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ABSTRACT
The pursuit of enhancing NiTi superelasticity through laser powder bed fusion (L-PBF) and [001]
texture creation poses a challenge due to increased susceptibility to hot cracking in the resulting
microstructure with columnar grains. This limitation restricts NiTi’s application and contributes to
material waste. To overcome this, we introduce a pioneering approach: utilising spark plasma
sintering (SPS) to heal directional cracks in [001] textured L-PBF NiTi shape memory alloy. Diffusion
bonding and oxygen utilisation for Ti2NiOx formation was found to successfully heal the cracks. SPS
enhances mechanical properties, superelasticity at higher temperatures, and two-way shape
memory strain during thermomechanical cycling. This work provides an alternative solution for
healing cracks in L-PBF parts, enabling the sustainable reuse of cracked materials. By implementing
SPS, this approach effectively addresses hot cracking limitations, expanding the application
potential of L-PBF NiTi parts while improving their functional and mechanical properties.
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1. Introduction

Nickel-titanium (NiTi) exhibits superelasticity and shape
memory effect due to reversible martensitic transform-
ation (SIMT) [1], making it a desirable material for a
range of applications, including medical devices and
industrial smart components [2]. The shape memory
effect allows NiTi to return to its original shape after
being deformed by heating above austenite finish temp-
erature [3]. Meanwhile, superelasticity enables it to
recover large strains (up to ∼8%) without plastic defor-
mation [4]. Despite its attractive functionalities, the fabri-
cation of NiTi remains a challenging task, mainly due to its
poor machinability, which limits its full potential [5]. Con-
ventional manufacturing processes, even when applied to
components with simple geometries, require several
steps, including melting, hot and cold working, forming,
and shape memory treatment [6]. During melting, com-
positional fluctuations and contamination from crucible
need to be concerned, since it affects transformation
temperature and deformability [7]. The NiTi with poor
cold workability needs either high-temperature defor-
mation (above 973 K) or cyclic cold deformation with sub-
sequent soft annealing [8], inevitably leading to rapid
surface oxidation [6]. Laser powder bed fusion (L-PBF),

an emerging additive manufacturing technique [9,10],
offers unprecedented design freedom [5], enabling the
production of complex parts [11] and the design ofmicro-
structures and crystallographic orientations [12,13].

NiTi exhibits anisotropic functional properties when
deformed along different crystallographic orientations,
showing distinct superelasticity. NiTi with [001] crystallo-
graphic orientation is demonstrated to be desirable for
releasing superelasticity based on phenomenological
models [14], molecular dynamics, and experiments
[13]. However, fabricating [001] textured NiTi is still chal-
lenging. For NiTi components, crystallographic orien-
tation can be manipulated through plastic deformation
processes or solidification. Limited by the slip systems
of NiTi, only [111] or [011] textured microstructures
can be achieved by plastic deformation processes,
such as rolling and drawing [8,15]. The cubic crystal
structure of solidified NiTi allows grains to grow along
the maximum thermal gradient direction during solidifi-
cation, creating [001] textured NiTi through directional
solidification or single crystal growth from melts (e.g.
the Bridgman technique) [16]. However, above-men-
tioned solidification methods result in serious chemical
compositional inhomogeneity due to a relatively low
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cooling rates [17]. By manipulating L-PBF processing par-
ameters, temperature gradients and grain growth rates
can be controlled [18], enabling the creation of single-
crystal-like NiTi with [001] columnar grains, dramatically
enhancing NiTi superelasticity [13].

However, despite the advantages of L-PBF [001] tex-
tured NiTi with columnar grains, these microstructures
are susceptible to hot cracking due to restricted liquid
feeding in long channels of interdendritic regions [19].
Hot cracking can significantly reduce themechanical prop-
erties of NiTi, leading to negative effects on durability and
integrity [20]. Therefore, it is crucial, particularly for safety-
critical applications, to heal cracks in L-PBF NiTi parts and
to utilise cracking materials in a more sustainable way.

To eliminate structural defects and improve proper-
ties of L-PBF metallic components, numerous efforts of
employing various post treatments have been under-
taken by researchers, including heat treatments [21],
surface treatments [22,23] and hot isostatic pressing
(HIP) [24]. For instance, sandblasting can effectively
enhance fatigue resistance properties of L-PBF archi-
tectured materials [22,23]. This improvement can
be attributed to its ability to inhibit fatigue crack
initiation by enhancing surface roughness, removing
adhered powder particles, and generating nanocrys-
talline grains. By implementing HIP and alloying com-
position design, liquid assisted healing with the aid of
HIP is achieved in an Al-Mg alloys [25]. This process
facilitates the healing of cracks and pores, resulting
in a substantial increase in fracture strain and fatigue
life. Although these techniques exhibit promise in
enhancing the properties of L-PBF metallic parts,
their applicability for healing cracks in L-PBF NiTi is
limited. Sandblasting, for instance, is more effective
in treating component surfaces rather than addressing
inner cracks. Similarly, liquid-assisted healing under
HIP requires specific alloying composition designs,
which may potentially impact the desired functional-
ities of NiTi components.

