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a b s t r a c t

The near equiatomic NiTi alloy was fabricated with selective laser melting method at a constant laser
power coupled various scanning speeds from 300mm/s to 480mm/s. The evolution of functional
properties was observed on cyclic tensile curves with emphases on the critical stress for inducing
martensitic transformation and the mechanical recoverable strain. Results show that the critical stress for
inducing martensitic transformation increases linearly with scanning speed, and the mechanical
recoverable strain is indeed enhanced by increase of the scanning speed. Further, the highest mechanical
recoverable strain of 2.29% is achieved at the applied strain of 4.5% in the sample fabricated with the
highest scanning speed of 480mm/s. The phase constitution, microstructural features and crystallo-
graphic texture were characterized in detail to interpret such evolution. It is found that the different Ms

temperature and corresponding different phase constitution obtained with different scanning speed are
mainly responsible for the variation of critical stress for inducing martensitic transformation and the
mechanical recoverable strain. The co-existence of <111>//BD and <100>//BD crystallographic textures,
as well as the variation of dislocation density show limited effect on the evolution amongst different
samples.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

As the most important metallic shape memory material, the
near equiatomic NiTi alloys fabricated by selective laser melting
(SLM) method have been attracting attention. The reasons lie in the
great potential for personalization design and to resolve the
existing difficulties in the conventional fabrication of NiTi alloys,
such as the non-accuracy control of geometric shape and high cost.
Most researches were concentrated on the following topics: the
fabrication optimization [1e14], the evaluation of thermo-
mechanical properties [2,3,5e8,10,11] and the effect of post-heat
treatments [3,5,7]. Moreover, it is noticed that the functional
properties actually varies with the SLM processing parameters.
These variations can be attributed to the strong sensitivity of
thermo-mechanical responses relating with the martensitic
nklin@fjirsm.ac.cn (J.X. Lin).
transformation (MT) which depends on the chemical composition,
precipitates, phase constitution, crystallographic texture and re-
sidual stress.

The influence of these factors mentioned above on the thermo-
mechanical responses for SLM fabricated NiTi alloys were investi-
gated partially by some researches. The chemical analysis on the
SLM fabricated NiTi samples revealed a reduction of 0.4 wt per-
centage for Ni content once the higher laser power was employed
[15]. Another research reported the unchanged MTTs for the SLM
fabricated NiTi alloy. That was explained by the balanced Ni/Ti ratio
resulting from the Ni-evaporation and precipitates formation [1,16].
As a key factor to affect the thermo-mechanical response, the dif-
ference on phase constitution for samples fabricated with different
parameters is easy to be neglected [2]. Although such neglect is
quite acceptable due to the serious overlap of diffraction peaks
belonging to the B2 and B19’ phases, the peak separation is actually
necessary to identify the real phase constitution in order to inter-
pret different thermo-mechanical responses. Concerning on the
crystallographic texture, there is no clear conclusion till now
because both <100> [4,5] and <111> [17] orientations parallel to
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the building direction (BD) were reported. What is more, the
variation of several variables at the same time including the laser
power, scanning speed and hatch spacing were introduced for most
researches, which also bring difficult for further clarification the
influence on the thermo-mechanical responses.

Indeed, a near equiatomic NiTi alloy has already been success-
fully fabricated by SLM method in our recent work [18]. The MT
relating with the thermo-mechanical responses were characterized
by themartensitic start phase transformation temperature (Ms) and
the critical stress inducing martensitic transformation (sc). It was
clearly highlighted that the Clausius-Clapeyron equation can be
respected only by changing the scanning speed while keeping the
laser power constant. This conclusion makes it possible to obtain
targeted sc and Ms values by adjusting the manufacturing param-
eters on the one hand. Further, it also implies that the variation of
functional properties would probably occur with increasing the
scanning speed. Therefore, questions about how and why the
functional properties vary under the circumstance arise. The
investigation on these questions are of importance because, on the
one hand, they can shed new insights into the physical metallur-
gical understanding of the SLM fabrication, and on the other hand,
these questions inspire hints for fulfillment of potential more
complex fabrication on the basis of shape memory alloys.

