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Abstract Additive manufacturing has the potential to
overcome the poor machinability of NiTi shape-memory
alloy in fabricating smart structures of complex geometry.
In recent years, a number of research activities on selective
laser melting (SLM) of NiTi have been carried out to
explore the optimal parameters for producing SLM NiTi
with the desired phase transformation characteristics and
shape-memory properties. Different effects of energy
density and processing parameters on the properties of
SLM NiTi were reported. In this research, a new
approach—repetitive laser scanning—is introduced to meet
these objectives as well. The results suggested that the laser
absorptivity and heat conductivity of materials before and
after the first scan significantly influence the final proper-
ties of SLM NiTi. With carefully controlled repetitive
scanning process, the fabricated samples have demon-
strated shape-memory effect of as high as 5.11% (with an
average value of 4.61%) and exhibited comparable trans-
formation characteristics as the NiTi powder used. These
results suggest the potential for fabricating complex NiTi
structures with similar properties to that of the conven-
tionally produced NiTi parts.
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Introduction

Shape memory alloys (SMAs) are widely used due to their
superior functional properties and high actuation energy
density [1-4]. The most popular SMA is NiTi. However,
NiTi SMA has a poor machinability associated with its
unconventional deformation mechanisms (detwinning and
stress-induced martensitic transformation). The majority of
the conventionally produced NiTi parts have simple
geometries, and the full potential of NiTi is critically
limited by the manufacturing processes [2, 5—7]. Therefore,
Selective Laser Melting (SLM) is proposed in recent years
to overcome these existing challenges of producing NiTi
components with complex geometry [1, 3, 5, 7-22].
Among the studies on SLM of NiTi, Meier et al. [5] and
Haberland et al. [7] stated that the minimum energy density
required for producing dense SLM NiTi was 85 and 200 J/
mm®, respectively. However, with increasing energy den-
sity above the optimal magnitude, three adverse effects
were reported. First, Bormann et al. [14] and Haberland
et al. [7] noticed an increase in the porosity of the samples
up to roughly 10%. Nonetheless, Meier et al. did not
observe any effect on the density of SLM NiTi. Second, the
impurity pickup increases significantly with energy density
beyond the optimum value [7]. Third, the transformation
temperatures increase with increasing energy density [7, 8].
This phenomenon is due to Ni evaporation since Ni has a
lower evaporation temperature than Ti (the evaporation
temperature of Ni is 3186.15 K and the evaporation tem-
perature of Ti is 3560.15 K) [5, 7, 8, 14, 23, 24]. This
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occurrence also coincides with the findings of a lower Ni
content measured in some of the SLM NiTi samples
[5, 14, 16]. Collectively, these three observations illustrate
the importance of determining the minimum energy density
required in order to produce a dense SLM NiTi material
with low impurity content and desired transformation
temperatures.

The above-mentioned studies have presented the possi-
bility of controlling the chemical composition and trans-
formation temperatures of SLM NiTi by varying the energy
density alone. However, the research by Dadbakhsh et al.
[3] and Speirs et al. [16] shown otherwise. Although sim-
ilar magnitudes of energy density were adopted, Dad-
bakhsh et al. reported that the variations in SLM process
parameters have a significant influence on the transforma-
tion temperatures [3]. Speirs et al. noticed that the atmo-
spheric condition such as the oxygen content had a strong
effect on the transformation characteristics [16].

Nevertheless, the findings reported on the effects of
energy density and processing parameters offer merely a
partial answer to the complex problem encountered in this
field of research. This is because energy density is depen-
dent on the laser power, laser scanning speed, hatch dis-
tance, powder layer thickness, etc. The variation of these
parameters will alter the energy density. Hence, there is no
clear distinction between the effects of energy density and
process parameters. This may also explain why different
researchers have observed different phenomena. For
instance, Zhang et al. reported the negligible influence of
laser scanning speed on the transformation temperatures
[10]. This contradicts the findings of Bormann et al. [14]
and Speirs et al. [16]. Bormann et al. noticed that the
amount of Ni loss and the differences in transformation
temperatures are dependent on the exposure time or scan-
ning speed [14]. Speirs et al. stated that the martensitic
transformation start (M) temperature reduces with the
increase in scanning speed [16]. Undeniably, more studies
are needed to verify these conflicting results. Although
energy density can stay constant while the scanning speed
varies, it is only possible to achieve by varying the other
parameters as well. Thus, the observations on the effect of
scanning speed, given a constant energy density, may not
be entirely correct.

