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� The effect of laser scanning speed on
laser powder bed fusion fabricated
NiTi alloys was systemically studied.

� The various microstructural factors
on the martensite transformation are
manifested.

� The martensite lattice shear
mechanism endows the laser powder
bed fusion fabricated NiTi alloy with
superior tensile ultimate strain.

� The anisotropy of residual stress
inside laser powder bed fusion
fabricated NiTi is revealed by
Synchrotron high-energy X-ray
diffraction.
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This study investigated the effects of laser scanning speed on the microstructure, phase transformation
and properties of NiTi alloys fabricated by laser powder bed fusion (LPBF). In this study, the contributions
of metallurgical factors under different scanning speeds, such as Ni evaporation, Ni4Ti3 precipitation, dis-
locations and internal stress, to the transformation temperature and transformation latent heat were
clarified through specially designed experiments. Ni evaporation is found to have the most profound
effect, followed by precipitation. Increasing scanning speed is found to reduce Ni loss, thus cause less
increase in the transformation temperature and transformation heat of the LPBF-NiTi alloys. Increasing
scanning speed also increases the microstructure non-uniformity and thus widens the transformation
temperature interval. The orientations of residual stress exhibit strong crystallographic stiffness depen-
dence. The LPBF-NiTi alloys with different scanning speeds all exhibited high strains (>13.4%) and excel-
lent shape memory effect. A LPBF-NiTi honeycomb structure exhibited 96% shape recovery rate after a
60% pre-compressive deformation. Besides, there is an optimum scanning speed for minimum porosity
and smallest average pore size. However, the pore structure is found to have weak influence on the
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tensile behaviour of the LPBF-NiTi alloys, possibly due to the high defect tolerance of the martensitic
transformation.
� 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

NiTi shape memory alloys (SMAs) are a group of advanced func-
tional materials. They have been used in many fields such as aero-
space, automobile and medical technology for their unique
thermomechanical properties of shape memory effect and supere-
lasticity as well as good biocompatibility and high corrosion resis-
tance [1–4]. For the benefit of easy manufacturing of intricate
shapes, laser powder bed fusion (LPBF) technology has been
actively explored to fabricate NiTi parts of high dimensional preci-
sion and complex geometries [4–7]. LPBF presents a very different
metal forming process from conventional techniques, involving
rapid local melting and solidification and repeated heating–cooling
cycles. As a result, the microstructure, phase transformation beha-
viour and thermomechanical properties of NiTi parts fabricated by
LPBF method may be affected by the process and may differ from
those of conventionally fabricated NiTi parts [7–9]. Understanding
the influences of LPBF processing parameters is essential for qual-
ity control and product design of LPBF fabircated NiTi (LPBF-NiTi)
parts.

Laser scanning speed is one of the key processing parameters of
LPBF technology influencing the quality of the LPBF products. Laser
scanning speed determines directly the energy input density to the
molten pool of the material being processed, thus influences the
temperature and size of the molten pool, possible element evapo-
ration loss, fluidity and viscosity of the molten metal [10,11], and
solidification rate and grain morphology [12,13]. It also inevitably
causes heat treatment cycles for the solid metal underneath and
may cause precipitation and internal stresses within the matrix
[14,15]. In addition, laser scanning speed also determines the man-
ufacturing efficiency and throughput of LPBF-fabrication. Previous
studies have shown that laser scanning speed profoundly influ-
ences on the microstructure, metallurgical conditions and proper-
ties of LPBF parts. These may include formation of pores, creation
of internal stresses [9,16,17], change of the alloy composition
due to element evaporation [8,9,18], formation of precipitates
[14,19], and formation of high density dislocations [8,20].

The phase transformation behaviour and thermomechamical
properties of NiTi alloys are known to be sensitive to changes in
alloy composition and mechanical (stress) conditions. In this
regard, laser scanning speed, given its complex and multifaceted
influences on the structure of fabricated metal parts, is expected
to have profound impact on the properties of NiTi shape memory
alloys. Some recent studies have found that both the B2 M B190

