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Additive manufacturing of NiTi shape memory alloys has attracted attention in recent years, due to design
flexibility and feasibility to achieve four-dimensional (4D) function response. To obtain customized 4D functional
responses in NiTi structures, tailorable phase transformation temperatures and stress windows as well as one-way
or two-way shape memory properties are required. To achieve this goal, various heat treatments, including direct
aging, annealing and annealing followed by aging, were optimized for the Ti-rich NiTi (Ni49.6Ti (at. %))
fabricated by laser powder bed fusion (L-PBF). Microstructural evolution, phase transformation, precipitation
and shape memory behaviour were systematically investigated by multiscale correlative microstructural, dif-
ferential scanning calorimetry analysis and thermomechanical analysis. Based on optimized heat treatments,
~25 K phase transformation temperature windows and ~90 MPa stress windows were achieved for the one-way
shape memory effect. Solutionized annealing was found to be the most effective way to improve one-way shape
memory degradation resistance, due to the reduction of defects and solid solution strengthening. One of the main
findings of this study is that the heterogonous microstructures between hard intergranular TipNiOy and soft NiTi
matrix, induced by solutionized annealing with subsequent aging, result in strain partitioning and enclosing the
internal stress state, which was found to promote a pronounced two-way shape memory effect response. The
results of this work provide in-depth knowledge on tailoring and designing functional shape memory charac-
teristics via heat treatments, which contributes to expanding L-PBF NiTi application fields, such as biomedical
implants, aerospace components, and other advanced engineering applications.

1. Introduction

NiTi alloys, as functional materials, have been widely used in various
industrial, high-tech and medical fields [1]. Generally, there are three
main functions in NiTi SMAs, including superelasticity, elastocaloric and
shape memory effects. Superelasticity and elastocaloric effect both are
associated with reversible stress-induced martensitic transformation
[2]. Depending on the conditions required for shape recovery, the shape
memory effect is divided into the one-way shape memory effect
(OWSME) and the two-way shape memory effect (TWSME) [3]. OWSME
refers to the ability of a material to remember only one shape. When a
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material is deformed from its original shape, it can return to its original
shape only by heating it above its recovery temperature (austenite finish
temperature, Ag)). If the material is deformed below the recovery tem-
perature, it will remain in its deformed shape. TWSME, on the other
hand, refers to a material capable to remember two different shapes,
where shape changes spontaneously occur during heating and cooling
without any external stress [4,5]. Theses attractive functions make NiTi
attractive for such smart applications as sensors, actuators, dampers and
solid refrigeration [1].

However, the high reactivity and poor machinability of NiTi limit its
design complexity, which is essential for smart device design. Laser
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powder bed fusion (L-PBF), categorized as additive manufacturing
(AM), is considered an alternative technique allowing for more design
flexibility of smart components [6]. Recently, NiTi with complex topo-
logical structures, designed for damping or medical applications, has
been successfully fabricated by L-PBF [7,8].

Due to the high heating and cooling rate in L-PBF (up to ~10% K-s™1)
[9], steep temperature gradient (in the magnitude of ~10” K-m™) [10,
11], layer-by-layer and track-by-track processing characteristics [12],
produce materials having non-equilibrium solidification microstruc-
tures, including heterogeneous microstructures, metastable phases,
micro-segregations and dislocations [13-15]. For NiTi, such
non-equilibrium solidification microstructures affect its phase trans-
formation temperatures and functional behavior. For instance, the
compositional ratio of Ni/Ti in the NiTi matrix influences the martens-
itic phase transformation temperatures [16]. The deviation of matrix
composition may result from element segregation or precipitation of
second phases, which in turn, affects phase transformation temperatures
[17]. Dislocations, associated with anisotropic stress fields [18], are
commonly observed in the as-fabricated L-PBF NiTi [11], which impedes
martensitic transformation during thermal cycling (decrease in
martensite finish temperature) [11] and promotes the stress-induced
formation of martensite during superelastic cycling (decrease in
plateau stress in the forward transformation) [19].

The non-equilibrium features in L-PBF NiTi imply a possibility to
tailor the phase transformation temperature and applied stress windows
by controlling its microstructures. Heat treatments, as cost-effective and
simple methods, are promising to tailor L-PBF NiTi functional proper-
ties. Recently, efforts have been made to study the effect of heat treat-
ment on L-PBF NiTi. Tunable superelasticity and elastocaloric effects
were achieved by applying heat treatments to control the precipitation
of NiyTiz in Ni-rich NiTi [20]. However, most heat treatment-related
studies have been focused on Ni-rich NiTi [15,20,21], since the
achievable NisTis phases introduced by aging enhance the superelastic
and elastocaloric effects. Until now, there are only very limited studies
on the heat treatment responses of L-PBF Ti-rich NiTi [22-24], in which
only mechanical properties were investigated. There is still a lack of
understanding of the effect of heat-treated microstructures on the shape
memory effect. Moreover, the cyclic OWSME and TWSME of
heat-treated L-PBF Ti-rich NiTi have never been investigated, which is
important for a wide range of engineering applications [25]. Therefore,
it is imperative to develop L-PBF Ti-rich NiTi with tunable OWSME and
TWSME via applying appropriate heat treatments and understanding the
relationship between microstructure and functional properties.

