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ABSTRACT

Although the simulation results had demonstrated that the strain field introduced by Ni4Ti3 nano-precipitates in
NiTi shape memory alloys (SMAs) was related with their superelasticity inherently, the corresponding experi-
mental result was rarely documented heretofore, especially in additive manufactured NiTi SMAs. In this work,
we tailor the morphologies and resultant strain field of Ni4Tiz nano-precipitates by heat treatment of a NiTi SMA
subjected to laser powder bed fusion (LPBF), and further authenticate relationship between the superelasticity
and the strain field in the LPBF NiTi samples. When holding times were 1 h, 3 h, and 5 h at aging temperature of
350 °C after solution treatment, the Ni4Tiz nano-precipitates in the LPBF NiTi samples exhibit spherical, ellip-
soidal, and lenticular morphologies, respectively. Accordingly, the strain field around Ni4Ti3 nano-precipitates in
B2 matrix decrease from 0.15 % to 0.13 % and 0.10 %, respectively. The LPBF and aged NiTi samples present
large superelasticity, which exceeds 6 % recovery strain together with high recovery rate of >99 % during 10-
times cyclic compression loading. Interestingly, the LPBF and aged sample with the spherical Ni4Tiz and high-
est strain field displays the worst superelasticity stability, while the one with the lenticular Ni4Tiz and smallest
strain field exhibits the relatively stable and biggest superelasticity of 6.36 %. Basically, this is attributed to
different mechanisms between the Ni4Tiz nano-precipitates and dislocations generated during cyclic loading,
which is induced by different interfaces between the Ni4Tiz and B2 matrix in the three types of the NiTi samples.
For the sample with the highest strain field, its spherical NisTiz was cut through by generated dislocations due to
coherent interface between the spherical Ni4Ti3 and B2 matrix. In contrast, the one with the smallest strain field,
its lenticular NisTiz can impede effectively generated dislocations because of semi-coherent or non-coherent
interface between the lenticular Ni4Tiz and B2 matrix. Therefore, these results can provide meaningful in-
sights into tailoring the nano-precipitates and thereby obtaining excellent superelasticity of NiTi SMAs by LPBF.

1. Introduction

in thermally treated NiTi SMAs by atomic-resolution transmission
electron microscopy and geometrical phase analysis, which introduced

NiTi shape memory alloys (SMAs) are widely used in aerospace ap-
plications, surgical instruments, and medical devices because of their
superelasticity, shape memory effect, good biocompatibility, and high
corrosion resistance [1-3]. It has been confirmed that strain fields
introduced by various precipitates play an important role in the modu-
lation of functional properties for NiTi SMAs. Tirry et al. [4] found and
confirmed that there were strain field surrounding the Ni4Ti3 precipitate
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by the matrix-precipitate lattice mismatch. Based on the potential
reinforcement from the strain field, enhanced strength was obtained in
the coarse-grained Nisg gTisg.o SMA by Wang et al. [5]. They claimed
that evenly-distributed Ni4Tiz nano-precipitate and high-density dislo-
cations could resist plastic deformation during the stress-induced
martensite transformation, thereby improving the superelasticity sta-
bility of Nisg gTisg2 SMA, and only 0.5 % irrecoverable strain was
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observed after 20-times cyclic tension. Meanwhile, Yamamoto et al. [6],
Tomozawa et al. [7], and Chang et al. [8] pointed out that the coherent
strain field around the plate-like Guinier-Preston zones and the strain
field around the nano-sized spherical semicoherent TiyNi precipitates
could result in the R phase transformation appearing in Ti-rich TiNi thin
films. Furthermore, Ishida et al. [9] and Tadayyon et al. [10] found that
microscale TiyNi precipitate preferentially along grain boundaries,
which had non-coherent relationship with matrix completely, caused
fracture of NiTi SMAs at an early stage during plastic deformation, thus
leading to a sharp decrease in ductility. It can be found that modulating
and obtaining proper strain field in the matrix of NiTi SMAs can
significantly improve their functional properties.