martensite transformation behaviour and the thermomechanical
properties of LPBF-NiTi alloys are significantly affected by the scan-
ning speed. Among them, Saedi et al. [9] and Mahmoudi et al. [21]
observed increased phase transformation temperature with the
decreasing scanning speed/increasing laser energy input and have
attributed this observation to the increased Ni evaporation loss and
formation of Ni-rich phases. Besides, residual stresses are inevita-
bly generated in LPBF products due to repeated rapid localized
thermal cycles of heating and cooling during processing. However,
due to the complexity of residual stresses, contradictory conclu-
sions about the relationship between residual stresses and scan-
ning speed appear in different refs.[15,17]. In addition, pore
defects can cause internal stress concentrations, especially irregu-
lar pore defects formed at high scanning speed during LPBF process
seriously affect the mechanical properties, which can be deter-
2

mined in tensile tests of 316L stainless steel, AlSi10Mg, Inconel
718, etc. prepared by LPBF [22–24]. While, Wang et al. [25]
reported that the LPBF-NiTi with different porosity fabricated over
a wide scanning speed range all exhibit highest tensile strain
of > 10%. Therefore, the influence mechanism of pores on the defor-
mation of LPBF-NiTi at different scanning speeds still needs to be
discussed.

This study is designed to investigate the effects of laser scan-
ning speeds on the pore formation, internal stresses, phase trans-
formation behaviour, tensile properties, and shape recovery
behaviour of LPBF-NiTi alloys. Different heat treatments were
applied to the as-fabricated samples to help delineate the effects
of the various factors mentioned above.

2. Fabrication and experimental procedure

A commercial Ti-50.9 at.% Ni alloy cast ingot was used as the
raw material for LPBF fabrication and also as a reference material
for comparing the transformation behavior. NiTi alloy powder
was prepared from the ingot by means of gas atomization method
in Ar atmosphere. The powder had particle sizes ranging between
15 and 53 lm. LPBF was performed on an Eplus M100-T machine
equipped with a 200 W ytterbium-fiber laser in an argon atmo-
sphere with an over-pressure of 10–12 mbar and oxygen level
below 500 ppm. Fig. 1 shows the various samples fabricated. A
bidirectional stripe rotation scanning strategy was adopted, as
shown in Fig. 1(a). The stripe width was 3 mm and the rotation
angle was 67� between layers. Five laser scanning speeds were
used, including 400, 600, 800, 1000 and 1200 mm/s. Samples fab-
ricated under these speeds are labelled as V400, V600, V800, V1000
and V1200, respectively. Other processing parameters were kept
constant, including a laser power of 120 W, hatch spacing of
110 lm and an average powder layer thickness of � 50 lm.

Three types of LPBF-NiTi testing samples were fabricated. Cubic
samples of 8 � 7 � 6 mm3 in dimension (Fig. 1(b)) were used for
microstructure observation, pore analysis and phase transforma-
tion measurement. Rectangular plate samples of
80 � 14 � 3 mm3 (Fig. 1(c)) were sliced into strips of
80 � 1 � 2.6 mm3 by electric wire discharge machining for tensile
testing and shape recovery rate testing. Honeycomb structures
(Fig. 1(d)) of 88 � 76 � 10 mm3 in dimension and 0.5 mm in wall
thickness were fabricated at 800 mm/s laser scanning speed.
Microstructures of the samples were observed using an OLYMPUS
DSX510 optical microscope (OM) and a JEM-2100 transmission
electron microscope (TEM). TEM samples were prepared by means
of twin-jet electro-polishing in an electrolyte of 25 vol% HNO3 in
methanol at �30 �C.

Three-dimensional X-ray computed tomography (3D-CT) mea-
surements were carried out using an Yxlon FF85 instrument to
determine the pore morphology, distribution, and the total poros-
ity of samples. The voltage and current used in the CT were 205 kV
and 0.15 mA. Cylindrical samples of /2.8 mm � 3.8 mm (along the
build direction) were cut from the LPBF-fabricated cube samples
for these measurements.

Phase transformation behaviours were observed by differential
scanning calorimetry (DSC) using a TA Instruments Q20 unit with a
heating/cooling rate of 10 �C/min from�80 �C to 100 �C. Ni content
of solution treated samples were determined using a scanning
electron microscope (SEM; FEI Quanta 200F Field Emission)

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1. LPBF-NiTi processing and fabricated parts. (a) Schematic diagram of stripe rotation scanning strategy used for LPBF. (b) Cubes, (c) Rectangular plates and (d) a
honeycomb structure of LPBF-NiTi samples fabricated at different scanning speeds.
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equipped with an X-ray energy dispersive spectrometry (EDS)
detector.

Tensile tests were performed using a KQL universal testing
machine at 10 �C below the B2 ? B190 martensite transformation
finish temperature (Mf) for each sample. The honeycomb structure
was compressed to 60% deformation at room temperature and
then heated for recovery at � 90 �C to characterize the shape mem-
ory performance of the structure.

