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Abstract

Laser powder bed fusion (LPBF) technology offers an effective approach for fabricating
high-performance superelastic NiTi alloys. This study achieved Nis; ¢Tisg 1 alloys with out-
standing superelastic properties through a triple optimization design of the initial powder
composition, printing process parameters, and post-processing. The phase transformation
behavior and microstructure of the alloys were systematically investigated. The results
indicate that as energy density increases, the size and quantity of pore defects in LPBF-
fabricated Nis; 9Tisg 1 alloys increase, phase transformation temperatures rise, and hardness
conversely decreases. Nis; 9Tisg 1 alloys produced at lower energy densities exhibit fewer
dislocations. After annealing at 600 °C, Ni4qTi3 and R phases form internally, resulting in
a maximum superelasticity of 6.64%. Conversely, Nis; 9Tisg 1 alloys produced at higher
energy densities exhibited a large number of dislocations and formed subgrains after an-
nealing at 600 °C. Additionally, due to the high void volume fraction, they demonstrated
deteriorated superelasticity.

Keywords: LPBF; NiTi SMA; process parameters; annealing; superelasticity

1. Introduction

NiTi shape memory alloys, as a special functional material, exhibit outstanding supere-
lasticity, shape memory effect, thermoelastic properties, and biocompatibility. They have a
wide range of applications in aerospace, sensing and actuation, solid-state refrigeration,
medical devices, and other fields [1-5]. However, NiTi alloys exhibit accelerated tool wear
during machining due to work hardening, and they are prone to forming brittle precipi-
tate phases during welding. Consequently, conventional machining methods struggle to
fabricate NiTi components with complex geometries [6]. In recent years, laser powder bed
fusion technology has advanced rapidly. Utilizing a high-energy laser as the heat source,
it melts the powder layer by layer along a predetermined path, providing an effective
approach for fabricating complex NiTi components [7-10].

For LPBFed NiTi alloys, the superelastic properties are significantly influenced by the
initial composition of the NiTi powder and the LPBF process parameters. On one hand, NiTi
alloys exhibit high sensitivity to chemical composition and microstructure; a 0.1 at.% change
in Ni content can result in phase transition temperature differences of up to approximately

Metals 2025, 15,1180

https://doi.org/10.3390/met15111180


https://doi.org/10.3390/met15111180
https://doi.org/10.3390/met15111180
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://doi.org/10.3390/met15111180
https://www.mdpi.com/article/10.3390/met15111180?type=check_update&version=2

Metals 2025, 15, 1180

2 of 15

10 °C and phase transition stress differences of up to approximately 70 MPa [11-13]. On
the other hand, since Ni has a lower boiling point and evaporation enthalpy (374.8 k] /mol,
2913 °C) than Ti (425.5 kJ /mol, 3287 °C), selective evaporation of Ni occurs during LPBF
processing of NiTi. The extent of Ni evaporation loss varies significantly with changes in
process parameters. Particularly, when the energy density exceeds 200 ] /mm?, Ni evaporation
losses surpass 1 at.% [14-16]. Therefore, optimizing the initial powder chemical composition
and printing process parameters is an effective approach to modulating the mechanical
properties and superelastic behavior of NiTi alloys. Saedi et al. [17] investigated the effects
of laser power and scanning speed on the microstructure and superelasticity of the LPBFed
Ni-rich Nis gTisg > alloy, identifying an optimal process window. The resulting NiTi alloy
exhibited a strain recovery rate of 5.77% upon initial compression and 5.5% after 10 cycles.
Shen et al. [18] investigated the microstructure and superelasticity of the Ni-rich Nis; ¢Tisg 0
alloy processed at different energy densities. They concluded that variations in phase
transition temperatures and superelastic properties among the different samples stem from
differences in Ni content. Xue et al. [19] prepared a Ni-rich Nis; 5 Tigg g alloy with strong
texture and nanoscale precipitates by optimizing LPBF process parameters to eliminate
manufacturing defects, regulate Ni evaporation loss, and control oxygen content in the
printing atmosphere, achieving 6% tensile superelasticity. Yan et al. [20] prepared NiTi alloys
that exhibited 5.71% superelasticity after 30 cycles using Ni-rich Nis; »Tisg g powder. They
attributed this superelastic stability to the strong texture resisting plastic deformation and
the pinning effect of uniformly coherent TiyNi,Ox nano-precipitates on dislocation motion
during cyclic loading. The results above indicate that Ni-rich NiTi powder, combined with
optimized process parameters, can yield NiTi alloys with excellent superelasticity.

