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Abstract
Purpose: Integrated Ni-Ti alloys possessing both super-elastic (SE) properties and shape memory effects
(SMEs) greatly increase the �exibility of designing complex systems and have broad application
prospects. However, existing research mainly focuses on connecting ready-made SE parts and SME parts
though welding.

Method: In this paper, laser powder bed fusion (LPBF) was used to fabricate integrated Ni-Ti alloys. First,
SE parts with high relative density were fabricated with a Ni-rich powder. Then, different process
parameters were used to fabricate the SME parts with a Ti-rich powder based on the SE parts. The
integrated component with the best mechanical properties herein was selected. Metallographic analysis,
energy dispersive X-ray spectroscopy, differential scanning calorimetry and micro-hardness analyses
were carried out for this sample.

Findings: The results show that the integrated component possessed both SE and SME properties at
room temperature. Moreover, at the junction of the two materials, the grains were continuous and
complete, which indicates that the joint had good quality.

Originality: Our work con�rms that LPBF is a feasible method to fabricate integrated Ni-Ti alloys
possessing both SE and SME properties.

1. Introduction
Ni-Ti, a shape memory alloy, has been commonly used in many �elds due to its excellent super-elastic
(SE) and shape memory effect (SME) properties [1–2]. In recent years, much research has been invested
in this domain. With an increased understanding of the deformation mechanism of Ni-Ti alloys, their
application in the aerospace, automation, medical and other �elds should rise [3–8].

The content of Ni in a Ni-Ti alloy greatly affects its transformation temperature and shape memory
performance [9]. Normally, when the working temperature of the Ni-Ti alloy is lower than transformation
temperature, it will exhibit super-elasticity; otherwise, it will exhibit shape memory effect. The integration
of Ni-Ti alloys with different shape memory properties should greatly increase the �exibility for
engineering applications [10–13]. Researchers [12] proposed a novel shape memory alloy actuator that
contained two different material compositions in one monolithic piece of actuator wire. Among them, one
shows the SME for actuation, and the other exhibits SE properties, which are applied to estimate the
position. In [13], a robot �nger combined with Ni-Ti (SE) and Ni-Ti (SME) wires was produced to exhibit
multi-functional structures. Because of the good application prospects of these monolithic structures, we
believe that additional applications will be found in the future.

The properties of Ni-Ti, such as high ductility, work hardening, and adhesion, present huge challenges for
the machining of Ni-Ti alloys [14–18]. Therefore, the laser welding process is often used as a method of
joining Ni-Ti alloys with different material compositions [19]. Mehrshad Mehrpouya et al. found the



Page 3/19

optimal laser parameters to join the dissimilar Ni-Ti (SE) to the Ni-Ti (SME) by laser welding and analysed
various properties [10]. Zhi Zeng et al. investigated the in�uence of the welding process parameters on
the joint strength, and the properties of the group with the highest joint strength were studied [11].
However, welding also has disadvantages. For example, the welding process substantially affects the
properties of the welded region, which may reduce the quality of the connection of the two parts [20–21].
The welding process also makes the welded area rough, which affects the appearance of the monolithic
structure [10–11, 20–21]. Moreover, welding of different micro-components is also a relatively di�cult
task now.

Laser powder bed fusion (LPBF) is a very promising method for fabricating Ni-Ti alloys, and the in�uence
of process parameters on their various properties has been extensively investigated [22–28]. For LPBF,
�rst, the component should be cut into pieces, and then a laser is used to melt and print the component
layer by layer until it is completed. This convenient processing method makes it possible to fabricate
different material compositions as one component. In terms of fabricating heterogeneous material parts
with LPBF, a substantial amount of research has been done, but the materials have usually been Ti, Fe,
and stainless steel [29–31]. The monolithic structures of Ni-Ti alloys with different material compositions
fabricated with LPBF can prevent certain problems that appear in during welding, such as a rough
appearance, and there are also advantages in the fabrication of multifunctional microstructures.

In this paper, LPBF was used to fabricate Ni-Ti alloys that combine both SE and SME properties. The
optimal process parameters were used to fabricate the SE part with a high relative density �rst. The SME
parts were then fabricated with process parameters B1 to B6 based on the SE part. The integrated
component with the best mechanical properties herein was selected for additional study. The
microstructure, fracture morphology, transformation temperature, Ni-Ti ratio and hardness of this sample
were studied to show that it was a complete and continuous integrated component that possessed both
SE and SME properties. Our work con�rmed that LPBF is a feasible method to fabricate integrated Ni-Ti
alloys that possess both SE and SME properties.