For the manufacturing process of NiTi SMAs, many researchers
stressed that the manufacturing and machining process of NiTi are
challenging owing to their low thermal conductivity, remarkable spring
back effect, and high work hardening, which limits the applications of
complex-shaped NiTi SMA parts [11-13]. As a commonly used additive
manufacturing technology, laser powder bed fusion (LPBF) technique
can fabricate NiTi parts from powder particles, which makes it available
for complex NiTi SMA parts for biomedical implants [14-17]. However,
during the LPBF process, the high heating and cooling rates (10*-10° K/
s [18,19]) of melt pools result in the existence of residual stress in the
LPBF metallic parts [20,21], and complex thermal histories and local
chemical compositional changes lead to the formation of unevenly-
distributed precipitation phase in LPBF NiTi SMAs [22-25]. Undoubt-
edly, post-treatment processes are effective to weaken the adverse ef-
fects of above factors, and improve the mechanical and functional
properties of LPBF NiTi SMAs. Recently, Li et al. [26] and Tan et al. [27]
found that the microscale TisNi precipitate formed in LPBF Nig4 3Tiss 7
and Niys 2Tis4.g SMAs, and the mechanical properties of LPBF NiTi SMAs
increased remarkably after heat treatment or hot isostatic press. Mean-
while, Lu et al. [28] pointed out that homogenization of TioNi nano-
precipitate can be achieved by proper heat treatment in LPBF
Nigg 4Tis06, and Nigg 4Tisg e with homogeneous globular Ti,Ni nano-
precipitate showed an excellent shape memory effect, with a recovery
strain of 5.32 % and recovery rate of >98 % after ten loading-unloading
cycles. However, the altered strain field around the TisNi nano-
precipitate was ignored in above works. Furthermore, Cao et al. [29]
obtained a compressive recovery strain of 4.6 % after ten loading-
unloading cycles by introducing uniformly-distributed Ni4Tiz nano-
precipitate (50-200 nm) by heat treatment of Nis; 4Tisge SMA. How-
ever, it should be noted that Cao et al. [29] did not investigate the
microstructure evolution and relationship between the superelasticity
and characteristics of Ni4Ti3 nano-precipitate thoroughly. Moreover,
Saedi et al. [30,31] investigated the influence of heat treatment on the
phase transformation behavior and compressive superelasticity for LPBF
NiTi SMAs. However, the underlying mechanisms between altered
microstructure and superelasticity had not been revealed systematically
in these works. Therefore, systematic studies should be conducted on the
evolution of precipitation phase during heat treatment, and relationship
between precipitation phase and superelasticity should be established in
LPBF NiTi SMAs [11,32].

In this study, different strain fields were introduced in the matrix of
LPBF Nisg 7Tigg 3 SMA by tailoring the morphology of Ni4Ti3 nano-
precipitate. Then, the phase transformation and superelasticity were
studied in detail for LPBF Nigg 7Ti49 3. Moreover, the underlying mech-
anisms of varied microstructures and superelasticity in LPBF Nisg 7Ti49 3
with different strain fields were revealed in detail. The presented results
in this study make it possible to obtain the desired superelasticity of
LPBF NiTi SMAs via tailoring strain fields in their matrix.

2. Experimental
2.1. Material and LPBF

The as-received Nisg7Tisg 3 powder was prepared by electrode
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induction-melting gas atomization technique. Fig. 1a shows most of NiTi
powder had spherical or near-spherical shape. The size distribution in
Fig. 1b demonstrates that the D5y of the NiTi powder was 33 pm. The
XRD result in Fig. 1c shows single B2 austenite phase in the NiTi powder.
The powder was implemented via an EOS M280 LPBF system in high-
purity Ar atmosphere. Fig. 1d presents the processing strategy during
LPBF. The rotation angle between adjacent layers was 67°, which was
beneficial for the formability of LPBF Nisg 7Tigg 3 samples (Fig. 1d) [33].
The optimized LPBF parameters were 180 W laser power, 800 mm/s
scanning speed, 30 pm layer thickness, and 80 pm hatch spacing [34].
Fig. 1e shows Nisg 7Ti49 3 samples having dimensions of 8.5 x 6.5 x 6.5
mm? in x, Y, 2 directions fabricated by LPBF. In particular, for the as-
fabricated NiTi samples, heat treatment of solid solution at 950 °C for
5.5 h, followed by ice-water quenching, and aging treatment at 350 °C
for 1 h, 3 h and 5 h, followed by ice-water quenching were conducted
with high-purity Ar protection, which was aimed at tailoring the mor-
phologies of NisTig precipitate. Compression samples with 3 mm
diameter and 6 mm length were produced by wire-electrode cutting for
compressive test (Fig. 1f).