Additionally, it is noteworthy that regulating the phase transformation behavior of
NiTi alloys through post-processing, along with controlling the size, distribution, and
quantity of precipitated phases, represents another crucial approach to optimizing the
mechanical properties and functional characteristics of these alloys. Saedi et al. [21,22]
investigated the effects of aging on the phase transformation behavior and superelasticity of
the LPBFed Ni-rich Nisg g Tisg 7 alloy. They found that the phase transformation temperature
of the NiTi alloy could be tailored by adjusting the aging temperature and duration, result-
ing in 5.5% superelasticity. Safdel et al. [23] subjected LPBEed Ni-rich NiTi alloys to aging
treatment, which induced nanoscale NigTiz precipitates and dislocation rearrangement
through recovery and recrystallization mechanisms. This process achieved strain recovery
rates of 82% and 86% for tensile and compressive deformation, respectively. Yang et al. [24]
subjected LPBFed Ni-rich Nis 7Tisg 3 alloy to aging treatments of varying durations, form-
ing lenticular NiyTi3 nano-precipitates that effectively suppressed dislocation generation
and achieved 6.36% superelasticity. The aforementioned studies demonstrate the effective-
ness of optimizing the initial powder composition, process parameters, and post-processing
to achieve high-performance superelastic NiTi alloys. The key lies in compensating for Ni
evaporation and regulating phase transformation behavior and microstructure. Therefore,
it is necessary to further elucidate the influence mechanisms of process parameters and
post-processing on the phase transformation behavior, microstructure, and superelastic
properties of LPBFed Ni-rich NiTi alloys, particularly those produced from Ni-rich NiTi
powders with higher initial Ni content.

This study aims to achieve high-performance superelastic NiTi alloys by implementing
a triple optimization design of initial powder composition, process parameters, and post-
treatment, while elucidating the effects of process parameters and post-treatment on phase
transformation behavior, microstructure, and superelastic properties. First, to compensate for
Ni evaporation losses during printing, a custom Ni-rich Nis; ¢Tisg; powder was employed
for the first time. Second, process optimization was performed on LPBFed Nis; ¢Tisg 1 alloy
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to regulate its phase transformation behavior and microstructure. Finally, to further regulate
the microstructure and phase transformation behavior, the prepared Nis; 9Tisg 1 samples
underwent annealing treatment. Furthermore, comprehensive analyses were carried out
to investigate the effects of process parameters and annealing treatments on pore defects,
phase transformation behavior, hardness, and microstructure in the Nis; 9Tig 1 alloy, thereby
establishing a clear correlation between processing conditions, microstructural evolution,
and superelastic performance. Concurrently, the underlying mechanisms governing supere-
lasticity were revealed through microstructural analysis. This research provides valuable
insights for laser additive manufacturing of high-performance superelastic NiTi alloys.