Synchrotron high-energy X-ray diffraction (HE-XRD) measure-
ments were performed on beamline 11-ID-C at the Advanced Pho-
ton Source, Argonne National Laboratory, USA. High-energy X-rays
with an energy of 115 keV, a beam size of 0.6 � 0.6 mm2, and a
wavelength of 0.1173 Å were used in transmission geometry
towards a Perkin-Elmer large area detector to obtain two-
dimensional (2D) diffraction patterns. Cubic specimens were used
for the HE-XRD measurements.
3. Results

3.1. Microstructures of LPBF-NiTi samples

Fig. 2 displays the microstructures of LPBF-NiTi samples fabri-
cated at different scanning speeds. Fig. 2(a) shows the top view
of the samples parallel to the X-Y planes. It is seen that the grain
size gradually decreases from � 225 lm to an average grain size
of � 45 lm as the scanning speed increases from 400 to
1200 mm/s. From the side views shown in Fig. 2(b), the grains
along the build direction change from large column-like to small
cellular morphology with increased scanning speeds.

Fig. 2(c) shows the top section of the V400 sample as seen in the
direction parallel to the scanning path (end view). The yellow lines
highlight the profiles of molten pools in adjacent passes within the
3

last processed layer. The molten pools appear wide on top and nar-
row beneath and are in the commonly described ‘‘keyhole” shape
[26,27]. This implies that at this low scanning speed of 400 mm/
s, the temperature at the centre of the molten pool would have
reached the boiling point of the alloy causing vaporization. The
subsequent condensation of the metal vapor releases high latent
heat, causing re-melting of the solidified part at the bottom of
the molten pool centre. This explains the narrow and deep profile
of the molten pool. Metal vaporization during LPBF processing has
also been observed and reported in literature [28–30]. Overall, the
molten pool is � 320 lm wide on top and � 180 lm deep. This
implies a 2/3 lateral overlap between the passes and a re-melting
of � 6 building layers. The results indicate that at V400, good mix-
ing and multiple re-melting between adjacent passes and consec-
utive building layers have been achieved.

Fig. 2(d) shows the end view of the V1200 sample. The molten
pools are semi-ellipsoid in shape and are commonly described as
conduction molten pools, with � 130 lm in width
and � 125 lm in depth. The depth is equivalent to a re-melting
of � 4 building layers. The lateral overlap of the molten pool in
adjacent passes is very limited and much less than that in V400.
This increases the risk for poor local metallurgical bonding
between adjacent passes and the formation of un-fused pores.
The samples produced at intermediate scanning speeds of V600
to V1000 are all shown to have good bonding and multiple re-
melting between adjacent passes and consecutive building layers.
3.2. 3D-CT reconstructed pores

It is reported that micro-pores smaller than a few microns
(mostly dissolved gas pores in LPBF-NiTi) have a slight effect on
mechanical properties, while large pores of tens of microns or



Fig. 2. Optical micrographs of LPBF-NiTi samples fabricated at different laser scanning speeds. (a) Top view of the samples (the scanning plane). (b) Side view of the middle
sections of the samples. (c) End view of the top section of V400. (d) End view of the top section of V1200.
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greater, especially irregular macro-pores, have a significant effect
on mechanical properties [9,23,31]. The 3D-CT technique can be
used to analyze the characteristics of these large pores in all
directions.

Fig. 3 shows a 3D-CT results of the five samples. Fig. 3(a) shows
the overall 3D reconstructions of CT images of the whole samples.
It is seen that the pores are generally evenly distributed in all the
samples. It is also obvious that the volume fraction occupied by
pores is minimum in V800 and increases when the scanning speed
is either increased or decreased. Fig. 3(b) shows views of the sam-
ples at a higher magnification, revealing significant differences in
the shape and size of the pores in low-speed and high-speed sam-
ples. The insets at the bottom are typical pore morphologies
extracted from V400 and V1200, respectively. Notably, pores in
V400 sample are typical metal vapor pores, whilst pores in
V1200 are mostly large, very irregular and unfused pores formed
due to inadequate metal melting resulted from insufficient energy
input at the high scanning speed.

