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ABSTRACT  
The low-temperature aging treatment at 250°C can significantly improve the tensile superelasticity 
of NiTi alloys fabricated by electron beam directed energy deposition (EB-DED). However, it 
requires a very long aging duration (up to 200 h) to achieve excellent tensile superelasticity due 
to inherent coarse grain size. To accelerate the aging process, the high-density dislocations are 
introduced by artificial thermal cycling treatment prior to the aging treatment (the original 
dislocation content in EB-DED processed NiTi alloys is very low), which will promote the 
subsequent uniform precipitation of nanoscale Ni4Ti3 particles during low-temperature aging 
treatment. The phase transformation behaviour always maintains a stable two-stage martensitic 
phase transformation. Under a cyclic tensile test at 6% strain, 24 h aged sample with thermal 
cycling maintains a recovery rate exceeding 90% even after 10 cycles, comparable to the 
performance of the sample aged for 200 h without thermal cycling, indicating a substantial 
improvement in aging efficiency.
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1. Introduction

NiTi shape memory alloys exhibit excellent functional 
properties (shape memory effect and superelasticity), cor
rosion resistance, biocompatibility and mechanical prop
erties [1–4], making it one of the most promising shape 
memory alloys, and have broad application prospects in 
various fields [5]. In recent years, the preparation of NiTi 
alloys based on additive manufacturing (AM) has 
attracted significant attention [6,7], because its layer-by- 
layer printing strategy gives great freedom to fabricate 
highly customised complex structures [8,9], and circum
vents the common challenges in processing NiTi alloys 
by conventional approaches, such as machining and 
welding [10,11]. Consequently, the emergence and devel
opment of additive manufacturing technology have 
greatly broadened the application scenarios of NiTi alloys.

For additively manufactured NiTi alloy components, it’s 
crucial to ensure the required functional properties while 

meeting the structural requirements [12]. However, 
current research shows that the functional properties of 
additively manufactured NiTi alloys are often unsatisfactory 
in their as-built state without any post treatment [13,14]. 
Particularly, the tensile superelasticity is much worse than 
that of conventional NiTi alloys. In general, since the 
stress required to trigger the superelasticity is higher 
than that for shape memory effect, achieving superelasti
city is more difficult and requires higher matrix strength 
for NiTi alloys [1]. Moreover, the tensile test mode is 
more sensitive to the structural defects (e.g. pores and 
cracks) than other deformation mode [15]. Therefore, it is 
relatively challenging to achieve ideal tensile superelasti
city for additively manufactured NiTi alloys.

According to the previous studies on NiTi alloys, the 
excellent superelasticity can be achieved by two kinds 
of technical routes [16–18]. The first is grain refinement 
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normally through severe plastic deformation (e.g. cold 
drawing, cold rolling, equal channel angular extrusion, 
high-pressure torsion) [19,20]. When the grains are 
refined to nano-size, especially less than 100 nm, the 
functional stability could be significantly improved 
[21]. Moreover, if the grains are too fine (less than 50 
nm), the martensite phase transformation would be 
remarkably suppressed, leading to the change of 
typical superelastic response with transformation pla
teaus to linear-elasticity [22]. Constrained by the additive 
manufacturing process and the material characteristics 
of NiTi alloy, the grains of additively manufactured NiTi 
alloys are generally at the level of several ten microns 
or above [6,23–26]. However, the additively manufac
tured NiTi alloy components having already been 
formed into final shapes cannot experience severe 
plastic deformation. Therefore, the grain refinement 
seems to be not applicable for additively manufactured 
NiTi alloys.

The second technical route is precipitation hardening 
by introducing Ni4Ti3 particles through appropriate 
aging treatment. The effectiveness of precipitation hard
ening strictly depends on the size, distribution and 
density of Ni4Ti3 precipitates in NiTi alloys [17,27,28]. 
Although some studies have reported the inherent for
mation of Ni4Ti3 particles in additively manufactured 
NiTi alloys [25,29–31], the layer-by-layer printing strat
egy of additive manufacturing leads to varying thermal 
histories at different locations, making it challenging to 
control the size and distribution of Ni4Ti3 formed 
during additive manufacturing process. Previous 
studies have found that the nano-sized (<15 nm) and 
densely dispersed Ni4Ti3 could be introduced through 
low temperature aging treatment (200–300°C) and act 
as effective obstacles to the movement of dislocations 
and well improve the performance of superelasticity 
[17,28]. Clearly, for additively manufactured NiTi alloys, 
low temperature aging treatment is a good approach 
to improve the superelasticity.

Among various additive manufacturing processes, 
electron beam directed energy deposition (EB-DED) is 
advantageous for fabricating dense structures without 
oxidation, working in a vacuum environment and 
using wire as feedstock, and is considered as a reliable 
technique for producing high-performance NiTi alloy 
components [24,32–34]. However, due to the coarse 
grain size (up to a few hundred microns) and lack of 
effective strengthening phase, the superelasticity at as- 
built state is not satisfactory. Our previous work has sys
tematically investigated the influence of different aging 
temperatures and times on the improvement of supere
lasticity [35]. It was found that aging at a low tempera
ture at 250°C is very safe, as at this temperature the 

size of the precipitated Ni4Ti3 particles will not become 
excessively large. Moreover, the operating temperature 
for superelasticity is near room temperature, which 
holds great value for practical applications. With pro
longed aging times (within 200 h), the superelasticity 
can be gradually improved. After aging at 250°C for 
200 h, a recovery rate of approximately 90% can be 
maintained in 10 superelastic cycles at 6% tensile 
strain, which is quite good superelasticty exhibited by 
additively manufactured NiTi alloys. However, due to 
the coarse grain size caused by the poor heat dissipation 
in vacuum chamber, the precipitation process during 
low temperature aging is slow, requiring a long time 
to achieve satisfactory performance.