2. Fabrication and Experimental Procedure
2.1. Powder

The Nisq 9Tigg 1 (at%) powder (Micro-Nano Additive Technology Co., Ltd., Shenzhen,
China) was prepared by the electrode induction molten gas atomization (EIGA) process,
and its chemical composition is shown in Table 1. The powder’s chemical composition was
determined by inductively coupled plasma optical emission spectroscopy (ICP-OES) and
infrared absorption spectroscopy. Most of the powder particles are spherical, as shown
in Figure la. The powder size distribution is shown in Figure 1b, which was measured
by the laser diffraction method. This powder exhibits excellent flowability, satisfying the
requirements of the LPBF process. The phase transformation behavior of the Nis; 9Tisg 1
powder was determined by differential scanning calorimetry (DSC) with a heating and
cooling rate of 10 °C/min. Multiple transformation peaks were observed (Figure 1c).
The X-ray diffraction (XRD) pattern in Figure 1d indicates that the Nis; 9Tisg; powder
is in the austenitic (B2 phase) state at room temperature (RT), which is consistent with
the DSC curves in Figure 1c. The Nisj 9Tisg1 powder was tested using a nanoindenter
(SASTest Equipment Co., Ltd., Shenzhen, China) in controlled load mode (maximum load
of 30 mN), yielding a room-temperature modulus of 62.96 & 4.46 GPa and a microhardness
of 4.56 &+ 0.16 GPa.

Table 1. Chemical composition of the Nis 9Tisg 1 powder.

Elements Ni Ti Fe C (0] N
at.% 51.89 Bal. <0.01 0.003 0.050 0.003
25 — 100
/'/ D10: 19.46um 9
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g &
&5 208
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Figure 1. (a) SEM image of Nisj 9Tisg 1 powder; (b) particle size distribution of Nis; 9Tisg 1 powder;
(c) DSC curves of Nisg 9Tisg 1 powder; (d) XRD patterns of Nis; 9Tisg 1 powder at room temperature.
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2.2. Fabrication Process

The Laser Powder Bed Fusion system (Nanjing University of Aeronautics and Astro-
nautics, Nanjing, China) with a 200 W ytterbium fiber laser was used to fabricate Nis; 9Tisg 1
samples. The fabrication procedure was carried out under an argon atmosphere, which
reduced the oxygen level to less than 60 ppm. Four groups of parameters were utilized
to fabricate Nis; 9Tisg1 samples, as shown in Table 2. The process parameters adopted
were based on our previous work [25]. Within this parameter range, the NiTi alloys can be
successfully formed without exhibiting severe cracking or oxidation. The energy density
(E) is calculated by the equation E = P/(vht), where P is the laser power, v is the scanning
velocity, h is the hatch spacing, and t is the layer thickness. The scanning strategy for all
groups in the LPBF fabrication process is depicted in Figure 2a. The corresponding LPBFed
cylindrical Nis; 9Tisg 1 samples with a length of 10 mm and a diameter of 4.5 mm are shown
in Figure 2b. After printing, the Nis; 9Tisg1 sample was cut using electrical discharge
wire cutting, followed by post-processing annealing at 600 °C for 1 h, then air-cooled to
room temperature. Figure 2c illustrates the triple optimization strategy employed in this
work to achieve superior superelasticity in LPBFed NiTi alloys, comprising: I. Design of
NiTi powder with high Ni content to compensate for Ni evaporation losses; II. Process
parameter design to regulate phase transformation behavior and microstructure; and III.
Post-processing design to control precipitate phase formation.

Lo
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Layer Layer Layer
n n+1 n+2

Building Direction X-axis

© I. Powder composition Laser IL. Process parameter design: II1. Post-processing design:
design: high-Ni-content / phase transformation behavior precipitation phase control
M 2 Ni evaporation

NiTi powder compensates and microstructure control
W A2 w
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for Ni cvaporation loss 2
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|

Figure 2. (a) Schematic diagram of the scanning strategy; (b) cylindrical Nis; ¢Tisg 1 samples fabricated
by LPBEF; (c) The triple optimization design adopted: I. Powder composition design, II. Process
parameter design, and III. Post-processing design.

Table 2. Processing parameters applied for fabricating Nis; ¢Tisg 1 alloy.