To verify the variation of functional properties and explore the
underlying mechanisms, the NiTi alloy samples fabricated with a
constant laser power coupled a series of different scanning speeds
were symmetrically evaluated with cyclic tensile test. The electron
backscattered diffraction (EBSD) mapping and transmission elec-
tron microscopy (TEM) were conducted to reveal the microstruc-
tural characteristics. The XRD and DSC were used to identify the
phase constitution. The XRD textures weremeasured to analyze the
crystallographic orientation. From these results obtained, the
mechanisms for variation of functional properties were discussed.
2. Materials and methods

The near equiatomic NiTi alloy powder were produced through
electrode induction-melting gas atomization (EIGA) with the
Ni59.68Ti40.32 (wt. %) ingot by AMC Powders Metallurgy Technology
Company (Beijing, China). The chemical composition of the powder
was shown in Table 1. The elemental contents of titanium, nickel
and iron were measured by inductively coupled plasma-atomic
emission spectroscopy (ICP-AES). The content of oxygen was
determined by infrared method after fusion under inert gas. The
content of carbon was measured by high frequency combustion
method with infrared measurement. The size distribution of the
powder particles ranges from D10¼ 24.1 mm to D90¼ 54.9 mm that
accords with a Gaussian distribution centered on D50¼ 40.6 mm.
The phase constitution of the powder was revealed as only B2
phase. The commercial SLM machine of Mlab-R (Concept Laser)
was used to fabricate samples under the protection of argon at-
mosphere (99.99%) with a constant oxygen content of 300 ppm.

Regarding the fabrication process, the laser power (P), hatch
distance (h) and layer thickness (t) were kept constant at 60W,
110 mm and 25 mm, respectively, while the scanning speed (v) was
varied from 300mm/s to 480mm/s. Therefore, according to the
equation of E¼ P/(v� h� t) [19e21], the value of E, which repre-
sents the delivered laser beam energy per volume of material
Table 1
The chemical composition of the as-received NiTi alloy powder.

Element Ti Ni O Fe C

Wt. % 44.48 55.98 0.046 0.004 0.0025
(energy density) during the selective laser melting process can be
calculated and shown with all parameters in Table 2. The samples
were hereafter labeled as 60W-x, which indicates that the sample
was produced with the scanning speed of x mm/s. Further, a
meander pattern was used as the scanning strategy to reduce the
thermal stress within layers, while the scanning angle was alter-
nated by 90� upon the precedent layer to minimize the thermal
stress between layers. The control and optimization of the SLM
fabrication process are performed firstly via maximizing density on
the basis of the Archimedes’ principle. This process has been done
at least three times for each sample and all the processing condi-
tions lead to a relative density higher than 99.5%.

Cubic specimens with a size of 10mm� 10mm� 10mm were
deposited directly on the NiTi substrate for microstructural char-
acterization, phase and texture analysis. Normalized flat tensile
specimens with 5mm� 20mm� 2mm gage dimensions were also
deposited in one single fabrication process. The sample coordinate
system was defined with building direction (BD), normal direction
(ND) and transverse direction (TD) (see Fig. 1). This coordinate
would be used for both the EBSD analyses and the XRD texture
analyses. The tensile direction was chosen to be parallel to the TD
direction. All specimens were mechanically polished about 100 mm
in order to remove defects on the rough surface before testing.
Functional properties were estimated by cyclic tensile tests with a
strain rate of 10�3 s�1 on the INSTRON 3369 machine. Cyclic tensile
tests were conducted with a strain increments of 0.5% followed by
stress release up to applied strain of 6%. An extensometer was used
to ensure the accuracy of strain.

A Netzsch DSC 200 F3 DSC with a heating/cooling rate of 10 �C/
min in nitrogen atmosphere were used to estimate the character-
istic temperatures for phase transformation from �60 �C to 80 �C.
The XRD was performed at ambient temperature for phase
constitution on Rigaku D-Max 2400 in the 2q angle range of 35e80�

with a scanning step of 0.01�. Texture analysis based on X-ray
diffraction were conducted on an X'pert pro system with Cu-Ka

radiation (l¼ 0.154060 nm). The step size used for the data
acquisitionwas settled as 5� for both Phi and Psi angles. For texture
analysis, the sample coordinate system BD-ND-TD was used. Pole
figures (PFs) of {110}corr and {200}corr were corrected with the raw
data of three most important pole figures {110}, {200} and {211}
after applying corrections of background and defocusing.