Besides, the SLM process was also found to produce
strong textures in SLM NiTi samples by orientating the
grains towards a specific direction [14, 17]. The grains
orientation has led to different shape-memory responses
and mechanical properties exhibited. Furthermore, the
samples can demonstrate different degrees of shape
recovery per unit change in temperature as well. Most of
the SLM NiTi samples produced have exhibited sharp
transformation peaks [1, 3, 5, 7, 8, 13, 17]. However, Clare
et al. have fabricated samples with a much gradual phase

transformation than the conventional NiTi parts [15]. This
allows the fraction of each phase present to be more
manageable and gives rise to an easier control over the
material properties. In addition, some researchers have
demonstrated the presence of shape memory effect (SME)
upon subjecting their SLM NiTi samples to compressive
loadings [1, 3, 7, 13, 17]. Nonetheless, there is limited
report on the shape-memory properties under tensile load
[22], even though it is an important test to conduct.

In this research of fabricating NiTi via the SLM process,
the objective is to produce NiTi SMA with minimal
porosity, low impurity, optimal mechanical property, con-
trollable transformation characteristics and optimal SME.
These objectives are met by (1) introducing a new
approach—repetitive scanning—and (2) through the con-
sideration of laser absorptivity and heat transfer that occurs
during the fabrication process. The produced samples were
characterised and they exhibited a promising result of an
average value of 4.61% shape recovery strain under tension
mode.

Experimental Procedure
Material

The pre-alloyed NiTi powder (Metal Powders and Mate-
rials LLP) used ranges mainly from 20 to 50 pm. Its
average chemical composition was determined by two
methods: (1) by using the empirical relationship between
the chemical composition of NiTi and its M temperature
[25]; and (2) by using energy-dispersive X-ray spec-
troscopy (EDX) (Oxford Instruments, Inca x-stream) on the
NiTi powder. The phase transformation temperatures
(martensitic transformation start (M) and finish (M;) tem-
peratures, austenitic transformation start (As) and finish (Ay)
temperatures) were obtained by performing differential
scanning calorimetry (DSC) testing on the powder parti-
cles. The average atomic percentage of the material is
approximated to be about 50.16% Ni and 49.84% Ti.

Material Processing

A custom-made SLM equipment (Precision Laser Solu-
tions, Singapore) was used to produce the single-layered
NiTi samples. A thick layer of powder was deposited on
top of an aluminium base plate, followed by directing the
laser onto the powder bed. However, only the top layer will
be melted and solidified, leaving a layer of powder between
the samples and the base plate. This fabrication method
helps prevent contamination due to the possible reaction
with aluminium. Moreover, it makes the removal of the
samples much easier and convenient as well.
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Impurity pickup by the samples was minimised by
purging the fabrication chamber with argon gas (purity
more than 99.9995%). The purging cycle was repeated
several times till the oxygen content reduced to less than
0.1%. The chamber was then maintained at a high pressure
with argon gas to prevent atmospheric air from entering
during the scanning process.

The samples were fabricated by introducing two-step
scanning. During the first scan (S1), various magnitudes of
laser power from 15 to 60 W were used. During the second
scan (S2), the laser was directed onto the prior solidified
layer with a constant laser power of 60 W. The corre-
sponding linear energy density (E) was determined from
Eq. (1) [26].

P
E= ;7 (1)
where P refers to the laser power (W) and v denotes the
laser scanning speed (mm/s). The scanning speed was
maintained constant at 3600 mm/s during both scans and
the magnitudes of E range from 4.17 to 16.67 J/m.

For the optimisation process, square samples were fab-
ricated by scanning an area with dimensions of 5 mm by
5 mm. Long strip samples were produced by scanning a
5 mm by 78 mm area for the determination of the shape-
memory responses. The long strip samples were wire cut to
3.5-mm width prior to the testing. Following, the cut
samples were polished to remove the burrs, surface
unevenness and excess powder particles. The samples were
then heated up above the A; temperature and cooled below
the M; temperature. The heating process ensured that the
detwinned martensite formed during sample preparation
was removed and the samples recovered to their initial
geometry. The cooling process ensured that the samples
were solely in twinned martensitic phase before testing.
Four samples were produced for each combination of SLM
parameters to check its repeatability.