2. Materials And Methods
Ni54Ti46 (at.%) powder (Ni content measured by Inductively Coupled Plasma(ICP): 59.12(wt.%)) powder
and Ni46Ti54 alloy (Ni content measured by ICP: 51.21(wt.%)) powder were used in this work. The details
are shown in Table 1. Figure 1 (a) shows the overall process of the experiment. We �rst used the Ni54Ti46

powder to fabricate 10 mm×10 mm×15 mm components that exhibited SE properties at room
temperature. Then, we replaced the Ni54Ti46 powder with the Ni46Ti54 powder to fabricate components of
the same size that exhibited a SME, as shown in Figure 1 (b). A Nd:YAG laser with a 1064 nm wavelength
and 80 µm spot size was used to scan and melt the Ni-Ti powder. Table 2 shows the process parameters.
According to [24-25], process parameter set A can be used to fabricate SE components with high relative
density. The in�uence of the process parameters on the Ni-rich powder and Ti-rich powder was different.
Especially at the junction of the two materials, the required energy density may be unique due to the
sudden change in Ni content at the joint. To investigate the effect of the process parameters on the
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bonding strength of the two parts, SME parts were fabricated using process parameter sets B1 to B6. The
integrated components were then machined into dog-bone shapes, the size of which are displayed in
Figure 1 (c). For each combination of process parameters, at least seven samples were made for the
tests.

Table 1- Details of powders in this work.

Number         Composition(at.%)    Morphology of the powder      Type of powder

      Ni54Ti46

      Ni46Ti54

  spherical

  spherical

    pre-alloyed

    pre-alloyed

Table 2- List of process parameters.

Number Energy density
(J-1mm-3)

Laser
power (w)

Scanning velocity
(mms-1)

Hatch
spacing (mm)

Layer
thickness
(mm)

A

 

B1

150

 

93

150

 

150

250

 

400

0.08

 

0.08

0.05

 

0.05

B2 107 150 350 0.08 0.05

B3 125 150 300 0.08 0.05

B4 150 150 250 0.08 0.05

B5 187.5 150 200 0.08 0.05

B6 250 150 100 0.08 0.05

To investigate the maximum ultimate tensile strength (UTS), tensile tests were conducted using a
universal testing machine (UTM2203, Suns Technology Stock Corp., Shenzhen, China) at a stretching rate
of 10 mm/min. The sample with the highest UTS herein was selected for subsequent tests. A
metallographic microscope (METALLUX-II, Leitz Wetzlar, Germany) was employed to perform
metallographic analysis. Scanning electron microscopy (SEM, Quanta 450 FEG, America) was used to
study the fracture morphologies and micro-morphologies. Before carrying out metallographic microscopy
and SEM analyses, the samples were ground, polished, and then etched with a mixed solution of
HF:HNO3:H2O = 1:5:10. The Ni/Ti ratio was evaluated by energy dispersive spectroscopy (EDS). The
micro-hardness was measured using a Vickers micro-hardness tester (HVS-1000). Differential scanning
calorimetry (DSC, METTLER TOLEDO Group, Switzerland) was performed to measure the transformation
temperatures of the samples with a heating and cooling rate of 10℃/min.
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3. Results And Discussion

3.1 Tensile test
Figure 2 (a) exhibits the fracture sites from each sample. As shown in Fig. 2 (a), samples A-B1 to A-B4 all
broke at the junction of the two materials, and their corresponding UTS increased. A-B5 and A-B6 broke at
the SE part. The UTS of A-B5 and A-B6 were not substantially different and reached the highest value
compared to that of the other four groups. However, their UTS values are still slightly lower than the
components fabricated by a single kind of material (417.22 MPa for SE component and 410.88 MPa for
SME component).

For sample A-B1 to sample A-B4, since low energy densities were used to fabricate the SME part of these
samples, the bonding between adjacent layers was insu�cient, and there were many defects (such as
pores and microcracks) in the SME part. The effect of the low energy density on the bond strength at the
junction of the two materials was very obvious. Since the SE part comprised austenite at room
temperature while the SME part comprised martensite, the low energy density resulted in a lower bond
strength at the junction of the two materials than that of the other parts so that samples A-B1 to A-B4 all
broke at the junction.

As the energy density during fabrication of the SME part increased, the density of the SME part also
increased, and the bonding strength at the junction of the two materials greatly improved so that the two
parts were regarded as integrated. As shown in Fig. 2 (a), A-B5 and A-B6 all broke in the SE part. We infer
that this was caused by the different properties of the SE part and SME part. Figure 3 shows the stress-
strain curves of the SE, SME and A-B5 parts. The UTS of A and B are very close. However, compared with
that for the SE part, the SME part had better ductility and underwent plastic deformation during
stretching. A-B5 contained both the SE part and SME part. The trend of the stress-strain curve for A-B5 is
similar to that of the SME part, which indicates that A-B5 also underwent plastic deformation during
stretching due to the SME part. Nevertheless, due to the existence of the SE part, the ductility of A-B5 was
slightly worse than that of the SME part. The brittleness of the SE part was greater than that of the SME
part, so A-B5 and A-B6 fractured at the SE part.