Fig. 3(c) plots the pore sphericity versus its volume for all samples,
where the sphericity is defined as the ratio of surface area of an
equivalent volume sphere to the surface area of a real pore. Fig. 3
(d) shows the pore volume distribution of the samples. Fig. 3(e)
shows the sphericity distribution with the scanning speed. Line D5
represents the minimum sphericity value of the most spherical 5%
of the pores. Similarly, line D95 represents the minimum sphericity
value of 95% of the pores. In other words, the upper bound (D5)
and the lower bound (D95), capturing 90% of the pores in the middle
sphericity range. Similarly, Fig. 3(f) shows the pore volume change
with the scanning speed. Here Line D5 represents the minimum pore
volume of the smallest 5% of the pores and Line D95 presents the
minimum pore volume 95% of the pores. Finally, Fig. 3(g) shows
the total porosity and pore count vs. scanning speed.

As seen from Fig. 3, smaller pores are generally of higher
sphericity, regardless of the scanning speed. Distinctively, the sam-
ple fabricated at intermediate scan rate of V800 contains fewer
4

pores, smaller average pore size (thus lower porosity), narrower
pore size distribution, and slightly higher pore sphericity. In con-
trary, lower and higher scan rates produce samples of more pores,
larger average pore size (thus higher porosity), wider pore size dis-
tribution, and somewhat lower pore sphericity. Additionally, they
also contain higher number of relatively large pores.

3.3. Residual internal stresses

To reveal the effect of laser melting on the residual stresses of
LPBF-NiTi samples, HE-XRD analysis was carried out, as presented
in Fig. 4. The measurements were conducted at 80 �C and the sam-
ples were all in fully B2 phase state. Fig. 4(a) shows a schematic
illustration of sample orientation for the HE-XRD measurement.
The building direction was set at u = 90� on the Debye circle.

The B2-(100), B2-(110) and B2-(211) diffraction rings are
extracted from the 2D diffraction patterns of each sample. The diffrac-
tion rings are divided into 72 equal sections at 5� intervals along the
Debye circle and the d-spacing values are determined for each section
based on peak fit using Gauss distribution function. Fig. 4(b)-(d) pre-
sent the d-spacing values of B2-(100), B2-(110) and B2-(211) as
functions of the azimuth angle on the Debye circle for samples fabri-
cated at different scanning speeds, respectively. The B2-(100) d-
spacing exhibited an obvious anisotropy along the azimuth angle,
with the highest values occurring at u = 0�/180� (the lateral direction)
and the lowest values at u = 90�/270� (the building direction). This
indicates the presence of residual internal stresses and the anisotropy
of the internal stress field. The samples are in compression (contrac-
tion) in the building direction and are in tension (expansion) in the
scanning plane. This is consistent with the findings of previous studies
using neutron diffraction technique [32,33].

In comparison, the B2-(110) and B2-(211) d-spacing values
showed much less variation along the azimuth angle, but the general
trends of expansion in u = 0�/180� and contraction in u = 90�/270� are
still recognizable. The much less variations of the d-spacing values of



Fig. 3. 3D-CT results of LPBF-NiTi samples fabricated at different scanning speeds. (a) CT images showing overall pore distributions. (b) Local enlarged images of (a). The
insets display typical pore morphologies extracted from V400 and V1200 samples. (c) Pore sphericity vs pore volume. (d) Pore count vs pore volume. (e) Pore sphericity vs.
scanning speed. (f) Pore volume vs. scanning speed. (g) Porosity and pore count vs. scanning speed.
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B2-(110) and B2-(211) along the Debye circle are possibly related to
their much higher crystallographic stiffness (elastic moduli) com-
pared to that of B2-(100). The elastic moduli of NiTi-B2 phase have
been reported to be � 81 GPa for [110] and � 71 GPa for [211],
and � 45 GPa for [100] [34–36]. It is also noted that there is no clear
effect of the laser scanning speed, either on the internal stress aniso-
tropy or the magnitude of the internal stresses.

3.4. Phase transformation behaviour

Fig. 5 shows the phase transformation behaviour of the LPBF-
NiTi samples. Fig. 5(a) shows the DSC curves of the samples. For
comparison, the transformation behaviour of the original NiTi
5

ingot (50.9 at.% Ni) in solution treated condition is also shown.
All samples exhibit a single-step B2 $ B190 transformation, but
all at increased transformation temperatures relative to the origi-
nal ingot. Fig. 5(b) plots the transformation peak temperatures
(Mp for B2 ! B190 and Ap for B190! B2) and the transformation
temperature intervals (DM and DA) of the LPBF-NiTi samples as
functions of the scanning speed. It is seen that the transformation
temperatures of all LPBF samples are above those of the original
ingot sample and that they decrease with increasing the scanning
speed. In addition, the transformation temperature intervals also
increase with the scanning speed. Fig. 5(c) plots the transformation
latent heats (DH) measured by DSC as a function of the scanning
speed. The DH decrease with increasing the scanning speed.