To date, there has been limited research on healing
cracks in NiTi, particularly in additively manufactured
parts. Since cracks for L-PBF [001] textured NiTi mainly
propagate along grain boundaries parallel to the build-
ing direction [13], intergranular crack flanks need to be
filled, and effective bonding among interfaces is
required. In-situ precipitation between crack flanks is a
promising way to heal cracks [26]. To heal cracks, a direc-
tional force and elevated temperature are required. The
directional force, perpendicular to the crack propagation
direction, narrows or closes crack flanks, while the elev-
ated temperature promotes diffusion precipitation to
create bonding between crack flanks. Since elevated
temperature may result in weakened texture by

recrystallization, the healing process should be as short
as possible to preserve the [001] texture [27].

A technique for healing cracks in L-PBF [001] textured
NiTi is crucial. Heat treatment can provide heat to
promote diffusion, however it lacks the force to assist
bonding. Although hot isostatic pressing (HIP) involves
the simultaneous application of high temperature and
high pressure to a sample, the pressure is applied uni-
formly in all directions [28], which is suitable for
healing microcracks. As reported by Vilanova [29], HIP
is unable to heal cracks beyond 6 μm width for laser
powder bed fusion parts. Spark plasma sintering (SPS)
heats materials rapidly and provides uniaxial pressure
[30], making it a promising technique for healing direc-
tional cracks. However, until now, crack healing of L-
PBF NiTi has not been explored by applying SPS.

The objective of this study is to investigate the feasi-
bility of using SPS to heal cracks in L-PBF NiTi and in the
meanwhile preserve microstructure and superelasticity
of the healed parts. This investigation aims to contribute
to the understanding of how SPS can be used to heal
cracks in NiTi and emphasises the importance of using
NiTi in a more sustainable way by reducing waste and
optimising its performance. Furthermore, this study
will provide insights into the mechanisms of crack
healing in NiTi and the role of microstructure in deter-
mining its functional properties, which can apply to
healing cracks in other alloy systems.

2. Materials and methods

2.1. Material processing

Cracked L-PBF NiTi samples were intentionally fabricated
by an Aconity3D Midi machine (Aconity3D GmbH,
Germany) based on our previous results [13], utilising a
laser source capable of reaching a maximum power of
1000 W with a Gaussian beam distribution. The initial
powder is gas-atomized NiTi (49.6 at. % Ni) with ∼50 um
average diameters. The cubic samples (10 × 10 × 10 mm3)
were manufactured by applying a bidirectional scanning
strategy with a 67° rotation between each adjacent layer.
L-PBF process parameters for fabricating cracked NiTi are
as follows: a 950 W laser power, a 1060 mm/s scanning vel-
ocity, a 180 μmhatchdistance, a 50 μmlayer thickness, and
a 500 μm laser beam diameter [13].

Crack healing was conducted in a spark plasma sinter-
ing furnace (FCT SPS system, type KCE-FCT HP D-25-SI,
Germany). Each cracked sample was loaded into a
graphite die with an inner diameter of 20 mm (ISO-68,
Toyo Tanso, Japan), and its cracking direction (parallel
to the L-PBF building) is perpendicular to the SPS
loading direction (Figure 2(b)). To support cracked
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samples, the gap between the graphite die and the
sample was filled with Al2O3 powders. The SPS furnace
was evacuated and flushed two times with Ar-gas of
5N purity (Linde, The Netherlands). The SPS healing
process was conducted under the following procedures.
First, the furnace was heated up to the target tempera-
ture in a range of 1223–1423 K with a heating rate of
20 K/min. The target pressure in a range of 13–22 MPa
was applied with the duration in a range of 0.4–2 h.
Finally, the pressure was released, and the sample was
cooled naturally to room temperature.

In order to achieve crack healing in L-PBF NiTi, various
combinations of SPS pressure, temperature, and duration
were optimised. It is crucial to prevent plastic deformation
during the SPS healing process to preserve the [001]
texture in NiTi. Therefore, the applied pressure during
SPS should be lower than the yield strength of NiTi at
the specific temperature. Since there is a lack of exper-
imental data onNiTi yield strengthabove673 K, an analyti-
cal fitting was performed based on reported values [31].
Considering that the yield strength of NiTi decreases
with increasing temperature and becomes zero above
the melting point of NiTi (1583 K), a three-phase

exponential decay function was used for the analytical
fitting. The predicted curve is shown in Figure 1, and pre-
dicted yield strength of NiTi fits well with reported
values. The enlarged image in Figure 1(b) reveals that
the minimum predicted yield strength for all investigated
temperatures is 37 MPa. The maximum SPS pressure of
22 MPa is selected to prevent significant plastic defor-
mation after the SPS healing process. Detailed SPS par-
ameters can be found in the Figure S1 of the
Appendices. The SPS processing parameters and corre-
sponding sample labels are shown in the Table 1.