The fabrication of components using an excessively high energy density results in the formation of
excessive impurities and Ni evaporation in the �nal selective laser melted samples. Therefore, on the
premise of ensuring that the integrated components have a high relative density and good joint quality,
the energy density for fabricating the SME part should be as low as possible. Here, A-B5 was selected for
further study.

Figure 4 (a) and (b) shows the fracture morphology of A-B1 and A-B5, respectively. Since B1 was
fabricated with a low energy density, many unmelted powder particles were found on the fracture surface
at the junction of the two materials, as shown in Fig. 4 (a), which was regarded as the site for fracture
initiation. The large smooth surface area caused by the unmelted powder demonstrated a brittle fracture
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mechanism. Moreover, there was also a small rough surface area shown in Fig. 4 (a-1), indicating the
presence of plastic deformation during the fracture process.

In comparison to the fracture surface of A-B1, the rough surface occupied most of the fracture surface of
A-B5, as shown in Fig. 4 (b). Figure 4 (b-1) shows a magni�ed view of the fracture surface of A-B5. The
river-shaped stripes were tearing edges produced during the fracture process, implying the presence of
quasi-cleavage fracture. Defects, such as microcracks and pores, generated during the LPBF process
produced cleavage cracks during the stretching process, expanded into planes, and �nally tore in a plastic
manner. Figure 4 (b-2) shows the small and shallow dimples on the tearing edges, con�rming that plastic
deformation occurred during the stretching process.

3.2 Metallographic analysis
Figure 5 shows a metallographic image of A-B5 after being ground, polished, and etched. Because the
corrosive had different effects on the SE part and SME part, the metallographic image was clearly divided
into two parts. Although A-B5 had a high relative density (98.3% of 6.45 g/cm3), Fig. 5 shows that there
were still a few defects, such as micro-cracks and pores, in the integrated component. Brittle
intermetallics generated during LPBF were the main reason for these defects [24]. The grains in the SE
part and SME part in the building orientation were both elongated columnar crystals. Although there was
a sudden change in colour at the joint, we found that there were continuous grains. That is, at the joint,
the grains were complete and not cut off, con�rming the good quality at the joint.

Figure-reference is quoted from [10] which shows the integrated Ni-Ti alloys fabricated by welding.
Welded integrated Ni-Ti alloys can be divided into 3 regions: base material, heat-affected zone and fusion
zone. According to reference [10], the defected and cracks produced by welding basically appear in the
fusion zone. We can also observe from �gure-reference (c) that the region occupied by fusion zone is
relatively large which has negative effects on the performance of the component. Compared with welded
integrated Ni-Ti alloy, LPBFed integrated Ni-Ti alloy doesn't have these three regions but instead a
continuous whole ,which displays better quality on the joint.

3.3 SEM analysis
Figure 6 shows the SEM image of sample A-B5. The integrated component acts like a whole and there is
no obvious sign of connection at the joint. Due to the high Ni content in the powder used to fabricate SE
part, Ni-rich precipitation is likely to occur during the process. Ni-rich intermetallics were found on the
surface of SE part. In the SME part, Ti oxides and Ti-rich phases are more likely to be generated since the
powder has higher Ti content and we found Ti oxides on the surface on the SME part. During the
manufacturing process, these intermetallics and oxides will be mixed between the layers, so that the
connection area between the layers will be reduced, and eventually lead to the generation of the micro-
cracks. Meanwhile, these intermetallics and oxides can also cause local variations of Ni/Ti ratio, leading
to local �uctuations in the local hardness and transformation temperatures which will be discussed in the
following article.
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3.4 EDS analysis and micro-hardness analysis
EDS and micro-hardness analyses were carried out for A-B5. Starting from the centre point, micro-
hardness and EDS measurements were performed at intervals of 0.1 mm along both sides. Figure 7 (a)
shows the results of the EDS measurement. On the SE side, the Ni content �uctuated around 52.5%. As a
large amount of Ni was evaporated during processing, the Ni content of the SE part was very reduced
compared to that for the powder that was used to fabricate the SE part. However, the proportion of Ni
content was approximately 47% on the SME side, which is slightly higher than that in the Ni46Ti54 powder
since the evaporation of Ti was greater than the evaporation of Ni on the SME side. There was a sudden
change in Ni content at the junction of the two materials. The length of the area where the Ni content
changed ranged from approximately 0.1 mm to 0.2 mm. Compared to those in integrated components
connected by welding that usually have fusion zones whose lengths are more than 1 mm and always
break at the junction of the two materials during tensile tests [10, 11], the integrated components
fabricated by LPBF had narrower anomalous areas and possessed better quality at the joint. Figure 7 (b)
shows the results of micro-hardness measurements. It is well known that Ni-Ti alloys with a high
percentage of Ni have a high hardness so that the SE side was harder than the SME side, as shown in
Fig. 7 (b)[10]. Furthermore, we found that the hardness also had a sudden change at the junction of the
two materials, indicating that the properties of the material in this area changed. The above results all
show that the integrated component was clearly divided into two parts and had a narrow anomalous area
and good quality at the joint.

