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Abstract: NiTiNb is a wide-hysteresis shape memory alloy. The Laser Solid Forming (LSF) technology
can overcome the shortcomings of the traditional long cycle processing to prepare NiTiNb. In
this work, we studied the microstructure and phase transformation temperature of the NiTiNb
prepared by LSE,, in which the Ni + Ti + Nb mixed powder was melted under different laser
power P, scanning speed v, layer thickness t, and energy density Ey. The results show that the
combination of LSF process parameters with P = 2000 W and v = 900 mm/min can obtain a good
metallurgical bond. As the laser power increases, the grain size increases, and the proportion of
equiaxed crystals increases, the martensite transformation temperature increases. The inhomogeneity
of the LSF-NiTiNb microstructure results in different phase transformation temperatures even in the
same sample. The subsequent heat treatment at 850 °C for 3 h increases the phase transformation
temperature and hysteresis of LSF-NiTiNb. The tensile properties of the LSF-NiTiNb samples with
different building heights are significantly different. The maximum elongation reaches 8% and the
minimum elongation is only 0.8%. The LSF parameter combination in this work has reference value
for the parameter selection of subsequent preparation of NiTiNb.

Keywords: laser solid forming; NiTiNb; phase transformation temperature; process parameters;
shape memory alloy

1. Introduction

The combination of LSF parameters with P = 2000 W and v = 900 mm/min can obtain
a good metallurgical bond. The microstructure of LSF-NiTiNDb alloy is mainly composed of
NiTi matrix and Nb phase, and Nb is mainly enriched in grain boundaries. As the laser
power increases, the grain size increases, and the proportion of equiaxed crystals increases,
the martensite transformation temperature increases. Heat treatment at 850 °C for 3 h will
increase the phase transformation temperature and hysteresis of LSF-NiTiNb. However, the
inhomogeneity of the microstructure results in different phase transformation temperatures
in the same sample and the tensile properties of the LSF-NiTiNb samples with different
building heights are also significantly different. The maximum elongation reaches 8% and
the minimum elongation is only 0.8%.

NiTi-based shape memory alloy (SMA) is a smart material with shape memory effect
(SME) and superelastic properties (SE). This is related to the reversible thermoelastic
martensite transformation between the high-temperature austenite phase and the low-
temperature martensite phase existing in NiTi-based shape memory alloys [1]. Because of
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the unique functional characteristics of NiTi-based SMA such as good biocompatibility [2],
excellent corrosion resistance [3], excellent mechanical properties [4], NiTi-based SMA has
a strong application potential [5] in aerospace [6], automation [7], medicine [8] as well as
in daily life. NiTiNb shape memory alloy with Nb addition and NiTiFe shape memory
alloy with Fe addition can be applied to pipeline connections of an aeroengine [9,10]. While
NiTiNb has more potential because of the characteristics of wide hysteresis, the maximum
phase transformation hysteresis temperature of pre-deformed NiTiNb alloy can reach
150 °C. A connector made of NiTiNb alloy can be stored, transported, and installed at room
temperature, saving economic and time costs. Therefore, NiTiNb shape memory alloy has
a wide range of application prospects and research value in aviation hydraulic pipeline
connection systems. However, because of the characteristics of high work hardening,
high toughness, high strength, and high ductility of NiTi-based SMAs [11], it is sensitive
to processing parameters, so the workability is poor [12,13]. Powder metallurgy and
casting usually cause pollution, chemical segregation, pores, and unsatisfactory functional
properties [14-16]. It is difficult to manufacture NiTi-based components with complex
structures using traditional processing techniques of subtractive or equivalent material
manufacturing. This greatly limits its potential applications [17,18].

AM shows the reality of being able to transfer three-dimensional (3D) designs created
on computers to a machine that can replicate the geometry into a physical object. We
don’t need to consider the geometrical complexity or determine how each feature must be
made and in what order, so AM has more advantages than conventional manufacturing
like machining [19]. In aerospace field, a well-known example is the fuel nozzle for the
GE LEAP engine which was manufactured by AM, when using AM, lead-time can be
considerably reduced compared to conventional manufacturing. In volume production
industries, such as the automotive sector, AM is able to prototype their models earlier
and bring their products to the market as fast as possible [20]. In medical field, AM
can convert patient-specific data for customized products and medical interventions [21].
Therefore, the use of AM technology to prepare NiTi-based alloys has attracted more and
more attention [11,22-24]. In general, metallic AM techniques can be divided into three
types based on heat source, i.e. laser-based AM and arc-based AM. In this field, wire
and arc additive manufacturing (WAAM) using an electric arc as the heat source and
metal wire as the feedstock has been applied to manufacture metallic components [25],
and a series of related models have been developed to improve the accuracy of prepared
components [26-28]. Laser-based AM using the laser as the heat source and the powder as
the feedstock, and it gives better resolution and surface finish compared with WAAM [29].
Such as Selective Laser Melting (SLM) and Laser Solid Forming (LSF), also known as
Laser-based Directed Energy Deposition (LDED) technology are two widely concerning
technologies for preparing NiTi [22], SLM has high precision in preparing samples while
LSF can build a larger sample volume, they gradually get more research because of their
advantages. There are some works on the microstructure and phase transformation of
NiTi or NiTiNb prepared by SLM or LSE. Hamilton RF et al. [22] found that NiTi alloys
prepared by LDED appeared spatially varying composition. Bimber BA et al. [30] studied
the distribution of precipitates in NiTi alloy prepared by LDED, they reported that the area
fraction and size of Ni4Ti3 precipitates decreased as the z-height (building height) increased.
The above research showed that the microstructure of the samples prepared by LDED
changes with the building height, so we can speculate that the sample properties will also
change with the building height. T. Bormann et al. [31] found that controlling the scanning
speed can regulate the transformation temperature and controlling the laser power and
scanning path can regulate the microstructure, that is, the shape and arrangement of grains
and the grain size. S. Saedi et al. [32] found that NiTi alloy parts prepared by combining high
laser power with high scanning speed or combining low laser power with low scanning
speed often have high density. The above research mainly explained the relationship
between the process parameters and the microstructure and phase transformation of the
prepared samples. Recently, Igor Polozov et al. [33] explored the microstructure and phase
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transformation temperature of NiTiNb prepared by SLM, which provided a reference for
us to prepare NiTiNb by LSF, they found that the microstructure of SLM-NiTiNb was
composed of B2-NiTi matrix, fine NiTi+{-Nb eutectic phase and residual un-melted Nb
particles, and the phase transformation hysteresis was increased by about 40 °C compared
with the traditional cast NiTiNb alloy. Therefore, we can use the combination of process
parameters for reference and expect the influence of LSF process parameters on NiTiNb
microstructure and phase transformation to a certain extent.