The microstructural characterization were performed with the
EBSD analyses in the FEI NanoSEM450 field-emission SEM equip-
ped with a NordlysMax2 EBSD detector. The samples were pre-
pared by electrolytic polishing at 25 �C in a solution composed of 6%
HClO4 acid and 94% CH3OH in volume. Further TEM observations
were conducted using a JEOL 2100 operated at 200 kV. Thin foils for
TEM observations were cut as disks of 3mm in diameter, further
mechanically polished to a thickness of 60 mm and then thinned by
a twin-jet electro-polishing technique with a solution composed of
80% CH3OH and 20% H2SO4 solution in volume. Twin-jet electro-
polishing was stopped before perforation and the samples were
finally thinned by ion milling with a Fischione 1010 Model.

3. Results and analysis

3.1. Microstructural observation

The optical microstructures of the SLM fabricated samples were
observed on the side plane in our previous investigation [18]. Due
to epitaxial growth of grains during the SLM process, all micro-
structures display similar columnar grains along the building di-
rection that accords well with other references [1e4]. There are no
obvious defects like the gas pores or impurities.With increasing the
scanning speed from 300mm/s to 480mm/s, no distinct difference



Table 2
The processing parameters for selective laser melting of the NiTi alloy.

Number Power, (W) Scanning speed (mm/s) Hatch spacing (mm) Layer thickness (mm) Energy intensity (J/mm3)

60W-300mm/s 60 300 110 25 72.73
60W-320mm/s 60 320 110 25 68.18
60W-335mm/s 60 335 110 25 65.13
60W-360mm/s 60 360 110 25 60.61
60W-380mm/s 60 380 110 25 57.42
60W-410mm/s 60 410 110 25 53.22
60W-440mm/s 60 440 110 25 49.59
60W-480mm/s 60 480 110 25 45.45

Fig. 1. Morphology of SLM fabricated cubes and tensile test samples in which the BD,
ND and TD represents the building direction, normal direction and transverse direc-
tion, respectively.

Fig. 2. EBSD Mapping on the NiTi alloy samples fabricated with a laser power of 60W,
a hatch spacing of 110 mm and a layer thickness of 25 mm, but with different scanning
speeds. The BD, ND and TD represents the building direction, normal direction and
transverse direction, respectively.
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on the grain size or defects can be observed amongst all samples.
The EBSD analyses were then conducted to explore more

microstructural information. Relevant results on three selected
samples 60W-300mm/s, 60W-360mm/s and 60W-480mm/s were
presented in Fig. 2a and b, 2c and 2d, 2e and 2f, respectively, in
terms of inverse pole figure (IPF) mapping. The EBSD results in
Fig. 2 for all samples were indexed with lattice information of the
B2 phase.

The black arrows on the Fig. 2e and f indicate the external
sample coordinate defined with BD, TD and ND. The IPFs-BD in
Fig. 2a, c and 2e show checkerboard pattern on TD-ND plane, but
the IPFs-BD in Fig. 2b, d and 2f show columnar morphology on TD-
BD plane. As early mentioned, the grain size and more details
cannot be noticed from the optical microstructures. But with EBSD,
one can find that the boundaries of columnar grains are signifi-
cantly overlapped in the sample 60W-300mm/s compared to the
other two samples, as evidenced by two parallel white lines on the
TD-ND planes. This is also supported by comparing the morphol-
ogies on the TD-BD planes, as shown by the wider gaps marked by
two parallel black lines between columnar grains for sample 60W-
480mm/s (Fig. 2f) than sample 60W-360mm/s (Fig. 2d), but no
such gap can be observe in 60W-300mm/s (Fig. 2b). These gaps
were well indexed in Fig. 2a, c and 2e. Reasons can be attributed to
that the gap between columnar is actually composed of large
quantity of sub-grain boundaries and dislocations which is more
visible on the TD-BD plane, thereby affecting the indexation rate on
the TD-ND plane.
3.2. Phase constitution

Fig. 3 displays the whole XRD spectrums in the angle range of
35e80� for all samples. Three main peaks (110) B2, (200) B2 and
(211) B2 belonging to B2 phase are indicated by black solid dots in
Fig. 3a besides the B190 martensitic peaks indicated by red solid
dots. With increasing the scanning speed from 300mm/s to
480mm/s from the lower to the upper area, the relative intensity of
diffraction peaks for B190 phase is reduced and the peak width for
B2 phase becomes narrower. Especially for the samples fabricated
with scanning speed higher than 360mm/s, it seems that nearly no
B19’ martensite can be observed.