2.2. Characterisation

Before the metallographic examination, samples were
ground, polished and tint etched and the detailed

Figure 2. Schematics for laser powder fusion and spark plasma sintering.

Table 1. SPS processing parameters for healing NiTi cracks.
SPS processing
parameters

Temperature
(K)

Holding time
(h)

Pressure
(MPa)

Semi-healed NiTi 1323 1.0 22
Fully healed NiTi 1323 2.0 22

Figure 1. Predicted temperature-dependent yield strength of NiTi versus the experimental results of NiTi yield stress [31].
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procedure can be found in our previous work [12]. The
etched microstructures were then examined via a Leica
DMI 5000 optical microscope under the polarised light
mode to show parent (austenitic) grains. Optical
microscopy was performed using a Keyence VHX-6000
microscope enabled with a 2D stitching function to
identify cracks in NiTi. Scanning electron microscopy
(SEM) images and element analysis were captured by
using a JEOL JSM 6500F (JEOL, Japan) equipped with
an ultra-dry energy dispersive spectrometer (EDS) detec-
tor (Thermo Fisher Noran).

X-ray diffraction (XRD) analysis was conducted for
phase identifications and phase fraction calculations in
the as-fabricated and post-heat-treated samples. The
measurements were conducted using the Bruker D8
Advance diffractometer in Cu-Kα radiation. The step
size used was 0.03° 2θ with 45 kV and 40 mA current
in a 2θ range of 17–90°.

Phase transformation behaviour was analysed 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. To avoid deformation and introduc-
tion of stresses, DSC samples with a dimension of ϕ 6 ×
1 mm were prepared by electrical discharge machining
(EDM) followed by subsequent sanding to remove
EDM damages.

Transmission electron microscopy (TEM) images were
taken by an FEI Talos F200X TEM FEI Talos F200X TEM
equipment. TEM high-angle annular dark field (HAADF)
observation, selected area electron diffraction (SAED),
and energy dispersive spectroscopy (EDS) operations
were also conducted. TEM foil samples were prepared
by a focused Ga+ ion beam (FIB; FEI Helios 600i).

Relative density of materials was determined by the
Archimedes method, using a theoretical maximum
density of 6.45 g/cm3. The crack length density is esti-
mated based on the ratio of crack length and measured
area [32], and the crack length was measured by using
Image J to do statistical analysis for three optical
microscopy images with ×200 magnification. Oxygen
contents were measured by a Bruker oxygen–hydrogen
analyser (G8 GALILEO).

2.3. Mechanical tests

Vickers hardness measurements were performed under
the test force 1.0 kgf (further denoted as HV1) using an
Automatic Microhardness Tester (Buehler Vickers). To
evaluate the local mechanical properties of various NiTi
samples, we conducted instrumented indentation tests
at room temperature using a Zwick ZHU2.5 instrument.
To avoid stress concentrations, a spherical ball indenter

with a diameter of 0.5 mm was employed. Superelasti-
city was tested on an MTS 858 tabletop hydraulic test
machine by applying uniaxial compression. A strain
rate of 1.0 × 10−4 s−1 was applied and strains were
measured by a contact-based high-temperature
ceramic extensometer (632.53F-14, MTS). The tempera-
ture change was controlled by induction heating and
air flow cooling. The temperature was measured by a
K-type thermocouple welded onto the middle of NiTi
sample surfaces. Prior to superelasticity tests, samples
were heated to 473 K (above martensite starting temp-
eratures, Figure 5(b)) and then cooled to 353 K to
ensure an austenitic state. All samples were loaded
and unloaded along the L-PBF building direction.

3. Results

3.1. Microstructure, texture and phase
transformation

The cross-sectional images along the building direction
(BD) are shown in Figure 3. For the as-fabricated NiTi,
cracks mainly propagate along the building direction
(Figure 3(a)) and penetrate multiple layers (Figure 3(b))
and its average crack length density was found ∼5.9 ×
10−3 μm−1. It can be seen that SPS can effectively heal
cracks in L-PBF NiTi. By applying 22 MPa pressure
under 1323 K with 1 h duration, cracks have been signifi-
cantly eliminated and its crack length density decreases
to ∼9.5 × 10−4 μm−1 (Figure 3). To fully heal cracks, the
pressure and heat holding time was prolonged to 2 h.
As shown in Figure 3(e,f), cracks were fully healed. This
indicates the feasibility of the SPS for healing L-PBF
NiTi cracks.