In previous studies [11,31,34,35], the input energy density is often regarded as the key
factor affecting the phase transformation behavior, and the phase transformation tempera-
ture increases with the increase of the energy density [36,37]. However, there are still some
works that show that under the same energy density, there are significant differences in the
phase transformation behavior of NiTi alloys [38,39]. Due to the complexity of potential
physical phenomena in the process of AM preparation, such as large temperature gradient,
extremely fast solidification, and complex thermal history, and the diversity of the combina-
tion of manufacturing process parameters, the prepared samples have great variability in
microstructure and mechanical properties [40]. At the same time, the large thermal gradient
in the AM process may lead to the accumulation of residual stress and deformation in the
specimen [41]. The selection of different process parameters in AM preparation technol-
ogy will change the microstructure, phase transformation temperature, and mechanical
properties of the prepared components. In addition, due to the variability and diversity of
additive manufacturing parameters, an inappropriate combination of parameters will lead
to delamination and cracks. Therefore, the parameter combination has a great influence
on the property of the component prepared by LSE. In traditional technology, such as the
induction melting in vacuum atmosphere, has a long processing cycle and it is difficult
to form complex components. Considering the connection application background of the
NiTiNb SMA tube joint which has a complex structure, we note that LSF can provide a
better method for preparing NiTiNb because of its advantage of rapid prototyping complex
components. However, there are few reports on the properties of NiTiNb alloys prepared
by LSE. So, the preparation of NiTiNb alloy by LSF has great research value and the work
will provide guidance for using LSF to process complex NiTiNb SMA tube joints. Therefore,
we selected a variety of parameter combinations to preliminarily explore the microstructure
and phase transformation temperature of NiTiNb prepared by LSE, the results show that
LSF can play a better role in the preparation of NiTiNb. Through experiments, we have
obtained the feasible parameter combination of NiTiNb prepared by LSF, preliminarily
obtained the microstructure and phase transformation temperature of NiTiNb prepared
by LSF using mixed powder, which provides an experimental basis for the preparation of
NiTiNb by LSE.

In this work, we explore the feasibility of preparing NiTiNb alloy by LSF using mixed
powder, viz., elemental Ni, Ti, and Nb powders were mixed in the ratio of 47:44:9, and
then NiTiNb alloys were prepared by seven LSF parameter combinations including laser
power P, scanning speed v, layer thickness , and corresponding energy density. The
microstructure, phase transformation temperatures, phase transformation behaviors, and
tensile properties of subsequent heat-treated LSF-NiTiNb were reported. According to the
research results, some suggestions for preparing NiTiNb by LSF using mixed powder are
put forward.

2. Experimental
2.1. Material and Process Parameters

LSF technology refers to the laser solid forming technology with synchronous material
feeding as the main technical feature. It can realize the direct manufacturing of parts or
molds. Its working principle is to layer the CAD files generated by the computer and trans-
form the 3D manufacturing process into the accumulation of the 2D manufacturing process.
The high-power laser scans the surface of the substrate in the set scanning direction to form
a molten pool according to the set scanning strategy. Through the coaxial powder feeding
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device, the metal powder is blown into the molten pool, and the powder quickly melts and
solidifies. As the scanning progresses, the cladding layers are fused and accumulated layer
by layer to form three-dimensional metal parts [42].