Due to the low crystallographic symmetry of NiTi martensite (B19),
polycrystalline NiTi shows different deformation behavior when
applying various deformation modes (including uniaxial tension,
compression, and shear) [26]. Especially, NiTi is very sensitive to strain
hardening under compression during the SME test [26], which is asso-
ciated with the generation of a high density of dislocations [27]. By
contrast, under tension, there is no significant plastic deformation and a
flat stress plateau is observed, which is due to a high mobility of (011)
type II twin junction planes of polycrystalline NiTi [27]. It indicates that
residual strains or plastic deformation are easier to be accumulated,
resulting in shape memory degradation under the cyclic compressive
loading condition. Indeed, the superior shape memory effect of L-PBF
NiTi was mainly reported for the tensile condition [28-31]. Therefore, it
is still challenging for NiTi to achieve a stable shape memory effect
under the compressive condition.

In this study, to understand the effect of heat treatments on micro-
structure evolution, phase transformation behavior and shape memory
effect in L-PBF Ti-rich NiTi alloys, for different heat treatment schemes,
including solutionized annealing, directly aging and annealing followed
by aging, were applied. Nano-scaled structures were investigated by
high-resolution transmission electron microscopy. The cyclic
compressive-thermomechanical behavior of L-PBF NiTi without and
with heat treatments was evaluated after 50 cycles. Finally, NiTi with
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tunable SME stress and temperature windows were successfully devel-
oped based on specific heat treatments. Relationships between micro-
structure, nano-precipitates and thermomechanical properties
(including one-way and two-way shape memory effect) were discussed.
Solutionized annealing was found to improve the OWSME degradation
resistance, and subsequent aging helped to promote the TWSME
response in L-PBE NiTi. To our best knowledge, this is the first system-
atic multiscale correlative investigation on microstructure, differential
scanning calorimetry analysis (DSC), cyclic OWSME and TWSME of heat
treated L-PBF Ti-rich NiTi. This work may provide an insightful under-
standing of designing function-tunable 4D printing NiTi.

2. Materials and methods
2.1. Material processing

The material investigated herein was Ni49.6Ti (at. %) manufactured
via L-PBF [28]. The NiTi samples were fabricated using an Aconity3D
Midi (Aconity3D GmbH, Germany) machine equipped with a laser
source featuring a maximum power of 1000 W and a beam with a
Gaussian distribution. A bidirectional scanning strategy with 67° rota-
tion between adjacent layers was implemented for fabricating cylin-
drical samples (diameter of 13 mm and height of 25 mm) (shown in
Fig. 1(a)). Based on our previous optimization [32], the following L-PBF
process parameters were used: 250 W laser power (P), 1250 mm/s
scanning velocity (v), 120 um hatch distance (h), 30 um layer thickness
(t) and 80 pm laser beam diameter. The as-fabricated NiTi sample is
named AF hereafter.

To investigate the effect of heat treatments on the shape memory
effect of Ti-rich L-PBF NiTi, three types of heat treatments were carried
out on as-fabricated NiTi, i.e. solution annealing, directly aging and
solution annealing followed by aging. Based on the NiTi binary phase
diagram, Ni49.6Ti (at. %) is solid when the temperature is lower than
1257 K. To reduce the residual stress and homogenise the microstruc-
ture, solutionized annealing was carried out at 1223 K for 5.5 h followed
by water quenching, referred to as S hereafter. For the direct aging,
samples were held at 623 K for 18 h indicate by A hereafter. For the
solution annealing followed by aging, samples were firstly held at
1223 K for 5.5 h and then aged at 623 K for various holding durations
(0.5-27 h). The optimized annealing 1223 K-5.5hs followed by aging
623 K-18 hs is named S+A hereafter. To prevent oxidation of NiTi, all
samples were placed in stainless steel envelopes filled with argon during
heat treatments. Post-process heat treatments details are summarized in
Table 1.
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Fig. 1. (a) The schematic of the applied L-PBF scanning strategy and (b) the
machined cylinder for compressive tests by EDM.
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Table 1
The overview of the post-heat treatments.