Sample

Laser Power

Scanning Speed Hatch Spacing Layer Thickness Energy Density

P (W) v (mm/s) h (mm) t (mm) E (J/mm?)
Al 190 700 0.05 0.03 180
A2 190 600 0.05 0.03 211
A3 190 500 0.05 0.03 253
Bl 170 600 0.05 0.03 188
B2 170 500 0.05 0.03 226
B3 170 450 0.05 0.03 252
C1 150 550 0.05 0.03 181
C2 150 500 0.05 0.03 200
C3 150 400 0.05 0.03 250
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Table 2. Cont.

Sample

Laser Power

Scanning Speed Hatch Spacing Layer Thickness Energy Density

P (W) v (mm/s) h (mm) t (mm) E (J/mm?3)
D1 130 500 0.05 0.03 173
D2 130 400 0.05 0.03 217
D3 130 350 0.05 0.03 248

2.3. Property and Microstructure Characterization

The phase transformation temperature was tested by differential scanning calorimetry
(DSC) (Hesheng Instrument Technology Co., Ltd., Shanghai, China) with a cooling/heating
rate of 10 °C/min. During the DSC measurement, the samples were first cooled down
to —150 °C to reach a fully martensitic state, after which the samples were heated up to
150 °C and then cooled down to —150 °C to investigate the reverse and forward martensitic
transformations, respectively. The superelasticity behaviors at RT were studied using an
electronic universal testing machine (SASTest Equipment Co., Ltd., Shenzhen, China) based
on the corresponding compressive loading-unloading stress—strain responses. During the
superelasticity tests, the electronic universal testing machine was under the displacement
rate control mode with a strain rate of 1 x 10~ s~!. Hardness was identified by an auto
Vickers microhardness tester (SASTest Equipment Co., Ltd., Shenzhen, China) with a 500 g
load at RT. The hardness values were obtained as the average of 10 measurements.

The defect volume fraction was investigated using micro-focus X-ray computed to-
mography (micro-CT) (Sanying Precision Instruments Co., Ltd., Tianjin, China) with a
high-performance nanofocus X-ray tube. An X-ray diffractometer (XRD) (Haoyuan Instru-
ment Co., Ltd., Dandong, China) with Cu-Ka radiation was used to identify the phase
composition at RT with a scanning rate of 2° /min, and the tested surface was the top plane
of the cylindrical Nis; 9Tisg 1 sample. Transmission electron microscope (TEM) observation
was conducted at 200 kV by a field-emission transmission electron microscope equipped
(GIQTEK Technology Co., Ltd., Hefei, China) with an energy dispersive spectrometer (EDS)
for chemical composition analysis. TEM specimens were first ground to 100 pm using
2000-grit SiC paper and then polished using a precision ion polishing system.

3. Results
3.1. Defect and Martensitic Transformation Behavior

Figure 3 shows the micro-CT results for the Nis; 9Tisg 1 alloy fabricated by LPBF under
different processing parameters. Within each group with the same laser power, the pore
defect volume increases as the energy density increases. For different groups with nearly the
same energy density, the pore defect volume increases as the laser power decreases. Based
on the results in Figure 3, the diameter and number distribution of pore defects in Nis ¢Tisg 1
alloys prepared by different processes were statistically analyzed, as shown in Figure 4. It
can be observed that for the lower energy density samples Al, B1, C1, and D1, the vast
majority of pore defects have diameters less than 50 pm. As the energy density increases, the
number of pores with diameters less than 50 um decreases in the Nis; 9 Tigg 1 alloys, while
the number of pores with diameters greater than 50 um increases. Further statistics on the
average and maximum diameters of pore defects in the Nis; 9Tisg1 samples are shown in
Figure 4ef. It can be observed that for the Al, Bl, C1, and D1 samples prepared at low
energy density, the average diameters of pore defects are 35.78 pum, 35.66 pm, 39.33 pm, and
38.85 um, respectively, with maximum diameters of 147.00 um, 158.86 pm, 263.29 um, and
193.21 um, respectively. In contrast, for the high-energy-density prepared samples A3, B3,
C3, and D3, both values increased sharply, with average pore defect diameters reaching
85.76 pm, 72.43 um, 91.81 um, and 80.54 um, respectively, and maximum diameters reaching
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389.00 pm, 342.49 um, 384.84 pm, and 381.00 um, respectively. Furthermore, since the
annealing temperature did not reach the liquidus temperature of the NiTi alloy, the size of
the pore defects remained unchanged before and after annealing.

