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Abstract: In this study, we analyzed the coupling effect of laser scanning speed and wall thickness
on the phase transformation behavior and tensile properties of selective laser melted NiTi thin-wall
structures. It is demonstrated that either scanning speed or wall thickness has their respective
influence rule, whereas this influence could be changed when coupling them together; that is, under
different scanning speeds, the effect of wall thickness could be different. It is found that the deviation
of phase transformation temperature among different wall thicknesses is ~3.7 ◦C at 400 mm/s, while
this deviation increases to ~23.5 ◦C at 600 mm/s. However, the deviation of phase transformation
peak width among different wall thicknesses shows little change under different scanning speeds.
At low scanning speed, the samples with thicker wall thickness exhibit better tensile ductility than
thinner, whereas they all show poor tensile properties and brittle behavior at high scanning speed.
This uncertain influence rule is mainly due to the interaction effect between different thermal histories
generated by wall thickness and scanning speed.

Keywords: selective laser melting; NiTi shape memory alloy; laser scanning speed; thin-wall
structure; martensitic transformation

1. Introduction

NiTi shape memory alloys (SMAs), owing to their unique shape memory effect, su-
perelasticity, excellent corrosion resistance, and biocompatibility, have been used in many
applications [1–5], such as actuators, mechanical sensors, orthopedic implants, and cardiac
valve scaffolds. However, all conventionally fabricated (smelting and machining) NiTi
parts have simple geometries such as wires, plates, bars, tubes, etc. for the poor machin-
ability and weldability [6,7], which critically limits the full applicability of NiTi SMAs.
Selective laser melting (SLM) of additive manufacturing is considered a promising method
to fabricate the NiTi parts with various complex geometries, due to its high fabricating
accuracy and favorable surface smoothness [8–10].

For the NiTi parts with complex geometry, feature sizes (e.g., wall thickness, strut
diameter) are usually designed to be different to meet the lightweight and performance
requirements. According to the specific melting and solidification characteristics of SLM
by line-by-line and layer-by-layer manners, it is conceivable that the different feature
sizes will induce different thermal histories [11,12] (such as remelting frequency/time,
reheating temperature/time, etc.) and cooling conditions [13,14] (cooling direction/rate).
For example, compared with the large feature sizes of SLM-fabricated metal parts, the small
feature sizes will adopt fewer tracks cumulatively scanning patterns and exhibit higher
remelting frequency for small cross-sections, and have a larger temperature gradient of
solidification process for the larger specific surface area [15]. Previous studies reported that
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the different thermal histories caused by feature size would generate differences in element
evaporation loss, grain morphology, defects, and precipitates in SLM-NiTi parts [16–18].
Thus, the feature size would have a remarkable influence on the phase transformation
behavior and mechanical properties of the SLM-NiTi parts with complex geometries [16].
Understanding these evolutions and mechanisms has important practical significance for
their structural parts. However, to our knowledge, no attempt has been undertaken so far
to clarify the effect of the feature size on the above behaviors of SLM-NiTi parts.

Processing parameter control is the commonly used means of regulating the perfor-
mances of SLM materials. Laser scanning speed, as one of the key processing parameters,
determines directly the energy input density of the molten pool, thus having a significant
influence on the temperature and size of the molten pool, element evaporation loss, fluidity,
and viscosity of the molten metal and solidification rate [17,19,20]. Previous studies have
shown that laser scanning speed profoundly influences the microstructure, metallurgical
conditions, and properties of SLM parts [21]. These include the formation of pores, creation
of internal stresses, change in alloy composition due to element evaporation, formation
of precipitates, and formation of high-density dislocations [22]. From these, the scanning
speed is considered as an agitation to feature size effect. However, considering the essen-
tial effect of feature size, no study has focused on the coupling effect between scanning
speed and feature size on martensitic transformation behavior and mechanical property of
SLM-NiTi alloys.

In this study, we analyzed the effect of wall thickness on the martensitic transformation
and tensile properties of SLM-NiTi thin-wall structures. Additionally, we also revealed the
change in such effect of wall thickness when encountering different scanning speeds. This
would contribute to the manufacturing of high-performance SLM-NiTi parts with uneven
featured walls or struts.