Post treatments Temperature - duration

623K -18 hs
1223 K- 5.5 hs
1223 K-5.5 hs + 623 K-18 hs

Directly aging, A
Solutionized annealing, S
Solutionized annealing followed by aging, S+A

2.2. Thermomechanical tests

Thermomechanical compression tests were conducted using a 25 kN
MTS 858 Table Top servo-hydraulic test platform. Using a strain control
loop, a strain rate of 10™* s™! was employed when loading and
unloading were performed. Samples were machined into cylinders with
a dimension of ¢ 6 x 20 mm by electrical discharging machining (EDM)
(Fig. 1(a)). The strain was measured by a ceramic rod extensometer with
a gauge length of 12 mm (MTS model 632.53F-14), which was attached
to the samples. The samples were heated up using an induction coil and
cooled via three air-blowing nozzles. The temperature was controlled
(and monitored) by a K-type thermocouple, spot welded at the middle of
the sample. A 3-step gradually increasing strain level test was applied to
investigate the critical stress for phase transformation and strain re-
covery (Fig. 2(a)). “Hard” cyclic tests [33], where the same maximum
nominal strain is reached for each cycle (50 cycles with a fixed
maximum 4 % strain), were applied to investigate the cyclic SME sta-
bility (Fig. 2(b)). Schematics of strain definitions and loading paths for
the shape memory effect are shown in Fig. 2(c).

To investigate the two-way shape memory effect, The dilatation of
the samples after 50 thermomechanical cycles as a function of temper-
ature is determined using a dilatometer (TMA PT 1000/LT). A k-type
thermocouple was spot welded onto the middle of sample. In the study,
each sample is initially cooled to 203 K, then heated to 473 K, and
finally cooled down to 273 K at a rate of 10 K per minute.
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2.3. Microstructural characterization

Before the metallographic examination, samples were ground, pol-
ished and tint etched and the detailed procedure can be found in our
previous work [11]. The etched microstructures were then examined via
a Leica DMI 5000 optical microscope under the polarized light mode.
For Vickers hardness measurements, a Durascan microhardness tester
(Struers) was used. Polished samples were tested under the main load of
2 kgf (HVy) with a loading time of 10 s. An average of 10 hardness
values for each sample is reported. The series of indents were made at a
distance of 2 mm.

To measure the size and distribution of precipitates, cross-sections of
the samples were prepared and analyzed with a dual beam scanning
electron microscope (Helios G4 P-FIB UXe, Thermo Fisher Scientific,
USA) equipped with a Xenon plasma focused ion beam (P-FIB). Pro-
tective Pt (mixed with 1.0 wt % C) layers were first deposited on the
polished surfaces of samples. Then, trenches were machine polished by
the P-FIB.

Transmission electron microscopy (TEM) images were taken by FEI
cubed titan Cs-corrected 80-300 kV transmission electron microscope
and FEI Talos F200X scanning transmission electron microscope STEM.
For the samples before thermomechanical tests, pre-sample preparation
consisted of cutting and sawing a NiTi cylinder followed by mechanical
polishing to around 20 pym thickness. Then, the thin foils were punched
into discs with a diameter of 2.3 mm and glued on 3 mm Cu rings and
subsequently milled to electron transparency by Ar ion. For the samples
after thermomechanical tests, TEM foil samples were prepared by a
Focused Ion Beam (FIB; FEI Helios 600i).

X-ray diffraction (XRD) analysis was carried out for phase identifi-
cations and phase fraction calculations in the as-fabricated and post-
heat-treated samples. The measurements were carried out using the
Bruker D8 Advance diffractometer in Cu-Ka radiation. The step size used
was 0.03° in a 20 range of 17-120° with 45 kV voltage and 40 mA

(c) Stress-strain-temperature curves
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Fig. 2. Schematics of (a) shape memory effect test with gradually increased strain and (b) cyclic shape memory effect, and (c) stress-strain-temperature curves, where
€ is plastic strain, e, is one-way shape memory strain and &, is the two way shape memory strain.
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current.

Phase transformation behavior was analyzed by differential scanning
calorimetry (DSC, Perkin Elmer DSC 8000) in a nitrogen atmosphere,
with a cooling and heating rate of 10 K min " over a temperature range
of 203-473 K. DSC samples with a dimension of ¢ 6 x 1 mm were
prepared by EDM.

3. Results
3.1. Hardness and microstructure

Vickers hardness was used as a first indication of the effect of
different heat treatments on NiTi properties. Fig. 3(a) shows the Vickers
hardness variations of L-PBF NiTi with different heat treatment condi-
tions. After heat treatments, all samples show higher hardness than the
as-fabricated material (197 HV3). The solutionized annealed (S) sample
shows the smallest hardness deviation among all samples, indicating
microstructural/chemical homogeneity. The sample after solutionized
annealing (1223 K + 5.5 h) followed by aging (623 K + 18 h), referred
to as S+A, has the highest hardness of 226 HVs.