The main parameters are laser power P (W), scanning speed v (mm/s), hatching spac-
ing i (mm), layer thickness ¢ (mm), volumetric energy density Ey (J/mm?3), etc. Volumetric
energy density Ey (J/mm?) refers to the energy absorbed by each volume of material during
each layer scanning [43]. When not specified in this article, the laser energy input refers to
the volumetric energy density, the calculation method is shown in formula (1):

P
Ev=_- @

The powders used in additive manufacturing are pre-alloyed powders and mixed
powders. By changing the ratio of the mixed element powder, the composition of the alloy
can be easily adjusted. In particular, the cost is lower than that of pre-alloyed powder.
Therefore, the use of mixed element powders as raw materials for additive manufacturing
preparation is a very promising processing method [36]. The spherical nickel powder,
spherical titanium powder, and niobium powder with a particle size of 150-300 meshes
are uniformly mixed by a high-energy ball mill at the atomic ratio of 47:44:9 (parameter is
300 r/min, 7 h) to prepare NiTiNb mixed powder. SEM images of the powder are shown
in Figure 1.
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Figure 1. SEM images of Ni/Ti/Nb powder (Date: 4 December 2018):(a) Ni powder, (b) Ti powder,
(c) Nb powder.

We use semiconductor laser LSF equipment, the laser spot diameter of which is
5mm. Then we use the mixed powder and TC4 substrate [44] to prepare the small size of
20mm X 10mm X 10mm and the larger size of 70 mm x 15 mm x 12 mm NiTiNb alloy,
the preparation process is protected by argon. The parameter combination is shown in
Table 1. The two-way scanning strategy (Figure 2) is adopted, and the next layer is rotated
90 degrees compared to the previous layer [24], the x-direction and y-direction are the
scanning directions, and the z-direction is the building direction (BD). The physical map of
the prepared samples is shown in Figure 3.
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Table 1. LSF parameter combination for preparing NiTiNb.

Parameter P W) v h t Ey Specimen Size
Sample (mm/min) (mm) (mm) (/mm3®) (mm x mm x mm)
L1 1500 900 5 03 66.67
L2 2000 900 5 0.6 44.44
L3 2500 900 5 0.9 37
L4 1500 1000 5 03 60 201010
L5 2000 1000 5 0.6 40
L6 2500 1000 5 0.9 33.33
L7 2000 900 5 0.4 66.67
L8 1500 900 5 03 66.67 7015 x 12
®
Z |0 y
X
layer N layer N+1 layer N+2

Figure 2. Scanning strategy.

i
' 1
10mm > f

20mm

10mm

Figure 3. NiTiNb prepared by LSF under different parameters. (The specimen size: L1-L6 20 mm x
10 mm x 10 mm; L7-L8: 70 mm X 15 mm x 12 mm).

2.2. Characterization Method

The annealing treatment of samples L1-L8 is as follows (the sample L7 and the sample
L8 are processed according to Figure 4):

Samples L1-L6 are heated to 950 °C and kept for 15 h;
Sample L7 part A is heated to 850 °C and kept for 3 h;
Sample L7 part B is heated to 850 °C and kept for 3 h;
Sample L7 part C is not annealed;
Sample L8 part B is heated to 850 °C and kept for 3 h;
Sample L8 part C is not annealed.

First, the heat-treated samples L1-L6 are processed parallel to the building direction
(z-direction) to obtain 2mm thick specimens for XRD, SEM, and 3 mm X 3 mm x 3 mm
test blocks for DSC tests. The process of sample 7 and sample 8 is cumbersome, so we use
Figure 4 to show it. Sample L7 and sample L8 are processed as follows according to Figure 4:
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(a) Sample L7

we separate sample L7 and sample L8 from the substrate. For sample L7, we cut the tensile
samples in part A and the CMT5205 electronic universal testing machine is used to test the
L7 sample tensile property at 0 °C, all specimens are mechanically polished before testing.
In part B, we take test block 1 which is parallel to the building direction (z-direction), take
test block 2 (from z = 1 mm to z = 3 mm), block 3 (from z = 3 mm to z = 5 mm) and block 4
(from z = 9 mm to z = 11 mm), separately; In part C, we take test block 5 (from z = 1 mm to
z = 3 mm) and block 6 (from z =9 mm to z = 11 mm), separately. For sample L8, we take test
block 7 (from y = 0 to y = 20 mm), block 8 (from y = 20 mm to y = 50 mm), and block 9 (from
y =50 mm to y = 70 mm) which are perpendicular to the building direction (z-direction)
in part B, and take test block 10 (from y = 0 to y = 20 mm) and block 11 (from y = 50 mm
to y =70 mm) which are perpendicular to the building direction in part C. Secondly, after
L1-L8 samples are processed, grinded on sandpaper, polished to obtain a mirror surface,
and corroded (the corrosion solution is composed of hydrofluoric acid, nitric acid, and
water at a ratio of 1:2:10), then are used for SEM observation, XRD observation, and DSC
test (3 mm X 3 mm x 3 mm test blocks). The ZEISS Sigma 300 scanning electron microscope
microscopy and LEICA vertical optical microscope are used to reveal the microstructure of
LSF-NiTiNb. Phase structure is examined by SHIMADZU polycrystalline X-ray diffraction
with Cu K« radiation, the 2-theta is scanned in the range of 5-130 °C with a scan rate of
10 °/min. Phase transformation temperature is investigated by Netzsch DSC214 differential
scanning calorimetry at a heating or cooling rate of 10 °C/min from —150 °C to 150 °C.
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Figure 4. (a) partition of samples L7, (b) partition of sample L8 (unit: mm).