In order to precisely distinguish the evolution of phase consti-
tutionwith increasing the scanning speed, the peak separation and
fitting were performed on the partial spectrums in the angle range
of 35e50� around the main (110) B2 peak where the most intense



Fig. 3. (a) The whole XRD spectrums for all samples and peak fitting around the main (110)B2 peak for selected samples: (b) 300mm/s, (c) 360mm/s and (d) 480mm/s.
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peaks are present. Relevant results on the sample 60W-300mm/s is
presented in Fig. 3b. As seen from the Fig. 3b, diffraction peaks of
(110) B19’, (101) B19’, (�111) B19’, (020) B19’, (012) B19’ are clearly visible
and highlighted separately in blue. Based on these separated peak,
the Gaussian fitting was done and fitted spectrum was highlighted
in red, which is well matched with the obtained spectrum. Similar
results on the samples 60W-360mm/s and 60W-480mm/s are
shown in Fig. 3c and d, respectively. The intensity of diffraction
peaks belonging to B190 phase decreases or even vanishes with
increasing the scanning speed. Therefore, the NiTi samples fabri-
cated with laser power of 60W is composed of both B2 and B190

phases when the lower scanning speed was adopted. But the vol-
ume fraction of B190 phase becomes less with increasing scanning
speed from 300 to 480mm/s. When the scanning speed is as higher
than 480mm/s, the volume fraction of B19’ phase can be nearly
ignored.

3.3. Crystallographic texture

On the basis of XRD spectrums shown in Fig. 3, the crystallo-
graphic texture were measured. Three main peaks of (110) B2, (200)
B2 and (211) B2 for the three samples 60W-300mm/s, 60W-
360mm/s and 60W-480mm/s were chosen for data collection in
the Euler cradle. According to the raw data, the corrected pole
figures (PFs) of {110} corr and {200}corr were calculated and are
presented in Fig. 4. The horizontal and vertical directions in the PFs
are parallel to the TD and BD directions which coincide with the
sample coordinate. In Fig. 4a for sample 60W-300mm/s, five most
intensive {110} poles can be observed. Combining with the three
most intensive {100} poles, the {1e10}<11e1> texture is identified
and highlighted with solid square symbols. This means that the BD
for sample 60W-300mm/s shows a preferential orientation of
along <111> direction for B2 phasewhich was reported by others in
the SLM fabricated NiTi alloy [17].

For the sample 60W-360mm/s, the PFs in Fig. 4b shows simi-
larity contours with the sample 60W-300mm/s in Fig. 4a. Hence,
the texture of <111>//BD also exists. But the most intensive {200}
poles indicate the co-existence of another additional texture
<100>//BD highlighted with solid black triangles symbols. The
preferential orientation of <100> parallel to the BD is deemed as
the most efficient channel for heat dissipation and therefore was
commonly observed in SLM fabricated cubic alloys including NiTi
alloy [4,5], CoCr [22,23], Al [24], Ni [25], Ti6Al4V [26] alloys. For the
sample 60W-480mm/s, the PFs in Fig. 3c also reveals the co-
existence of <111>//BD and <100>//BD textures although the in-
tensity of the <100>//BD seems reduced.

Therefore, it can be concluded that the fiber texture of <111>//
BD is formed in all these three samples but the fiber texture of



Fig. 4. The corrected pole figures of {110}corr and {200}corr for the samples fabricated with different scanning speeds: (a) 300mm/s, (b) 360mm/s and (c) 480mm/s.
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<100>//BD only appears at higher scanning speed. Further, the
contour lines become less aggregated with increasing the scanning
speed. This phenomenon hints the higher scanning speed leads to a
more discrete distribution of crystallographic orientation and thus
the texture is weakened with increasing the scanning speed.