To further understand the crack healing mechanism,
microstructures were further examined by tint OM,
SEM and EDS. As shown in the polarised light OM
image (Figure 4(a)), intergranular cracks are dominant
in the as-fabricated NiTi. By revealing melt pool bound-
aries, these intergranular cracks exist at melt pool cen-
trelines. These hot cracks are resulting from
solidification shrinkage at the final solidification zone
when dendrites solidify in a columnar manner [19]. The
backscattered electron (BSE) images of semi-healed
NiTi are shown in Figure 4(c,d). The healed cracks (dark
grey longitudinal part in Figure 4(d)) show more Ti
than the NiTi matrix (Figure 4(f)), indicating that
formed Ti-rich precipitates contribute to NiTi crack
healing. The area around the unhealed crack (Figure 4
(e)) shows an even higher content of Ti than the Ti-rich
precipitates (Figure 4(f)). Therefore, it is possible to
further deduce the crack healing mechanism by analys-
ing microstructural features around unhealed and
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healed cracks. In the fully healed sample, there are two
types of precipitate morphologies (Figure 4(g,h)). The
elongated precipitates along the building direction are
responsible for crack healing and the dispersive particles
originated from intragranular precipitation.

XRD measurements were conducted at room temp-
erature to identify phases. As shown in XRD patterns
(Figure 5(a)), all samples, including cracked L-PBF,
semi-healed and fully healed NiTi, have B19′ as the
main phase, and small peaks, corresponding to residual
austenite (BCC_B2) and Ti2NiOx, are also present. To
compare phase transformation temperature changes
before and after the healing process, DSC measurements
were carried on as fabricated and fully healed NiTi. After
the SPS healing process, phase transformation tempera-
tures were increased, and the corresponding tempera-
tures are shown in Table 2. There is a ∼22 K increase
of austenite finish temperature and a ∼8 J/g increase
in the forward phase transformation enthalpy (Figure 5
(b) and Table 2).

The TEM images (Figure 5(c,d)) also demonstrate that
martensite is the main phase at room temperature for
as-fabricated and fully healing samples, which is consist-
ent with XRD and DSC results (Figure 5(a,b)). The fully

healed sample has wider martensite phases (∼269 nm)
than that (∼32 nm) in the as-fabricated NiTi. Interest-
ingly, the morphology of martensite in the fully healed
NiTi has a tilted brick-like structure and the tilt direction
is consistent with the SPS pressure direction (Figure 5
(d)). It is worth noting that, despite the high-temperature
SPS, the strong [001] texture remains in the fully healed
sample (Figure 5(f)). Compared with the as-fabricated
NiTi, there is a ∼ 50% decrease in the [001] texture inten-
sity in the fully healed sample ((Figure 5(e,f)). The colum-
nar grain morphology in the fully healed NiTi further
indicates that the desirable [001] orientated grains for
enhancing superelasticity are preserved (Figure S2).

Due to the resolution limitation of EDS equipped in the
SEM, it is hard to analyse elements across grain bound-
aries of as-fabricated NiTi. Here, the STEM-EDS technique
was applied to understand the elemental distribution
along the crack flanks of the as-fabricated NiTi. As
shown in the Figure 6(a–e), more titanium and oxygen
segregate at the grain boundary, indicating that hot
cracking may result from these elemental segregations.
The distance of elemental segregation is ∼14 nm.

To reveal the cracking healing mechanism, the semi-
healed (as an intermediate state) and the fully healed

Figure 3. Crack length densities and optical microstructures: (a) and (b) as-fabricated NiTi; (c) and (d) Semi-healed NiTi; (e) and (f) Fully
healed NiTi.
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NiTi were further analysed by TEM. The FIB technique
was applied to exact the TEM sample including the
unhealed crack (Figure 6(f)). There is an elongated pre-
cipitate along the flanks of the crack (Figure 6(g)).
Based on the selected area electron diffraction (SAED)
(Figure 6(h)) and EDS point analysis, the precipitate is
determined as Ti containing oxygen (∼11.9 ± 1.4 at.%)
(hereafter referred to as Ti(O)). Compared with the as-
fabricated cracked NiTi, the width of Ti increases to
∼346 nm in the semi-healed NiTi. Therefore, the SPS
process can promote the diffusion of Ti to the crack
location.

To confirm precipitates along healed cracks in the
fully healed sample, a TEM sample was prepared
by FIB near the position of elongated precipitates.
The interested area is shown in the Figure 6(i) and
the precipitate marked by the red arrows is used as a
location reference. The SAED pattern (Figure 6(k))
demonstrate that final precipitates along healed
cracks in the fully healed sample are Ti2NiOx

(Figure 6(j)), which is also consistent with the XRD
result (Figure 5(a)).