3. Results and Discussion
3.1. Microstructure Analysis of NiTiNb Prepared by LSF
3.1.1. Macroscopic Morphology

It can be seen from Figure 3 that the L1-L7 samples are well bonded to the substrate,
while the L8 samples are separated from the substrate, and it can be seen from Figure 3 that
spheroidization has occurred. Although the actual size accuracy of the samples is not high,
the size accuracy of the samples prepared with the laser power of 1500 W and 2000 W in
the small size samples is relatively good, and the samples do not appear serious oxidation.
However, the actual size of samples L3 and L6 with a laser power of 2500 W deviate too
much from the design size, and severe oxidation appears on the top of the sample, which
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is related to the excessively high power. When the scanning speed is 900 mm /min, the
sample L7 with a laser power of 2000 W is close to the design size, and it is well combined
with the substrate. The problem is that one side of the sample is warped, which indicates
that internal stress has been generated during the preparation process. The sample L8 with
a laser power of 1500 W is separated from the substrate and the bottom is uneven due to
spheroidization, and the sample has a large degree of curvature. This is due to the low
laser power and the difficulty to mix the powder completely evenly. When the size of the
prepared sample is large, it is difficult for the laser to melt all the powder, so it is difficult to
form a good combination between powder and powder. The composition of the powder is
different from that of TC4 substrate, which may lead to poor metallurgical bonding due
to unsatisfactory wetting. These will cause the samples to separate from the substrate or
large warpage.

Under the same volumetric energy density, the line energy density [45,46] can also be
used as a reference standard for energy input:

p
EL=~ @)

Under the same scanning speed, the line energy density of the high laser power is large.
The formula calculation shows that the line energy density of sample L7 is Ey7 = 133.33 ] /m,
and the line energy density of sample L8 is Erg = 100 J]/m. As the preparation process
progresses, large residual stress will accumulate on the subsequent tracks, leading to the
formation of cracks at the end of the part, so when processing long specimens, the end
of the specimen will often break away from the substrate [47]. But increasing the input
of line energy by increasing the laser power can increase the working temperature to
completely melt the powder to form a dense deposit layer [8]. When the linear energy
density is high, the high processing temperature can make the powder melt more fully.
In the layer-by-layer process of LSE, the melting and solidification of the powder and the
remelting and solidification of the previous layer occur in cycles. Therefore, the high linear
energy density can form a tight combination between the layers of the sample. Therefore,
L7 samples with high linear energy density can form close metallurgical bonding between
layers during the melting-solidification—-remelting-solidification process, so we can obtain
a complete sample L7.

When LSF uses an energy density of more than 50 J/mm?3 to prepare NiTi, a sample
with a density of more than 90% can be obtained [8]. Compared with the powder bed
system, the building volume of the powder feeding system is usually larger, so the LSF
technology is easier to expand the building volume [48]. Observed from the morphology of
the samples, it can be found that the combination of LSF process parameters with 2000 W
laser power and 900 mm/min scanning speed can fully melt the Ni + Ti + Nb mixed
powder, and the sample size will not deviate too much, and there is no serious oxidation
on the surface, the powder, and the substrate can also form a good metallurgical bond
when preparing larger size samples, so LSF has advantages when using Ni + Ti + Nb
mixed powders.

3.1.2. Microstructure Features

It can be seen from Figure 5 that there are B2 NiTi phase, Nb phase, and NisTiz phase in
the samples prepared by LSF. The detection temperature is room temperature. Comparing
the transformation temperatures (Table 2), it is found that the martensitic transformation
start temperature (Ms) of the sample is 30 °C or above. The state of the sample should be a
martensitic phase at room temperature, but B19’ phase is detected only in the L6 sample
with P = 2500 W, v = 1000 mm/min, and Ey = 33.33 J/mm?3, The B2 parent phase still
accounts for the majority, indicating that the high-temperature austenite phase is retained
due to the rapid cooling rate during the preparation of LSFE. It can be inferred that the
samples prepared by LSF have uneven phase composition and element distribution in
different building directions.
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Figure 5. The XRD diagram of NiTiNb prepared by LSF: (a) v = 900 mm/min, (b) v = 1000 mm /min.

Table 2. Atomic ratio of Ni: Ti: Nb.

Location Ni (at%) Ti (at%) Nb (at%)
1 49.67 41.93 8.39
2 44.99 46.32 8.69
7 45.12 44.82 10.06

It can be seen from Figure 6 that because of the large energy input of sample L1, the
molten pool is enlarged, the powder is exposed to high temperatures for a long time, and
the grains are relatively coarse (Figure 6a). The dendrite structure grows in a preferred
orientation, and the direction closest to the temperature gradient direction tends to occupy
the most advantageous position in the dendrite growth. The dendrite microstructure with
a large difference between the growth orientation and the temperature gradient direction
disappears, and then presents directional dendrite growth along the building direction, as
the energy input increases, the microstructure along the building direction evolves from
short and thick columnar crystals to slender columnar crystals. The spheroidal particles in

Figure 6f may be the etch pit caused by the corrosion process.
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)/ min

Figure 6. The OM image of the NiTiNb parallel to the building direction prepared by LSF: (a) Sample
L1, (b) Sample L2, (c) Sample L3, (d) Sample L4, (e) Sample L5, (f) Sample L6.