3.4. DSC analysis

The DSC experiments were conducted on all samples and rele-
vant results are shown in Fig. 5. On the DSC curves in Fig. 5a, the
characteristic temperatures including martensite start (Ms),
martensite finish (Mf), austenite start (As) and austenite finish (Af)
temperatures [27] used to characterize the martensitic
transformation between the B2 and B19’ phases can be measured
with the intersection method of two tangent lines as shown in
Fig. 5a. The room temperature of 25 �C is highlighted by a vertical
dash line. Another two important temperatures Mp and Ap corre-
spond to the maximum and minimum heat flow on cooling and on
heating, respectively. All these obtained characteristic tempera-
tures were recorded and then plotted in relationship with the
scanning speed in Fig. 5b.

With increasing the scanning speed, all these characteristic
temperatures show a decreasing tendency in Fig. 5b. This means
that the higher scanning speed entirely suppresses the trans-
formation between B2 phase and B190 phase to lower temperature
range. Therefore, the stability of B2 phase is enhanced on the



Fig. 5. DSC curves of all SLM fabricated samples in which the Ms, Mf, As and Af represents martensite start, martensite finish, austenite start and austenite finish temperatures,
respectively. TheMp and Ap represents the temperature corresponding to the maximum and minimum heat flow on cooling and on heating, respectively. The room temperature was
marked by a vertical dash line.
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condition of higher scanning speed. Further, it should be noticed
that Ms temperatures are almost lower than the room temperature
for all cases. This can be linked with the phase constitution
analyzed from XRD spectrum. As for the SLM fabricated NiTi sam-
ples, they experienced an extremely fast cooling process after
melting under high energy of laser beam, the accurate temperature
for B190 martensite to nucleate corresponds to the Ms value. Once
the Ms temperature is lower than the room temperature, it is
impossible to form the B190 martensite. For the 60W-300mm/s
sample, the Ms temperature is slightly higher than the room tem-
perature, small quantity of B190 phase is reasonable to be detected
in XRD spectrum in Fig. 3b. However, for samples fabricated with
scanning speed of 360mm/s, theMs temperature seems to coincide
with the room temperature, so very few B190 phase are observed in
Fig. 3c. But for the samples fabricated with scanning speed of
480mm/s, the Ms temperature is indeed lower than the room
temperature; this is the reason why nearly no B19’ phase is
detected in Fig. 3d. It is still interesting to note that there are some
small shoulder peaks on the heating curves, as indicated by black
arrows in Fig. 5. Such shoulder peaks can be ascribed by the
inhomogeneous microstructure which leads to the elemental
partition during the SLM process [28].
3.5. TEM observations

The TEM observations on samples 60W-300mm/s, 60W-
360mm/s and 60W-480mm/s are shown in Fig. 6aec, 6d-6f and
6g-6i, respectively. The bright field images (BFIs) in Fig. 6a and b
shows the typical morphologies of sample 60W-300mm/s inwhich
the grain size is measured between 300 and 500 nm. Dense dislo-
cation tangle is also observed in Fig. 6b. The selected area diffrac-
tion pattern (SADP) indexed to be B2 phase from the zone axis of
[�1�10] B2 is obtained from the specific area circled in white in
Fig. 6a. However, the martensitic B190 phase is not detected in
several different selected areas. One reason can be due to the well-
known spontaneous strain relaxation occurring during the prepa-
ration of the thin TEM specimens [29,30] and consequently the B19’
phase could have been transformed back to the B2 phase.

Regarding the sample 60W-360mm/s, the BFIs in Fig. 6d and e
reveal the hint of B190 plate showing needle-like morphology on
the B2 matrix as pointed by red arrows in the BFIs. The corre-
sponding SADP in Fig. 6f from the zone axis of [010] B19’ is obtained
from the area circled by white in Fig. 6e. For the sample 60W-
480mm/s, typical morphology in Fig. 6g and h also reveals the
existence of B2 phase identified by the SADP from the zone axis of
[100] B2 in Fig. 6i. Except the vanishment of B19’ phase due to
spontaneous strain relaxation, the difference amongst these three
selected samples lies in the grain size and dislocation density. It is
evidenced that the sample fabricated with lower scanning speed of
60W-300mm/s shows smaller grains size and higher dislocation
density. This contributes to some extent to the wider diffraction
peaks in the XRD spectrum for the sample 60W-300mm/s. How-
ever, the dislocation density in the SLM fabricated samples is not as
high as in the cold deformed NiTi alloys.
3.6. Cyclic tensile testing