Since a higher hardness value usually indicates a greater strength
[34,35], implying a stronger ability of materials to resist deformation
and dislocation movements and proliferation. Hence, to improve NiTi
OWSME degradation resistance, a higher hardness is desirable. Based on
the hardness results for different aging durations (Fig. 3(b)), 18 h is
considered as the optimized aging time after solutionized annealing
(Fig. 3(a)), With changing the aging time from 0.5 to 18 h, the hardness
increases from ~210-226 HV,. Increasing further the aging time to
27 h, results in a hardness decrease (from 226 to 218 HVy), indicating an
overaging effect. Therefore, the 18 h aging is considered as a peak aging
time resulting in the highest hardness among all the test aging durations.

Optical micrographs of L-PBF NiTi with different heat treatment
conditions are shown in Fig. 4. The top-view image of the as-fabricated
sample shows a checkerboard grain structure with ~116 ym average
grain size (Fig. 4(a)), which results from a bidirectional scanning strat-
egy and epitaxial grain growth within the same deposition layer [36].
The cross-sectional image (viewed along building direction (BD)) dis-
plays a columnar structure with curved austenitic grain boundaries
(Fig. 4(e)). Such columnar grains grow nearly along BD over several
deposition layers, showing a typical epitaxial grain growth [36]. Fig. 4
(b-d) and (f-h) shows the microstructures of heat-treated samples from
the top view and cross-section along the BD. Checkerboard grain
structures from the top surface and columnar grain structures from the
cross-sectional view remain after heat treatments, implying good ther-
mal stability of the L-PBF NiTi samples. During solutionized annealing,
the application of high temperature induces the Ostwald ripening phe-
nomenon, resulting in the enlargement of grains [36] (Table 2).
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Fig. 4. Optical microscopy images under polarized light from the top and cross-
sectional views: (a) and (e) AF, (b) and (f) A, (¢) and (g) S, (d) and (h) S+A L-
PBF NiTi; Images (a)-(d) showing microstructures from the top view perpen-
dicular to the building direction (BD), and (e)-(h) cross-sectional microstruc-
tures along the BD.

Table 2
Comparison of grain sizes after heat treatments.

HT Grain size in the scanning Grain size in the perpendicular
conditions direction (pm) direction (pm)

AF 116 + 4 160 + 7

A 117 £5 172 £ 10

S 118 +3 184 +9

S+A 118 £5 196 + 11

240

G T

N
o
o

[Solutionized followed by aging]

N
(o]
o

0 9 18 27
Aging time (Hour)

Fig. 3. Vickers hardness for (a) different heat treatment conditions and (b) solutionized (1223 K + 5.5 h) L-PBF NiTi as a function of aging time at 623 K.
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3.2. Phase transformation and phase identification

DSC curves, including initial NiTi powder, AF and samples with
different heat treatments, are shown in Fig. 5(a), while their corre-
sponding phase transformation temperatures (PTTs) are shown in Fig. 5
(b). The NiTi powder has a broadened phase transformation tempera-
ture than other studied herein materials (Fig. 5(a) and (b)), which is
attributed to the inhomogeneity of composition and particle size of NiTi
powder [37]. Compared with the powder, the as-fabricated L-PBF
sample has higher austenite start (A;) and martensite finish (M) tem-
peratures. This results from the lower Ni content due to the evaporation
of nickel during the L-PBF process, which has been demonstrated in our
previous work [32]. All heat treatment procedures cause an increase in
PTTs compared with the AF NiTi (Fig. 5(b)). The solutionized sample (S)
shows the highest PTTs and the subsequent aging of the solutionized
sample (S+A) decreases the PTT by ~ 5 K (Fig. 5(b)).

As seen in Fig. 5(c), only NiTi austenite (BCC_B2) and martensite
(B19') phases were detected by XRD in the as-fabricated and heat-treated
samples, indicating that oxidation was effectively avoided. It also should
be mentioned that EDS analysis were carried out on all samples and
there is almost no change in Ni and Ti content, which further demon-
strates the avoidance of oxidation during heat treatments.

3.3. The effect of aging time on precipitation in solutionized L-PBF NiTi

FIB was employed to polish the samples’ cross sections to reveal
precipitates in the samples with solutionized annealing followed by
different aging times, as shown in Fig. 6. With increasing aging time
from 0.5 to 27 h, average sizes of the precipitates increase from
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~140-350 nm (Fig. 6). Aging for 18 h results in the highest measured
hardness value (Fig. 3(b)). The growth of the precipitates in the sample
with 27 h aging is accompanied by a loss in hardness (Figs. 6 and 3(b)).

3.4. Precipitates characterization in as-fabricated and heat-treated L-PBF
NiTi

As shown in the high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) image, particles are dispersedly
distributed within the matrix in the as-fabricated L-PBF NiTi. Particles
were indexed as a pure Ti phase based on HRTEM and the corresponding
fast Fourier transform (FFT) image. The formation of Ti particles in the
matrix is attributed to the high solidification rate during L-PBF, where Ti
solute gets trapped in the matrix. Ti particles were barely seen in the Ti-
rich NiTi fabricated by conventional methods, such as casting and roll-
ing, since these techniques do not induce a sufficiently high cooling rate.
By contrast, the TipNiOx phase is commonly seen in NiTi fabricated by
conventional techniques [17,38,39].