Inspired by the classical solid-state phase transform
ation theory, dislocations may act as heterogeneous 
nucleation sites to promote the precipitation [36]. 
While the dislocations could be introduced into NiTi 
alloys during thermal-induced martensitic phase trans
formation [37]. In this paper, we aim to introduce high- 
density dislocations into the EB-DED manufactured NiTi 
alloy prior to low temperature aging treatment through 
artificial thermal cycling treatment, in which the temp
erature range could fully cover the austenitic and mar
tensitic phase transformation temperatures and thus 
induce repeated phase transformations between auste
nite and martensite. Therefore, with the assistance of 
high-density dislocations, the efficiency of low tempera
ture aging treatment is expected to be improved.

2. Experimental procedure

2.1. EB-DED process conditions

In this work, a multilayer NiTi alloy wall part was fabri
cated by a wire-based electron beam directed energy 
deposition machine (Figure 1(a)) using a commercial 
Ti-50.8 at.% Ni alloy wire with a diameter of 2 mm as 
feedstock. The process worked in a vacuum chamber 
with a pressure below 4 × 10−2 Pa. Figure 1(b) shows 
the schematic diagram of EB-DED process. A rolled Ti- 
50.8 at.% Ni alloy plate with dimensions of 2mm ×  
10mm × 200 mm was used as the substrate and no 
pre-heating was employed in the substrate. The key 
process parameters of EB-DED used in this work could 
guarantee a good forming quality and less Ni-evapor
ation: acceleration voltage of 60 kV, beam current of 
40 mA, wire feeding speed of 1200 mm/min, and sub
strate moving speed of 300 mm/min. The deposition 
path was configured as a reciprocating single pass and 
the layer thickness was set to 1 mm. Figure 1(c) shows 
the morphology of the as-built wall-structured NiTi 
alloy part.
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2.2. Heat treatment methods

Three types of heat treatment methods were employed 
in this work. The first is solution treatment, which was 
conducted at 700°C for 1 h to promote the microstruc
tural homogeneity of the fabricated NiTi part. The artifi
cial thermal cycling treatment is performed by 
alternatively put the samples in hot environment (90°C 
water in a thermostatic bath, completely immerse for 3 
min) and cold environment (liquid nitrogen, completely 
immerse for 3 min). The temperature of hot environment 
is much higher than the austenite transformation finish 
temperature (Af) of as-built NiTi alloy part. The tempera
ture of cold environment is much lower than the mar
tensite transformation finish temperature (Mf). One 
thermal cycle is defined as one sequence of ‘hot-cold- 
hot’, meaning the sample experienced a phase trans
formation process of ‘austenite-martensite-austenite’. 
50 thermal cycles (50TC) were conducted in this work, 
which took about 6 h, ignoring the time taken for trans
ferring the samples. The low temperature aging treat
ment at 250°C for durations ranging from 1 to 200 h 
was conducted to study the improvement in tensile 
superelasticity. Moreover, the high temperature aging 

treatment at 450°C was also carried out for comparison 
in this study. All the solution treatment and aging treat
ment in this work were performed in a tube furnace pro
tected by Ar gas flow, followed by quick water 
quenching.

2.3. Microstructural and thermomechanical 
characterisation

The microstructural characterisation of EB-DED pro
cessed NiTi alloy part was conducted using the optical 
microscope (OM, OLYMPUS BX51), scanning electron 
microscope (SEM, ZEISS GeminiSEM 300) and trans
mission electron microscope (TEM, Tecnai F30). 
Samples for the OM and SEM observations were 
mechanically polished and etched using 10 vol.% HF: 
40 vol.% HNO3: 50 vol.% H2O solution. A GATAN 691 
precision ion polishing system was utilised to prepare 
TEM samples. The phase transformation behaviour was 
investigated by Differential scanning calorimetry (DSC, 
NETZSCH DSC 204) at a heating/cooling rate of 10oC/ 
min between −150°C and 150°C. Cyclic tensile superelas
tic test to a constant strain of 6% with a strain rate of 3 ×  

Figure 1. (a) Wire-based electron beam directed energy deposition machine; (b) the schematic diagram of electron beam directed 
energy deposition process; (c) the morphology of the as-built wall-structured NiTi alloy part.
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10−4 s−1 was performed on a Zwick/Roell Z020 electronic 
universal testing machine equipped with a temperature 
control chamber. Samples for superelastic tests have 
dimensions of 15 mm(X) × 2 mm(Z) × 0.8 mm(Y), 
extracted from the middle part of the as-built NiTi struc
ture. The tensile direction is perpendicular to the build
ing direction. All aged samples are tested at a 
temperature of 35°C.