2. Materials and Methods

The pre-alloyed NiTi powders used for SLM fabrication, with spherical particle sizes
ranging from 15 to 53 µm, were obtained by gas atomization from a NiTi bar ingot (Ni:
50.6 at.%). The SLM-NiTi thin-wall structures were fabricated on NiTi substrate by Eplus
M100-T SLM machine (e-Plus 3D Tech. Co. Ltd, Beijing, China) under argon protection.
The scanning strategy was an orthogonal method and the laser rotates 90◦ between two
layers (as shown in Figure 1a). Four different laser scanning speeds (400 mm/s, 600 mm/s,
800 mm/s and 1000 mm/s) were used for each thin-wall structure. The other processing
parameters include laser power of 120 W, hatch spacing of 110 µm, and powder layer
thickness of 30 µm. Figure 1b shows the SLM fabricated NiTi thin-wall structures, with the
same length of 80 mm and the same height of 10 mm but varied wall thicknesses (t) of 0.4,
0.6, 0.8, 1.2, 2.0, and 4.0 mm.
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Figure 1. (a) Illustration of the orthogonal-type laser scanning strategy; (b) the NiTi plate samples
were fabricated by SLM.

The microstructure observation was performed on OLYMPUS DSX510 optical mi-
croscope (OM) (OLYMPUS Co., Tokyo, Japan). The phase transformation behavior was
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characterized by differential scanning calorimetry (DSC) (Q20, TA Instruments, New Castle,
DE, USA). The samples for DSC were cut from the thin-wall structures at the same location
in the center with a weight of 15 mg. The testing temperature range was from −80 ◦C to
100 ◦C, with a temperature varying rate of 10 ◦C/min−1. The lath-shaped samples for the
tensile test with the size of 80 × 1 × t (length × height × wall thickness, mm) were cut
from the same location of the as-built thin-wall structures by wire-electrode cutting. To
ensure the accuracy of the tensile strain values, a tensile test was performed on a material
testing system (WDT series, KQL Test Instrument Co. Ltd., Shenzhen, China) equipped
with an axial extensometer (Model: 3442-020M-050M-LHT, Epsilon Tec. Cop., Jackson, WY,
USA) with a gauge length of 20 mm. The strain rate was always kept as 10−3 s−1. All of
the tensile tests were performed 3 times under the same conditions, to ensure the statistical
stability of the results.

3. Results and Discussion

Figure 2 shows optical micrographs of the cross-section of SLM-NiTi thin-wall struc-
tures fabricated with different scanning speeds. It is seen that high-density keyholes existed
inside the samples fabricated with the scanning speed of 400 mm/s, as shown in Figure 2a.
This is attributed to the liquid tumbling and vaper ablation under the high energy density
of low scanning speed [9,23]. However, the number of keyholes reduced with the improve-
ment in thermal conductivity due to increased thickness. As the scanning speed increased,
the pore defects of all samples decreased, and the surface quality gradually decreased with
the shortage of energy density, especially for the thin-walled samples. These can also be
demonstrated by the porosity evolutions (Figure 3) and the relative densities (Table 1). The
relative density of each sample was calculated from the average porosity value of three
optical micrographs at the same scale.
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Table 1. The relative density of samples with different wall thickness and scanning speeds.

Wall Thickness
Relative Density

400 mm/s 600 mm/s 800 mm/s 1000 mm/s

0.4 mm 94.39% 99.79% 99.81% 99.71%
0.6 mm 95.27% 99.91% 99.89% 99.93%
0.8 mm 95.46% 99.87% 99.97% 99.96%
1.2 mm 98.50% 99.95% 99.96% 99.94%
2.0 mm 99.97% 99.98% 99.97% 99.96%
4.0 mm 99.61% 99.96% 99.98% 99.99%

Figure 4 shows the etched optical micrographs of thin-wall structures with different
thicknesses under scanning speed of 800 mm/s. It is seen that the grains along the build
direction changed from large column-like to small vimineous morphology with increased
thickness. This is because the thermal conductivity and solidification rate increase as the
wall thickness increases during the fabrication process. When the thickness is small enough,
the heat of the molten pool dissipates along the horizontal mainly through surrounding
loose powders [24,25], of which the thermal conductivity is lower than that of the dense
solidified metal [26]. Thus, decreasing the wall thickness of the samples would reduce the
solidification rate of the molten pool.

Figure 5 shows the DSC curves of the SLM-NiTi thin-wall structures fabricated with
different laser scanning speeds. It is seen that all samples exhibited single-stage B2→ B19′

martensitic transformation upon cooling and single-stage B19′ → B2 reverse martensitic
transformation upon heating [17]. More significantly, the phase transformation behavior
was affected by both wall thickness and scanning speed.