50 50 o
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Figure 3. Micro-CT results of Nis; 9Tigg 1 alloys fabricated using different processing parameters:
(A1-A3) The laser power is 190 W, and the scanning speeds are 700, 600, and 500 mm/s, respectively;
(B1-B3) The laser power is 170 W, and the scanning speeds are 600, 500, and 450 mm /s, respectively;
(C1-C3) The laser power is 150 W, and the scanning speeds are 550, 500, and 400 mm /s, respectively;
(D1-D3) The laser power is 130 W, and the scanning speeds are 500, 400, and 350 mm/s, respectively.
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Figure 4. The pore defect counts and diameter distribution in Nisj 9Tisg 1 alloys prepared using
different parameters: (a) Samples Al, A2, and A3; (b) Samples B1, B2, and B3; (¢) Samples C1, C2,
and C3; (d) Samples D1, D2, and D3; (e) The average diameter of defects in different samples; (f) The
maximum diameter of defects in different samples.
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Figure 5 shows the DSC curves and corresponding phase transition peaks of the
LPBFed Nis; 9Tigg 1 alloys fabricated using different processing parameters. For each
group with identical laser power, as the energy density increases, the martensite start
temperature (M), austenite finish temperature (Ay), and thermal hysteresis A(A; — Ms)
progressively increase. Similarly, within groups featuring nearly identical energy densities,
these parameters also exhibit a gradual upward trend as laser power increases.

0.3 0.3
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g 024 . —aA2 g 920 pen — B2
= Heating A3 = eating B3
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Figure 5. DSC curves of Nisj 9Tisg 1 alloys fabricated using different processing parameters: (a) Samples
Al, A2, and A3; (b) Samples B1, B2, and B3; (c) Samples C1, C2, and C3; (d) Samples D1, D2, and D3.

Figure 6 shows the DSC curves for the LPBFed Nis; 9Tisg 1 alloy fabricated using
different processing parameters after annealing at 600 °C. For each group, a single transfor-
mation peak can be observed in samples prepared using low energy density and medium
energy density (samples numbered 1 and 2), while a broader transformation peak can be
clearly observed in samples prepared using higher energy density (samples numbered 3).
Moreover, it is interesting that some small shoulder peaks appear in the DSC curves as
the energy density increases. The phase transition temperatures and thermal hysteresis
of different samples were statistically analyzed using the tangent method, as shown in
Table 3. It should be noted that the phase transition temperatures (Ms and Ay) of all samples
decreased to varying degrees after annealing, while the thermal hysteresis A(Af — M)
increased to varying degrees.

Table 3. Phase transformation temperatures and thermal hysteresis for LPBFed and annealed

Ni51.9 Ti48_1 alloy.

S ) LPBF Fabrication 600 °C Annealing
WP M, O ACO MA—M) O M CO A Q) AUs— M) €O
Al -2 —10 -8 —72 —36 36
A2 12 17 5 -73 —20 53
A3 17 43 26 —12 19 31
Bl —6 9 15 —73 —33 40
B2 0 15 15 —58 —6 52
B3 22 45 23 —-16 15 31
C1 5 22 17 —75 —43 32
Cc2 8 23 15 —65 —40 25

C3 15 40 25 25 48 23
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Table 3. Cont.
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Figure 6. DSC curves of LPBFed Nis; 9Tiyg 1 alloys after annealing at 600 °C: (a) Samples A1, A2, and
A3; (b) Samples B1, B2, and B3; (c¢) Samples C1, C2, and C3; (d) Samples D1, D2, and D3.

