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� Interlayer remelting strategies can
regulate the microstructure
evolution, martensitic
transformation, and superelasticity of
EBF3-fabricated NiTi SMAs.

� A one-step reversible transformation
(B2 M B190) occurred upon
heating/cooling.

� The critical stress (rMs) has a strong
dependence on the martensitic
transformation behavior.

� The broadening and stabilization of
martensite is the key factor for the
deterioration of the superelastic
response.
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In this work, different interlayer remelting strategies are applied to regulate the microstructure evolu-
tion, martensitic transformation, and superelastic features of NiTi shape memory alloys prepared using
the EBF3 additive manufacturing technique. The NiTi deposits prepared under different remelting beam
currents are all composed of the B2 austenite, residual B190 martensite, and submicron-scale Ti4Ni2Ox

precipitates, and exhibit a one-step phase transformation (B2 M B190). Meanwhile, the crystallographic
orientation, grain boundaries, and residual strain of these alloys present a distinct variation with the
application of different remelting beam currents. During mechanical testing, the critical stress (rMs) of
the EBF3-fabricated NiTi alloys was seen to possess a significant dependence on the martensitic transfor-
mation behavior, namely with the amount of B190 martensite and the corresponding Ms. However, the
broadening and stabilization of lamellar martensite created by dislocation pile-ups and plastic deforma-
tion in the cyclic loading–unloading procedure is the key reason for the deterioration of the superelastic
response of the NiTi deposits. This work confirms that the mechanical and functional performances of
NiTi alloys produced via EBF3-technique can be modified upon the application of proper interlayer
remelting strategies, which can be extrapolated to the directed energy deposition of shape memory alloys
or other metal components.
� 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/).
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1. Introduction

Additive manufacturing (AM) of NiTi shape memory alloys
(SMAs) has been attracting consideration recently owing to the
possibility to combine the functional properties of these materials,
the shape memory effect (SME) and superelasticity (SE), coupled
with the increased freedom of design enabled by AM [1–4]. In
terms of current development, directed energy deposition (DED)
of NiTi SMAs is a prospective alternative to enable the fabrication
of large functional components based on this AM technology
[5,6]. Compared to powder-based laser deposition, wire-based vac-
uum additive manufacturing technique, also named electron beam
freeform fabrication (EBF3), has better suitability for the rapid pro-
duction of large-size NiTi parts, which is attributed to its efficient
fusion penetration, vacuum environment, and high deposition effi-
ciency [7–9].

Dutkiewicz et al. [7] were the first to manufacture a Ni-rich NiTi
deposit with a size of 5 � 10 � 45 mm using the EBF3-technique
using a set of process parameters, where the accelerating voltage,
beam current, feeding angle, feeding speed, and travel speed were
60 kV, 15 mA, 30�, 1 m/min, and 2 m/min, respectively. They found
the martensite start temperature (Ms) of the as-deposited NiTi
specimen was 2.2 �C, and a subsequent aging treatment (500 �C
for 2 h) not only created R-phase but also shifted the martensitic
transformation temperatures (MTTs) to higher values. Immediately
after, the epitaxial growth mechanism, phase transformation, and
superelastic response of these NiTi alloys were investigated by
the same team in [10]. Similarly, the influence of the number of
deposition layers on porosity, microstructure, and martensitic
transformation was studied by Guimarães et al. [8]. Their results
indicated the presence of a columnar-like grain structure and a
one-step reversible transformation (B2 M B190) in all as-
deposited NiTi alloy. Besides, the work of Pu et al. [9] demonstrated
that the MTTs and superelasticity of wire-based vacuum AM-
processed NiTi alloys depend on the height of deposit, but proper
heat treatments can promote uniformity of phase transformation
and superelasticity throughout the part. Our previous research also
confirmed that there are obvious differences along the building
and deposition directions in terms of microstructural features,
martensitic transformation, tensile properties, and superelasticity
of EBF3-fabricated NiTi part [11]. Therefore, the elimination of such
microstructure variation along the height of the fabricated and the
improvement of mechanical and functional performances of the
component through process optimization is an urgent requirement
for the production of high performing NiTi SMAs via EBF3-
technique.