Fig. 7 presents the cyclic tensile curves consist of strain incre-
ment of 0.5% followed by stress release up to the final applied strain
of 6.0% for all NiTi alloy samples. Each curve displays a stress
plateau due to the martensitic transformation and hysteresis loops
between loading and unloading. The stress plateau results from the
reorientation martensitic plates and reversible stress-induced
martensitic transformation. In general, it can also be noticed that



Fig. 6. TEM observations on SLM fabricated NiTi alloy samples (aec) 60W-300mm/s, (def) 60W-360mm/s, (gei) 60W-480mm/s: (a) BFI showing small grains, (b) BFI showing
dislocation tangles, (c) SADP obtained from the area highlighted by white circle in (a), (d, e) BFIs showing martensitic plates marked by red arrows, (f) SADP obtained from the area
highlighted by white circle in (e), (g, h) typical BFIs and (i) SADP obtained from the area highlighted by white circle in (h). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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the area of hysteresis loop becomes larger when a higher scanning
speed is employed.

Two important values that are initial yielding stress corre-
sponding to the critical stress inducing martensitic transformation
(sc) and themechanical recoverable strain (εrec), weremeasured for
evaluation of the functional properties. The method via the inter-
section method of two tangent red lines to measure the former
value of sc is shown in Fig. 7a. The value of sc for each sample was
then plotted with respect to the scanning speed in Fig. 8a. Con-
cerning on the evaluation of the εrec, each cycle on the cyclic tensile
curves composed of loading process to a certain applied strain
followed by stress release was separately analyzed. The εrec was
then calculated as the difference value between the applied strain
(εt) and residual strain (εres) as shown in Fig. 7h. The results were
plotted as a function of the applied strain in Fig. 8b.

It can be observed in Fig. 8a that the critical stress is observed to
increase linearly with respect to scanning speed. That is because
the critical stress actually depends on the difference between Ms

and testing temperature [30], where the Ms indeed decreases lin-
early with increasing the scanning speed as revealed in Fig. 5b. The
linear fitting process has been performed and the slope of
0.97MPa/mm.s�1 was obtained. The evolution of mechanical
recoverable strain with variation of applied strain and scanning
speed is shown in Fig. 8b, from which it can be seen the highest
recovery recoverable strain of 2.29% was obtained for the sample
60W-480mm/s at applied strain of 4.5%. Additionally, the me-
chanical recoverable strain generally shows a linear increase in the
beginning, then is followed by a non-linearity transition and finally
ends up with a stabilized plateau for all samples. However, such
evolution differs amongst different samples.

4. Discussion

4.1. Functional properties relating with martensitic transformation

According to the phenomenological theory of martensitic crys-
tallography (PTMC), the functional properties for NiTi alloy are
linked with the martensitic transformation in terms of crystallo-
graphic shear between the austenitic B2 phase andmartensitic B19’
phase [30]. Therefore, the functional properties in this present
study were characterized from the viewpoints of both stress and
strain by the critical stress for inducing martensitic transformation
and mechanical recoverable strain, respectively. As displayed in
Fig. 7, the two values weremeasuredwith cyclic tensile test at room
temperature and were plotted with respect to the scanning speed
as shown in Fig. 8 for further evaluation of the functional properties
depending on the SLM fabricated parameters.

Seen from Fig. 8a, the critical stress increases linearly with the



Fig. 7. Cyclic tensile curves till 6% strain of the SLM fabricated NiTi samples with different scanning speeds.
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scanning speed. In general, the critical stress depends on the dif-
ference between Ms and testing temperature. As shown in Fig. 5b,
once the testing temperature was settled as the room temperature
for all samples, the lowerMs corresponding to the employment of a
higher scanning speed leads to the higher critical stress. However,
form the viewpoint of microstructure, the importance of the critical
stress lies on its correspondence to the movement between adja-
cent martensitic B190 plates or triggering the martensitic trans-
formation from B2 phase to B190 phase that normally depends on
the initial phase constitution. As the driving force for relative
movements between the pre-existing adjacent B19’/B19'interfaces
are lower than the formation of the new B2/B190 interface, the
higher critical stress for sample fabricated with scanning speed of
480mm/s than the 300mm/s thus reflects that more volume
fraction of B2 phase is contained for the former sample. Further,
precipitates can also affect the critical stress for inducing
martensitic transformation [31e34], but no precipitates was
detected in the present samples with TEM. Therefore, the linear
increase of critical stress for inducing martensitic transformation is
in consistence with the decrease of Ms and the increase of volume
fraction of B2 phase with the increasing of scanning speed.