Fig. 4. HE-XRD analysis of internal stress anisotropy in LPBF-NiTi fabricated at different laser scanning speeds. (a) Schematic illustration of sample orientation for the HE-XRD
measurement. (b) B2-(100), (c) B2-(110), and (d) B2-(211) d-spacing variation along the Debye circle (azimuth angle 0� to 360�).

Fig. 5. Phase transformation behaviour of the solution treated original NiTi ingot (50.9 at.% Ni) and LPBF samples: (a) DSC curves and (b) Transformation temperatures and
transformation intervals with the scanning speed. (c) Transformation latent heat (DH) with the scanning speed.
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Fig. 6. TEM analysis of V800 under as-fabricated, annealed and solution treated conditions. (a) A TEM bright field image of V800 in as-fabricated state. (b) A high-resolution
image of a Ni4Ti3 precipitate particle in the as-fabricated V800. The inset is the Fast-Fourier-Transform (FFT) pattern of the high-resolution image of the precipitate,
confirming its Ni4Ti3 structure. (c) A TEM bright field image of V800 after annealing at 670 �C for 3 min. (d) A high-resolution image of a precipitate particle in annealed V800.
The inset is the FFT pattern of the high-resolution image of the precipitate, confirming its Ni4Ti3 structure. (e) A TEM bright field image of V800 after a solution treatment at
900 �C for 2 h.
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It is seen in Fig. 5 that the martensitic transformation beha-
viours of the LPBF-NiTi samples are different from that of the orig-
inal NiTi ingot. It is known that LPBF causes many changes to the
metallurgical conditions of NiTi, such as alloy composition, chem-
ical segregation, grain morphology, precipitation, dislocation den-
sity and creation of residual stresses. To delineate the effect of
these factors, specially designed heat treatments were applied to
the LPBF samples, and their microstructures were examined by
TEM and their transformation behaviours were analysed by DSC.

Fig. 6 shows TEM images of V800 at different heat treatment
conditions. Fig. 6(a) shows the sample in the as-fabricated state.
It contains a high density of dislocations and dispersed second
phase precipitates. Fig. 6(b) shows a precipitate particle in high
resolution, which is identified to be Ni4Ti3, as evident by the fast-
Fourier transformation (FFT) pattern shown in the inset.

Fig. 6(c) shows a TEM bright field image of the sample after
annealing at 670 �C for 3 min followed by air cooling. This temper-
ature is high enough to eliminate dislocations and internal stresses
[37,38], but the heating duration is insufficient to dissolve the pre-
cipitates or to cause significant changes to the grain morphology. It
is evident that sample is largely free of dislocations, but the Ni4Ti3
7

precipitates are retained. Fig. 6(d) shows a precipitate in high res-
olution. The inset is a FFT pattern of the precipitate, confirming its
Ni4Ti3 structure.

Fig. 6(e) shows a TEM bright field image of the sample after a
solution treatment at 900 �C for 2 h followed by quenching into
water. The grains contain no precipitates or dislocations. Some
very faint contrast in domains of� 100 nm in size may be regained,
possibly the remanence of the dissolved precipitates.

Fig. 7 shows the transformation behaviours of the annealed and
solution-treated LPBF-NiTi samples. Fig. 7(a) presents the DSC
curves of the samples. Fig. 7(b) plots Mp of the B2 ? B190 transfor-
mation as a function of the scanning speed for the LPBF-NiTi sam-
ples in the as-fabricated state, after the annealing and after the
solution treatment. The Mp temperature of the original NiTi ingot
is also indicated as a dashed line in the figure. It is seen that the
annealing has lowered the Mp of the samples slightly from their
as-fabricated states. In comparison, the solution treatment has
caused a larger decrease of the Mp (several degrees Celsius) than
does the annealing, which resulted from the re-dissolution of the
Ni4Ti3 precipitates (see Fig. 6). It is also evident that regardless of
the heat treatments, the Mp remains well above that of the original



Fig. 7. Effects of heat treatments on the transformation behaviour of the LPBF-NiTi samples fabricated at different scanning speeds. (a) DSC curves of the annealed and
solution treated samples. (b) Transformation peak temperatures (Mp), (c) transformation intervals (DM) and (d) transformation latent heats in the as-fabricated, annealed and
solution treated states as functions of the scanning speed, respectively.