The interlayer remelting strategy is to apply an additional low-
power energy beam, to the upper surface of the current deposited
layer to achieve local remelting. This method has been frequently
employed during AM to mitigate potential process-related defects,
control the grain size, alter the crystallographic orientation, and
enhance the mechanical properties [13–15]. Zhan et al. [16] pro-
posed that interlayer remelting is also applicable to the selective
laser melting (SLM) of NiTi SMAs, which can increase the part den-
sity, raise MTTs, and improver the ultimate tensile strength (UTS)
and elongation (EL) of the fabricated components. Similarly, the
interlayer remelting strategy was applied to the powder-based
laser-directed energy deposition technique for NiTi SMAs by Gao
et al. [17]. They concluded through numerical simulations and
experimental characterization that interlayer remelting by low-
power laser beams can promote in-situ heat treatment, which
can produce transient solution treatment, stabilizing phase trans-
formation, and reduce the precipitates content. However, the use
of interlayer remelting during with EBF3-fabricated NiTi alloy has
not been reported so far. Therefore, the effect of beam currents
of interlayer remelting on the microstructural modulation, marten-
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sitic phase transformation, mechanical performance, and supere-
lastic deformation of NiTi alloy fabricated using EBF3-technique
are investigated in detail in this work. We aim to shed an improved
understanding on the relationship between the interlayer remelt-
ing strategy and the mechanical and functional behavior, which
can facilitate the process of the rapid manufacturing of high-
quality NiTi SMAs components by EBF3.
2. Preparation and investigation process

2.1. Fabrication process

The single wall multilayer NiTi parts were manufactured on
EBF3 equipment (ZcompleX3, DMAMS, Xi’an, China) using an inter-
layer remelting process under different beam currents. A high-
energy electron beam is formed by exciting a direct-heat tungsten
filament. Specifically, the cold-drawn Ti-50.7 %Ni (unless other-
wise illustrated, all percentages refer to atomic percentages) wire
with a diameter of 1.6 mmwas deposited on a TA1 plate by feeding
it into the molten pool created by an electron beam. The corre-
sponding process conditions, included vacuum level, oscillation
mode, accelerating voltage, beam current, travel speed, and feeding
speed set to 7 � 10-2 Pa, liquid bridge transition, 60 kV, 45 mA,
600 mm/min, and 3 m/min, respectively. Detailed information on
the raw materials adopted for this study can be obtained in litera-
ture [11] and [12], including chemical composition and
microstructure. Next, interlayer remelting of the previously depos-
ited NiTi layer was performed under different beam currents (Irb:
20 mA, 25 mA, and 30 mA) at a travel speed of 600 mm/min. After-
ward, the solidified deposition layer dropped by 1 mm, and a new
NiTi layer was deposited by continuously feeding the wire accord-
ing to the process parameters used in the first step. The remelting
was again employed and the process continued until achieving a
desired part heigh. A schematic representation of the selected
process-unit is detailed in Fig. 1(a). Finally, the as-deposited NiTi
wall with an approximate size of 80 mm � (7.4 � 9.2)
mm � 45 mm was obtained.
2.2. Characterization and analysis