2.2. Characterization and test

The phases were identified using X-ray diffraction (XRD) analysis,
specifically with Cu Ka radiation, conducted at room temperature
(25 °C) using a D/MAX-2500/PC instrument. Differential scanning
calorimetry (DSC) was employed to investigate phase transformation
temperatures (TTs) with a cooling/heating rate of 10 °C/min, following
the ASTM F2004-05 standard. The LPBF NiTi samples were polished and
etched with a solution comprising 50 vol% H»0, 40 vol% HNOs, and 10
vol% HF. Subsequently, optical microscopy (OM) using a Leica DM
15000 M microscope and scanning electron microscopy (SEM) with a
Philips XL-30 FEG instrument were utilized to analyze and reveal the
microstructure of the NiTi samples. Electron backscattered diffraction
(EBSD) analysis was measured using SEM at a step size of 1.4 pm and an
operating voltage of 20 kV, and the measured EBSD data were post-
processed using TSL OIM Analysis 7 software. Transmission electron
microscopy (TEM) was conducted using a field emission gun high-
resolution TEM (JEM-2100) with an acceleration voltage of 200 kV.
TEM samples were prepared through twin-jet electro-polishing within a
solution consisting of 4 vol% HCIO4 acid and 96 vol% CyHsOH at
—30 °C, followed by ion-beam thinning using a Gatan 691 system. For
evaluating the superelasticity, cylindrical samples were subjected to
stress-controlled cyclic compressive loading using an INSTRON 8862
test platform. A constant strain rate of 5 x 10~* s™! was applied during
both loading and unloading phases. Prior to the compressive test, all
LPBF NiTi samples were heated to a temperature 10 °C above the
austenite transformation finish temperature (A¢) and held for 5 min to
ensure temperature uniformity.

3. Results
3.1. Phase transformation behaviors

Fig. 2 shows XRD results of the LPBF Nisg 7Ti49 3 samples. It is found
that B2 austenite phase dominated in as-fabricated and solution NiTi
samples, and the Miller indices (11—2) and (300) of R phase occurred in
NiTi samples after aging treatment, which indicated that R phase formed
in aged NiTi samples [35]. Besides, weak diffraction peaks of B19’
martensite in all NiTi samples demonstrated the existence of minor B19’
martensite in all LPBF NiTi samples. Meanwhile, weak diffraction peaks
corresponding to the Ni4Tiz phase in aged NiTi samples showed that the
Ni4Tis phase might precipitate in the B2 austenite matrix after solution
and aging treatment of the LPBF Nis( 7Tis9 3 samples [36].

Fig. 3a exhibits the DSC curves of LPBF NiTi samples under different
states. The martensite start temperature (M), martensite finish tem-
perature (M), austenite start temperature (A,), and austenite finish
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Fig. 1. (a) Morphology, (b) Size distribution, (c) X-ray diffraction pattern of NiTi powder, (d) Scanning path, (e) Fabricated NiTi samples, (f) Cylindrical LPBF NiTi
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Fig. 2. XRD patterns of the LPBF NiTi in different states.

temperature (Ay) were determined by tangent method [35]. Fig. 3b
shows the alteration of My, My, A;, and Ay, and Table 1 summaries the TTs
of LPBF Nisg 7Tis9 3 samples under different states. These TTs decreased
after solution treatment significantly. Then, the TTs increased after
aging treatment at 350 °C, and with the increase of aging time, the TTs
increased gradually. Specifically, TTs decreased by above 30 °C and
peaks were sharpened after solution treatment (see the DSC peaks in
Fig. 3a). It can be attributed to the elimination of residual thermal stress,
formed Ni-rich secondary phase during LPBF process dissolved into
matrix, and a more homogeneous and Ni-rich matrix obtained after
solution treatment [24,30,37]. As a result, the TTs decreased due to the
increase of Ni content in matrix and the peaks became sharper due to the
obtained homogenous microstructure and the elimination of residual
thermal stress [38].

After aging treatment, the formation of Ni-rich Ni4Tis precipitate was
responsible for the significantly increase of TTs. Specifically, the
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formation of Ni-rich NisTi3 precipitate reduced the Ni content in matrix,
thereby increasing the TTs [38,39]. Meanwhile, with the increase of
aging time, Ni4Tis precipitate in the matrix gradually grew and satu-
rated (More details were presented in Fig. 8). Therefore, the increase of
TTs was slow, and TTs were close to certain values finally. Besides, a
two-step phase transformation behavior can be observed in the LPBF
NiTi samples after aging treatment. The aged NiTi samples underwent
B19' —» R — B2 during heating, and B2 — B19’ during cooling. It had
been demonstrated that the formation of Ni4Tis precipitate in the matrix
of NiTi can promote the occurrence of R phase transformation [40,41].
Thus, the reason behind was supposed to be that NisTi3 precipitate acted
as a much stronger obstacle to the B2<>B19' transformation than that to
the B2<R transformation because the former had a much larger trans-
formation strain. Some prior works also manifested that the strain field
associated with Ni4Tis precipitate can promote the occurrence of R
phase transformation [4,42]. More details will be shown in Section 3.2.