Figure 7 is a high magnification microstructure of the L1 and L6 samples. It can be
found that there are many fine precipitated phases inside the grains of the NiTiNDb alloy
prepared by LSE. The L1 sample with a large energy input presents a cell morphology,
and the L6 sample with a small energy input presents an obvious dendritic morphology,
the eutectic region is obvious, and the grain size is smaller. During the process, layers
have experienced constant remelting, and the grains in the remelted area are refined, and
equiaxed grains are found in both samples.

P=2500W
v—1000mm/ it

Figure 7. High magnification OM microstructure of NiTiNb prepared by LSF: (a) Sample L1, (b) Sam-
ple L1, (c) Sample L6, (d) Sample L6.
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Figure 8 shows the XRD curves of sample L7 position 1, sample L7 position 2, sample
L7 position 4, sample L8 position 7 at room temperature. All four positions have been
heat-treated (see Figure 4 for the position). NigTi3 precipitation and B2 austenite phase are
present in all positions, but the Nb phase is not detected in all positions, which indicates
that the composition of the sample is unevenly distributed in space. The microstructure
and phase transformation temperature of the sample parallel to the building direction are
not the same, the range of reverse martensitic transformation start temperature (martensite
begins to transform into austenite, As) of sample 7 is —31.5 °C to —24.1 °C, the range of
reverse martensitic transformation finish temperature (martensite completely transforms
into austenite, A¢) is 13.7 °C to 23.5 °C, the test temperature of XRD is room temperature,
which is between Ag and A, and so we may consider with regard to the martensite detected
in position 1 that the reverse martensite transformation is not completed and the martensite
remains. It is considered that the martensite detected at position 7 may be the martensite
phase caused by the repeated rapid solidification and stress caused by remelting during
the preparation process and it is retained in the subsequent heat treatment.
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Figure 8. XRD diagram of L7 and L8 samples with heat treatment.

The OM diagrams of sample L7 and sample L8 are shown in Figure 9. Compared
with the microstructure parallel to the forging direction in the hot forged structure, which
shows large and highly elongated grains [9,10], the NiTiNb microstructure prepared by
LSF is closer to the cast microstructure. From the low magnification OM image, it can
be observed that there are epitaxially grown columnar grains at position 1 parallel to the
building direction [49] (Figure 9a). In the high-magnification OM image of this position, it is
found that the crystal grain direction has changed during the growth of columnar crystals,
and the sample microstructure no longer shows regular epitaxial growth, but grows along
an irregular direction. Because the solid-liquid interface gradient will gradually change
from the vertical laser scanning direction at the bottom of the molten pool to the scanning
direction when the molten pool is solidified, the growth direction of the microstructure
from the bottom to the top will change, and the adjacent layer is not prone to continuous
epitaxial growth. During the preparation process, the temporal and spatial fluctuations
of temperature cause the temperature gradient to deviate, and the microstructure will
change in space [50]. Comparing the high-magnification OM microstructure of position 2
and position 4, it is found that in position 2 close to the substrate of sample L7 (Figure 9f),
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the grain size is larger, and in position 4 close to the top of the sample L7 (Figure 9g),
the grain size becomes smaller, and the proportion of equiaxed grains increases. The
grain size increases with the increase of laser power, but no obvious change is observed
with the increase of laser scanning speed [51]. Figure 9fh shows that as the laser power
increases, the crystal grain size increases, and the proportion of equiaxed crystals increases.
The martensite transformation temperature of the sample with reduced grain size will
decrease [52], and the experimental results confirm the martensite transformation start
temperature of position 7 is lower than that of position 2.

focationl

P=2000W
v=900mm/min

j TN
location2 fecation2

2000W P=2000W
v=900mm/min 1=900mm/imir>

ocationd S| locationd

P=2000W
=00 0memZmi.

:

Figure 9. OM diagram of sample L7 and sample L8 (the left column is the low magnification
microstructure, and the right column is the high magnification microstructure): (a) sample L7
position 1, (b) L7 position 2, (c) sample L7 position 4, (d) sample L8 position 7, (e) sample L7
position 1, (f) sample L7 position 2, (g) sample L7 position 4, (h) sample L8 position 7.

Figure 10 is the element distribution diagram of positions 1, 2 in sample L7 and
positions 7 in sample L8. The structure of LSE-NiTiNDb is similar to that prepared by
traditional methods [53]. It is composed of NiTi matrix and (3-Nb, eutectic 3-Nb phase is
obvious, meanwhile, large numbers of 3-Nb precipitates densely distribute in the B2-NiTi
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matrix between eutectic regions. The difference is that the microstructure of LSF-NiTiNb
parallel to the building direction (z-direction) presents epitaxial growth morphology, and
the microstructure perpendicular to the building direction (z-direction) presents equiaxed
crystal morphology, while most of the microstructure of the NiTiNb prepared by traditional
methods presents irregular solidification structure, and most of the microstructure is
columnar. In the three positions, a small amount of Nb is dispersed in the matrix and a
large amount of Nb is enriched at the grain boundary. For the atoms of Ni: Ti: Nb, as shown
in Table 2, during the preparation process, due to the high temperature, the evaporation
of elements will occur, the evaporation of Ni in position 2 and position 7 (perpendicular
to the building direction) is relatively more, and the content of Ti in position 1 (parallel to
the building direction) decreases more, indicating that the element distribution of NiTiNb
sample prepared by LSF is uneven, and the evaporation of elements is different at different
building heights.