3.2. Mechanical and functional properties of fully
healed NiTi

The purpose of this study is to heal cracks and preserve
the superior superelasticity of [001] textured NiTi. To
investigate the effect of the SPS treatment on mechan-
ical properties of NiTi, instrumented indentation was
conducted. Indentation displacement-force curves with
varying maximum forces of 10, 20 and 30 N are shown
in the Figure 7(a). The fully healed NiTi always shows
lower displacement values than the as-fabricated
cracked NiTi under different force levels (Figure 7(a)).
This indicates an improved strength of NiTi after the
SPS healing process. The fully healed sample also has a
higher Vickers hardness (229 ± 3 HV1) than the as-fabri-
cated cracked NiTi (188 ± 13 HV1) (Figure 7(b)). The large
deviation in hardness values of the as-fabricated cracked

Figure 4. As-fabricated NiTi with cracks: optical microstructures showing (a) parent (austenite) phase at the polarised light and (b)
melt pool features at the normal light. (c) BSE microstructures of the semi-healed NiTi and (d) its corresponding enlarged image; (e)
and (d) EDS line scanning from (d). (g) and (h) BSE microstructures of fully healed NiTi and corresponding EDS mappings from (h). All
images showing microstructures along the building direction.
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NiTi results from uniformly distributed cracks. Therefore,
the SPS process not only contributes to the crack healing
but also improves NiTi strength.

To verify whether the superelasticity still remain in
the fully healed sample, thermomechanical tests were
conducted. The as fabricated [001] NiTi shows an

expected superelasticity (Figure 8(a)), despite the exist-
ence of cracks. This is due to that the loading or unload-
ing direction is parallel to the crack propagation
direction, which makes strain or stress continuously
transfer within samples. Hence, the [001] orientation
still can play an effective role on enhancing

Figure 5. (a) XRD patterns of NiTi without and with different healing processes; (b) DSC curves of as-fabricated NiTi and fully-healed
NiTi; TEM images of (c) as-fabricated NiTi (the bright field image) and (d) fully-healed NiTi (the angle annular dark field image); Inverse
pole figures measured by XRD at 473 K, showing texture of the austenite phase: (e) as-fabricated NiTi and (f) fully-healed NiTi.
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superelasticity. With thermomechanical cycles under a
constant nominal deformation of 4% strain, the supere-
lastic strain value almost remains constant as ∼3.2% and
residual strain accumulate to 0.5% after 50 cycles. The
accumulation of residual strain results from phase

transformation induced plasticity and can reach a satu-
rated state after cycles.

Under the same loading and unloading tempera-
ture of 363 K, the fully healed sample also shows
superelastic behaviour (Figure 8(b)). At the first ther-
momechanical cycle, the recoverable strain is only
∼1.3%. Surprisingly, its superelasticity is enhanced
with the number of cycles and the superelastic
strain increases to 2.9% after 50 thermomechanical
cycles (∼223% increase of superelastic strain com-
pared with the first cycle). Compared with the litera-
ture [33], superelasticity usually degrades with
thermomechanical cycling. To best of authors’ knowl-
edge. It is, for the first time, found in additively man-
ufactured NiTi that superelasticity is enhanced by
thermomechanical cycling.

Table 2. Phase transformation temperatures determined by DSC
tests.

Samples Temperature (K)

Ms Mf Mp As Af Ap ΔHA↔M (J/g)

As-fabricated NiTi 327 282 311 322 356 350 23.9
Fully healed NiTi 332 303 312 344 378 368 31.7

Note: Ms is the Martensite start temperature, Mf is the Martensite finish
temperature, Mp is the peak temperature of the forward transformation
(A→M), As is the austenite start temperature, Af is the austenite finish
temperature, Ap is the peak temperature of the reverse transformation
(M→A), ΔHA↔M is the forward transformation enthalpy.

Figure 6. (a) The STEM-HAADF image of as-fabricated NiTi and its corresponding EDS mappings, i.e. (b) Ti, (c) Ni and (d) O, and (e) a
line scanning from (a); (f) and (g) TEM images of semi-healed NiTi and SAED pattern of Ti(O) from (g); (i) and (j) TEM images of fully-
healed NiTi and SAED pattern of Ti2NiOx from (k).
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4. Discussion

4.1. Cracking and healing mechanism

4.1.1. Crack formation
Before discussing the crack healing mechanism, it is
important to understand the crack formation

mechanism. NiTi cracks are intergranular (Figure 4(a)),
which is a typical feature of solidification cracking (or
hot cracking) [34]. The solidification behaviour of Ni
(49.6 at. %)-Ti is calculated based on the Scheil-Gulliver
model (Figure 10(a)). Since this model assumes that no
diffusion occurs in solid phases and infinitely fast

Figure 7. (a) Displacement-force curves and (b) Vickers hardness of as-fabricated cracked and fully healed NiTi.