Direct aging (A) promotes the formation of Ti;NiOx precipitates
(Fig. 8). TigNi crystal structure is determined by HRTEM and the cor-
responding FFT pattern (Fig. 8(d) and (e)). It should be noted that the
presence of oxygen was confirmed by EDS mappings (Fig. 8(f)). Since
oxygen has a certain solubility in TipNi [38], TipNiOy forms in directly
aged L-PBF NiTi.

After 5.5 h of solutionized annealing under 1223 K, the NiTi sample
shows clear martensite phase boundaries, and most precipitates are
dissolved in the matrix (Fig. 9(a)). Typical {111} type I martensite twins
(mirror symmetry between twin martensite variants) were found in the
sample (Fig. 9). The clear martensite twin boundaries and wide
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Fig. 5. (a) DSC curves of NiTi powder and L-PBF NiTi for different heat treatment conditions, and (b) corresponding phase transformation temperatures (A austenite
start temperature, Ag austenite finish temperature, M,: martensite start temperature and My martensite finish temperature); (c) X-ray diffraction patterns of L-PBF

NiTi without and with different heat treatment conditions.



J.-N. Zhu et al.

Solutionized + 0.5 h agin

i .
,\0'32 Solutionized+0.5h Aging JAO'32 Solutionized + 9h Aging
\%/024 Daverage = ~140 nm go_m Dayerage = ~150 nm
c c
80.16 80.16
o o
(= c
£0.08 2 0.08
[T . [T
0'000 105 210 315 420 0'000 125 250 375 500

Precipitate size (nm) Precipitate size (nm)

k I 0.40 — -
,\0.40 Solutionized+18hAging| _ Solutionized+27h Aging
(C>)\0‘30 average = ~220 nm (&>)‘ 030 I Daverage = ~350 nm
$0.20 $ 0.20f |
g g
20.10 2 0.10
L [T

0.00

Journal of Alloys and Compounds 967 (2023) 171740

Solutionized + 18 h aging Solutionized + 27 h aging

| T e
500 1000 1500 2000
Precipitate size (nm)

= - 0.00%=
0 200 400 600 800 0
Precipitate size (nm)

Fig. 6. Cross-sectional SEM-FIB samples after solutionized annealing (1223 K + 5.5 h) followed by 623 K aging with different aging durations: (a), (e) and (i) 0.5 h;

(b), () and (j) 9 h; (c), (8) and (k) 18 h; (d), (h) and (1) 27 h;.

Fig. 7. TEM of as-fabricated L-PBF NiTi sample: (a) HAADF-STEM; (b) HRTEM
of precipitate Ti and corresponding (c) enlargement and (d) FFT.

martensite laths indicate the relief of residual stresses and homogeni-
zation of the microstructure after solutionized annealing.

The 18 h aging of solutionized NiTi promotes intergranular precip-
itation (Fig. 10 (a)). Based on the HRTEM and EDS results, the inter-
granular precipitates are identified as TisNiOx (Fig. 10 (b)-(f)). Since

grain boundaries are high-energy regions, the oversaturated Ti in NiTi
matrix tends to precipitate along grain boundaries in a form of a TizNi-
like phase. The TioNi can be further stabilized by oxygen to form the
TiyNiOy phase (Fig. 10 (d)) [16].

3.5. Shape memory behavior

Fig. 11 (a-d) shows the stress-strain curves of all samples under
gradually increased strain levels. Thermo-mechanical behavior of all
samples consists of three deformation stages [40], including the elastic
deformation of twinned martensite (stage I), detwinning and martensite
reorientation (stage II) and the elastic deformation of detwinned
martensite (stage III) (Fig. 11 (a-d) the corresponding deformation
stages has been illustrated in the Fig. 2(c)). Work hardening occurs in all
samples, indicating accumulation of dislocations during compression
tests. The accumulated dislocations impede phase
transformation-induced shape recovery during heating and cause plastic
deformation [41]. The recovery ratio of all samples is given in Fig. 11 (e)
and shows that different heat treatments barely affect shape memory
recovery. It should, however, be noted that heat treatments do improve
the maximum true stress under the same strain level (Fig. 11 ().