3.5 DSC test
As shown in Fig. 8 (a), we divided A-B5 into two parts, the SE part and the SME part, and then performed
DSC tests on these two parts. Figure 8 (b) shows the results. The transformation temperature curve of the
SME part had a narrow and sharp transformation temperature peak. However, the SE part had a broad
and �at transformation peak, which was ascribed to the large amount of Ni-rich precipitates and
impurities generated during the LPBF process. During the thermal cycle, since the thermal expansion
coe�cient of these second particles is different from that of the matrix, thermal mismatch strain will
generate at the interface between the particles and the matrix. The mismatch strain can further cause
lattice distortion and stress �eld which promote phase transformation and reduce the energy required.
Therefore the phase transformation occurs earlier. In the other hand, with the progress of the phase
transformation, the matrix and particles coordinate with each other and the lattice distortion and stress
�eld gradually decrease.

For the SE part, the austenite start temperature (As), austenite �nish temperature (Af), martensite start
temperature (Ms) and martensite �nish temperature (Mf) were − 40℃, 0℃, 20℃, and − 60℃,
respectively. The As, Af, Ms and Mf of the SME part were 60℃, 95℃, 60℃ and 12℃, respectively.
Therefore, at room temperature, the SE part usually comprised austenite and exhibited superelasticity,
while the SME part comprised martensite and possessed a shape memory effect so that the integrated
components demonstrated two functions at the same time.
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4. Conclusion
In this paper, LPBF was used to fabricate integrated Ni-Ti alloys that combined a SE part and SME part.
Process parameter set A was used to fabricate the SE part with a high relative density. The SME parts
were fabricated with process parameter sets B1 to B6 based on the SE part. Tensile tests were carried out
for integrated components A-B1 to A-B6. As the energy density increased, the UTS of the samples �rst
increased (A-B1 to A-B6) and then remained at the highest value (A-B5 and A-B6). A low energy density
resulted in a low bond strength between the layers, especially at the junction of the two materials, so that
components A-B1 to A-B4 all broke at the joint. Components A-B5 and A-B6 all broke at the SE part since
the SE part had poor ductility and greater brittleness compared with those of the SME part. The brittle
fracture caused by the unmelted powder was the main fracture mechanism for A-B1 to A-B4, while quasi-
cleavage fracture with plastic deformation was the main fracture mechanism for A-B5 and A-B6.
Specimen A-B5 was selected for additional tests. Along the building orientation, the grains of the SE part
and SME part were both elongated columnar crystals, and at the joint, the grains were complete and
continuous, which con�rmed the good quality at this location. The EDS and micro-hardness
measurements con�rmed that the integrated component was clearly divided into two parts and had a
narrow anomalous area where the micro-hardness and Ni content suddenly changed. The DSC test
shows that the SE part comprised austenite at room temperature, while the SME part comprised
martensite, so they exhibited SE and SME, respectively. Our work con�rmed that LPBF is a feasible
method to fabricate complete and continuous integrated Ni-Ti alloys possessing both SE and SME.
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Figure 1

Overall process of the experiment (a) fabricating SE part with Ni54Ti46 powder (b) fabricating SME part
with Ni46Ti54 powder (c) dog-bone shape specimen and its dimensions



Page 13/19

Figure 2

(a) Schematic of fracture site from each sample (b) UTS of each sample
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Figure 3

Stress-strain curves of SE component, SME component and A-B5
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Figure 4

(a) Fracture morphology of A-B1 (b) fracture morphology of A-B5



Page 16/19

Figure 5

Metallographic diagram of A-B5
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Figure 6

SEM diagram of A-B5
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Figure 7

(a) Result of the EDS test for A-B5 (b) result of the micro-hardness test of for A-B5
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Figure 8

(a) Dividing A-B5 into two parts (b) result of DSC test for A-B5