Figure 8. Cyclic thermomechanical tests: (a) as fabricated and (b) fully healed NiTi under 363 K loading and unloading, and (c) fully
healed NiTi under 383 K loading and unloading. (d) Superelastic strains as a function of thermomechanical cycle of all tested samples.
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diffusion occurs in the liquid, it is suitable for L-PBF soli-
dification with a high cooling rate. At the final stage of
solidification (the solid fraction is higher than 0.9), the
solidification temperature range is ∼237 K (Figure 10
(a)). As reported by Kou [35], the solidification cracking
susceptibility can be evaluated by the steepness of the
curve of T vs ( fS)

1/2 when ( fS)
1/2 is close to 1, where T is

the temperature and fS is the solid fraction. For Ni(49.6

at.%)-Ti, the steepness of
DT

( fS)
1/2 is ∼7431 K, which is

∼1.8 times higher than the high cracking susceptibility
of 7075 Al alloy [36]. The high cracking susceptibility of
NiTi indicates that cracking along grain boundaries is
prone to occur due to stresses introduced by solidifica-
tion shrinkage and thermal contraction.

Due to the solute redistribution during the Ni (49.6 at.
%)-Ti alloy, Ti enriches the residual liquid (Figure 10(b)).
In the solidification microstructure, dendrites grow and
merge forming grains, and at the grain boundaries
liquid films may remain. Therefore, Ti segregation can
be observed along the grain boundaries (Figure 6(a–e)).

4.1.2. Crack healing
As shown in the Figures 4 and 6, the healing of cracks is
achieved by the participation of diffusion bonding. The
1323 K-1 h-22 MPa SPS healing process results in the for-
mation of Ti(O). Despite the L-PBF and SPS processes are
under Ar (purity of 99.999%) protection, oxygen is inevi-
table and can be found in NiTi [30]. As Ti is an reactive
element, Ti is easy to react with oxygen at high temper-
ate [37]. The Ti-O binary phase diagram (Figure 11)
shows that Ti has a large solubility of oxygen, and its
solubility of oxygen can reach to ∼32 at. % at 1323 K
(the SPS processing temperature). The EDS result at
the semi-healed NiTi shows that ∼11.9 at. % oxygen is
present within Ti (Figure 6(g)), which is lower than the
maximum solubility of oxygen in Ti. Therefore, Ti(O)
exists in the semi-healed cracking interface.

For the entire system, the Ti(O) does not exist in a
state of thermodynamic equilibrium. With increasing
holding duration to 2 h under 1323 K and 22 MPa, the
Ti2NiOx phase forms by consuming Ti(O) and the chemi-
cal bonding is created, which closes cracks. In the Ni-Ti
system, the diffusion rate of Ti into Ni is much higher
than that of Ni into Ti [38]. At 1223 K, close to our SPS
processing temperature of 1323 K, the diffusion rate of
Ti is 2.0 × 10−10 cm−2 in NiTi, which is two orders of mag-
nitude higher than that of Ni (1.5 × 10−12 cm−2) in NiTi.
Meanwhile, there is a concentration gradient of Ti
between Ti(O) and NiTi matrix. Therefore, increasing
the duration of the SPS process promotes Ti atoms to
diffuse from Ti(O) into NiTi. Based on the Ni-Ti phase

diagram [1], NiTi has a limited solubility of Ti and the
increase of Ti in NiTi results in the formation a Ti2Ni
phase. Furthermore, oxygen can stabilise Ti2Ni phase
[39], and Ti2NiOx is finally present to act as the crack
bonding phase (Figure 4(g,h) and Figure 6(i–k)). The for-
mation of Ti2Ni phase has been also observed in the
interface of Ti and NiTi of Ni-Ti diffusion couples [38].

Based on the above discussion, the chemical reaction
of the whole healing process can be summarised as
follows:

Ti+ O � Ti(O) (1)

Ti(O)+ NiTi � Ti2NiOx (2)

As external oxygen participates in the healing process,
these reactions will result in volume expansion. The
increased oxygen levels in the fully healed NiTi
(940 ppm), compared with the as-fabricated cracked
NiTi, (447 ppm) has been confirmed by oxygen measure-
ment (Figure S3(b) and (c)). Additionally, in the fully
healed NiTi, crack flanks can be further closed by the
applied pressure. Therefore, the crack healing is attribu-
ted to the synergistic effect from the following sequen-
tial three aspects: (1) Crack flanks are closed by external
pressure provided by SPS; (2) the remaining gaps at the
flanks are filled by Ti2NOx due to the volume expansion
reaction; (3) Chemical bonding is created by diffusion
and remains effective after releasing pressure. It should
be mentioned that oxygen is usually considered as a
undesirable contamination for L-PBF NiTi, as it deterio-
rates a printability of NiTi [30,40]. In this study, we
utilise the oxygen to heal cracks in NiTi. The ability of
Ti2NiOx in crack healing is further demonstrated by
EBSD in a larger scale (compared with TEM results
shown in the Figure 6) (Figure. S4).

