighter than the matrix is also detected. In Figure 7b,d,fh,j, ten areas within these
three types of phases were picked for the EDS analysis. Areas 1, 3, 5, 7, and 9 were selected
within the matrix of five height locations, while Areas 2, 4, 6, and 8 were located inside of
darker secondary phases at the locations H1, H2, H3, and H4, respectively. At the height
of H5, Area 10 was drawn within the brighter secondary phase. All EDS analysis results
of the ten areas are listed in Table 1. In those EDS results, the relation between the atomic
percentage ratio of Ti and the sum of Ni and Cu is noticed. The ratio of atomic composition
Ti/(Ni + Cu) values is close to 1 in all matrices, which reveals that all five matrices are
recognized as the TiNi phase with a small amount of Cu substitution. In Areas 1, 3, and
5, the matrix Ti composition exceeds 50 at.%, which is considered the Ti-rich TiNi phase,
while matrix phases in Areas 7 and 9 are Ti-poor. Areas 2, 4, 6, and 8 are inside the darker
secondary phase, and their Ti/(Ni + Cu) ratios are all close to 2. Then, the suggested
phase will be the Ti;Ni type intermetallic phase, which includes the Cu that replaces a low
percentage of the Ni as well.

Table 1. The EDS results of ten selected areas in Figure 7.

?::;gg Ti at.% Ni at.% Cu at.%
1 51.2 38.4 10.4
2 66.3 296 41
3 51.4 409 77
4 673 302 25
5 51.0 4.8 6.2
6 64.6 315 39
7 49.4 45.8 49
8 63.9 33.1 3.0
9 482 462 56
10 35.3 07 219

Dark Secondary phase

Figure 7. Cont.
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Bright secondary phase

o
/ 4 Micro-pores

T

Figure 7. SEM images of the as-deposited TiNiCu single wall at various locations along the BD:
(a,c,e,gi)—Locations H1, H2, H3, H4, and H5, respectively; (b,d,fh,j)—Locations H1, H2, H3, H4,
and H5, respectively with higher magnification for EDS analysis.

Area 10 is selected from the inner part of the brighter phase generated at the near-top
location H5 of the single wall. The EDS result in Table 1 gives that Ti at.% = 35.3%, Ni
at.% = 42.7%, and Cu at.% = 21.9%. According to the literature [36], the suggested phase
might be (Cu, Ni),Ti, which is a type of Ti-poor secondary phase. Figure 7j also shows
micro-pores that are less than 1 mm in size. The micro-pores at the upper layer could be
due to the heat accumulation resulting in overheating at the upper layer.

3.2. Phase

XRD patterns of five locations are shown in Figure 8. From the bottom to the top,
four phases can be found, including the austenitic TiNi (labeled as A-phase in Figure 8),
martensitic TiNi (labeled as M-phase in Figure 8), intermetallic Ti;Ni, and Ti. The diffraction
peaks of those four phases are labeled using different red markers. At the H1 location,
austenitic TiNi, martensitic TiNi, and Ti give a strong signal, which is shown in Figure 8a.
The existence of Ti;Ni can also be found. The presence of the Ti crystal structure is mainly
due to the dilution effect near the bottom of the single wall. In Figure 8b, the Ti peaks cannot
be observed since the impact of dilution is largely reduced. The major existing phases
are austenitic TiNi, martensitic TiNi, and TipNi. Figure 8c demonstrates that austenite
dominates, while the signals of the martensitic TiNi and Ti,Ni become less obvious. When
they go up to locations H4 and H5, as shown in Figure 8d,e, the martensitic TiNi and TipNi
can hardly be observed, and the entirety of the XRD patterns is almost dominated only by
the austenite phase. For TiNi phases, the signal of the austenite phase starts from weak to
strong from the bottom to the top, while the martensitic phase follows an opposite tendency.
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At the lower location, the as-deposited structure consists of a combination of martensite
and austenite, while at the higher location, austenite becomes much more prevalent.

800
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— = 600
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§ 300 3 500
E ;;_ 400
2 2 300
2 3
k= £ 200
100
0
2 Theta (%) 2 Theta (°)
(a) (b)
1200 1000
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Figure 8. XRD patterns of five locations: (a) H1; (b) H2; (c) H3; (d) H4; (e) H5.