3. Results

3.1. Microstructure

The grain morphology of EB-DED processed NiTi alloys 
is shown in Figure 2. From the OM image constructed 
for the Y-Z section (Figure 2(a)), it is evident that the 
as-built NiTi alloys exhibits coarse columnar grains 
continuously along the building direction and many 
grains almost completely traverse the whole building 
height of 45 mm. The formation of these columnar 
grains is attributed to the maximum heat dissipation 
direction along the building direction and the epitaxial 
growth phenomenon during EB-DED process [33]. Fur
thermore, the grain width exhibits a gradual increase 
with the building height, due to the poorer cooling 

speed at higher positions. At the top region, the size 
of columnar grains is very large and some of them 
even exceed 1000 μm (Figure 2(b, c)). The columnar 
grains in the middle region are smaller than those at 
the top region, with a width of around 500 μm 
(Figure 2(d, e)). There is a transition in grain mor
phology at the bottom region of the sample (Figure 
2(f, g), where the NiTi alloy substrate shows equiaxed 
grains and the deposited NiTi alloy sample exhibits 
columnar grains, which have a width of approximately 
200 μm.

The artificial thermal cycling treatment is applied to 
introduce dislocations into the EB-DED prepared NiTi 
alloys. As schematically shown in Figure 3(a), when the 
sample is maintained in the 90°C water (hot environ
ment), which exceeds its Af, it ensures that the sample 
is in a fully austenitic state (B2). When the sample is 
placed in the cold environment of liquid nitrogen, sig
nificantly below its Mf, the matrix will be in a fully mar
tensitic state (B19’). The rapid thermal-induced 
martensitic phase transformation achieved by alternat
ing between the hot and cold environments results in 
fast movement of the austenite-martensite phase inter
face. The dislocations will be formed and remained 
during the phase interface movement.

Figure 2. Optical micrograph images of as-built NiTi alloys observed on the Y-Z cross section (along the building direction).
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At as-built state, the EB-DED processed NiTi alloy 
sample exhibits a low dislocation content, as shown in 
the TEM bright-field image of Figure 3(b). The matrix is 
in austenite state (Figure 3(c)), and dislocations are pri
marily present near the TiC particles (Figure 3(d)). After 
50 times thermal cycling treatment, a high density of 
tangled dislocations can be observed under TEM 
(Figure 3(e)), indicating a significant increase in dislo
cation density within the matrix by the thermal cycling 
treatment.

3.2. Phase transformation behaviour

According to the DSC curves in Figure 4, the as-built NiTi 
sample exhibits a typical one-step martensitic transform
ation, displaying an A→M transformation during cooling 
process with a Mp of −19°C and a M→A transformation 
during heating process with an Ap of 6°C. After under
going 50 thermal cycles, the DSC curve shifts to the 
left (lower temperature) side. During the cooling 

process, a weak R-phase transformation peak (R→M) 
emerges, while the B19’ transformation peak is sup
pressed. As a result, the Mp decreases to −35°C. 

Figure 3. (a) Schematic diagram of artificial thermal cycling treatment conducted between 90°C water and liquid nitrogen; (b) TEM 
image of as-built NiTi alloys; SAED patters of (c) B2 matrix and (d) TiC phase; (e) TEM image of high-density dislocations in NiTi alloys 
after 50 times thermal cycling treatment.

Figure 4. Phase transformation behaviour of NiTi alloys at as- 
built (AB) state and after 50 thermal cycles (50TC).
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During the heating process, only the M→A transform
ation presents, but the Ap temperature also decreases 
to −3°C.

The phase transformation behaviour of 50TC samples 
subjected to low temperature aging at 250°C for 
different durations are shown in Figure 5. Additionally, 
the results for corresponding samples aged without 
prior thermal cycling treatment are also provided for 
intuitive comparison. According to Figure 5(a), after 
aging for 1 h, the 0TC sample still shows a one-step mar
tensitic transformation, with no significant change in 
transformation sequence. However, the 50TC sample, 
after a 1-h aging, displays a two-stage martensitic trans
formation during the cooling process, including an inter
mediate R-phase transformation peak. Moreover, the 
B19’ phase transformation peak notably shifts to the 
left side, decreasing to −41°C. During the heating 
process, there is a tendency to show a R-phase trans
formation peak.

As shown in Figure 5(b), after 4 h of aging, the overall 
phase transformation behaviour of 0TC sample still has 
no obvious change. For 4 h aged 50TC sample, the trans
formation behaviour during the cooling process does 
not exhibit noticeable change. However, during the 
heating process, a more distinct R-phase transformation 
peak appears.

After prolonging the aging time to 8 h (Figure 5(c)), 
the 0TC sample begins to exhibit a two-stage transform
ation sequence, with a weak one-step R-phase trans
formation during the cooling process. However, during 
the heating process, it still shows a one-step M→A trans
formation. The 50TC sample after aging for 8 h shows a 
two-stage transformation sequence, including one- 
stage R-phase transformation, during both the cooling 
and heating processes. The B19’ transformation in 8 h 
aged 50TC sample is significantly suppressed during 
the cooling process, with Mp dropping sharply to −64° 
C. The gap between Mp and Rp significantly increases. 
During the heating process, a distinct and independent 
R-phase transformation peak occurs followed by the 
R→A transformation with the temperature increases.