3.2. Hardness and Superelasticity

Figure 7 shows the room-temperature hardness of LPBFed Nis; 9Tiyg 1 alloys before
and after annealing at 600 °C. It can be observed that, within groups sharing the same laser
power, hardness gradually decreases with increasing energy density. This is attributed to
the higher phase transformation temperature of Nisj 9 Tisg 1 alloys printed at high energy
densities, which reduces the difficulty of inducing stress-induced martensitic transforma-
tion. Additionally, larger porosity defects in samples fabricated at high energy densities
also contribute to the hardness reduction. For the Nis; 9Tisgg1 alloy after annealing, its
hardness trend is similar to that before annealing; however, the hardness is significantly
increased. This enhancement can be attributed to the formation of precipitated phases
such as NiyTiz during annealing, which contribute to precipitation hardening. Among all
samples, the annealed A1l sample demonstrates the highest room-temperature hardness of
328.8 HV, a value comparable to that of as-cast NiTi alloys.

Figure 8 shows the superelastic behavior at RT for the LPBFed Nis; 9Tisg 1 alloy after
annealing at 600 °C. The recovery strain and residual strain for each sample are summarized
in Figure 9a. It can be observed that within each group, samples prepared at lower and
medium energy densities (samples numbered 1 and 2) exhibited superior superelastic
properties, with recovery strains exceeding 6.28% after unloading, reaching a maximum
of 6.64%. In contrast, samples prepared at higher energy density (samples numbered 3)
showed significantly degraded superelastic performance, with recovery strains below
4.95% after unloading. Figure 9b compares the highest superelasticity achieved in this
work with that from other published studies. It can be seen that the triple optimization
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design employed in this work significantly enhances the superelastic properties of LPBFed
NiTi alloys.
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100 -
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Figure 7. Hardness of Nis; 9Tisg 1 alloys in fabricated by different processing parameters: (a) LPBF
fabrication; (b) 600 °C annealing.
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Figure 8. Stress—strain curves of annealed Nis; 9Tisg 1 alloys at room temperature: (a) Samples Al,
A2, and A3; (b) Samples B1, B2, and B3; (¢) Samples C1, C2, and C3; (d) Samples D1, D2, and D3.
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Figure 9. (a) Recovered strain and unrecovered strain of annealed Nis; 9Tisg 1 alloys after unloading;
(b) Comparison of the superelasticity obtained in this work with other reported results (adapted from

Refs.

[17,19-22,24]).

3.3. Microstructure

Figure 10 shows the XRD patterns at RT for the LPBFed Nis; 9Tisg 1 alloy under
different processing parameters. Strong diffraction peaks of B2 and weak diffraction peaks
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of B19' are observed in each group. After annealing, the diffraction peaks of B2 become
stronger, while the diffraction peaks of B19’ become very weak, as shown in Figure 11.
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Figure 10. XRD patterns of Nis; 9Tisg 1 alloys fabricated using different processing parameters:
(a) Samples A1, A2, and A3; (b) Samples B1, B2, and B3; (c) Samples C1, C2, and C3; (d) Samples D1,
D2, and D3.
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Figure 11. XRD patterns of Nis; 9Tisg 1 alloys after annealing at 600 °C: (a) Samples A1, A2, and A3;
(b) Samples B1, B2, and B3; (c) Samples C1, C2, and C3; (d) Samples D1, D2, and D3.

Figure 12 shows the TEM images of the LPBFed Nis; 9Tisg 1 alloys processed under
different processing parameters. For the LPBFed A2 sample, the matrix is observed to be B2
austenite with a BCC crystal structure, consistent with DSC and XRD results. Additionally,
a small number of dislocation defects are distributed in the B2 matrix of the LPBFed A2
sample (Figure 12b). With the increase in energy density, the LPBFed A3 sample exhibits a
denser dislocation network within its B2 austenite matrix (Figure 12c), accompanied by the
formation of B19" martensite plates (Figure 12d). Figure 13 shows the TEM images of the
LPBFed Nis; 9Tigg 1 alloys after annealing at 600 °C. For the annealed A2 sample, the matrix
remains B2 austenite, but additional lens-shaped Ni4Tij precipitates and circular R-phase
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particles have formed. In contrast, for the annealed A3 sample, dislocation clustering in the
B2 matrix has led to the formation of subgrains.