According to the finding in the EDS results, from the bottom to the top, the atomic
composition of Ti within the matrix area varies from Ti-rich (Ti at.% > 50 at.%) to Ti-poor
(Ti at.% < 50 at.%). It was mentioned in a previous research study that Ti-rich TiNi-based
shape memory alloy tends to exhibit a martensitic structure at room temperature since the
temperatures for phase transformation are higher [37]. The transformation temperatures
will also be discussed in Section 3.5. The decrease in the martensite signal correlates
with the gradual decrease in the Ti atomic composition and the constituent of Ti-rich
intermetallic Ti;Ni along with the BD, which is displayed in Figure 7. Thus, the XRD
results show good consistency with the composition study found in the EDS analysis.

3.3. Hardness

The Vickers hardness values were tested along the BD across the entire deposition.
The polished surface of the single wall cross-section was indented from 1 to 16 mm above
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the TiNiCu/Ti interfacial line (bottom line of the single wall). Hardness measurements
are plotted in Figure 9. In Figure 9, the zero height is set at the TiNiCu/Ti interfacial line.
It can be seen from Figure 9 that, from 1 to 10 mm, hardness values mostly fall into the
range of 200~250 HVO0.2, which reflects the hardness of the martensite in the lower region.
There is a tendency of decline in the hardness from 1 to 10 mm within the martensite-rich
region. The decline is due to the decrease in TipNi intermetallics from 1 to 10 mm. The
measured hardness value becomes higher starting from 11 mm, and it increases to > 300
HVO0.2, which corresponds to the hard austenite-dominated regions [29]. The increase in
hardness at higher levels reflects the formation of the Ni-rich austenite phase since the
matrix becomes Ti-poor at the location H4, which is 12.5 mm above the interface.

[
o
o

N w =
o o o
o o o
1 1 1

-
o
o
1
ey

H2 H3 H4 H5

Vickers hardness (HV0.2)

\ 4 \ A \ v
T T T T T T T T T T T T

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Distance to the interfacial line (mm)

o

Figure 9. Vickers hardness distribution along the BD.

3.4. Tensile Test

Mini tensile samples were extracted along the horizontal (parallel to the substrate
surface) and vertical direction (parallel to the BD). For the horizontal one, the entire sample
is mainly included in the region of 8~12 mm above the interface. The vertical one spans
from 13.5 to 3.5 mm above the bottom. Then, the gauge length of the vertical sample locates
in the range of 7~10 mm. To avoid sample misalignment, mini tensile samples need a
preload at the beginning of the test, which can also be found in previous works [38]. All
tensile tests were carried out at a constant strain rate of 0.003 mm/mm/s until the sample
fracture finally occurred. The stress and strain data points were collected and plotted as
stress—strain curves, shown in Figure 10.

700 500
600
400
500
© ©
a o 300
S 400 =
1%] wv
1% "
g 300 g 200
wm wmv
200
100 100
R P T o b w0 L,
0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15
Strain (mm/mm) Strain (mm/mm)
(a) (b)

Figure 10. Stress—strain curves: (a) Horizontal tensile sample; (b) vertical tensile sample.
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The stress—strain curves of both horizontal and vertical samples are recorded and
plotted in Figure 10, where the horizontal and vertical samples correspond to Figure 10a,b,
respectively. The ultimate tensile strength (UTS) values of the horizontal sample and the
vertical sample are 622 MPa and 447 MPa, respectively. The two curves are different in
feature mainly due to their different compositions of martensite and austenite. The concave
part of the vertical sample at the tensile strain range between 0.01 and 0.05 indicates the
martensite reorienting stage [39], while the horizontal sample includes less martensite; this
plateau region is not found obviously.

The SEM images of the fracture surface of the fractured samples are listed in Figure 11,
where Figure 11a,b indicates the horizontal sample and Figure 11c,d represents the vertical
sample. The fracture surface in Figure 11a,b,d shows the mix mode of the fracture with
both dimple-like features and microcracks within the fracture surface image. The ductile
feature is due to the ductile matrix, while the defects and secondary phases can cause
microcracks under tensile loading and finally result in brittle fracture. Figure 11c shows
brittle features. The martensite-rich vertical sample shows a lower UTS and mostly brittle
fracture at the fracture surface. The strain value at the fracture point of the vertical sample
is also lower than the horizontal sample. On the fracture surface of the vertical sample,
more pure brittle fracture regions can be found, such as that shown in Figure 11c. The
vertical sample displays more brittle features and a lower UTS result, as it includes more
Ti;Ni secondary phases along the direction of BD.