Journal of Manufacturing Processes 127 (2024) 698-708

60 T T T T
(b) ¥ _
AS - - o=
40 4 \ ) G e —i
w - - -
£ \ 4 ---1
= \ -
é 20 L N 7 -
g AN v d ]
R} N / /
= 04 i /7
S Ny,
g n ‘( / 4
=
S -20 \ / - M,
Z \
E \ / _.' Ms
T 40 \ ./ —A 4, 7
-V 4,
-60 T T T T T
As-fabricated Solution 350°C-1h 350°C-3h 350°C-5h
States

Fig. 3. DSC curves of the LPBF Nis 7Tis9 3 samples in different states.

Y. Yang et al.
(a) 0 . - z .
0.8 ‘/*/x‘, —
o 350 °C-5h
-
C) 0.4 4 350 °C-3h
2 02 BIY—R__~_ X R—B2 |
_g 0.0 350 °C-
— e N S
< _‘/\ B19'~—B2
g 02 -
- 0.4 - Solution
BIY—-B2 —\4, |
084 M, 4 M, As-fabricated
>~ B19——B2
& I 0 T T T T T T T
-40 -20 0 20 40 60 80
Temperature (°C)
Table 1

Phase transformation temperatures of LPBF Nisg 7 Ti4g 3 samples under different
states.

Sample Phase Transformation Temperature (°C)

My M R, Ry A Af
As-fabricated -12.9 23.2 - - 13.8 53.6
Solution —44.4 -11.6 - - -7.7 15.1
350 °C-1h 23.5 37.0 15.1 28.6 34.8 43.9
350 °C-3h 32.0 44.8 20.4 35.3 38.4 49.7
350 °C-5h 34.0 45.3 24.2 36.7 39.8 50.8

3.2. Microstructural evolution

Fig. 4 shows inverse pole figure (IPF) maps and grain diameter dis-
tributions obtained by EBSD analysis of the as-fabricated and solution
NiTi samples. The average grain size of B2 austenite was 7.6 pm (Fig. 4b)
and 25.9 pm (Fig. 4d) for the as-fabricated and solution NiTi samples,
respectively. During the aging treatment, the morphology and size of
grains in the solution NiTi sample were almost not changed [40,43].
Thus, the IPF maps and grain diameter distributions of aged NiTi sam-
ples were not given in this work. Furthermore, the disappearance of
partial low angle grain boundaries and substructures during solution
treatment made the grain size increased remarkably. Besides, it should
be noted that there was no obvious (100)g texture in the EBSD analysis,
which could technically improve the superelasticity in compression
[44].

Fig. 5 exhibits the SEM images of the LPBF Nisg 7Tis9.3 samples at
different aging treatments. In this work, the aging treatment was
designed to introduce different strain fields by tailoring nano-sized
NisTi3 precipitate in the LPBF NiTi matrix. It is reasonable to deduced
that the morphology of grains in all aged NiTi was almost identical with
solution treatment NiTi sample. Hence, there was no difference among
the overall microstructures in Fig. 5a-c. However, SEM images at high
magnifications shows that the content of lath martensite increased with
the aging time, as marked by the arrows (Fig. 5d-f). Based on Fig. 5d-f,
the image analysis by ImageJ software demonstrated that the content of
lath martensite were 6.2 %, 7.8 %, and 9.4 % in LPBF NiTi samples aged
1 h, 3 h, and 5 h, respectively. The change of TTs might be a crucial
factor for the alteration of lath martensite content [45]. The phase
transformation temperatures increased with the increase of the aging
time, which made more martensite stable at the room temperature.
Thus, more lath martensite formed in LPBF NiTi sample with 5 h aging
treatment. More details about microstructure evolution will be

characterized by following TEM results.