Material Characterisation

Three properties of SLM NiTi samples were determined:
surface morphology, transformation characteristics and
stress-free  shape-memory response. Scanning electron
microscope (SEM) (JEOL, JSM-5600LV) images of the
square samples were taken for the observation of their
surface morphologies.

The transformation characteristics were determined by
using the DSC equipment (TA Instruments, DSC 2920
Modulated DSC). The NiTi powder and SLM samples
were subjected to five cycles of cooling and heating pro-
cesses from a temperature range of —30 °C-120 °C with a
ramp rate of 5 °C/min. Only the fifth cycle was presented
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and utilised for transformation
temperatures.

The stress-free shape-memory responses of the fabri-
cated samples were determined under tensile loading. The
samples were loaded to a maximum of 8% strain and
unloaded to a minimum load of 0.5 N with a strain rate of
0.01%/min at room temperature (Shimadzu, AG-X Plus).
The 0.5 N load was then held constant throughout the
remaining process. After which, the samples were heated
up inside a thermal chamber (Shimadzu, TCE-N300-CE) at
a rate of about 2 °C/min and the strain recovery due to
SME was recorded. The elongation and thermal expansion
of the grips during the loading and heating processes were
accounted by calibrating with an alumina plate. During the
loading phase, the alumina plate was loaded from O to
200 N at room temperature to determine the elongation of
the grips. The thermal expansion was determined by
loading the plate with a constant force of 0.5 N, followed
by heating the grips from room temperature to 120 °C. The
plate was assumed to have insignificant deformation during
both processes and the data collected were solely due to the
elongation and thermal expansion of the grips. A better
estimate of the deformation of the samples was obtained by
removing these data from the raw results recorded during
the respective loading and heating stages.

determining  the

Results and Discussion

Effect of Repetitive Scanning on Sample’s
Properties

The SEM images of the square samples fabricated after the
first scan (S1) are shown in Fig. 1. These samples were
produced using laser power of 15, 25, 40 and 60 W and
they are denoted as P15, P25, P40 and P60, respectively.
The corresponding magnitudes of linear energy density
E adopted were 4.17, 6.94, 11.11 and 16.67 J/m. During
the second scan (S2), the laser power was fixed at 60 W
with a constant E of 16.67 J/m. The SEM images of the
samples subjected to two-step scanning are presented in
Fig. 2. These samples are referred as P15-60, P25-60,
P40-60 and P60-60.

After the SLM process, the P15-60 samples experienced
warpage while P25-60 samples demonstrated smoother
and flatter surfaces with minimum defects. Significant
formations of porosity (open pores and through holes) and
balling effect were observed on P40-60 and P60-60 sam-
ples. These occurrences could be attributed to the differ-
ences in the laser absorptivity and heat conductivity of
materials before and after S1 (NiTi powder and P15 to P60
samples) [27, 28]. Figure 3 illustrates the differences
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Fig. 1 SEM images of a P15,
b P25, ¢ P40 and d P60 samples
produced after S1. The
magnitudes of E used were 4.17,
6.94, 11.11 and 16.67 J/m,
respectively

Fig. 2 SEM images of

a P15-60, b P25-60, ¢ P40-60
and d P60-60 samples produced
after S2. A constant

E magnitude of 16.67 J/m was
used throughout S2

between the various states of the material during laser
scanning.

According to the research by Tolochko et al., the
materials in the powder form tend to have a much higher
laser absorptivity than in the dense form [27]. This is
because the laser radiation is able to penetrate through the
inter-particle pores and causes interaction with the under-
lying powder particles. The absorption of the radiation by
the pores may sometimes approach the absorption of a

blackbody. Since E values of 11.11 and 16.67 J/m have
larger magnitudes, the high laser absorptivity and low heat
conductivity of the powder particles shown in Fig. 3a
contributed to a greater degree of melting during S1. Thus,
the presence of the pores will decrease significantly during
the melting phase and the P40 and P60 samples will have a
high density. Consequently, as presented in Fig. 3c, their
low laser absorptivity reduces the amount of energy
absorbed during S2. Moreover, their high heat conductivity
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Fig. 3 Schematic of differences
in laser absorptivity and heat
conductivity: a powder
particles, b P25, ¢ P40 and P60
samples

assisted in transferring most of the absorbed energy away.
Hence, P40 and P60 samples will experience a lower
temperature during S2, resulting in a poor wetting condi-
tion and the formations of porosity and balling effect
[29, 30].