When extending the aging time from 8 to 12 h 
(Figure 5(d)), the phase transformation behaviour of 
both the 0TC and 50TC samples has no significant 
change. After aging for 24 h, as presented in Figure 5
(e), the 0TC sample exhibits further change in its phase 
transformation behaviour, showing a three-stage mar
tensitic transformation during both cooling and 
heating processes, including two R-phase transform
ation peaks. During the cooling process, as the tempera
ture decreases, it sequentially shows a transformation 
sequence of A→R1, A→R2, and R→M. Moreover, the 
Mp is suppressed to −45°C. During the heating 

process, with the increase of temperature, it shows the 
transformation sequence of M→R, R2→A, and R1→A. 
However, the transformation sequence and tempera
tures of the 24 h aged 50TC sample does not show sig
nificant changes when increasing the aging time.

After 48 h of aging (Figure 5(f)), the 0TC sample still 
exhibits similar three-stage martensitic transformation 
behaviour as the 24 h aged sample, while the Mp is 
further decreased to −50°C. For 48 h aged 50TC 
sample, it still exhibits a stable two-stage martensitic 
transformation behaviour in both cooling and heating 
processes.

Upon extending the aging time to 100 h (Figure 5(g)), 
it can be observed that the phase transformation 
sequence of the 0TC sample changes to a two-stage 
process. The previous two-step R-phase transformation 
consolidates into a one-step R-phase transformation, 
which is essentially consistent with the behaviour of 
the 100 h aged 50TC sample. Subsequently, the phase 
transformation behaviours of the 0TC and 50TC 
samples begin to stabilise and have no obvious 
change after 200 h of aging (Figure 5(h)).

3.3. Tensile superelasticity

Figure 6 shows that the as-built NiTi alloy sample exhi
bits poor superelasticity. After the first cyclic test to a 
constant tensile strain of 6%, sample has a residual 
strain of 3.46%, with a recovery rate of only 42.33% 
after the first cycle. After 10 cycles, the accumulated 
residual strain increases to 3.99%, with a recovery rate 
of 33.50%. After 50 thermal cycles, the superelasticity 
of the sample shows a noticeable change, exhibiting 
slight improvement compared to the as-built state. In 
the first cycle, the critical stress for stress-induced mar
tensitic transformation significantly increases from 285 
to 459 MPa and the residual strain decreases to 2.06%, 
with a recovery rate of 65.67%. After 10 cycles, the 
residual strain is 2.89%, with a recovery rate of 51.83%.

Figure 7 presents the tensile superelastic curves of 
50TC samples after aging at 250°C for various durations. 
The aged samples without thermal cycling treatment are 
also included in the Figure 7 for intuitive comparison. 
Besides, the accumulated residual strain and the incre
mental residual strain in each cycle for all aged 
samples are summarised in Figure 8.

After aging for 1 h, the superelasticity of 0TC sample 
has no significant change (Figure 7(a*)). A considerable 
residual strain of 3.32% is generated in the first cycle, 
with a recovery rate of less than 50%. After 10 cycles, 
the accumulated residual strain increases to 3.83%, 
and the recovery rate decreases to 36.17%. As shown 
in Figure 7(a), the 50TC sample demonstrates an 
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Figure 5. Phase transformation behaviour of 50 times thermal cycling treated (50TC) samples aged at 250°C for (a) 1 h, (b) 4 h, (c) 8 h, 
(d) 12 h, (e) 24 h, (f) 48 h, (g) 100 h, (h) 200 h, respectively. The corresponding results for the aged samples without prior thermal cycles 
treatment are provided for comparison, as depicted by dashed lines.
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improvement in superelasticity after aging for just 1 h, 
significantly outperforming the 1 h aged 0TC sample. 
The first cycle results in a residual strain of only 1.17% 
with a higher recovery rate of 80.50%. However, the 
stability of superelasticity is not sufficiently robust, as 
evidenced by a substantial accumulation of residual 
strain during subsequent cycles. Particularly, the residual 
strain generated at the 2nd, 3rd, and 4th cycles are 
0.58%, 0.27%, and 0.14%, respectively. After 10 cycles, 
the accumulated residual strain escalates to 2.43%, and 
the recovery rate correspondingly decreases to 59.50%.

Upon extending the aging time to 4 h (Figure 7(b*)), 
the superelasticity of the 0TC sample remains relatively 
poor, with a recovery rate of only 44.67% after 10 
cycles. In contrast, the 50TC sample exhibits further 
enhancement in superelasticity after aging for 4 h 
(Figure 7(b)), with the residual strain less than 1% after 

Figure 6. Ten times cyclic tensile curves of as-built (AB) and 50 
times thermal cycling treated (50TC) samples to a constant 
strain of 6%.

Figure 7. Ten times cyclic tensile curves to a constant strain of 6% of 50 times thermal cycling treated (50TC) samples aged at 250°C 
for (a) 1 h, (b) 4 h, (c) 8 h, (d) 12 h, (e) 24 h, (f) 48 h, (g) 100 h, (h) 200 h, respectively. The corresponding aged samples without thermal 
cycle are provided for comparison, as plotted by gray lines and shown in (a*–h*), respectively.
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the first cycle and an increased recovery rate of 88.33%. 
Despite this improvement, the accumulation of residual 
strain is still notable in subsequent cycles, culminating in 
a recovery rate of 66.83% after 10 cycles.