As represented in Fig. 1(b), all specimens were extracted along
the building direction (BD) and their Y-Z sections were observed
and tested. In detail, we measured the average relative density of
these NiTi alloys using the Archimedes method, considering a ref-
erence density of 6.45 g/cm3, with three blocks of size
6 � 6 � 6 mm. Inductively coupled plasma optical emission spec-
troscopy (ICP-OES, iCAP 7400, Thermo, Germany) was employed to
identify the chemical composition of the NiTi deposits. The phase
constitution was analyzed using X-ray diffraction (XRD, Empyrean,
Panalytical, Netherlands) with Cu-Ka radiation at room tempera-
ture, and Rietveld refinement was applied to quantify the volume
fraction of B2 austenite and B190 martensite. Scanning electron
microscopy (SEM, SUPRA55, ZEISS, Germany) equipped with
energy-dispersive spectroscopy (EDS) and an electron back-
scattered diffraction (EBSD) detector, electron probe micro-
analysis (EPMA, JXA-8230, JEOL, Japan) allocated with wavelength
dispersive spectrometry (WDS), and transmission electron micro-
scope (TEM, Talos F200X, FEI, USA) were used to interpret the
microstructure evolution, crystallographic orientation, and exist-
ing precipitates. Specifically, the EPMA samples are prepared using
standard mechanical grinding and polishing methods until a
mirror-like surface is obtained. The samples for SEM were polished
mechanically and then etched in solution composed of 1 ml HF,
4 ml HNO3, and 5 ml H2O for 15 s. Similarly, the specimens for
EBSD were polished mechanically, and then electrolytic polishing



Fig. 1. EBF3-fabrication process using interlayer remelting and its deposit information: (a) schematic representation of the deposition procedure; (b) visualization of sample
extraction locations; (c), (d), and (e) are the macroscopic morphology of the Y-Z section of the deposits.
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was used to remove the mechanically affected surface. The elec-
trolytic polishing instrument was performed at 20 V in a solution
of 60 vol% methanol, 34 vol% Nbutanol, and 6 vol % perchloric acid
cooled to �10 �C, where the current and time were maintained at
0.9–1.2 A and 2 min, respectively. Subsequently, EBSD data were
acquired at an accelerating voltage of 20 kV and with a step size
of 1 lm, and the raw data were post-processed with AZtecCrystal
2.1 software. Moreover, a disc with a diameter of 3 mm and a
thickness of 0.3 mmwas mechanically ground to a thickness of less
than 50 lm, and then the center of the sample was perforated
under a GATAN695 Ar ion thinning instrument at an inclination
angle of 8�, and then the inclination angle was adjusted to 6� and
3� by gentle grinding, which resulted in an electron-transparent
film for TEM observation. Following the ASTM F2004-05 standard,
differential scanning calorimetry (DSC, STA449F3, Netzsch, Ger-
many) was employed to determine the martensitic transformation
process between �70 �C and 150 �C at a heating/cooling rate of
10 �C/min in a nitrogen atmosphere.

To evaluate the mechanical properties of these NiTi alloys, the
samples (gauge length is 20 mm, width is 3 mm, and thickness is
1 mm) were deformed using an electronic universal testing
machine (AGXplus, Shimadzu, Japan) at a strain rate of 8 � 10-5

s�1 at room temperature. The critical stress for the stress induced
martensite transformation (rMs), ultimate tensile strength (UTS,
rb), and elongation (EL, e) were obtained from the stress–strain
curves. The corresponding fracture morphology was also observed
by employing SEM to explore their fracture mechanism. Moreover,
10 load-unload cycles at three different maximum strains (3%, 4%,
and 5%) were completed at a strain rate of 8 � 10-5 s�1 under ten-
sile loading conditions. In detail, the samples were first loaded to
the selected maximum strain, i.e., 3%, 4%, or 5%, and unloaded to
a stress-free state. Next, the samples were again loaded to a prede-
termined maximum strain and then unloaded to stress-free. The
process continued until the 10 tensile cycles were completed. Dur-
ing this process, the superelastic recovery ratio was recorded to
investigate the superelastic deformation phenomenon. After cyclic
loading, samples were analyzed by TEM to detail the connection
between the superelastic response and plastic deformation of as-
deposited NiTi alloys using the EBF3-technique under different
remelting beam currents.
3