However, the P25 samples produced were less dense
when E decreases to 6.94 J/m. Subsequently, these samples
experienced a higher temperature than P40 and P60 sam-
ples during S2. This decreases the viscosity of the molten
pool, lowers the wetting angle and reduces the surface
tension [28, 29, 31]. These phenomena then contributed to
the efficient densification of the samples without the
occurrence of the balling effect. Nonetheless, further
reduction of E to 4.17 J/m produces a minimum amount of
melting as presented in Fig. 1a. Thus, P15 samples have a
high laser absorptivity and a low heat conductivity. As a
result, they experienced a higher temperature at a localised
point during S2. This generates a more pronounced tem-
perature gradient, leading to high thermal stresses and
eventually causes the warping effect [32].

In general, samples with seemingly excellent properties
were produced by optimising the laser power. The different
magnitudes used have a huge influence on the laser
absorptivity and heat conductivity of the samples

@ Springer

2 High Laser Absorptivity
Low Heat Conductivity

b Medium Laser Absorptivity
Medium Heat Conductivity

¢ Low Laser Absorptivity
High Heat Conductivity

fabricated after S1. These two characteristics will then
affect the final properties of the SLM NiTi parts produced
after S2. The apparent superior quality of the P25-60
samples will be characterised and verified in the next
section.

Characterisation of Optimised Samples

Four P25-60 square samples and NiTi powder were sub-
jected to DSC testing. Their DSC curves and transforma-
tion temperatures were compared and presented in Fig. 4
and Table 1, respectively. The average transformation
temperatures of P25-60 samples are similar to that of NiTi
powder, except for the A temperature. However, this dif-
ference can be considered negligible. This is the result of
the compositional sensitivity of NiTi, where its transfor-
mation temperatures are significantly influenced by its
chemical composition [25, 33, 34]. Moreover, the P25-60
samples have demonstrated high repeatability as indicated
by the small deviations in their transformation tempera-
tures. They have also exhibited similar phase transforma-
tion characteristics as the given NiTi powder, where double
peaks were observed in their DSC curves shown in Fig. 4.
In addition, previous works have also reported the same
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Fig. 4 DSC curves of a NiTi powder and b one P25-60 sample tested

Table 1 Average transformation temperatures of four P25-60 sam-
ples and NiTi powder tested

Transformation temperatures

M; (°C) My (°C) A (°C) A; (°0)
NiTi powder 47 17 48 79
P25-60 samples 45+ 0 15+1 40 £ 1 76 £ 0

phenomenon shown by the NiTi powder [35, 36]. One
possible explanation was proposed by Mentz et al. [35].
They stated that “the NiTi powders considered here were
formed in a rapid process and thus the resulting material
states are far from being in thermodynamic equilibrium.
Decomposition processes or shrinkage related stresses may
well affect the transformation behaviour.” However, more
studies are needed to understand such occurrence. Addi-
tionally, the ability of the produced samples to retain that

second peak suggests the potential to conserve the prop-
erties of the provided raw materials even after the SLM
fabrication.

The next important characterisation test would be to
determine the shape-memory responses of the P25-60
samples. This is done by subjecting the four P25-60 long
strip samples to tensile test. Compression test is not con-
ducted as it ignores the effect of porosity. High porosity
samples tend to fracture easily under tension load than
under compressive load. The presence of the pores can
contribute to stress concentrations when under tension and
causes failure. Furthermore, a sample that demonstrates a
high magnitude of shape recovery after compression does
not always translate into a high shape recovery upon tensile
load. The sample must be of a decent quality in order to
withstand the tensile stress without failure. Thus, the
determination of shape recovery property under tension
load is an essential experiment for the SLM NiTi SMA. It
evaluates the combined quality of the sample including
porosities, ductility, transformation characteristics and
most importantly SME.