After aging for 8 h (Figure 7(c*)), the superelastic per
formance of 0TC sample shows some improvement. 
After the first cycle, the sample shows a recovery rate 
of 64%. However, the recovery rate is rapidly degener
ated to 47.83% after 10 cycles. Figure 7(c) shows that 
the superelasticity of 8 h aged 50TC sample continues 
to improve, with a small residual strain of 0.45% after 
the first cycle and a remarkable recovery rate of 
92.50%. During subsequent cycles, the stability of the 
superelasticity is also improved and the increase of 
residual strain in per cycle is almost below 0.1%. This 
leads to the 8 h aged 50TC sample maintains a relatively 
high recovery rate of about 79.33% after 10 cycles.

Upon further extending the aging time to 12 h (Figure 
7(d*)), the superelasticity of 0TC sample experiences a 
more pronounced improvement, with a recovery rate 
for the first cycle increased to 85.33%. The recovery 

rate then decreases to 57.50% after 10 cycles. 
However, it is noteworthy that such performance is com
parable to that of the 50TC sample aged merely for 1 
h. Meanwhile, as shown in Figure 7(d), the 12 h aged 
50TC sample exhibits an excellent recovery rate of 
93.83% after the first cycle, and the increase of residual 
strain in per subsequent cycle is almost consistently 
maintained below 0.1%, leading to a recovery rate of 
81.67% after 10 cycles.

When the aging duration comes to 24 h (Figure 7(e*)), 
the superelasticity of 0TC sample shows significant 
improvement. The recovery rate for the first cycle 
increases to 89.67%. However, the stability of superelas
ticity is relatively poor, as the recovery rate decreases to 
68.33% after 10 cycles. The 50TC sample after aging for 
24 h (Figure 7(e)) reaches a new height in its superelastic 
performance, with only 0.34% residual strain in the first 
cycle and a high recovery rate of 94.33%. The sub
sequent cycles exhibit outstanding stability with each 
cycle contributing less than 0.03% to the residual 
strain, which results in an accumulated residual strain 

Figure 8. (a, b) The accumulated residual strain after per cycle and (c, d) the incremental residual strain in per cycle during the cyclic 
tensile test for all 250°C aged samples (a, c) with prior 50 thermal cycles and (b, d) without thermal cycle.

VIRTUAL AND PHYSICAL PROTOTYPING 9



of only 0.55% after 10 cycles and a high recovery rate of 
90.83%. This means that the recovery rate of the 24 h 
aged 50TC sample after 10 cycles is actually higher 
than the first cycle recovery rate of 24 h aged 0TC 
sample.

Subsequently, as exhibited in Figure 7(f*−h*), with 
the continued extension of aging time to 200 h, the 
superelasticity of the 0TC sample steadily improves. 
For 200 h aged 0TC sample (Figure 7(h*)), the first 
cycle exhibits an outstanding recovery rate of 93.83%, 
and the incremental increase in residual strain per 
cycle is maintained at a level of 0.03%. The recovery 
rate after 10 cycles is 88.83%, which is close to that of 
24 h aged 50TC sample. As the aging time for the 
50TC samples is extended beyond 24 h, their superelas
ticity appears to be stable. As shown in Figure 7(f–h), the 
samples aged for 48, 100, and 200 h, all show similar 
superelasticity to that of the samples aged for 24 
h. Their recovery rates after 10 cycles are basically main
tained at around 90%.

4. Discussion

4.1. Precipitation of Ni4Ti3 particles on 
dislocations

The classic solid-state phase transformation theory has 
indicated that dislocations, as the lattice defects, can 
facilitate the nucleation of second phase particles 
through providing additional energy and sites [36]. 
However, it need be pointed that there is an inherently 
low dislocation content in the EB-DED processed NiTi 
alloys. Based on the thermal history recorded on the 
substrate during the deposition process, as provided in 
Figure S1, it is found that the temperature during depo
sition is maintained above 600°C from the third layer 
onwards. Such high building temperature and resulted 
low cooling rate will not lead to high-density dislo
cations. Moreover, prior to aging treatment, a high- 
temperature solution treatment above 700°C is necess
ary to promote the uniformity of the microstructure 
[33], during which the dislocations will be further annihi
lated. The phase transformation behaviour and supere
lastic response of as-built samples directly aged at 250° 
C for 24 and 48 h, without solution treatment and 
thermal cycling treatment, are also tested, as provided 
in Figure S2. The results confirm that under identical 
aging conditions, the thermomechanical response of 
the as-printed samples subjected to direct aging is 
similar to that of the samples aged after solution 
treatment.

In this work, a high density of dislocations is intro
duced into EB-DED processed NiTi alloys by repeated 

martensitic phase transformation through 50 times 
thermal cycling treatment. Utilising the characteristic 
of dislocations to promote the nucleation of second 
phase particles, the process of precipitating Ni4Ti3 

phase during low temperature aging is accelerated, 
thereby enhancing the efficiency of improving tensile 
superelasticity.