Fig. 8. Tensile mechanical properties of the LPBF-NiTi samples fabricated at different scanning speeds. (a) Tensile stress–strain curves at 10 �C below Mf. (b) Fracture strength
ðrFÞ and fracture strain ðeFÞ of the samples as a function of the scanning speed.
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NiTi ingot and that the Mp of the LPBF-NiTi samples decreases with
increasing the scanning speed. Fig. 7(c) plots DM as a function of
the scanning speed of the samples in the as-fabricated, annealed
and solution-treated states. It is evident that DM of both the as-
fabricated and the annealed samples increase significantly with
increasing the scanning speed, and become progressively larger
8

than that of the original NiTi ingot. In comparison, DM of the
solution-treated samples appear to be independent of scanning
speed and remains practically the same as that of the original NiTi
ingot.

Fig. 7(d) shows the effect of the heat treatment on DH. The
annealing has caused a slight decrease of the DH from their as-



Fig. 9. Shape memory behaviour of LPBF-NiTi samples. (a) Stress–strain–temperature curves of V800. (b) Shape recovery strains of LPBF-NiTi samples fabricated at different
scanning speeds after tensile pre-deformation to 4%, 6% and 8%. The solid and dashed lines correspond to the coordinate lines on the left and right, respectively. (c) Images of a
LPBF V800 honeycomb sample in as-fabricated state, after 60% compressive deformation, and after heating to 90 �C for shape recovery.
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fabricated states while the solution treatment has reduced it more
significantly. The DH of all three sets of samples are much higher
than that of the NiTi ingot, and they decrease with increasing the
scanning speed. Notably, the changes of DH are quite similar to
those of Mp.

3.5. Tensile mechanical behaviour

Fig. 8 shows the tensile deformation behaviour of the LPBF-NiTi
samples. Fig. 8(a) presents the tensile stress–strain curves of the
five samples taken at 10 �C below their respective Mf temperatures.
The strain rate was fixed at 1 � 10-3 s�1. The samples exhibit a typ-
ical behaviour of martensite reorientation over a stress plateau fol-
lowed by elastic–plastic deformation of the reoriented martensite.

Fig. 8(b) shows the effect of scanning speed on the fracture
strength ðrFÞ and fracture strain ðeFÞ of the samples. With the
increased scanning speed from 400 to 1200 mm/s, rF increases
from 550 to 753 MPa. In addition, it is seen that all the LPBF-NiTi
alloys display high fracture strains (eF˃ 13.4%), which are superior
than other reported counterparts [39–41].

3.6. Shape memory performance

Fig. 9 shows the shape memory behaviour of the LPBF-NiTi sam-
ples. As an example, Fig. 9(a) shows the stress–strain–temperature
curves of V800 sample with dimensions of 40 mm (gauge
length) � 1 mm (thickness) � 2.6 mm (width). The tensile defor-
mation was performed to a pre-set strain at 10 �C below their
respective Mf temperatures. Then the temperature–strain recovery
measurement was performed by heating the deformed sample to
80 �C to induce the reverse B190?B2 transformation for shape
recovery under a constant load of 30 N (11.5 MPa). Fig. 9(b) plots
the residual strains after unloading (eun) and shape recovery
9

strains after heating (eSM) for all pre-deformed LPBF-NiTi samples.
As seen, all samples exhibit shape recoveries (i.e. percent of eSM to
eun) exceeding 89%. The overall shape recovery strain increases
slightly with the increasing scanning speeds, especially in the case
of low pre-deformation.

Fig. 9(c) shows three photographs of a V800 honeycomb sample
in the as-fabricated state, after 60% compressive deformation, and
after heating to 90 �C for shape recovery, respectively. It exhibits a
superior shape recovery rate of 96%.
4. Discussion

4.1. Effects of scanning speed on the transformation behaviour of
LPBF-NiTi

It is evident in Fig. 7(b) that the transformation peak tempera-
ture Mp increases significantly as the result of LPBF fabrication. The
increase in the Mp of the LPBF-NiTi samples to the original NiTi
ingot spans from 77 �C to 43 �C as the scanning speed increased
from V400 to V1200. Even for the solution treated LPBF samples,
the Mp is still much higher than that of the original NiTi ingot. This
seems to indicate that dislocations and Ni4Ti3 precipitates are not
the dictating factors for the observed changes in Mp. Instead, com-
position changes resulted from losing Ni during LPBF processing
are the likely main reasons for the observed increases of Mp. It is
known that Ni has a higher equilibrium vapor pressure than Ti dur-
ing LPBF because of its lower boiling point (2913 �C) compared
with that of Ti (3287 �C) [8,42]. Loss of Ni during LPBF of NiTi is
thus anticipated.