3. Results

3.1. Deposition level, phase constitution, and microstructure

The appearance of the Y-Z section of these NiTi deposits under
various remelting beam currents is displayed in Fig. 1(c) to Fig. 1
(e). It can be clearly seen that the fabricated specimens present a
good forming quality. Specifically, both the average width and rel-
ative density of the NiTi alloys grow with the increase of the
remelting beam currents, as detailed in Table 1. Actually, the width
of the NiTi deposit does not depend entirely on the diameter of the
wire, rather there is a coupling effect between the wire diameter
and the selected processing parameters. Compared with the
deposit without remelting, the average relative density of all inter-
layer remelted specimens was improved (99.68%, 99.79% and
99.83% vs 99.62%). However, the interlayer remelting promotes
an increased tendency for preferential volatilization of Ni in the
EBF3-fabricated NiTi deposit. Thus, the Ni content is negatively cor-
related with the remelting beam current. This is mainly due to the
fact that larger beam current or energy density promote an
increasing peak temperature in the melt pool, which in term will
promote more significantly the preferential evaporation of Ni over
Ti [11,12,18–20].

Fig. 2 details the representative XRD patterns and Rietveld
refinement results with remelting beam currents of 20, 25 and
30 mA. Similar to the XRD results of the un-remelted sample pre-
sented in Fig. S1(a) of Supplementary Materials, all the NiTi deposits
contain B2 austenite and B190 martensite phases at room temper-
ature, as shown in Fig. 2(a). Meanwhile, the content of the B190

martensite in the interlayer remelted NiTi alloys gradually grows
with the increase of the remelting beam current, and their mass
percentage is higher (5.6%) than that of the un-remelted samples.
Considering the preferential evaporation of Ni with increasing
beam current, this increase in the volume fraction of martensite
was, therefore, expected. The mass percentage of martensite
reaches its highest value of 15.1% when the remelting beam cur-
rent is 30 mA, as exhibited in Fig. 2(c). However, the EBF3-
fabricated NiTi alloy is still dominated by austenite with a fraction
of 84.9% at ambient temperature. The specific correlations will be
discussed in detail in Section 3.3.



Table 1
Chemical composition, dimensions, and relative density of as-deposited NiTi alloys under different remelting beam currents.

Irb (mA) Composition (at. %) Average width (mm) Density (g/cm3) Average relative density (%)

Ni Ti Other Ni/Ti

0 a 50.41 49.52 0.072 1.018 7.4 6.425 6.435 6.426 99.62
20 50.32 49.61 0.071 1.014 7.4 6.423 6.431 6.435 99.68
25 50.28 49.65 0.073 1.013 8.3 6.431 6.446 6.432 99.79
30 50.17 49.76 0.074 1.008 9.2 6.437 6.441 6.439 99.83

a Irb equals 0 for the deposit without interlayer remelting.

Fig. 2. Representative XRD patterns of as-deposited NiTi alloys under different remelting beam currents: (a) full patterns; (b), (c), and (d) correspond to the Rietveld
refinement results with remelting beam currents of 20, 25 and 30 mA, respectively.
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Fig. 3 details the microstructure characterization of the Y-Z sec-
tion of these NiTi alloys under various remelting beam currents. All
the NiTi deposits have similar microstructure, and they consist of
epitaxially grown NiTi columnar grains and submicron-scale pre-
cipitates. Meanwhile, the spacing between the columnar grains
widens with increasing remelting beam currents, as shown in
Fig. 3(a) to Fig. 3(c), which is attributed to a higher interlayer
remelting beam current promoting a homogenization of the tem-
perature gradient and reducing the material cooling rate. The
EPMA results shown in Fig. 3(d) reveal that the precipitates in
the EBF3-fabricated NiTi deposits are Ti-rich, Ni-lean and with trace
4

amounts of O. Combined with our previous investigations [11,12],
it can be inferred that these precipitates are Ti4Ni2Ox, which are
easily formed in NiTi SMAs owing to the high affinity of the mate-
rial with oxygen at high temperatures. However, the area fraction
of Ti4Ni2Ox precipitates decreases from 2.47 to 1.56% with the
increase of the remelting beam current from 20 to 30 mA. This is
mainly related to the larger remelting beam current as it facilitates
the diffusion of solute elements into the matrix and reduces the
solute segregation at the grain boundaries, thus diminishing the
content of Ti4Ni2Ox located in the interdendritic space. The pres-
ence of the Ti4Ni2Ox precipitates have an effect on the mechanical