Fig. 6 exhibits the TEM images of as-fabricated NiTi sample.
Distinctly, ultrafine cellular grains (Fig. 6a), dislocations, and TisNi
precipitate (Fig. 6b) were formed in as-fabricated NiTi sample. It is clear
that heterogeneous microstructures were observed by TEM results,
which was consistent with the IPF map in Fig. 4a. The statistical results
show that the size of TisNi precipitate ranged from 100 nm to 480 nm.
The formation of ultrafine cellular grains was attributed to the occur-
rence of solidification at boundaries of melt pools firstly and high
cooling rate. Similar results also had been observed in LPBF and laser-
welded NiTi SMAs [34,46]. Meanwhile, the formation of dislocations
was related to the occurrence of non-equilibrium rapid solidification and
high residual thermal stress in the LPBF process. It is noted that TizNi
precipitate was generated in the B2 matrix (Fig. 6b), similar to that in
LPBF Nisg.66Ti49.34 SMA [47].

Fig. 7 shows TEM images of aged NiTi samples. It is found that nano-
sized Ni4Tis precipitate was formed in the matrix of all aged NiTi sam-
ples (Fig. 7a-c). Further high-resolution TEM images in Fig. 7d-f show
that the size of the NisTi3 precipitate increased with the aging time. In a
comparative analysis of the nano-sized Ni4Ti3 precipitate in the three
aged NiTi samples, it is interesting to find that they had different mor-
phologies and sizes. The nano-sized NisTi3 precipitate exhibited spher-
ical (Fig. 7d), ellipsoidal (Fig. 7e), and lenticular (Fig. 7f) morphologies
in aged NiTi samples. Meanwhile, the size of TisNi precipitate in aged
NiTi samples ranged from 200 nm to 800 nm. It is found that the size of
TioNi precipitate was bigger after solution and aging treatment. Ac-
cording to Ni—Ti binary phase diagram, the Ti;Ni precipitate dissolves
into the matrix when the temperature exceeds 984 °C. In this work, the
temperature of solution treatment is 950 °C. The Ti,Ni precipitate at as-
fabricated NiTi sample cannot dissolve into the matrix, and the diffusion
of supersaturated Ti atoms in the matrix promoted the growth of TisNi
precipitate during solution and subsequent aging treatment. Thus, the
size of TioNi precipitate increased after solution and aging treatment
[28]. Furthermore, the strain fields from different morphologies and
sizes of NisTi3 nanoprecipitate might be associated with different
superelasticity of the three aged NiTi samples, as explained in Section
4.2.

3.3. Superelasticity

Fig. 8 shows the superelasticity of LPBF NiTi samples at different
states. In the experiment of as-fabricated NiTi sample, the loading stress
was 800 MPa, and the applied stress was 600 MPa in other samples.
There were significant differences in superelasticity of the NiTi samples
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Fig. 5. SEM images of XY planes for LPBF Nisq 7Ti4g 3 samples at different aging treatments: (a, d) 350 °C-1 h, (b, e) 350 °C-3 h, (c, f) 350 °C-5 h.

based on Fig. 8. Fig. 9a shows the schematic diagram of obtaining total
strain (ggy), recovery strain (erec), residual strain (gr.s), and recovery tare
(1 = €rec/Emax X 100 %) at the 1st and 10th cycles. Fig. 9a also shows the
method to obtain the critical stress of stress-induced martensite
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transformation (ospyp). To intuitively observe the changes in recovery
strain and recovery ratio as functions of the cycle number N, the related
quantities associated with the superelasticity are presented in Fig. 9b
and c. Fig. 9d shows the recovery strain-recovery rate results of
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Fig. 7. TEM and HRTEM images of the LPBF Nisq ;Tis9 3 samples at different aging treatments: (a, d) 350 °C-1 h, (b, e) 350 °C-3 h, (c, f) 350 °C-5 h.

representative NiTi SMAs obtained by LPBF. The €y, €rec, and  for LPBF
NiTi samples were summarized in Table 2.