The Ni contents in the solution-treated LPBF-NiTi alloys were
determined by SEM-EDS analyses. The measurements were carried
out at 8–10 different sites for each sample. Fig. 10 presents the Ni
contents in solution-treated samples vs the scanning speed. The Ni



Fig. 10. Ni content of solution treated samples and original NiTi ingot by SEM-EDS
analysis.
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content of the original solution-treated NiTi ingot is also shown in
the figure. Clearly, Ni is lost during the LPBF fabrication process
and the net loss is much more significant at lower than higher
scanning speeds, from 0.62 at.% at 400 mm/s to 0.19 at.% at
1200 mm/s.

As seen in Fig. 7(b), for solution-treated LPBF-NiTi alloys, the Mp

increases by 69 �C from the original ingot at 400 mm/s and by 30 �C
at 1200 mm/s. This corresponds to 11.1 �C increase at 400 mm/s to
15.7 �C increase at 1200 mm/s for every 0.1 at.% decrease in Ni con-
tent. This is reasonably consistent with empirical findings for NiTi
alloys, where transformation temperature would increase
by � 10 �C per 0.1 at.% reduction in Ni content in the bulk alloy
[43,44].

Similar to the Mp, the underlying reasons for the observed
changes in DH (Fig. 7(d)) are essentially the same. It is well known
that DH of the B2-B190 martensitic transformation in NiTi
decreases with increasing the Ni content [45,46]. Therefore, DH
of the as-fabricated state is higher than that of the solution treated
state, and much higher than that of the original ingot due to pro-
gressively increased Ni contents in these states. Scan rate depen-
Fig. 11. Schematic diagram of deformation mechanism of the LPBF-NiTi alloys with pore
is corresponding macro stress–strain schematic curve. (b) Lattice strain schematic of m
corresponding macro stress–strain schematic curve.
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dent Ni evaporation is also responsible for the change in DH of
three sets of samples as shown in Fig. 7(d).

As shown in Fig. 7(c), the transformation intervals (DM) of as-
fabricated samples are larger than that of the initial NiTi ingot
and increased with increasing scanning speed. Annealing caused
little change to DM but the solution treatment lowered DM signif-
icantly to a consistent level practically the same as that of the orig-
inal NiTi ingot.

For NiTi alloys, transformation temperature intervals (DM and
DA) are directly affected by the microstructure non-uniformity of
a sample. The non-uniformity may include chemical segregation
caused by solidification, grain size variation between the edge
and the centre of the molten pool, and the formation or dissolu-
tions of Ni-rich precipitates in the heat affected zones around the
molten pool [14,20]. At a low scanning speed, the molten pool is
larger and pool temperature is higher. This leads to a slower solid-
ification rate, thus less chemical segregation and smaller grain size
variation between the edge and the centre, compared to a higher
scanning speed. This gives smaller transformation temperature
intervals. In addition, at higher scanning speeds, the higher Ni con-
tents in the matrix promote the formation of Ni-rich precipitates,
which is also not conducive to the uniformity of the
microstructure.

In summary, all LPBF-NiTi samples have experienced Ni evapo-
ration loss during fabrication and the Ni loss decreases with
increased scanning speed. This has a dominant effect on the phase
transformation behaviour of the LPBF fabricated NiTi alloys, and it
is largely responsible for the observed changes in the transforma-
tion temperature and latent heat of these alloys. The effect of pre-
cipitation on the transformation temperature is relatively weak,
only causing a few degrees Celsius increase in transformation tem-
perature. The effects of dislocation and internal stress on the trans-
formation temperature is negligible. Additionally, increasing the
scan speed increases the microstructure non-uniformity of the
LPBF fabricated NiTi alloys, causing the increase in their transfor-
mation intervals.