The AF sample has the lowest stress value, with a peak stress of
~844 MPa. Due to the high heating and cooling rate, thermal residual
stress can be present in the AF sample, which may provide additional
stress for detwinning and martensite reorientation [42]. The aging
treatment slightly increases the stress due to the formation of TipNiOy
particles. Solution annealing induces Ti dissolution into the NiTi matrix,
which provides solid solution strengthening for NiTi. Therefore, an
increased stress is shown in the S sample compared with AF L-PBF NiTi.
The S+A sample shows the highest stress for all strain levels and its peak
stress reaches 935 MPa, which is in good agreement with observed
hardness trends (Fig. 3(a)). The high stress is likely attributed to the
formation of TipNiOy intergranular precipitates and related precipitation
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Fig. 8. TEM images of directly aged for 18 h NiTi sample under 623 K: (a) HAADF-STEM; Corresponding EDS mapping: (b) Ti, (c) Ni and (f) O; (d) The HRTEM of

precipitate Ti»NiOy and (d) its FFT.

Fig. 9. TEM images of S NiTi sample (1223 K + 5.5 h): (a) BF-TEM image, (b)
typical type I twin martensite and (c) corresponding FFT images.

Fig. 10. TEM images of the S+A sample K: (a) HAADF-STEM and corre-
sponding EDS mapping: (b) Ti, (c) Ni and (d) O; (e) The HRTEM of intergran-
ular precipitate of TioNiOy and (f) its FFT.

hardening.

3.6. Shape memory cyclic stability and two-way shape memory effect

To investigate shape memory degradation and TWSME, cyclic
thermo-mechanical tests were carried out on samples with a nominal 4
% engineering strain and 50 cycles. This strain level was chosen because
4 % strain corresponds to a strain where detwinning is completed and
the onset of elastic deformation of detwinned martensite exists (Fig. 11).

As shown in Fig. 12, with cyclic thermo-mechanical tests (loading-
unloading-heating-cooling-repeat), all samples show the degradation of
the shape memory effect and accumulation of irrecoverable strain.
During cooling, the strain shows non-linear changes, indicating the two-
way shape memory effect (Fig. 12) [43]. The two-way shape memory
strain increases with the number of cycles.

As reported by Haberland et al., the conventionally processed NiTi
degrades its OWSME to ~1.8 % already within 15 cycles, even at a lower
compression stress level (400 MPa) [44]. The solutionized NiTi reported
in this study shows the highest shape memory degradation resistance
and has ~1.8 % recoverable strain (Fig. 13) even after 50
thermo-mechanical cycles. By contrast, the S+A sample study herein
exhibits the lowest recoverable strain (~0.8 %) after 50
thermo-mechanical cycles. The as-fabricated and directly aged NiTi
have a similar shape memory degradation behavior (Fig. 13), showing
~1.2 % and 1.1 % recoverable strains after 50 cycles, respectively.

The TWSME strain as a function of thermo-mechanical cycles is
shown in Fig. 14. The S+A sample shows the most pronounced two-way
shape memory response, and its TWSME strain reaches to ~1.9 % after
50 thermomechanical cycles. However, the solutionized sample,
exhibiting the highest shape memory degradation resistance, has the
lowest TWSME strain (~1.1 % after 50 cycles). The directly aged NiTi
has a slightly higher TWSME strain (~1.4 %) than the as-fabricated NiTi
(~1.2 %), which is an intermediate value. By comparing results of
OWSME and TWSME strains, opposite trends can be observed. It in-
dicates a direct correlation between shape memory degradation and
two-way shape memory evolution, which is further discussed in Section
4.3. It is important to note that the OWSME strain has decreased when
taking the cooling-induced TWSME into account. However, in previous
studies [30,45], only the heating-strain curves instead of the
heat-cooling-strain curves has been shown (Figs. 11 and 12). Therefore,
the reported OWSME strains are usually overestimated.

4. Discussion
4.1. Effect of heat treatment on phase transformation temperatures

Fig. 3(a) illustrates the difference in hardness among the samples
subjected to various heat treatments. Direct aging leads to an approxi-
mate 10 HV; increase in hardness compared to the as-fabricated sam-
ples. Since Ti particles in the as-fabricated NiTi is in the metastable state
(Fig. 7), the direct aging promotes the formation of Ti;NiOy precipitates
(Fig. 8), resulting in effective precipitation strengthening. Solutionized
annealing also yields a similar hardness increment to direct aging (Fig. 3
(a)), but the underlying strengthening mechanism differs. In the sol-
utionized annealed sample, the enhanced hardness is primarily attrib-
uted to solid solution strengthening since most precipitates dissolve in
the matrix (Fig. 9). Meanwhile, the S+A sample demonstrates the
highest hardness increase (~29 HV5) due to the heat treatment’s ability
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to promote nanoscale intergranular precipitates of TisNiOy (Fig. 10).
These precipitates play a dual role by contributing to precipitation
strengthening and strengthening grain boundaries, effectively pinning
dislocations.

4.2. Effect of heat treatment on phase transformation temperatures

Directly aged L-PBF NiTi (A) shows increased phase transformation
temperatures (Fig. 5(a) and (b)). Based on the TEM results, direct aging
promotes the formation of TisNiOy (Fig. 8). Since pure Ti particles are
the main precipitates in as-fabricated NiTi, direct aging makes Ni in NiTi
matrix react with pure Ti to form the Ti,Ni phase. Furthermore, TisNi is
further stabilized by oxygen to form TioNiOy. As described above, it
results in a decrease of Ni content in NiTi and an increased phase
transformation temperature [16].