In Figure 6, the evolutions of martensitic transformation start temperature (Ms) and
martensitic transformation peak width (∆M = Ms −Mf) with scanning speeds and thickness
are plotted. It is seen in Figure 6a that all the Ms decreased with the increase in laser
scanning speed. This is because the increase in scanning speed reduces the energy input
and weakens the Ni element volatilization during the SLM process [27,28]. In addition, the
increase in scanning speed shortened the heating time of laser scanning tracks, decreasing
the formation of Ni-rich Ni4Ti3 precipitates. Thus, the Ni content of the SLM samples
increased with the increase in laser scanning speed. It is also known that Ms highly
depends on the matrix solution Ni content in NiTi SMAs, which decreases about 20 ◦C
with the increase of 0.1 at.% Ni [29,30]. As a result, the Ms decreased with the increase in
scanning speed.

Figure 6b shows that the effect of wall thickness on Ms was different from the effect of
scanning speed. When the scanning speed was 400 mm/s, the Ms were almost stable with
wall thickness, where the disparity was only 3.7 ◦C. When the scanning speed increased to
600 mm/s, 800 mm/s, and 1000 mm/s, the temperature disparity first increased to 23.5 ◦C
and then decreased to 17.5 ◦C and 11 ◦C, respectively. Meanwhile, except for the samples
fabricated by 400 mm/s, the Ms of all other three samples decreased with the increase in
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wall thickness. The reasons for this behavior could be explained that the sample with low
thickness has low thermal conductivity, as mentioned above. Thus, decreasing the wall
thickness of the samples will reduce the solidification rate of the molten pool and thus
increase the Ni volatilization. In addition, it is expected that the melting duration and the
thermal cycle numbers of peak temperature in the scanning track increase with the decrease
in thickness [11], thus increasing the aging time. Therefore, increasing the wall thickness
can decrease the Ni volatilization but also hinder the formation of Ni4Ti3 precipitates, thus
leading to an increase in the solid solution Ni content and a decrease in Ms.
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The reason for the basically unchanged Ms with the thickness in the 400 mm/s samples
was found to be that the input of energy density is high enough to give rise to the sufficient
Ni volatilization or formation of Ni4Ti3 precipitates, weakening the effect of wall thickness
on the Ni content and Ms. With the scanning speed increasing to 600 mm/s, the energy
input decreased, and the Ni content increased, which provides potential to change the Ni
content and Ms by changing the wall thickness. This caused a remarkable change in Ms
with respect to wall thickness. With further increase in the scanning speed, the energy
input decreased, and both of the Ni volatilization and formation of Ni-rich precipitates
became more insufficient. As a result, the effect of the different wall thicknesses on the
change in the solid solution Ni and the temperature disparity of Ms became weaker.

Figure 6c shows that the ∆M obviously increased with the increase in scanning speed,
while the temperature deviations of ∆M among different wall thicknesses were kept at
~8 ◦C at every scanning speed, as shown in Figure 6d. It is known that ∆M is directly
affected by the homogeneity of the microstructure of the sample. The inhomogeneity
in SLM samples includes the composition segregation induced by Ni nonequilibrium,
solidification and the local distribution of Ni-rich precipitates, and the grain size variation
between the edge and center of the molten pool [22,31]. With the increase in scanning
speed, the laser heat input decreased, inducing a higher solidification rate, thereby more
severe composition segregation and larger grain size variation between the edge and the
center area of the molten pool [32]. As a result, ∆M at high scanning speed was larger
than that of the lower scanning speed. Moreover, the Ni contents in the matrix increased
with the increase in scanning speed, promoting Ni4Ti3 precipitates; therefore, it was not
conducive to the homogeneity of the microstructure. Thus, ∆M of all samples with different
wall thicknesses increased with the increase in scanning speed. In addition, decreasing the
thickness would reduce the solidification rate and then reduce the ∆M. However, Figure 6d
indicates that the effect of the thickness on the microstructural non-uniformity was far less
than that of the scanning speed.