The as-fabricated NiTi sample showed recovery strain of 5.03 % in
1st cycle and recovery strain of 3.81 % in 10th cycle (Table 2). It is clear
that the as-fabricated NiTi sample showed worst superelasticity stabil-
ity. Specifically, the recovery rate decreased from 76.0 % to 52.3 %
during cycle compressive test (Table 2). The remarkable degeneration of
recovery strain was attributed to the occurrence of dislocation motion
and formation of retained stabilized martensite plates in the matrix [45].
After solution and aging treatment, the recovery strains and recovery
rates were higher than that of the as-fabricated NiTi sample. Specif-
ically, for the 350 °C-1 h NiTi sample, the recovery strain decreased
slowly with the increase of cycle number N, the recovery strains were
6.39 % and 6.07 % in 1st and 10th cycle, respectively, which showed
0.32 % degeneration of recovery strain during compressive test. Besides,
based on Table 2, 350 °C-3 h and 350 °C-5 h NiTi samples obtained more
stable recovery strains than that of 350 °C-1 h NiTi sample. Almost no
change in the recovery strains was observed in these two aged NiTi
samples. At 10th cycle, all aged NiTi samples obtained recovery rates
above 99 %, which were much better than that of the as-fabricated NiTi
sample in this work and prior works [11,29,30,34,44,47-53] (Fig. 9d),
including LPBF Nisg gTisg2 SMAs containing single B2 austenite or
exhibiting a strong <100>p, texture [44,49]. Interestingly, the e, and 5
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of aged NiTi samples was always far higher than that of as-fabricated
NiTi sample, regardless of N (Fig. 9b and c), and the maximum g
obtained in aged NiTi samples was 6.39 %. Therefore, the ultrahigh €.
reported in this work suggested that the tailoring strain field by Ni4Tis
precipitate in LPBF NiTi SMAs made it available for excellent super-
elasticity. Furthermore, the underlying mechanism for the alteration of
superelasticity obtained among LPBF NiTi samples will be discussed in
Section 4.2.

4. Discussion
4.1. Effect of post heat treatments on microstructure evolution

Fig. 10 shows the alteration of ogyy. It is clear that the as-fabricated
NiTi sample exhibited highest ospy (562 MPa). This was also the reason
for its higher loading stress at cycle compressive test in Fig. 8. The re-
sidual thermal stress produced during LPBF process might the reason for
highest ogv in as-fabricated NiTi sample. After solution and aging
treatment, the osp of 350 °C-1 h, 350 °C-3 h, and 350 °C-5 h NiTi
samples were 295 MPa, 306 MPa, and 309 MPa, respectively, which was
much smaller than that of as-fabricated NiTi sample. This result indi-
cated that the heat treatment was effective to weaken or eliminate the
residual thermal stress. Besides, in this work, the rate of Ni and Ti is
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50.7: 49.3. For the as-fabricated NiTi sample, the cooling rate of melt
pools might be 10*-10° °C/s, this high cooling rate and short cooling
time might make the matrix would form a Ni atom supersaturated solid
solution during LPBF process. Thus, the supersaturated Ni atoms would
result in Ni doping in the B2 austenite matrix for the as-fabricated NiTi
sample. The strain field produced by Ni doping in the matrix can
significantly inhibit martensite transformation and increase martensite
transformation resistance [54,55], which might be the reason for the
high ogpy of as-fabricated Nisg 7Tisg 3 sample in this study.

Figs. 4-7 show the microstructure of LPBF NiTi samples under
different states. The microstructure evolution was obvious after solution
and aging treatment. After aging treatment, the characteristics of NisTis3
precipitate were summarized in Table 3. The Ni4Tis precipitate changed
from spherical shape to ellipsoidal shape and lenticular shape with the
increase of aging time (Fig. 7). Meanwhile, the size of Ni4Tis precipitate
increased with the increase of aging time. Besides, the interval of
interparticle spacing in NiTi sample under 350 °C -1 h aging treatment
showed the maximum value (Table 3). It meant that the precipitation of
NisTiz exhibited uneven distribution compared with other two aged NiTi
samples. The relatively low aging temperature and short aging time
might be the reason for the occurrence of this result, which could lead
the incomplete precipitation of NisTi3 and relatively low-density of
Ni4Tis (~608 pm~2) in 350 °C -1 h aged NiTi sample. As the aging time
increased to 3 h, the density of NisTi3 became ~880 pm’z, and the
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interval of interparticle spacing decreased (Table 3). This indicated that
the distribution of NisTis was more uniform. When the aging time
increased to 5 h, it is found that the width of Ni4Ti3 precipitate hardly
changed, and the length increased remarkably. The lenticular NisTi3
formed in the NiTi matrix, similar results also observed in other NiTi
SMAs [40,56,57]. As the size of Ni4Tis increased, the density of NisTis
changed from ~880 pm’2 (350 °C-3 h) to ~790 pm’z (350 °C-5 h).