Fig. 3. Microstructure characterization of the Y-Z section of the as-deposited NiTi alloys under various remelting beam currents: (a) 20 mA; (b) 25 mA; (c) 30 mA; (d)
backscattered image of NiTi deposit with a remelting beam current of 20 mA; (d1), (d2), and (d3) are the corresponding distribution maps of Ti, Ni, and O, respectively.
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properties and superelastic response of the as-deposited NiTi
alloys, which will be described in detail in Sections 3.4 and 4.3,
respectively.

TEM analysis of the as-deposited NiTi alloy with the remelting
beam current of 20 mA was conducted to further complement
the microstructure characterization as detailed in Fig. 4. It can be
confirmed in Fig. 4(a) to Fig. 4(c) that the NiTi deposit consists
mainly of the B2 austenite, and evidence of lamellar B190 marten-
site is also presented. The selected area electron diffraction (SAED)
patterns in Fig. 4(c) indicates that the martensite belongs to the
(100) compound twins. Meanwhile, the high angle annular dark-
field (HAADF) image and the corresponding elemental distribution
show that the submicron-scale precipitates are Ti4Ni2Ox, which is
consistent with the results of Fig. 3 and that of our previous study
[11,12].

3.2. Texture and grain characteristic of the B2 austenite phase

Based on the results detailed in Fig. 3 and Fig. 4, EBSD analysis
of the austenitic phase was used to analyze the orientation, tex-
ture, and grain characteristics of the as-deposited NiTi alloys under
the various remelting beam currents. The coordinate system, as
shown in Fig. 5(j), considers the relationship between the spatial
location of the deposit and the sample location at the time of EBSD
5

data acquisition. All orientation maps are the result of projection
along the normal direction (ND) on the sample referential. This ref-
erential and projection relationship are used throughout the text
when referring to EBSD data if not otherwise specified. As dis-
played in Fig. 5(a), Fig. 5(b), and Fig. 5(c), the epitaxial columnar
crystals grow along the building direction. The grain boundaries
of NiTi alloy are almost all low-angle grain boundaries (LAGBs,
2��15�) when the remelting beam current is 20 mA. However,
the content of LAGBs gradually decreased from 0.99 to 0.86 with
the increase of remelting beam current, as exhibited in Fig. 5(d)
to Fig. 5(f). This is mainly because the small remelting beam cur-
rent leads to a more pronounced temperature gradient, which pro-
motes the continuous epitaxial grow along the building direction
with LAGBs. The larger remelting beam current moderates the
interlayer deviation of the temperature gradient and promotes
the formation of more grain boundaries. Similarly, the increase in
remelting beam currents also resulted in a change in the texture
of the B2 austenite phase. It can be observed from the {100} pole
figure (PF) presented in Fig. 5(g) to Fig. 5(i) that the texture type of
the B2 austenite phase transformed from a Cube texture
{001} h100i into a Goss texture {110} h001i with the increase
in the remelting beam current.

To further explore the effect of remelting beam currents on the
crystallographic orientation of the B2 austenite, the texture recon-



Fig. 4. TEM imaging of the NiTi alloy fabricated with a remelting beam current of 20 mA: (a) overall bright-field image; (b) SAED of B2 austenite; (c) SAED of B190 martensite;
(d) HAADF image of precipitates; (d1) Ti map; (d2) Ni map; (d3) O map.