Ni

Ti

Nb

25um | ™S50um ! 0um

Figure 10. EDS diagram of the selected position of sample L7 and sample L8: (a) sample L7 position 1,
(b) sample L7 position 2, (c) sample L8 position 7.

During preparation, the grains grow along the direction of the maximum temperature
gradient, which is usually the same as the building direction (BD) [45]. In the additive man-
ufacturing process, due to the inconsistency of temperature gradient, there are non-uniform
nucleation and growth of equiaxed crystals and epitaxial growth of columnar crystals at the
same time, which will produce a microstructure composed of coarse continuous columnar
grains and fine inter columnar equiaxed grains [54]. Therefore, position 1 (Figure 10a)
presents a discontinuous columnar morphology.



Appl. Sci. 2022,12,2371

13 of 22

3.2. Phase Transformation of NiTiNb Prepared by LSF

The phase transformation of NiTiNb during heating and cooling is as follows: During
cooling, when the temperature drops to the martensite transformation start temperature
(Ms), austenite begins to transform into martensite, and this is called martensite transfor-
mation when the temperature continues to decrease to the martensite transformation finish
temperature (M), the martensite transformation ends, and it is exothermic during cooling.
During heating, when the temperature rises to the reverse martensite transformation start
temperature (A;), martensite begins to transform into austenite, and this is called reverse
martensite transformation (austenite transformation). Continue to increase the temperature
until the reverse martensite transformation finish temperature (A¢), the reverse martensite
phase transformation ends, and it is endothermic during heating. My and Ap, correspond
to the peak temperature of the forward and reverse transformation, respectively, indicating
that about 50% of the transformation has occurred at this temperature. There are two
transformation behaviors in NiTi, one is that B2 austenite directly transforms into B19’
martensite, called one-step transformation B2-B19/, the other is that B2 austenite transforms
into R phase first, and then into B19' martensite, called two-step transformation B2-R-B19’.

Figure 11 shows the DSC diagram of sample L1 and sample L6. The transformation
temperatures (TTs) of samples are summarized in Table 3. Aging will produce a variety
of precipitated phases. The precipitation of nickel-rich particles such as NisTiz in NiTi
alloy will cause the change of Ni/Ti, thereby making the phase transformation temperature
higher than room temperature. The diffusion of the Nb element will replace the Ni site
in the matrix phase, causing a slight change in the atomic ratio of Ni/Ti in the matrix,
which will also cause a change in the martensite transformation temperature. Although
the process parameters of L1 and L6 are different, their phase transformation temperature
values are very close except for the My, and Ay, values, which means that even if the energy
density and the combination of process parameters are different, the phase transformation
temperature may still be similar, so consider it may be that the heat treatment at 950 °C
for 15 h had reduced the NiTiNb phase transformation temperature difference. This
phenomenon also shows that after long-time heat treatment, the sample with small energy
input needs to reduce or increase the temperature to reach 50% phase transformation. The
phase transformation hysteresis temperature (As — M;) of sample L1 and sample L6 is only
3 °C, which does not exert the effect of the addition of Nb element on the wide hysteresis
effect of NiTiNDb alloy.

Under the heat treatment at 950 °C for 15 h, only L1 and L6 of the L1-L6 samples
prepared by LSF show phase transformation behavior, but the L6 sample has poor forming
accuracy (see Figure 3), therefore, we take the L1 process parameter combination as a
reference, and considering that energy density is mostly considered to be an important
factor affecting the structure and performance of the prepared samples, we choose energy
density Ey = 66.67 ]/mm?, then reselect the process parameter combinations to explore.
The long-term high-temperature heat treatment did not improve the phase transformation
properties of L2-L5, Therefore, we appropriately lower the heat treatment temperature,
reduce the annealing time, and choose 850 °C 3 h as the follow-up heat-treatment process.

The phase transformation curves of sample L7 and sample L8 are shown in Figure 12.
The phase transformation temperatures at different locations are summarized in Table 4.

Table 3. Phase transformation temperatures of L1 and L6 prepared by LSF.

TTs (°C) Ey
M M M A A A Ap —M
Sample ° P f s P f P P (J/mm?)
L1 32 10 -2 35 51 71 41 66.67

L6 35 19 0 38 58 70 39 33.33
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Figure 11. DSC diagram of NiTiNb prepared by LSF: (a) v = 900 mm/min, (b) v = 1000 mm/min.
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Figure 12. DSC diagram of NiTiNb prepared by LSF: (a) heat-treated part of sample L7, (b) non-heat
treated part of sample L7, (c) heat-treated part of sample L8, (d) non-heat treated part of sample LS.
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Table 4. Phase transformation temperature of sample L7 and sample LS.
. O g, R¢ M; Mg As Ag Rp My Ap Ap — My
Location
2 7.4 -168 231 —67.3 —24.1 16.9 —6.3 —374 3.7 41.1
3 — — —3.8 —70.4 —28.1 23.5 — —36.4 —24 34
4 — — — — — — — — — —
5 — — —25.1 —67.8 —31.5 13.7 — —38.8 —3.6 35.2
6 — — — — — — — — — —
7 9.6 -175 =332 —69.4 —18.1 16.1 2.5 —52.1 —41 48
8 — — -16.9 —70.9 —24.8 21.3 — —31.5 -0.9 30.6
9 18.6 —4 —17.5 —61.6 —22.3 27 5.5 —38 —2.7 35.3
10 — — —53.8 —88.3 —58.6 —22.3 — —65.8 —33.4 324
11 — — —53.1 —98.6 —61.1 —6.9 — —80.8 —48.3 325