4.2. The mechanism of enhanced superelasticity

Figs. 8 and 9 show the alteration of superelasticity for LPBF NiTi
samples. After solution and aging treatment, the superelasticity were
improved significantly compared with that of as-fabricated NiTi sample.
Although the recovery rate increased with the increase of cycle number
during compressive test, the recovery strain of 350 °C-1 h NiTi sample
showed 0.32 % degeneration during compressive test. The characteris-
tics of strain field from Ni4Ti3 precipitate were the crucial factor for this
degeneration. Prior simulation results proved that the strain field in the
vicinity of the precipitate-matrix interface could reach up to maximized
value when the nano-sized Ni4Ti3 precipitate was spherical [58]. Fig. 11
shows HRTEM images, fast Fourier transform, and strain tensor com-
ponents of 350 °C-1 h, 350 °C-3 h, 350 °C-5 h NiTi samples, and Table 4
summaries the average lattice strain components determined from the
yellow solid line square areas (5 nm x 5 nm) indicated in Fig. 11a, d, and
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Fig. 9. (a) The schematic diagram to analyze superelasticity, the alteration of recovery strain (b) and recovery rate (c) with cycle number during compressive test of
LPBF Nis 7Tisg 3 samples at different states, (d) Recovery strain-recovery rate results of representative NiTi SMAs obtained by LPBF [11,29,30,34,44,47-53].

Table 2

Summary of cycle superelasticity of LPBF NiTi samples.
Samples 1st cycle 10th cycle

Eot (%) Erec (%) 11 (%) ot (%) Erec (W) (%)

As-fabricated 6.62 5.03 76.0 % 7.28 3.81 52.3
350°C-1h 6.50 6.39 98.3 6.11 6.07 99.3
350°C-3h 6.07 5.88 96.5 5.90 5.86 99.7
350°C-5h 6.51 6.38 97.7 6.41 6.36 99.5

g. In this work, it is reasonable to deduce that the lattice strain com-
ponents were consistent with the strain fields.

As shown in Fig. 11c, f, and i, &y in the B2 phase were larger than
those in the Ni4Tis precipitate. Specifically, a quantitative analysis
revealed that the average ¢, in the B2 phase were 0.15 %, 0.13 % and
0.10 % for the 350 °C-1 h, 350 °C-3 h, 350 °C-5 h NiTi samples,
respectively. On the other hand, the average ¢, in the Ni4Tig precipitate
were — 0.12 %, —0.24 % and — 0.28 % for the 350 °C-1 h, 350 °C-3 h,
350 °C-5 h NiTi samples, respectively. These values were indicative of a
tensile strain state in the B2 matrix and a compressive strain state in the
NisTig precipitate, which was consistent with the prior experimental and
simulation results [4,58,59]. Based on Table 4, it can be found that the
£xx in B2 phase decreased when the morphology of Ni4Ti3 changed from
spherical shape to ellipsoidal, and lenticular shape. However, the ab-
solute value of the ¢, in Ni4Ti3 precipitate showed an opposite change
rule. In this work, the loading stress was 600 MPa for aged NiTi samples.
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Fig. 10. The alteration of critical stress of stress-induced martensite trans-
formation (ogpv) for LPBF Nisg 7 Tigg 3 samples at different states.

For 350 °C-1 h aged NiTi sample, although the strain field in B2 matrix
introduced by NisTi3 precipitate was maximum (0.15 %), it can be
deduced that the loading stress of 600 MPa was larger than the strength
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Table 3 decreasing recovery strain and 0.32 % degeneration of recovery strain

Characteristics of NisTiz precipitate formed in aged NiTi samples. L: length; W: obtained in 350 °C-1 h aged NiTi sample.

width; D: interparticle spacing; p: density. When the aging time increased to 3 h and 5 h, the NisTi3 precipitate
Samples L (nm) W (nm) D (nm) p (pm~2) became ellipsoidal and lenticular shape, and the density reached 880
350 °C-1h 2035 1834 8400 508 pm~2 and 790 pm~2, respectively. Meanwhile, with the increase of aging
350 °C-3 h 55-160 28-40 30-100 880 time, the size of NisTi3 increased dramatically. It had been confirmed
350 °C-5h 70-200 25-55 35-80 790 that the interface between the B2 matrix and Ni4Tis precipitate changed

from coherent to semi-coherent, and non-coherent relationship with the

increasing size of NiyTiz precipitate [60]. With the increase of agin
of this strain field [36]. The formed dislocations would break through g 4113 precip 601 ging

the obstruction of strain field and cut-through coherent spherical Ni4Tis
precipitate gradually instead of impede by this strain field in prior work ~ Table 4

[36]. Thus, the spherical NisTis precipitate showed a relatively low Average lattice strain 'con?ponen.ts d.etermined from the yellow solid line square
obstruction for dislocation motion during cycle compressive loading at areas (5 nm x 5 nm) indicated in Fig. 11.