However, observing the Ni4Ti3 precipitates after low 
temperature aging is challenging due to the small size 
and coherence with the matrix. The microstructure of 
the 50TC sample aged at 250°C for 24 h was studied 
using TEM, as shown in Figure 9. Firstly, a significant 
amount of R-phase with distinct orientation is observed 
in the sample (Figure 9(a)). Additionally, numerous black 
spots and dislocations are noticeable on the matrix 
(Figure 9(b and c)). It appears that the density of precipi
tates is higher around the TiC phase (Figure 9(d)). 
According to Figure 9(e), the selected-area electron diffr
action (SAED) pattern shows coexisting diffraction spots 
of B2 matrix, R phase and Ni4Ti3 phase, confirming the 
precipitation of Ni4Ti3 particles. However, the outline of 
the Ni4Ti3 particles cannot be distinctly resolved in 
dark-field and HRTEM image (Figure 9(f)). Their sizes 
should be in the range of several nanometers. Therefore, 
it is challenging to visually analyze the precipitation and 
distribution patterns of Ni4Ti3 particles during low-temp
erature aging using TEM. According to previous work on 
conventional NiTi alloys, Kim and Miyazaki found that 
the size of the formed Ni4Ti3 phase is only 5 nm after 
aging at 200°C for 3000 h and hardly larger than 15 
nm after aging at 300°C for 500 h [28]. Wang et al. 
observed the Ni4Ti3 phase in a 1.7 μm grain-sized NiTi 
alloy after aging at 250°C for 8 h using HRTEM, revealing 
only the locally deformed character of the lattice [38]. 
They performed the fast Fourier transform (FFT) and 
removed the lattice spots of the B2 matrix from the 
FFT pattern, the corresponding Fourier-filtered image 
shows the lattice deformations caused by the formation 
of Ni4Ti3 nanoprecipitates. The strained B2 matrix sur
rounding the Ni4Ti3 particles causes blurring in the 
HRTEM image, making it hard to clearly observe the mor
phology of Ni4Ti3 particles.

In order to visually study the promoting effect of 
high-density dislocations on the precipitation of Ni4Ti3 

particles during aging treatments, 0TC and 50TC 
samples were subjected to different aging durations (1, 
4, 8, 24 h) at a high aging temperature of 450°C, which 
could introduce Ni4Ti3 particles with large size [35], 
thus making observation easier. The precipitates in 
each sample can be directly observed under SEM, as pre
sented in Figure 10.

After aging at 450°C for 1 h (Figure 10(a and b), only 
the original TiC particles are seen in the 0TC sample, with 
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no sign of the Ni4Ti3 phase. In contrast, in the 50TC 
sample (Figure 10(c and d), a significant amount of 
Ni4Ti3 particles can be observed, exhibiting a relatively 
uniform distribution and small size, approximately 50 
nm. When aging at 450°C for 4 h (Figure 10(e and f), a 
small amount of Ni4Ti3 particles, approximately 150 nm 
in size, is observed near TiC particles in the 0TC 
sample, while no significant Ni4Ti3 phase is found on 
the matrix away from TiC phase. In the case of the 
50TC sample (Figure 10 g and 10 h), the content of the 
Ni4Ti3 particles shows some increase after 4 h of aging, 
with no significant change in size. After prolonging the 
aging time to 8 h (Figure 10(i and j), in the 0TC 
sample, Ni4Ti3 phase continues to precipitate primarily 
near TiC phase, with the size increasing to 350 nm. For 
50TC sample (Figure 10(k and l), the precipitation of 
Ni4Ti3 particles remains uniform and their size slightly 
increases to 80 nm. After 24 h of aging at 450°C 
(Figure 10(m and n), the 0TC sample also exhibits 
uniform precipitation of Ni4Ti3 particles, with sizes 
around 400 nm. In the 50TC sample (Figure 10(o and 
p)), the size of the homogeneous Ni4Ti3 phase is 
around 150 nm.

Overall, with increasing aging time, the distribution of 
Ni4Ti3 particles in the 0TC sample has transitioned from 
uneven to uniform, while the 50TC sample consistently 
shows uniform precipitation and has a relatively large 
amount of precipitates in a shorter time. The size of 
Ni4Ti3 in the 0TC sample grows from 150 to 400 nm, 
whereas in the 50TC sample, the size increases from 
only 50 to 150 nm. Under the same aging time, the 
size of Ni4Ti3 in the 50TC sample is significantly smaller 
than that in the 0TC sample.

Therefore, it can be confirmed that the high-density dis
locations introduced by 50 thermal cycles could not only 
significantly accelerate the nucleation of Ni4Ti3 phase 
and promote its uniform distribution during low tempera
ture aging treatment, but also could restrict the growth of 
Ni4Ti3, which are advantageous for enhancing the matrix 
strength and improving the superelasticity. Obviously, 
this is because the high-density dislocations provide 
more nucleation sites, leading to a rapid and abundant for
mation of Ni4Ti3. The intensified competition in growth of 
Ni4Ti3 particles results in smaller particle sizes. Furthermore, 
the stress field around dislocations may also impedes the 
growth of Ni4Ti3 particles [39–41].

Figure 9. TEM images of 50 times thermal cycling treated sample after aging at 250°C for 24h: (a) R-phase; (b) grain boundary; (c) 
dislocations; (d) TiC phase; (e) SAED pattern including coexisting diffraction spots of B2 matrix, R phase and Ni4Ti3 phase; (f) high- 
resolution TEM image.
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4.2. Evolution of phase transformation 
behaviour

The changes in the microstructure of EB-DED processed 
NiTi alloys resulting from the heat treatment are 
accompanied by the evolution of phase transformation 
behaviour. After 50 thermal cycles, the B19’ transform
ation temperature decreases, and a peak corresponding 
to the R-phase transformation appears. This is because 
the introduction of high-density dislocations hinders 
lattice distortions associated with the martensitic 
phase transformation. This hindrance has a significant 
impact on the B19’ transformation involving large 
lattice distortion, but has a smaller effect on transform
ation with small lattice distortions, like R-phase 

transformation [42]. Therefore, the transformation 
sequence will change from A→M into A→R→M.