When the sample has not been heat-treated, the phase transformation temperature
of the L7 sample with high laser power is higher than that of the L8 sample with low
laser power, which may be related to the volatilization of Ni caused by high laser power,
because the volatilization of Ni will increase the phase transformation temperature. Firstly,
comparing Figure 12a and 12b, it is found that heat treatment will change the phase
transformation behavior of the sample: from one-step B2-B19’ to two-step B2-R-B1Y/,
and increase the characteristic temperature and phase transformation hysteresis. The
characteristic temperatures related to martensitic transformation increase in a small range,
the characteristic temperatures related to inverse martensitic transformation increase in a
large range, and the transformation hysteresis (A, — Mp) increase by about 5.9 °C. Secondly,
it can be seen from Figure 9a that the phase transformation behavior of the same sample
after heat treatment is different at different building heights. The position of the sample
close to the substrate is a two-step transformation; the middle position of the sample is
a one-step transformation, and no phase transformation is detected near the top of the
sample, which indicates that there is uneven microstructure in the building direction.
However, no matter whether the sample is heat-treated or not, no phase transformation
is detected near the top of the sample. It is speculated that the mixed powder near the
top of the sample does not undergo a sufficient remelting process, and the uniformity of
microstructure is damaged. The specific reasons need to be further explored. It is found
that heat treatment changes the phase transformation behavior of the sample by comparing
Figure 12¢,d. Like sample L7, the phase transformation behavior of sample L8 also changes
from one-step to two-step after heat treatment. The characteristic temperatures of phase
transformation increase obviously, and the phase transformation hysteresis (Ap — Mp)
increases by about 2.8 °C. It can be seen from Figure 12¢ that the transformation behavior
of the same sample after heat treatment is also different in the area perpendicular to the
building height. R transformation occurs at both ends of the sample, and a small shoulder
appears in the reverse martensitic transformation (austenite transformation), which may
be related to the internal stress and high temperature during processing, similar to aging
under pressure [55]. This indicates that the microstructure perpendicular to the building
direction is also uneven.

Different combinations of LSF processing parameters will produce different microstruc-
tures, which will affect the phase transformation temperature. Heat treatment will increase
the phase transformation temperature and change the phase transformation behavior. How-
ever, due to the non-uniformity of the microstructure of LSF prepared by mixed powder,
the change degree at different positions of the sample is not completely consistent.

NiTi alloy powder melts and solidifies rapidly under the action of a high energy den-
sity laser as the preparation process proceeds, the previously solidified material undergoes
a cyclic heating and cooling process. Therefore, the complex thermal history during the
processing will lead to complex microstructures evolution [45], and the phase transforma-
tion behavior of NiTi alloy is very sensitive to microstructure changes [1], so the change
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of preparation process parameters will affect the microstructure of NiTi alloy and thus
significantly affect the phase transformation. In previous studies, the input energy density
is often considered to be the key factor affecting the phase transformation. Studies have
found that the martensite transformation temperature generally increases with the increase
of the input energy density [11,31,34,35,56-59]. Even under the same SLM energy density,
the NiTi alloys prepared with different combinations of process parameters have a phase
transformation temperature change of 205-277 K [38,39]. In the research of this article,
it was also discovered that the phase transformation temperatures of NiTi prepared by
different process parameters under the same energy density are not the same. Therefore, the
input energy density is not the only factor that determines the quality of NiTi forming [46].
In this study, the phase transformation behavior of samples prepared with different pro-
cess parameters is different and the phase transformation behavior of the same sample at
different positions is also different [40]. After the samples were annealed at 850 °C for 3 h,
not only did the phase transformation temperatures increase, but the phase transformation
behavior also changes from one-step transformation to two-step transformation.