Solutionized annealing of NiTi leads to higher phase transformation
temperatures. This is attributed to 1) the dissolution of Ti and 2) the
reduction of atomic-scale defects (such as voids and dislocations). The
dissolved Ti causes a decreased Ni/Ti atomic ratio in the NiTi matrix,
hence, increasing phase transformation temperatures [16].
Atomic-scaled defects inhibit martensite phase transformation, which

can lower transformation temperatures [11]. A high annealing tem-
perature (1223 K) allows NiTi to evolve to a more equilibrium state by
eliminating or minimizing atomic defects. Therefore, the solutionized
sample shows a further increase in phase transformation temperature.

Subsequent aging of solutionized NiTi slightly decreases its phase
transformation temperature (Fig. 5(b)). Since aging promotes inter-
granular precipitation of TioNiOy (Fig. 10), more Ti is precipitated than
Ni. The Ti comes from the over-saturated Ti in NiTi matrix, which is
induced by solutionized annealing followed by water quenching.
Therefore, the increase in the Ni/Ti atomic ratio is the main reason for
the decreased phase transformation temperatures.

4.3. Shape memory cyclic stability

The results described in Section 3.6 shows that heat treatment
dramatically affects L-PBF NiTi shape memory stability and two-way
shape memory evolution. To understand the effect of various pre-
cipitates and microstructures on the thermomechanical properties of
NiTi, TEM was carried out on samples after thermomechanical testing
(Fig. 15).

The directly aged NiTi shows intermediate shape memory cyclic
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stability and TWSME among all tested samples (Figs. 12 and 14). Direct
aging promotes TisNiOy formation within the NiTi matrix, which is an
energy barrier for detwinning and martensite reorientation. After 50
cycles of shape memory testing, martensite variants become re-
orientated along the loading and unloading direction (Fig. 16).
Notably, re-orientated martensite phase boundaries are decorated by
precipitates (Fig. 16). As precipitates create local lattice distortions, the
mobility of martensite phase boundaries is limited. Hence, re-oriented
martensite boundaries are pinned by nano-scaled precipitates. Since
the direct aging was carried out at 623 K, which is lower than the typical
recrystallization temperature of NiTi (~873 K) [46], dislocation and
other meta-structures cannot be fully eliminated. Although direct aging
promotes the formation of TisNiOy, the size of precipitates is ~45 nm,

which is similar to the ones in the as-fabricated sample (~36 nm).
Hence, the directly aged sample shows similar thermomechanical
behavior, i.e., comparable OWSME and TWSME after 50 cycles (Figs. 13
and 14). An increased phase transformation temperature in the directly
aged sample is associated with the formation of TisNiOy.

As shown in Figs. 12-14, the S sample has the highest OWSME
degradation resistance and correspondingly exhibits the lowest TWSME
recoverable strain after 50 thermomechanical cycles. Since solutionized
annealing was carried out at 1223 K, higher than the recrystallization
temperature of NiTi, dislocations, meta-structures and residual stresses
can be effectively eliminated. This is reflected by the large size of
martensite and precipitate-free martensite twin boundaries (Fig. 9). In
addition, high-temperature solutionized annealing followed by water
quenching also causes the dissolution of precipitates (solid-solution Ti).
During thermomechanical cycles, the irrecoverable strain originates
from the irreversible plastic deformation and the accumulation of the
residual martensite phase. Solutionized annealing decreases the density
of dislocations and metal-structures, which reduces irreversible plastic
deformation induced by dislocation proliferation. This also can be
demonstrated by the STEM-HAADF image of solutionized sample after
50 thermomechanical cycles, where dislocations are barely seen. Its
irrecoverable strain is mainly associated with the accumulation of re-
sidual detwinned martensite phases. As shown in Fig. 17 (a)-(c), det-
winned martensite is still present in the sample after heating to 423 K
(higher than its Ay ~ 386 K), indicating that the transformation from
detwinned martensite to austenite is suppressed. Therefore, the irre-
versible strain in the solutionized sample is attributed to the accumu-
lation of irreversible martensite. Interestingly, the irreversible
detwinned martensite phases appear near the undissolved large-size
precipitates (Fig. 17). Such precipitates create internal stress and
inhibit phase transformation from detwinned martensite to austenite.
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The S+A sample shows the highest TWSME strain among samples
(Fig. 14). The TWSME originates from configured martensite plates by
defects and directional internal stress by thermomechanical cycles [47].
It indicates that the S+A sample after thermomechanical cycles has the
most effective internal stress state for triggering TWSME.