4.2. Phase transformation temperatures and
superelastic behaviour

DSC results show that the SPS healing process increases
NiTi phase transformation temperatures (Figure 5 and
Table 2). For the forward transformation, the main differ-
ence between as-fabricated cracked and fully healed
NiTi is shown in the martensite finish temperature (Mf).
The Mf in the fully healed NiTi is 21 K higher than that
in the as-fabricated cracked NiTi. A higher Mf suggests
that a decreased driving force is necessary to facilitate
the transformation [41]. It has been reported that
crystal defects, such as dislocations [42], point defects
[43] and grain boundaries [44], can impede martensite
transformation and result in the decrease of phase trans-
formation temperatures. In this study, the fully healed
NiTi underwent a high-temperature treatment (1323 K),
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higher than the NiTi recrystallization temperature [45],
which can eliminate crystal defects [46]. Therefore, an
increased martensitic transformation temperature is
found in the fully healed NiTi. In addition, the SPS
healing process promotes the formation of Ti2NiOx by
decreasing the Ni content in NiTi matrix, which further
increase phase transformation temperatures [39].

Due to the increased phase transformation tempera-
tures, the fully healed NiTi shows distinct superelastic
behaviour from the as-fabricated cracked NiTi (Figure 8
(a,b)) at the same loading temperature of 363 K. As the
loading temperature of 363 K is lower than the Af =
368 K of fully healed NiTi, there is a lack of sufficient
driving force to trigger the reserve transformation from
stress-induced martensite to austenite [47]. Therefore,
a small superelastic strain of ∼1.2% (Figure 8(c)) is
present after the first thermomechanical cycle. When
increasing the test temperature to 383 K (above Af of
fully healed NiTi), desirable superelastic ability, compar-
able with the as-fabricated NiTi, is shown in the fully
healed NiTi (Figure 8(c,d)).

It should be noted that, the superelasticity of fully
healed NiTi shows an unusual enhancement with ther-
momechanical cycles, which is different from the com-
monly seen superelastic degradation [33,48,49]. For
cyclic thermomechanical NiTi, there are two generally
accepted viewpoints: (1) the functional degradation of
NiTi is due to dislocation accumulation and plastic defor-
mation accompanying martensite transformation
[33,48,49]; (2) oriented internal stresses, induced by ther-
momechanical cycles, can promote phase transform-
ation and narrow the stress hysteresis [50–52].
Therefore, it can be concluded that the enhanced super-
elasticity in the fully healed NiTi tested at 363 K is due to
the dominance of internal stress assisted phase trans-
formation. In other words, the orientated internal
stress induced by thermomechanical cycles is more
effective to evoke the reverse transformation during
unloading. It provides an additional driving force to
promote superelastic strain, even when there is irrecov-
erable plastic strain caused by dislocation accumulation.

The level of internal stress within samples can be esti-
mated by two-way shape memory behaviour. After ther-
momechanical cycles, samples show decreased phase
transformation temperatures (Figure 9). This is because
internal stresses induced by thermomechanical cycles
decrease the required thermal driving force of phase
transformations. As the superelastic behaviour obeys
the Clausius–Clapeyron relationship [1,53], the internal
stress can be quantitatively related to the Ms shift, i.e.:

ds
dMs

= DH× r

1× T0
, (3)

where ds is the internal stress (MPa), dMs (K) is the mar-
tensite start temperature shift, DH (J/g) is the enthalpy of
transformation (measured by DSC shown in the Table 2),
r = 6.45 g/cm3 is the NiTi density [54], 1 = 0.08 (-) is a
transformation strain [53] and T0, herein using the equi-
librium temperature of the reserve transformation

(
MP + AP

2
), is 330 K for as-fabricated cracked NiTi and

340 K for the fully healed NiTi (Table 2). Based on
strain-temperature curves of samples before and after
thermal mechanical tests (Figure 9) and considering
the Ms shift, the as-fabricated cracked NiTi has a ∼7 K
shift, and the fully healed NiTi has 17 and 13 K shifts
for tests under 363 and 383 K, respectively. By calculat-
ing the Equation (3), the internal stress for the as-fabri-
cated cracked and the fully healed NiTi tests under 363
and 383 K, are 41, 129 and 98 MPa. Such estimation
also fits well with the two-way shape memory behaviour
(Figure 9). The fully healed NiTi tested at 363 K has the
largest two-way shape memory strain, indicating a
highest internal stress.

It is worthy to note that the as-fabricated cracked NiTi
after 363 K thermomechanical cycles (the dark black line
in the Figure 9) and the fully healed NiTi after 383 K ther-
momechanical cycles (the blue line in the Figure 9) have
similar two-way shape memory strains (Figure 9), despite
∼ 2 times higher estimated internal stress in the fully
healed NiTi. This is not contradictory, as based on the
Clausius–Clapeyron relationship (equation 3), critical
stresses for martensitic phase transformation increase
with temperature. The fully healed NiTi after training
tested at 383 K (the blue line in the Figure 9) has a
∼6 K higher Ms than the as-fabricated cracked NiTi
after training tested at 363 K (the dark black line in the
Figure 9). This increased phase transformation results
in a ∼46 MPa increase of critical stress for martensitic

Figure 9. Two-way shape memory effect response of as fabri-
cated and fully healed NiTi before and after thermomechanical
training.
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transformation. After excluding the temperature effect
on phase transformation stresses, the fully healed NiTi
after training tested at 383 K has an equivalent 52 MPa
internal stress, which is comparable with the internal
stress of 41 MPa in the as-fabricated crack NiTi.