Aging leads to precipitation of NigTiz from the Ni-rich matrix, which reduces the Ni
content in the NiTi matrix [55], thus increasing the phase transformation temperature [60].
In addition to affecting the phase transformation temperature, reducing the Ni content can
also increase the thermal hysteresis width and phase transformation heat [5]. There is also
another explanation that the change of Ni/Ti ratio caused by the loss of Ni is the main reason
for the change of phase transformation temperature [31,39], and the decrease of Ni/Ti will
cause the martensite transformation temperature to increase [5,45]. This is one of the reasons
why the phase transformation temperature and the phase transformation hysteresis increase
after the sample undergoes heat treatment. Zamani et al. [61] found that the martensite
transformation temperature increases with the increase of laser power, indicating that Ni
loss increases with the increase of input energy. Therefore, the L7 sample with high laser
power without heat treatment has a higher phase transformation temperature than the L8
sample. As the laser energy increases from the heat-affected zone to the center of the molten
pool, the loss of nickel increases, and the martensite transformation temperature gradually
increases [62]. This will result in different phase transformation temperatures at different
locations of the same sample. The R phase transformation can be induced by various
thermomechanical treatments, such as annealing after deformation, thermal cycling, or
aging of nickel-rich nickel-titanium alloys [52]. The thermal cycle of remelting solidification
is continuously carried out in the LSF process, and the accumulated stress may also be
one of the reasons for the R phase transformation. The XRD curve of this study shows the
presence of NiyTis, and NiyTiz particles have a strong resistance to the formation of B19’, but
their resistance to the formation of the R phase is much smaller [63]. Therefore, in a nickel-
rich NiTi alloy that produces NisTiz precipitation, a one-step martensitic transformation
B2-B19’ changes to a two-step transformation B2-R-B19’. Therefore, the main reason for
the change in the phase transformation behavior of the sample may be the precipitation of
NiyTiz particles caused by the heat treatment. The existence of grain boundaries or similar
defects in nickel-rich NiTi alloys and the content of nickel control whether the precipitation
phases are distributed non-uniformly or uniformly [63]. Due to the complexity of the
LSF processing history, the microstructure and Ni content will change, resulting in the
uneven distribution of Ni4Ti; particles. This is also one of the reasons for the different
phase transformation temperature and different phase transformation behavior in the
same sample. In the future, we can consider adjusting the LSF parameter combination to
further optimize the phase transformation temperature characteristics of LSF-NiTiNb. V.I
Levitas and M. Javanbakht et al. simulated the twinning and microstructures in martensitic
transformation [64,65] and temperature- and stress-induced phase transformations [66,67]
by the phase-field method. The above work laid a foundation for our in-depth study of
LSF-NiTiNb transformation by the phase-field method in the later stage.
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3.3. Mechanical Properties of NiTiNb Prepared by LSF

Six tensile specimens prepared in the heat treatment part of specimen L7 were sub-
jected to tensile tests at 0 °C, the loading direction was perpendicular to the building
direction, and the temperature was between the austenite transformation start temperature
(As) and the austenite transformation finish temperature (Ay), the specimens were in the
coexistence of martensite and austenite. All six specimens suffered a brittle fracture, and
only one specimen shows the stress-induced martensitic transformation plateau [46].

The tensile properties of samples with different building heights are significantly dif-
ferent. The application of NiTi alloy puts forward high requirements for good mechanical
and functional properties, especially excellent tensile properties because most NiTi devices
work under tensile or partial tensile conditions [58]. Studies have found that NiTi alloys
made by SLM exhibit good mechanical properties in compression mode [32]. However,
NiTi alloys made by SLM are brittle under tension and the situation of total elongation <8%
is often reported [68]. It can be seen from Figure 13 that the maximum elongation of LSF
NiTiNb reaches 8% but the minimum elongation is only 0.8%. Due to the complex thermal
history, microstructure with uneven grain size distribution is usually observed in parts
manufactured by SLM [45]. The inhomogeneity of the microstructure will significantly
affect the mechanical properties of NiTi made by SLM [44]. From the previous analysis,
the samples prepared by LSF are not uniform in the area parallel and perpendicular to the
building direction, so the tensile properties are not ideal and have no repeatability. There-
fore, it may be necessary to improve the tensile properties and increase the repeatability
from the aspects of powder uniformity, combination of process parameters, and subsequent
heat treatment or processing.
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Figure 13. Tensile properties of heat-treated part of sample L7.

4. Conclusions

In this work, we selected a variety of parameter combinations to prepare NiTiNb by
LSE the results show that LSF can play a better role in the preparation of NiTiNb. We have
obtained the feasible parameter combination of NiTiNb prepared by LSF, preliminarily
obtained the microstructure and phase transformation temperature of NiTiNb prepared
by LSF using mixed powder, which provides an experimental basis for the preparation of
NiTiNb by LSE. The main conclusions of this work are as follows:
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(1) The LSF process parameter combination of 2000 W laser power and 900 mm /min scan-
ning speed can fully melt the Ni + Ti + Nb mixed powder, and obtain a sample with a
small size deviation, no serious oxidation on the surface, and a good metallurgical
bond between the powder and the substrate.

(2) The microstructure of LSF-NiTiNb alloy is mainly composed of NiTi matrix and
Nb phase, and Nb is mainly enriched in grain boundaries. As the laser power
increases, the grain size increases, and the proportion of equiaxed crystals increases,
the martensite transformation temperature increases.

(8) Heat treatment at 850 °C for 3 h will increase the phase transformation tempera-
ture and hysteresis of LSF-NiTiNb and change the phase transformation behavior
from one-step B2-B19’ to two-step B2-R-B19’. However, the inhomogeneity of the
microstructure results in different phase transformation temperatures and phase
transformation behaviors in the same sample.

(4) The tensile properties of the heat-treated LSF-NiTiNb samples with different building
heights are significantly different due to the uneven microstructure. The maximum
elongation reaches 8% and the minimum elongation is only 0.8%.

In this work, LSF used Ni/Ti/Nb mixed powder to prepare NiTiNb alloy, and the pre-
pared samples show uneven microstructure, which further affects the phase transformation
and mechanical properties. To obtain the required phase transformation performance and
mechanical properties with high repeatability, and then obtain samples with good shape
memory effect, the most important issue is to solve the problem of uneven microstructure.
It is possible to obtain a uniform microstructure or improve the microstructure from uni-
form powder, a good combination of process parameters, appropriate substrate, and the
subsequent heat treatment or other processing methods, to realize the controllability of the
preparation of NiTiNb by LSE.
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