Such pronounced TWSME response can be attributed to the effective
strain partitioning in the S+A sample. As shown in the TEM images of
the S+A sample after 50 thermomechanical cycles (Fig. 18), S+A
effectively creates a heterogeneous structure around grain boundaries, i.
e. nanoscale hard Ti;NiOy precipitates and soft NiTi matrix (Fig. 18 (a)—
(e)). In addition, due to the existence of TisNiOy, martensitic trans-
formation in the surrounding NiTi matrix is suppressed. This is
confirmed by TEM results. Since the TEM was performed at RT, which is
lower than the M¢ (~323 K, Fig. 5(a) and (b)), the martensitic phase
should have been present rather than the observed austenitic NiTi
(Fig. 18 (d)). It has been widely argued that heterogeneous structures
can result in strain hardening due to the strain partitioning between soft
and hard regions [48-50]. In this case, the S+A sample has the highest
stress level under the same deformation among tested samples (Fig. 11).
Strain partitioning between NiTi and nanoscale Ni4Tiz has been
observed by Dong et al. [51] in Ni-rich NiTi. They demonstrated that

10

200 nm

(a) BF image, (b) STEM-HAADF, (c) enlarge zone in (b); The EDS mappings of (a) are

nanoscale precipitates, even with a low fraction, still allow for a
considerable amount of applied stress. In this work, strain partitioning is
induced between nanoscale Ti;NiOy and matrix. To the best of the au-
thors’ knowledge, this phenomenon is discovered for the first time in
Ti-rich NiTi. Since there is a low cooling rate in conventional
manufacturing methods, stable and coarse TioNiOy (several microme-
ters) precipitates are formed in the as-fabricated state, which cannot be
further dissolved within the matrix after high-temperature solutionized
annealing [52,53]. By contrast, in this work, nanoscale pure Ti particles
are found in as-fabricated Ti-rich L-PBF, which allows for its dissolution
into the matrix (Fig. 7) after solutionized annealing. Furthermore, the
oversaturated Ti in the matrix precipitates in the form of nanoscale
intergranular TipNiOy in the subsequent aging (Fig. 10).

Therefore, the reason for a large TWSME in the S+A sample results
from the as-following two aspects: (1) the hard region, consisting of
intergranular TisNiOy precipitates and surrounding distorted austenite
matrix, promotes strain partitioning and makes stress within grains
more directional, which is favorable for TWSME; (2) the intergranular
TioNiOy precipitates effectively encloses directional internal stress
within each grain, further enhancing TWSME.
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Fig. 16. TEM images of directly aged NiTi after 50 shape memory cycles: (a)
and (c) BF image; (b) and (d) STEM-HAADF image (precipitates were marked
by red cycles).

Loading direction

Fig. 17. TEM images of solutionized NiTi after 50 shape memory cycles: (a) BF
image, (b) STEM-HAADF image, (c) enlarge zone in (b); The EDS mappings of
(a) are shown in the second row.
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Fig. 18. TEM images of the S+A sample after 50 shape memory cycles: (a) BF
image, (b) STEM-HAADF image, (c) SAED of precipitate, (d) and (e) EDS
mapping of (a), and (f) SAED of matrix near the precipitate.
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5. Conclusions

In this work, the effect of various heat treatments on microstructural
evolution, phase transformation, and shape memory behavior was sys-
tematically investigated in the L-PBF Ti-rich NiTi. The main conclusions
are summarized below:

1. Heat treatments were found to mainly affect nano-scaled precipitates
and atomic defects, while grain sizes and morphologies were not
significantly affected. Direct aging promotes intragranular precipi-
tation of the TioNiOx phase, while solutionized annealing dissolves
metastable Ti particles into the NiTi matrix and reduces atomic de-
fects. Intergranular TisNiOy precipitates were shown in the sol-
utionized and aged sample.

2. All heat treatments increase phase transformation compared with
those in the as-fabricated state, which was found to be due to an
increase in the atomic Ti/Ni ratio in the NiTi matrix and a decrease in
atomic defect density.

3. For the single thermomechanical test with gradually increased strain
level, the optimized heat treatments allow tailoring the stress win-
dow without any sacrifice in the recovery of one-way shape memory
strain. For the cyclic thermomechanical tests, solutionized annealing
dramatically improved OWSME degradation resistance due to the
elimination of microstructural defects, while S+A gave the most
pronounced TWSME response due to strain partitioning induced by
the heterogonous microstructures between hard intergranular
TioNiOy and soft NiTi matrix.

Relationships between heat treatments, microstructures and func-
tional responses in the L-PBF NiTi are revealed based on multiscale
correlative characterization. These findings can be used to enhance the
one-way and two-way shape memory degradation resistance of L-PBF
NiTi. Furthermore, this work also provides an alternative way to tailor
SME temperature and stress windows increasing the attractiveness of
4D-printed NiTi.
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