Figure 5a illustrates the testing procedure via the stress—
strain—temperature curve of one sample tested. Figure 5b,
c, d presents the corresponding stress—strain curve, strain—
temperature and its derivative curve, respectively. The
derivative curve was plotted to determine the temperatures
at which the shape recovery begins and finishes. Table 2
presents the average strain readings. The maximum strain
refers to the strain that the sample is deformed to before
unloading. The residual strain indicates the strain exhibited
by the sample after unloading. The transformation strain is
the strain of shape recovery while the permanent strain
denotes the remaining strain after shape recovery com-
pleted. According to Table 2, the average transformation
strain is 4.61%. It was calculated based on the results of
four samples (4.78, 4.18, 4.37 and 5.11%). This result is
comparable to the transformation strain of 6% exhibited by
the conventionally produced NiTi [6]. Furthermore, the
result also presented a great improvement in the transfor-
mation strain as compared to the prior work of 0.5%
transformation strain [20]. For comparison purposes, four
P60 (single scan) long strip samples were fabricated and
tensile loaded as well. However, none of the samples was
able to deform beyond the 6% strain. The force—strain
curve and micrograph of the best P60 sample tested are
shown in Fig. 6. The results suggested that the P60 sample
experienced fractures at multiple points before failing
ultimately at 6% strain. It also demonstrated the signifi-
cance of introducing repetitive scanning to enhance the
properties of the SLM NiTi samples produced.

The permanent strains presented in Table 2 indicate
incomplete shape recovery. It is well known that the SME
is not perfect [7, 37-40]. The generation of the permanent
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Table 2 Average strains from four P25-60 samples tested

Maximum strain (%) 7.94 £+ 0.01
Residual strain (%) 6.50 £ 0.09
Transformation strain (%) 4.61 + 0.36
Permanent strain (%) 1.49 + 0.21
Transformation Strain 0.71 £ 0.05

Residual Strain

strain is a consequence of the formation of dislocations and
specific martensite variants during tensile loading
[37, 39-41]. An interesting observation reported by Ortega
et al. [38] was the effect of alloy composition on the shape
recovery magnitude in cast NiTi alloys. They attributed the
better shape recovery properties in cast NiTi alloy to the
formation of nanometre scale precipitates formed after
mild ageing. This is worth of further investigation in the
present SLM NiTi since SLM also involves a melting and
solidification process.

The importance of the formation of nanoscale grains on
the stress-induced phase transformation has also been
reported in NiTi through Joule heating which limited the
atomic diffusion due to very short heating time [42]. Both
strengthening mechanisms of precipitation hardening
[38, 39] and grain refinement aim to reduce irreversible
plastic deformation and improve the functionality of NiTi.
Another method would be the deformation of NiTi at
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intermediate temperature, for instance, 500 °C, to enhance
its transformation strain and mechanical properties [43].
Besides, the incomplete detwinning of the presently opti-
mised samples may also be related to the rapid solidifica-
tion nature of the SLM process. Internal stress field might
exist within the samples, leading to an adverse effect on the
detwinning process [44]. Hence, the future research could
include various post-processing treatments to improve the
transformation strain. All the above mechanisms can be
considered and explored in the future for improving the
mechanical and thermomechanical properties of SLM NiTi
alloys.

Conclusion

In this research, high-quality SLM NiTi samples were
fabricated by introducing repetitive scanning. The laser
powers adopted during the first scan and second scan
correspond to 25 and 60 W while the laser scanning speed
was kept constant at 3600 mm/s. The final properties of the
produced SLM NiTi parts are heavily influenced by the
differences in the laser absorptivity and heat conductivity
of materials before and after the first scan. The advantages
of adopting repetitive scanning and the excellent properties
of the samples were confirmed by two results:
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Fig. 6 a Force—strain curve and b micrograph of the best P60 (single
scan) sample tested

The fabricated samples have demonstrated similar
phase transformation characteristics as the given NiTi
powder with high repeatability.

The produced samples are able to withstand tensile
load and exhibit transformation strain as high as 5.11%
with an average value of 4.61%, comparable to the
conventionally made NiTi components.

These results suggested the potential of fabricating SLM

NiTi with complex geometries and similar properties to the
NiTi parts produced by conventional technologies.
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