.\.«\-‘
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: PASE o
\ ‘Dqﬁlgfyaﬁr |
A, / Wi

% TR N
R -
b)

(

"-& S

W
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Ay
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Figure 11. Fracture surface of the fractured tensile sample under SEM: (a,b) Horizontal sample; (c,d) vertical sample.

Researchers in [40,41] fabricated DEDed TiNi binary alloy parts through elemental
powder blend, and the UTS values of 250 MPa and 320 MPa were obtained, respectively.
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The fracture shows brittle features in [40]. While in [42], TiNi was built by DED with
pre-alloyed TiNi powder, and the UTS exceeds 700 MPa. Some other available reported
UTS values of TiNi using selective laser melting (SLM) and wire arc additive manufac-
turing (WAAM) include 601 MPa (SLM [43]), 690 =+ 15 MPa (SLM [44]), and 571.4 £ 18.6
(WAAM [45]). These reported data are tabulated in Table 2 for comparison. Therefore, this
work obtains a much higher UTS value among DED works using an elemental powder
blend, and it is comparable with the TiNi binary alloys fabricated with AM processes other
than DED. In addition, it can still be improved when comparing with DED works with
pre-alloyed powders.

Table 2. Comparison of UTS of current work and other published AM TiNi alloys.

UTS (MPa) AM Processing Methods Ref.
611;%23?:3211?2:?;;;?&& DED (elemental powder) This work

250 DED (elemental powder) [40]

320 DED (elemental powder) [41]

780 DED (pre-alloyed) [42]

601 SLM [43]

690 + 15 SLM [44]

5714 + 18.6 WAAM [45]

3.5. DSC Phase Transformation Analysis

The DSC exothermic/endothermic graphs of four different sections are shown in
Figure 12a-d. For each section, the procedure was set as a heating and cooling cycle:
heating to 120 °C from 0 °C with a constant heating rate of 10 °C/min (the lower part
of each graph), and then cooling back to 0 °C with a constant cooling rate of 10 °C/min
(the upper part of each graph). Peaks appear during the heating and cooling process,
which reflects the heat absorption or release between martensite and austenite phase
transformation. From Figure 12a—c, it can be observed that sections 512, 523, and S34 have
one martensite-to-austenite (M—A) peak during heating and one austenite-to-martensite
(A—M) peak during cooling, while no peak can be observed between the given temperature
range in 545.

The characteristic temperatures of S12, 523, and S34, including the austenite starting
temperature (As), austenite finishing temperature (Ay), austenite peak temperature (Ap),
martensite starting temperature (Ms), martensite finishing temperature (M¢), and martensite
peak temperature (Mp) are determined from DSC graphs in Figure 12a—c. All of the phase
starting and finishing temperature points were determined by the tangent method. These
characteristic temperatures are all labeled in each DSC graph.

From Figure 12a—c, it can be found that S12, 523, and 534 experience transformation
during the heating and cooling temperature. In contrast, no transformation can be found
in 545 in the given temperature range. This indicates that S12, S23, and S34 include the
martensite TiNi phase before heating, while almost no martensite exists in S45. 512, 523,
and S34 exhibit some portion of the martensite phase at room temperature (~25 °C) since
their values of M¢ and A are all higher than room temperature. For 545, it can be inferred
that the martensite transformation may occur at a low temperature that is lower than 0 °C.
Therefore, at room temperature, S45 consists of almost all austenite. This agrees well with
what is found in the aforementioned XRD results. In XRD results, no strong diffraction
pattern of the martensite phase can be detected in locations H4 and H5. From Figure 12a—c,
peak widths of M—A: |A(—Agl, and A—M: IMg—M;| can also be determined. The
relation of peak widths among S12, 523, and S34 is S12 < S23 < S34. The temperature
range for the phase transformation becomes longer when the location gets higher, which
shows that the homogeneity of martensite is the highest at location H1, and it follows a
descending trend when going up along the BD direction [42].
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Figure 12. DSC heat flow—-temperature curves of TiNiCu at four sections: (a) Section S12; (b) Section S23; (c) Section S34;

(d) Section S45.