Figure 7 shows the tensile stress–strain curves of the thin-wall structures fabricated
with different scanning speeds at ambient temperature (~20 ◦C). According to the DSC
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results in Figure 5, the samples were dominated by B2 austenite phase state at 20 ◦C. Hence,
it was speculated that they mainly experience stress-induced martensite transformation
(SIMT) upon tensile loading. Figure 8 shows the evolution of fracture strain of all samples
with the wall thickness under different scanning speeds, which is based on mathematical
statistics of repeated experiments in Figure 7. It is seen that the samples fabricated at
400 mm/s all exhibited excellent tensile ductility (>8%), and their fracture strains basically
increased with the increased wall thickness.
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It is widely reported that pore defects always exist in SLM-fabricated metal parts,
and they are believed to deteriorate the fracture strain due to the stress concentrations
at the pore edges [33,34]. The stress concentration will easily trigger the nucleation and
propagation of dislocations and cracks. It is well reported that the SIMT process in NiTi
alloys can release the stress concentration at the pore edges by the ~8% SIMT strain [35,36],
and the strain strengthening of the stress-induced martensite can further hinder the plastic
deformation [37]. Thus, the SIMT process tends to suspend the crack nucleation and
propagation in front of pore edges and then increases the fracture strain and improves the
ductility of NiTi alloys. It is well known that the critical stress for SIMT highly depends
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on the temperature disparity between Ms and testing temperature [38]). Specifically, the
temperature disparity increased by 1 ◦C, while the critical stress of SIMT increased by
6–7 MPa [39,40]. When the scanning speed was 400 mm/s, the samples had the highest Ms,
which approached the ambient temperature for the tensile test (Figure 2a). Their critical
stresses for SIMT were the lowest, which made the samples easily undergo SIMT and then
exhibit the best ductility. Thus, this made the stress–strain curves for 400 mm/s specimens
very different from others and exhibited secondary hardening stage alone. At ~150 MPa, as
shown in Figure 7a, the specimens started to undergo uniform shear deformation by stress-
induced martensitic transformation (horizontal stress stage). After the transformation was
completed, transformed martensite had strong work hardening ability, and the slope of
stress–strain curves rose again (curves upward again). As the wall thickness increased, the
porosity decreased (Figure 3b), and then fracture strain increased.

As seen in Figure 8, the evolutions of fracture strain of specimens with their wall
thickness undergoing other scanning speeds are obviously different from that of 400 mm/s.
With the increase in scanning speed, the tensile ductility deteriorated rapidly, i.e., the
fracture strains of the samples fabricated with 1000 mm/s were mostly less than 6%.
Meanwhile, the SIMT critical stress increased dramatically, from ~150 MPa to ~400 MPa,
close to the yield stress with the scanning speed increasing from 400 mm/s to 1000 mm/s,
as shown in Figure 7. This indicates that the poor plasticity of these samples may be due to
the increase in SIMT critical stress and decrease in surface quality. Thus, the improvement
of porosity was no longer the main controlling factor. With the wall thickness increasing, the
Ms further decreased and critical stress for stress-induced transformation further improved;
thus, the specimens were accompanied by increasing levels of irreversible dislocation slip
deformation in the process of stress-induced transformation, sequentially reducing the
fracture strain. Similarly, the stress–strain curves had not yet exhibited secondary work
hardening ability as had that of 400 mm/s.

With the increase in scanning speed, the Ms decreased, as shown in Figure 5. Thus, the
critical stress for SIMT increased with the increase in the temperature disparity between Ms
and testing temperature. The transformation peak width (∆M) also significantly increased
with the increase in scanning speed, indicating that the inhibition of complete SIMT gradu-
ally increased. Furthermore, the grain sizes of the SLM-fabricated NiTi samples are larger
than tens of microns, which results in low critical stress for plastic deformation [27,41,42].
Therefore, although the samples fabricated with high scanning speeds had few pore defects,
plastic deformation would easily occur in such samples at the surface defect instead of
SIMT, after which they would become brittle. To further indicate the superior pore tolerance
under the martensitic state, the tensile tests of samples fabricated with 800 mm/s were
carried out at 10 ◦C below the martensitic transformation finish temperature (Mf). As
shown in Figure 9, it was found that the fracture strains of each sample increased by >3%,
when they were tested in a fully martensitic state.
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Metals 2022, 12, 519 9 of 11

4. Conclusions

(1) As the scanning speed increased, the porosity decreased, and the surface quality
decreased. As the wall thickness increased, the thermal conductivity efficiency and
solidification rate increased, resulting in grain refinement.

(2) The effect of wall thickness on martensite transformation was revealed. The devia-
tions of Ms among different wall thicknesses were small at 400 mm/s but became
much larger with increasing scanning speed, whereas the deviation of ∆M among
different wall thicknesses showed little change. In complex NiTi structures, the trans-
formation temperatures caused by feature size change at different positions need to
be considered.

(3) The effect of wall thickness on Ms and ∆M had various situations, and it was dif-
ferent at different scanning speeds. This indicates that feature size effects of phase
transformation can be regulated by processing parameters (scanning speed), which is
referential in the process design of structural parts.

(4) Under the scanning speed of 400 mm/s, the samples with thicker wall thickness
exhibited better tensile ductility than thinner, which may be attributed to their low
critical stress for SIMT. The low critical stress for SIMT can easily suppress the stress
concentration caused by pore defects during loading. This also embodied the sample
under martensitic state, which showed superior ductility, compared with austenite
state. On the other hand, the samples fabricated using high scanning speed all showed
poor tensile properties and brittle behavior due to their high critical stress for SIMT
and poor surface quality.
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