4.2. Pore tolerance of tensile mechanical properties of LPBF-NiTi

It is widely reported that pore defects deteriorate the fracture
strain of LPBF-fabricated metal parts, and they are often believed
defects. (a) Lattice strain schematic of dislocation slip matrix near pore defects, inset
artensite reorientation detwinning deformation process near pore defects, inset is
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to be responsible for the large variations in fracture strains mea-
sured in LPBF alloys including 316L stainless steel [22], AlSi10Mg
[23], Inconel 718 [24] and Ti-6Al-4V [47]. However, the LPBF-
NiTi alloys fabricated in this study all exhibit a high tensile fracture
strain of > 13.4%, despite containing widely different pores of var-
ious morphologies, sizes and quantities in these samples.

This superior pore tolerance exhibited by the LPBF-NiTi alloys is
attributed to the effect of martensite variants reorientation during
tensile deformation. Fig. 11 presents a schematic diagram reveal-
ing the deformation mechanism of LPBF-NiTi alloys. In a non-
phase transforming matrix containing pores, stress concentrations
tend to occur at pore edges, which could trigger plastic deforma-
tion via dislocation slips, as schematically illustrated in Fig. 11(a).
A dislocation would result in � 100% localized lattice strain at its
site with the rest of the lattice away from the dislocation deforms
elastically to a nominal 0.2% lattice strain [48,49]. The dislocations
stack up near the pores which progressively evolve into microc-
racks, rendering the overall plasticity of the matrix.

For the phase transforming NiTi alloys in this study, the orien-
tation of martensite variants always takes precedence over disloca-
tion slip at below Mf because the critical stress for reorientation is
far lower than the yield strength. In this case, as schematically
illustrated in Fig. 11(b), stress concentrations at the pore edges
always trigger the martensite reorientations first at these locations.
This reorientation process not only relaxes the localized stress con-
centrations, but also produces a local lattice distortion strains in
the order of 4–10% (stage Ⅱ in the inset of Fig. 11(b)) [50,51]. In
addition, the significant strain strengthening presented after reori-
entation (stage III in the inset of Fig. 11(b)) serves to inhibit crack
growth. These are responsible for the superior pore tolerance
exhibited by the LPBF-NiTi alloys.

5. Conclusions

In this study, the effect of laser scanning speed on the
microstructure, pore defect, residual stress, phase transformation
behaviour and tensile mechanical property of LPBF-NiTi alloys
are investigated. The main conclusions are as follows:

(1) Increasing scanning speed from 400 to 1200 mm/s causes
the change of the grain structure from large columnar to
small cellular and the in-plane grain size reduction
from � 225 lm to � 45 lm.

(2) Low scanning speeds created ‘‘keyhole mode molten pool”
whereas high scanning speeds created ‘‘conduction molten
pool”. The ‘‘keyhole” shaped molten pool is wider and dee-
per and makes better intertrack and interlayer bonding than
does the ‘‘conduction molten pool”.

(3) Low scanning speeds led to more small and spherical vapor
pores whereas high scanning speeds caused more large and
irregular unfused pores. There is an optimum scan speed
which produced least number of pores which are also most
spherical and uniform in size.

(4) The LPBF-NiTi samples contained anisotropic internal stres-
ses, with tension in the scanning plane and compression in
the building direction. In addition, The orientations of resid-
ual internal stress exhibit strong crystallographic stiffness
dependence. No clear effect of laser scanning speed is recog-
nised on either the internal stress anisotropy or the magni-
tude of the internal stresses.

(5) LPBF fabrication caused Ni evaporation loss in the NiTi
alloys. The magnitude of Ni loss increases with decreasing
scanning speed, up to 0.62 at.% at 400 mm/s. This has the
dominant effect on the transformation behaviour of the
LPBF-NiTi and caused the B2 ? B190 transformation temper-
11
ature to increase by 69 �C at 400 mm/s. Other metallurgical
factors such as the Ni4Ti3 precipitation and dislocations are
found to have weak or no influence on the transformation
temperature.

(6) The LPBF-NiTi alloys fabricated at different scanning speeds
all exhibited a high tensile fracture strain > 13.4%. This
apparent insensitivity to pore defects is attributed to the fact
that the lattice shear deformation mechanism by the
martensitic transformation helps to relax the stress concen-
tration around the pores, and the significant strain strength-
ening presented after reorientation inhibits crack (pore
defects) growth.

(7) The LPBF-NiTi alloys exhibited superior shape memory
effect, with 89% recovery for 8% prior tensile deformation.
A LPBF-NiTi honeycomb structure exhibited 96% shape
recovery rate after 60% compressive deformation.
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