The other value of mechanical recoverable strain was displayed
in Fig. 8b. For the sample fabricated with scanning speed of
300mm/s, the linear increase of mechanical recoverable strain due
to the pure elastic deformation occurs before the applied strain is
lower than 0.5%. For the sample fabricated with scanning speed of
360mm/s, such a linear increase tendency is extended to the
applied strain of approximate 1.0% which indeed exceeds the first
yielding point in the tensile curve as shown in Fig. 7d. This is due to
both the pure elastic deformation and the reversible stress-induced
martensitic transformation. For the sample fabricated with the
highest scanning speed of 480mm/s, this linear stage is further
extended to the higher applied strain of 2.5%. It can be observed
from the corresponding tensile curved in Fig. 7h where the applied
strain of 2.5% stands in the middle of the stress plateau. That sug-
gests that the stress-induced martensitic transformation can
largely reverse at a higher applied strain for this sample. Further, it
can be observed that the mechanical recoverable strain is enhanced
when the higher scanning speed is used. This is because that for the
one fabricated with the low scanning speed of 300mm/s, the re-
covery of the mechanical deformation is mainly attributed to the
elastic recovery of the detwinned B190 phase. While for the sample
fabricated with the high scanning speed of 480mm/s, partial B190

phase would transform back to B2 phase during unloading, which
leads to the increase of recoverable strain.
4.2. The evolution of functional properties with scanning speed

The evolution of functional properties (for example from shape
memory effect to superelasticity) for the conventional NiTi alloy
could be purposely adjusted via the change of testing temperature
on loading. Indeed, in the present study, the evolution of functional
properties occurs at the room temperature when the scanning
speed solely increases while keeping the other processing param-
eters constant. In order to explore the relevant mechanisms for
such evolution of functional properties with scanning speed,



Fig. 8. (a) Evaluation of the critical stress for inducing martensitic transformation with
increasing scanning speed and (b) mechanical recoverable strain with applied strain
for the SLM fabricated NiTi alloy samples.
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several factors including the chemical composition, initial phase
constitution, crystallographic texture and microstructures are
discussed.

The chemical composition for NiTi alloy is the most basic factor
to modify the characteristic transformation temperature and
further affect the initial phase constitution and functional proper-
ties. Taking the Ms temperature as an example, the relationship
between the Ms and the Ni concentration for the forged NiTi alloy
has already been investigated since last several tens of years, while
the most prominent data available today (50 at. % < Ni< 51 at. %)
was derived by Frenzel et al. and Tang et al. [35,36]. It was reported
that the Ms is 333K for the equiatomic NiTi alloy, but it decreases
with increasing Ni concentration by> 100K$ at. %�1 when the
composition value is located between 50 at. % and 51 at. %. Although
the chemical composition for the present SLM fabricated NiTi alloy
is not measured, the reduction of Ni content at higher laser power
beam energy during SLM process has been accepted by most re-
searches because the melting temperature for Ni (1455 �C) is
indeed lower than the Ti (1668 �C) [16]. Whatever, the accurate
chemical composition for the SLM fabricated NiTi alloy still
deserves investigation in the future.
For the initial phase constitution, the relevant XRD results and

microstructure in Figs. 2 and 3 and TEM observations in Figs. 5 and
6 demonstrate the co-existence of B2 and B190 phases but no other
precipitations. The decreased volume fraction of B19’ phase corre-
sponding to lower Ms temperature accounts for the increased
critical stress and enhanced mechanical recoverable strain for
sample fabricated with higher scanning speed. Regarding to the
effect of dislocations, the density in Fig. 6 is not as high as in the
cold deformed NiTi alloys. Indeed, the presence of dislocations
could indeed strengthen the NiTi alloy and suppress the plastic
deformation during B2eB190 transformation, and an increase of the
recoverable strain is expected. However, in this work, the samples
fabricated with lower scanning speed show the higher dislocation
density and lower recoverable strain. Therefore, it can be known
that the dislocation density is not the main reason for the change of
the recoverable strain.