Therefore, the gradually enhanced superelastic ability
with thermomechanical cycles and the large two-way
shape memory strain (∼2.4%) in fully healed NiTi is attrib-
uted to a higher internal stress level. It should be high-
lighted that such two-way shape memory strain is
superior, as it is comparable with the heat-treated cold-
drawn NiTi even at a higher deformation level (∼8.5%
training deformation [55] and a 8% pre-strain [53]). The
reason higher internal stress can be induced into full
healed NiTi may result from the presence of intergranular

Ti2Ni precipitates. In our previous work, we have demon-
strated that intergranular Ti2Ni precipitates contributes to
enclosing internal stress by strain partitioning. The effect
of Ti2Ni on the two-way effect in the fully healed NiTi will
be investigated in our follow-up works.

5. Conclusions

In this study, we investigated the crack-healing of [001]-
textured L-PBF NiTi using SPS (Spark Plasma Sintering).
Under optimised processing conditions, SPS can success-
fully eliminate cracks induced by the L-PBF process. We sys-
tematically examined the mechanism of crack-healing, as
well as the resulting mechanical and functional properties.
The main conclusions can be summarised as follows:

(1) Spark plasma sintering is demonstrated as an
effective method for healing hot cracks in [001]-tex-
tured L-PBF NiTi. Cracks are healed through diffusion
bonding, and the flanks in the cracks are filled with
in-situ formed Ti2NiOx precipitates.

(2) This work utilised oxygen, which is traditionally con-
sidered detrimental to L-PBF parts, in the healing
process. The oxygen engages in the following reac-
tions: Ti+ O � Ti(O) and Ti(O)+ NiTi � Ti2NiOx.

(3) The SPS healing process improves the mechanical
properties of NiTi by eliminating cracks and increases
the stable superelastic temperature by 20 K com-
pared to the as-fabricated L-PBF cracked NiTi.

(4) An unusual enhancement in superelasticity is
observed in the SPS-healed NiTi with thermomech-
anical cycles. This phenomenon can be attributed
to the dominant effect of internal stress on reducing
the critical stress required for phase transformation.

Figure 10. (a) The solidification path of Ni (49.6 at. %)-Ti based on the Scheil-Gulliver model. (b) the content of Ni and Ti in the liquid
as a function of temperature.

Figure 11. The binary phase diagram of Ti-O.
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(5) The SPS-healed NiTi shows a pronounced two-way
shape memory response, resulting in approximately
2.4% two-way shape memory strain under a
maximum training strain of 4%. This effect is due
to a high internal stress level in the SPS-healed NiTi.

Our findings indicate that SPS is an alternative tech-
nique for healing hot cracks in L-PBF NiTi and can
improve NiTi’s mechanical properties and superelasti-
city. The revealed crack-healing mechanism also pro-
vides novel insights for designing crack-healing
strategies in other alloy systems. In this study, we
focused on investigating cubic NiTi samples to demon-
strate the feasibility of SPS for healing cracks in L-PBF
NiTi. Given the capability of AM in fabricating complex
structured components, more work on healing architec-
tured NiTi parts will be carried out in our future work.
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Appendices

Figure S2. Optical microstructure images taken under the polarised light condition showing parent phase grain morphologies before
and after the SPS healing process. The columnar grains parallel to the L-PBF building direction are still preserved after the healing
process. This is consistent with the high-temperature texture measurement (Figure 5 (f)).

Figure S1. Optical microstructure of NiTi processed by various SPS parameters (shown in the figure in the format of ‘Temperature (K)-
Holding time (h)-Pressure (MPa)’). All images are with 200 μm scale bars. Micro-cracks are marked by black arrows in the figure.
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Figure S3. (a) Measured relative density of as-fabricated cracked and fully healed NiTi samples. There is an increased relative density
after SPS healing process, indicating the elimination of crack flanks. (b) and (c) Measured oxygen contents in as-fabricated cracked and
fully healed NiTi samples by using a Bruker oxygen-hydrogen analyser (G8 GALILEO). Dash lines are repeated curves. After the SPS
process, an increased oxygen content can be seen.

Figure S4. (a) A EBSD map with the Ti2NiOx phase inverse pole
figure colour map overlaid on an image quality map (showing
the morphology of B19′ martensite variants) in the fully
healed NiTi. (b) A Kikuchi pattern obtained from the Ti2NOx

phase. CS: cross-section. This EBSD result further demonstrates
the formation of Ti2NiOx and its role in the healing of NiTi cracks.
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