For 0TC sample, during aging at 250°C for 1–4 h, there 
is no change in the phase transformation sequence, indi
cating the absent of Ni4Ti3 precipitates. Between 8 and 
12 h, a weak R-phase transformation peak emerges 
during the cooling stage, indicating the presence of 
Ni4Ti3 particles, which impedes the martensitic phase 
transformation and leads to the appearance of A→R.

Within 24–48 h, a three-stage martensitic phase trans
formation occurs, with closely spaced two-stage R-phase 
transformations, while the B19’ peak is suppressed to a 
very low temperature. This is due to the nonuniform distri
bution of Ni4Ti3 particles within the grains, where in 

Figure 10. SEM images of samples (a, b, e, f, i, j, m, n) without thermal cycles and (c, d, g, h, k, l, o, p) with 50 thermal cycles (50TC) 
aged at 450°C for (a–d) 1 h, (e–h) 4 h, (i–l) 8 h, (m–p) 24 h, respectively.
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specific regions, a considerable amount Ni4Ti3 precipitates, 
causing the A→R1 transformation to occur first, while in 
certain areas where the precipitation is minimal, the 
A→R2 transformation follows. This kind of three-stage mar
tensitic phase transformation is also frequently reported in 
conventional coarse-grained NiTi alloys after aging at 250° 
C for specific durations [43–45]. Due to the preferential for
mation of Ni4Ti3 at grain boundaries, the uneven distri
bution of Ni4Ti3 at grain boundaries and within grains 
results in the first-stage R-phase transformation occurring 
at the grain boundaries, followed by the second-stage R- 
phase transformation within the grains.

After aging for 100–200 h, the overall three-stage 
phase transformation of 0TC samples converts to a 
two-stage phase transition, the corresponding two- 
stage R phase transformation changes into one-stage, 
and the phase transformation behaviour begins to 
stabilise. This indicates the distribution of Ni4Ti3 precipi
tates within the grains is uniform.

For the 50TC samples, we observed that during aging 
at 250°C for 1–4 h, a distinct single-stage R phase 
emerges, with a difference of about 40°C between Mp 
and Rp. After aging for 8–12 h, the difference between 
Mp and Ap continues to expand to 95°C around, and 
the phase transformation sequence begins to stabilise 
at this point. The phase transformation temperatures 
also remain essentially unchanged until 200 h aging.

During the aging of 50TC samples from 1 to 200 h at 
250°C, only a two-stage martensitic transformation con
taining one-stage R phase transformation occurs. There 
is no occurrence of a three-stage transformation invol
ving two-stage R phase transformation. Additionally, 
the phase transformation behaviour stabilises starting 
at 8 h, exhibiting the same phase transformation behav
iour as exhibited in the 0TC sample after 100–200 h of 
aging. This well demonstrates the Ni4Ti3 particles could 
uniformly precipitate within the matrix in a relatively 
short period of time.

This work also evaluated the phase transformation 
behaviour of the 450°C aged samples used previously 
to assist in observing the distribution of Ni4Ti3, as 
shown in Figure 11. It can be observed that the 0TC 
sample aged for 1–4 h still maintains a one-stage mar
tensitic transformation, consistent with the almost neg
ligible precipitation of Ni4Ti3 confirmed under SEM 
(Figure 11(a and b)). After aging for 8 h (Figure 11(c)), 
a three-stage martensitic transformation appears, 
which is also attributed to the uneven distribution of 
Ni4Ti3 particles, as found under SEM where they are dis
tributed primarily around the original TiC particles. At 24 
h (Figure 11(d)), a two-stage martensitic transformation 
begins, agreeing with the observation of uniformly dis
tributed Ni4Ti3.

However, the 50TC samples (Figure 11(a–d)), almost 
exhibit a two-stage martensitic transformation from 
aging for only 1 h, similar to that of the 0TC sample 
aged for 24 h. This is consistent with the SEM obser
vation of uniformly precipitated Ni4Ti3 phase from 1 h 
onwards. Therefore, the analysis of the phase transform
ation behaviour effectively confirms that the high- 
density dislocations introduced by thermal cycles signifi
cantly accelerate the uniform precipitation of Ni4Ti3 par
ticles within the grains. Moreover, it also enables the NiTi 
alloy to avoid the occurrence of complex three-stage 
phase transformation, simplifying the evolution of 
phase transformation behaviour and significantly accel
erating the stability of phase transformation tempera
tures and sequence, which is of great significance for 
the practical application.

4.3. Accelerated improvement in tensile 
superelasticity

As mentioned above, the excellent superelasticity of the 
50TC sample obtained through aging at 250°C for just 24 
h reaches the same level as that of the 0TC sample after 
200 h of aging, meaning a huge improvement in aging 
efficiency. During the superelastic test to a constant 
tensile strain of 6%, the first cycle achieves a recovery 
rate of approximately 95%, while the superelastic recov
ery rate after 10 cycles can still be maintained at 90%. 
This essentially represents the best superelasticity 
achieved by additively manufactured of NiTi alloys to 
date.