Adding Cu to replace a certain atomic number of Ni was reported to be able to reduce
the thermal hysteresis, which is usually defined by the difference between A, and M, [46],
or the difference between A¢ and M; [47]. In this work, the thermal hysteresis calculated by
| Ap—Mp | of these three sections can be found for 512 (11 °C), S23 (12 °C), and S34 (16 °C).
Peak widths and hysteresis of S12, 523, and S34 in this work are summarized in Table 3.
Several previously reported thermal hysteresis values of TiNiCu alloys and additively
manufactured TiNi alloys have been collected and listed together with 512, 523, and 534 in
Table 4 for comparison.

Table 3. Peak width and hysteresis of Sections 512, 523, and S34.

Section IMg—M¢ | (°C) IA¢—Ag ] (°C) |Ap—M, | (Hysteresis) (°C)
S12 10 8 11
523 12 17 12
S34 27 28 16

The thermal hysteresis of TiNi is mostly within the range of 25~40 °C [48], as seen
from the TiNi binary alloys listed in Table 4 by both AM and non-AM methods. Table 4
indicates that most reported hysteresis values of TiNiCu ternary shape memory alloys
by various non-AM techniques are below 25 °C. There is very little reported hysteresis of
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TiNiCu by AM so far, and in this work, the TiNiCu fabricated by elemental powder-based
DED reaches a much more narrow range of 11~16 °C.

Table 4. Comparison of thermal hysteresis of TiNiCu and TiNi.

Material Type Processing Hysteresis (°C) Ref.
DED 11~16 This work

Plasma skull push—pull 21.1 [30]

TiNiCu Vacuum arc melting 23.8~30.6 [46]

Ingot metallurgy 5~19 [47]

Magnetron sputtering 9 [49]

DED 35.3~45.9 [50]

o SLM 30 [51]

TiNi SLM 28 [44]

Powder metallurgy 30~36 [52]

4. Conclusions

In this work, a TiNiCu ternary shape memory alloy single-wall structure was fabri-
cated by the DED process through an elemental powder mixture. As AM is a layer-based
manufacturing technique and the elemental powder mixture is a novel concept in AM,
the single-wall structure was equally separated into five location points along the BD to
perform comprehensive material characterization on the chemical composition, phase, me-
chanical properties, and functional properties with regard to various locations of interest.
The main conclusions are summarized below:

For the overall element composition along the BD, at the upper locations, the compo-
sitions of the three elements are much closer to the as-mixed composition. The small area
EDS analysis results show that all matrix phases are TiNi phases, where a small portion of
Ni atoms are replaced by Cu. At the lower locations, the main secondary phase is Ti;Ni.
The Ti;Ni composition decreases when the location goes up due to the decrease in the Ti
element composition. At the top of the as-deposited single-wall structure, a small amount
of the Ni-rich secondary phase exists where the Ti composition decreases to slightly below
50 at.%.

The XRD patterns indicate the increase in austenite TiNi and the decrease in martensite
TiNi from the bottom to the top, which is related to the changing of the compositions of Ti
and (Ni + Cu). The variations in the martensitic TiNi and austenitic TiNi compositions agree
well with the atomic compositions of Ti and (Ni + Cu). The average Vickers hardness at the
martensite-rich area (200~250 HV0.2) is lower than the austenite-rich area (300~450 HV0.2),
which also matches the XRD results well.

The UTS of the as-deposited TiNiCu tensile sample reaches 622 MPa along the hor-
izontal direction in the area with less of the martensite phase. The vertical sample that
includes martensite-rich areas within the gauge length gets a UTS of 447 MPa, and the
strain at the fracture is also lower than the horizontal sample. The UTS values of both are
comparable with other AM-based TiNi binary alloys.

Strong martensite—austenite transformation signals are witnessed from the DSC results
in sections 512, 523, and 534 within the 0~120 °C temperature range, which reflects a good
phase transformation response at room temperature. The three sections’ thermal hysteresis
values are much smaller than AM-based TiNi binary alloys. These results agree well with
reducing thermal hysteresis by adding Cu in the Ti-Ni binary system.
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