The crystallographic texture for NiTi alloy is another important
factor to affect the functional properties. This has already beenwell
documented in conventional NiTi alloy for which, the most pref-
erential orientation providing the maximum recoverable strainwas
experimentally and theoretically identified to be <111>B2 orienta-
tion [30,37,38]. The PF in Fig. 4 indicated that the fiber texture of
<111>//BD can be formed in all samples, but with increasing the
scanning speed, the <100>//BD appears and all texture becomes
weaken according to the discrete distribution of crystallographic
orientation. This is probably due to the higher scanning speed
cannot provide enough time for the preferential orientation to
grow. Therefore, the slight difference on the texture variation with
increasing scanning speed in the present study is not the key factor
to be responsible for the evolution of functional properties.

In summary, the Ms temperature and initial phase constitution
are the most important factor for the evolution of functional
properties in the present case, while the variation of crystallo-
graphic texture and dislocation have limited influence. Indeed, the
chemical composition analysis is the basic factor, hence a more
persuasive static experimental results on a large number of samples
fabricated with various parameters will be planned. In terms of the
residual stress, it has never been investigated for the SLM fabricated
NiTi alloy and indeed deserves deep investigation in the future.

5. Conclusion

The present work investigates the evolution of functional
properties for the selective laser melting (SLM) fabricated NiTi
alloy. The processing parameters of scanning speed from 300mm/s
to 480mm/s under a constant laser power of 60W were used to
obtain different samples. The cyclic tensile test at room tempera-
ture was employed to evaluate the functional properties. The
techniques of EBSD, TEM, XRD, textural detection, DSC were con-
ducted to explore the relevant mechanisms. Some main conclu-
sions can be drawn as follows.

(1) The microstructural observation were revealed by EBSD and
TEM. It was shown that there is no apparent defects like the
impurities and pore gas. The boundaries of columnar grains
overlap apparently for the sample fabricated with the lowest
scanning speed of 300mm/s. The B2 phase was clearly
identified by TEM for all sample tested samples, but the B190

phase is difficult to be captured. The grain size of B2 is
increased but the dislocation density is decreased with the
scanning speed. No other precipitation was observed with
TEM.

(2) The phase constitution was identified by XRD. Although the
diffraction peaks of both B2 and B190 phase were evident via
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the peak separation and fitting processes, the volume frac-
tion for each phase varies gradually amongst different sam-
ples. The volume fraction of B190 phase becomes less with
increasing the scanning speed and can be nearly neglected in
the sample with the highest scanning speed of 480mm/s.

(3) The crystallographic textureweremeasuredwith XRD. It was
found that the <111>//BD texture was formed in three
different samples fabricated with 300, 360 and 480mm/s
scanning speeds, respectively. But the <100>//BD texture
only appears at relative higher scanning speed. Further, the
higher scanning speed results to the more discrete distri-
bution of crystallographic orientation.

(4) The cyclic tensile tests at room temperature were performed.
The stress plateau and hysteresis loops relating with the
martensitic transformation were observed for all samples.
Two values which are the critical stress inducing martensitic
transformation (sc) and the mechanical recoverable strain
(εrec) were measured for further evaluation of the functional
properties. The sc-v shows a linear relationship with the
slope of 0.97MPa/mm.s�1. The εrec - εt shows a linear increase
firstly followed by a non-linear increase tendency and ends
up with a plateau. The highest εrec of 2.29% was obtained for
the sample fabricated with the highest scanning speed of
480mm/s at the applied strain (εt) of 4.5%.

(5) The evolution of functional properties was confirmed with
increasing scanning speed from the 300mm/s to 480mm/s
for the SLM fabricated NiTi alloy samples. The variation ofMs

temperature and initial phase constitution are the most two
important factor to be responsible for this evolution of
functional properties, while the variation of crystallographic
texture and dislocation density have limited influence.
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