600 MPa. Besides, short aging time resulted in the formation of non- Sample B2 (exx) NiyTis () Interface zone ()
uniformly distributed NisTi3 precipitate in matrix (Fig. 7 and Table 4), 350 °C-1 h 0.15 % ~0.12 % 0.03 %

which caused the differences in the strength of matrix, and the relatively 350°C-3h 0.13 % -0.24 % —0.08 %

easy occurrence of dislocation formation and motion. Thus, a gradually 350°C-5h 0.10% —0.28% —0.09%

+0.03

-0.03

. . lnterface ,’
Ni,Ti, zone ,°

+0.03

-0.03
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+0.03
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nm

Fig. 11. HRTEM images, fast Fourier transform, and strain tensor components of 350 °C-1 h (a-c), 350 °C-3 h (d-f), 350 °C-5 h (g-i) Nisg 7Tis9 3 samples. The strain

tensor components &y, obtained using GPA: x // [110]g, ¥ // [1011g,. The g-vectors marked by the red circles in (b), (e), and (h) were used for calculating the strain
tensor components. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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times were 3 h and 5 h, the length of NisTi3 could reach about 200 nm
(Fig. 7 and Table 4), the strain field in B2 phase around the precipitate-
matrix interface decreased in these two NiTi samples (Fig. 11). However,
because the precipitation behavior of NisTi3 reached an equilibrium and
uniformly distributed state approximately, there was relatively uniform
strain field in 350 °C-3 h and 350 °C-5 h NiTi samples. This might result
in the formation of dislocations more difficult in above two NiTi samples
than that in 350 °C-1 h NiTi sample during loading. The large, uniformly
distributed, and high-density Ni4Ti3 precipitate in these two NiTi sam-
ples enhanced the matrix by precipitation hardening remarkably, which
improved the strength of the matrix significantly [61-64]. Furthermore,
a large number of semi-coherent and non-coherent interfaces hindered
the generated dislocation motion effectively during loading test. Hence,
the plastic deformation generated during cyclic compression was
impeded, and resulting in the occurrence of stable stress-induced
martensite transformation in these two aged NiTi sample, and obtain-
ing excellent recovery strain and recovery rate. In addition, previous
studies had also demonstrated that the volume fraction and size of
formed nano-precipitate can significantly improve the recovery strain of
NiTi samples [65,66]. Thus, a recovery strain >6 % was obtained during
10th cycle of compression. Besides, compared with prior works [36], the
aged NiTi samples seemed to show asymmetrical superelasticity under
tensile and compressive states of deformation, the altered various
number of twinning modes, martensite slip and hardening effects might
be responsible for the tension-compression asymmetry, which needed to
be studied in LPBF NiTi SMAs systematically in future works.

5. Conclusions

In this work, a Nisg 7Tis9 3 shape memory alloy was fabricated by
LPBF, and excellent superelasticity was obtained by tailoring strain field
from Ni4Tis precipitate in LPBF Nisg 7Ti4g 3. The underlying mechanisms
for the altered superelasticity of LPBF Nisg 7Tisg 3 samples was studied
systematically. The conclusions were as followings:

(1) The Ni4Tis nano-precipitates with different spherical, ellipsoidal,
and lenticular morphologies in the LPBF and heat-treated NiTi
samples show 0.15 %, 0.13 %, and 0.10 % strain field around
Ni4Ti3 nano-precipitates in B2 matrix, respectively.

The NiTi sample with spherical NisTiz nano-precipitate and
highest strain field displays the worst superelasticity stability,
which was originated from its spherical NisTi3 nano-precipitate
cut through by dislocations due to coherent interface between
the spherical nano-precipitate and B2 matrix.

The NiTi sample with lenticular Ni4Tiz nano-precipitate and
smallest strain field exhibits the biggest superelasticity of 6.36 %,
which was attributed to effectively impediment of simi-coherent
or non-coherent interface between the lenticular NisTis nano-
precipitate and B2 matrix for dislocations motion.

The LPBF NiTi samples with proper heat treatment could present
>6 % recovery strain together with >99 % recovery rate during
10-times cyclic compression loading, although different mecha-
nisms between the NisTi3 nano-precipitates and generated dis-
locations during cyclic loading and different interfaces between
the Ni4sTi3 nano-precipitates and B2 matrix in the NiTi samples.

(2

(3)

4
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