B2

«— Dislocation

. /

Figure 13. TEM of annealed Nis; 9Tisg 1 alloys: (a,b) annealed A2 alloy; (¢,d) annealed A3 alloy.

4. Discussion
4.1. Effects of Laser Parameters and Annealing on Martensitic Transformation Behavior

The phase transition temperature of nickel-titanium alloys produced by LPBF is
related to nickel evaporation, oxygen absorption, and precipitation during the melting
process [26-28]. For samples prepared at low and medium energy densities (samples
numbered 1 and 2), the phase transition temperature remains low due to limited Ni evapo-
ration loss. In contrast, the phase transition temperature of the samples prepared at high
energy density (samples numbered 3) increases significantly due to increased Ni evapora-
tion loss, which is consistent with previous work [15,29]. The increased Ni evaporation loss
at higher energy densities stems from greater laser energy input, which elevates the peak
temperature of the melt pool, enlarges its size, and prolongs its lifetime. This sequence of
events enhances the rate, area, and duration of selective Ni evaporation [30].

Additionally, samples prepared using low and medium energy densities exhibit broad
peaks, which can be attributed to compositional inhomogeneity [31,32]. Conversely, sam-
ples prepared using high energy densities display relatively narrow peaks. This is due
to the enhanced Marangoni forces within the melt pool under high-energy-density laser
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irradiation, which promote fluid flow and compositional homogenization [33,34]. It is
noteworthy that, due to the higher cooling rate resulting from the high energy density,
residual stresses in samples prepared via high energy density are amplified, leading to the
generation of more dislocations.

After annealing at 600 °C, the phase transformation temperatures of all alloys de-
creased. Notably, the martensitic transformation temperatures of alloys Al and A2 de-
creased significantly by 70 °C. Such a substantial reduction in the martensitic transformation
temperature should be attributed to the precipitation of the NiyTi3 phase. Although the
formation of NiyTi3 precipitates reduces the Ni/Ti ratio in the matrix, the small inter-
precipitate spacing suppresses martensite formation. Simultaneously, annealing promotes
compositional homogenization, resulting in narrower phase transformation peaks in the
samples printed at low and medium energy densities after annealing (Figure 6). Addition-
ally, for samples prepared with a high energy density, annealing caused dislocations to
aggregate and form subgrains (Figure 13d). Since grain boundaries inhibit the martensitic
transformation, two distinct transformation peaks appeared in the DSC curve for the A3
alloy (Figure 6).

4.2. Factors Influencing Recovery Strain

Pore defects are one of the characteristics of LPBF-manufactured alloys, caused by gas
entrapment in the melt pool or elemental evaporation. CT results indicate that both the
number and size of porosity defects increase with rising energy density (Figure 3). This
phenomenon primarily stems from intensified Ni evaporation within the melt pool under
high-energy-density conditions, which enhances the vapor recoil force. Consequently, the
depth of the melt pool’s keyhole increases and becomes more unstable, raising the proba-
bility of keyhole collapse and subsequent entrapment of pores within the melt pool [35,36].
Previous studies indicate that pore defects reduce the recovery strain of LPBFed NiTi
alloys [17,18]. In this study, based on CT reconstruction models, the integral volume frac-
tion of pore defects in Nis; 9Tigg 1 alloys after annealing at 600 °C was quantified. The
relationship between the defect volume fraction and recovery strain is shown in Figure 14a.
It can be observed that when the pore defect volume fraction is below 0.13%, the Nis; 9Tisg 1
alloys achieve a recovery strain exceeding 6.2% (samples A1, A2, B1, B2, C1, C2, and D1,
D2). However, when the pore defect volume fraction increases beyond 0.18%, the recovery
strain significantly decreases to below 5% (samples A4, B4, C4, and D4). This is because
the numerous pore defects present in Nis; 9Tisg 1 alloys prepared via high-energy-density
processing tend to cause stress concentration when subjected to loading, thereby increasing
the likelihood of irreversible dislocation slip. Thus, pore defects have a detrimental effect
on the superelasticity of LPBFed NiTi alloys.
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Figure 14. (a) The relationship between the volume fraction of pore defects and recovery strain for
the LPBF-fabricated Nis; 9Tisg 1 samples; (b) the relationship between the austenitic transformation