Evidently, this can also be attributed to the introduc
tion of dislocations by thermal cycling, which greatly 
accelerates the uniform precipitation of nano Ni4Ti3 par
ticles. The classical theory of NiTi alloys has well demon
strated the excellent strengthening effect of the nano 
Ni4Ti3 particles on the matrix and their significant 
ability to improve superelasticity [17,18,37]. Therefore, 
thermal cycling can expedite the improvement in super
elasticity during subsequent low-temperature aging 
treatment.

In order to further evaluate the advantages of thermal 
cycling coupled with low-temperature aging for improv
ing superelasticity, this work further provides a compari
son with conventional NiTi alloy sheets. The selected Ti- 
50.8 at.% Ni alloy sheet has a thickness of 0.5 mm and 
achieves a fully equiaxed grain structure after annealing, 
with an average grain size of 12 μm. The superelasticity 
of NiTi alloy sheet after 24 h of aging at 250°C is com
pared with that of the 0TC and 50TC samples under 
the same aging condition, as illustrated in Figure 12. It 
can be found that the 24 h aged NiTi alloy sheet exhibits 
typical superelastic behaviour under cyclic loading at a 
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tensile strain of 6%. The recovery rate after 10 cycles is 
80.41%, which is obviously better than that of 0TC 
sample without thermal cycling treatment (68.33%). 

Different from the larger grain size in 0TC sample, the 
presence of smaller equiaxed grains in NiTi alloy sheet 
provides more grain boundaries to promote the 

Figure 11. Phase transformation behaviour of 50 times thermal cycling treated (50TC) samples aged at 450°C for (a) 1 h, (b) 4 h, (c) 8 h, 
(d) 24 h, respectively. The corresponding aged samples without thermal cycle are provided for comparison, as depicted by dashed 
lines.

Figure 12. Ten times cyclic tensile curves of (a) EB-DED processed NiTi alloys without thermal cycling treatment, (b) conventional NiTi 
alloy plate, (c) EB-DED processed NiTi alloys with 50 times thermal cycling treatment, after aging at 250°C for 24 h. The conventional 
NiTi alloy plate are fully annealed with with an average grain size of 12 μm.

14 Z. PU ET AL.



nucleation of nano Ni4Ti3 particles, thereby resulting in 
better superelasticity under the same aging conditions.

However, the superelasticity of the 24 h aged 50TC 
sample is superior to that of the conventional NiTi 
alloy sheet, 10% higher in recovery rate after 10 cycles. 
This indicates that the introduction of high-density dislo
cations through thermal cycling effectively compensates 
for the adverse effects of coarse grains in EB-DED pro
cessed NiTi alloys on low-temperature aging efficiency.

Overall, this study demonstrates that the combined 
heat treatment of thermal cycling and low-temperature 
aging can quickly and effectively improve the superelas
ticity of NiTi alloys fabricated by EB-DED, as schemati
cally shown in Figure 13. This low-cost and high- 
efficiency heat treatment method is of significant impor
tance for the practical application of NiTi alloys prepared 
by EB-DED, which also has important implications for the 
NiTi alloys produced by other additive manufacturing 
techniques.

5. Conclusions

This study investigates the influence of artificial thermal 
cycling treatment coupled with low-temperature aging 

treatment on the microstructure, phase transformation 
behaviour, and tensile superelasticity of NiTi alloys fabri
cated by EB-DED. The main conclusions are as follows: 

(1) The high-density dislocations are successfully intro
duced through 50 thermal cycles before aging treat
ment. The nano-sized Ni4Ti3 particles precipitated at 
250°C are too small (<10 nm) to be clearly observed. 
By conducting high-temperature aging at 450°C, the 
large-sized Ni4Ti3 precipitates can be observed. It is 
found that the high-density dislocations not only 
promote the homogeneous precipitation of Ni4Ti3 

during the low-temperature aging process but also 
constrain the growth of Ni4Ti3, resulting in a 
reduction in precipitate size.

(2) Prior thermal cycling treatment can accelerate the 
stabilisation of phase transformation behaviour 
after low-temperature aging. During the aging 
process, the thermal cycling treated samples 
always demonstrate a two-stage martensitic phase 
transformation involving a one-stage R-phase trans
formation. Aging for 8 h is sufficient to obtain stable 
phase transformation behaviour, achieving the same 
level of stability as that of samples aged for 100 h 

Figure 13. Schematic diagram of accelerated precipitation of Ni4Ti3 particles by introduction of dislocations through thermal cycling 
treatment.
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without prior thermal cycling. It well circumvents the 
complex evolution of phase transformation 
sequences and temperatures during the low-temp
erature aging process of samples without thermal 
cycling.

(3) The combination of thermal cycling treatment and 
low-temperature aging treatment can achieve a 
rapid and effective improvement in tensile supere
lasticity. The sample with 50 thermal cycles can 
achieve excellent tensile superelasticity after aging 
at 250°C for 24 h. In a 6% tensile superelastic test, 
the recovery rate after the first cycle is as high as 
around 95%, and even after 10 cycles, the recovery 
rate can still be maintained at over 90%. This rep
resents nearly the best tensile superelasticity for 
additively manufactured NiTi alloys, and comparable 
to the performance of 200 h aged sample without 
prior thermal cycle.
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