temperature (Af) and recovery strain for the LPBF-fabricated Nis; 9Tisg 1 samples.
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In addition to pore defects, the phase transition temperature significantly influences
the superelastic properties of Nis; 9Tigg 1 alloys. Figure 14b illustrates the relationship
between the A; temperature and the recovery strain for annealed Nis; 9Tigg 1 alloys. It
can be observed that Nis g Tisg 1 alloys printed with high energy density (samples A4,
B4, C4, and D4) exhibit an Ay temperature exceeding 20 °C, indicating that they did not
undergo a complete martensitic reverse transformation after unloading. Furthermore,
Nisq 9Tisg 1 alloys prepared via high-energy-density processing exhibit a large number of
dislocations and form subgrains after annealing (Figure 13d), which further deteriorates
their superelasticity.

For Nis; 9Tisg 1 alloys prepared at lower energy densities (samples Al, A2, Bl, B2,
C1, C2, and D1, D2), the NisTi3 and R phases formed after annealing (Figure 13a,b).
These precipitates stabilize the B2 austenite phase and promote martensite nucleation.
Furthermore, the strain fields surrounding these precipitates effectively impede dislocation
motion [19,21,37]. On the other hand, Nis; 9Tisg 1 alloys prepared at lower energy densities
exhibit higher matrix Ni content, enabling the formation of a solid solution-strengthened
matrix that effectively enhances the critical slip stress [19,22]. Consequently, through
the combined effects of matrix strengthening and precipitation phases, Nis; 9Tisg 1 alloys
prepared at lower energy densities exhibit less stable martensite and plastic slip after
compression unloading, demonstrating outstanding superelasticity of up to 6.64%.

5. Conclusions

This study utilized Ni-rich Nis; 9Tisg 1 powder to fabricate Nis; 9Tisg 1 alloys with
outstanding superelastic properties through LPBF process parameter optimization and
annealing treatment. The influence patterns and underlying mechanisms of process param-
eters and annealing on defect distribution, phase transformation behavior, and superelastic
properties were investigated. The conclusions of this research are as follows:

(1) As energy density increases, the number and volume of pore defects in the LPBFed
Nis 9Tigg 1 alloy increase, the phase transition temperature rises, and the hardness
decreases. After annealing at 600 °C, the phase transition temperature of the LPBFed
Nisj 9Tigg 1 alloy decreases, the thermal hysteresis increases, and the hardness improves.

(2) The Nis; 9Tigg 1 alloy prepared at lower energy density exhibits relatively fewer dis-
locations and forms Nis Ti3 precipitates and R-phase after annealing. The Nisj 9Tissg 1
alloy prepared at higher energy density contains more dislocations, which aggregate
to form subgrains after annealing.

(3) Due to a large number of pore defects, a high phase transformation temperature, and
the formation of subgrains after annealing, the Nis; 9Tiyg 1 alloy prepared using high
energy density exhibits deteriorated superelastic properties, with a recovery strain
after compression of less than 5%.

(4) The Nis9Tigg1 alloy prepared at a lower energy density exhibits a high matrix Ni
content. After annealing, it forms NiyTi3 precipitates and R-phase, demonstrating out-
standing superelastic properties with a recovery strain of up to 6.64% after compression.
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