Fig. 5. EBSD analysis of the as-deposited NiTi alloys under various remelting beam currents: (a), (b), and (c) are the orientation profiles and grain boundaries for remelting
beam currents of 20, 25 and 30 mA, respectively; (d), (e), and (f) are the misorientation for remelting beam currents of 20, 25 and 30 mA, respectively; (g), (h), and (i) are the
{100} pole figure for remelting beam currents of 20, 25 and 30 mA, respectively; (j) related legends, such as color distribution of orientation, building direction, type of grain
boundaries, and reference coordinate system.
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struction of the EBF3-fabricated NiTi alloys was performed. As
depicted in Fig. 6(a) to Fig. 6(c), the red and blue colors of the linear
gradient represent the Cube {001} h100i andGoss {110} h001i tex-
tures, respectively. The results indicate that the Cube
6

{001} h100i texture completely dominates the deposit fabricated
with a remelting beam current of 20 mA. However, the content
of Goss {110} h001i texture increases up to 33.4% when the
remelting beam current is 25 mA. The crystallographic orientation



Fig. 6. Crystallographic texture and KAM maps of the as-deposited NiTi alloys under various remelting beam currents: (a), (b), and (c) are the distribution and content of
texture for remelting beam currents of 20, 25 and 30 mA, respectively; (d), (e), and (f) are the KAM maps for remelting beam currents of 20, 25 and 30 mA, respectively.

Fig. 7. DSC curves of the as-deposited NiTi alloys under the various remelting beam
currents.
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is almost transformed into {110} h001i with the remelting beam
current is increased to 30 mA, as displayed in Fig. 6(c), and a small
amount of unidentified texture (1.4 %) was observed and this is due
to a minor deflection of the actual orientation position compared to
the standard Goss texture. Moreover, the kernel average misorien-
tation (KAM) map is a common and effective analytical method in
EBSD data post-processing to calculate the local mismatch angle.
Thus, we obtained the corresponding KAM maps to qualitatively
reflect the relationship between remelting beam currents and
residual strain during the EBF3-fabrication process. It can be found
from Fig. 6(d) to Fig. 6(f) that all the NiTi alloys prepared by EBF3-
technique possess a large KAM at the LAGBs. However, the value of
average KAM decreases gradually from 0.58 to 0.42� with increas-
ing remelting beam current. This indicates that an appropriate
interlayer remelting strategy can regulate the residual strain in
the NiTi deposits with the effects of in-situ heat treatment, which
is prevalent in additive manufacturing of metals [21–23]. The vari-
ation of residual strain has an influence on the phase transforma-
tion behavior of the as-deposited NiTi alloys, such as
transformation temperature or transformation route. The specific
relationships will be further evaluated in Section 3.3.
3.3. Martensitic transformation

Fig. 7 details the DSC curves of the as-deposited NiTi alloys
under various remelting beam currents. Similar to the DSC results
of the un-remelted sample presented in Fig. S1(b) of Supplementary
Materials, a one-step phase transformation between B2 austenite
and B190 martensite is found for all NiTi deposits in both heating
and cooling. Meanwhile, the specific transformation temperatures
including Mf, Mp, Ms, As, Ap, and Af were determined by the stan-
dard tangent method and these temperatures are listed in Table 2.
It can be identified that the value of Ms increases with the increase
of remelting beam current, which is closely related to the concen-
7

tration of the Ni and residual stress in the NiTi alloy. Specifically,
the value of Ms in the un-remelted NiTi deposit is �4.9 �C, which
is significantly lower than the Ms of the interlayer remelted speci-
mens. As generally known, a 0.1 at. % decrease in the content of Ni
element will result in an increase of Ms temperature of about 10 �C
in NiTi SMAs [24,25]. Similarly, Feng et al. [26] and Guo et al. [27]
have demonstrated that Ni volatilization is the main factor pro-
moting the increase of transformation temperatures in SLM-
processed NiTi alloys, followed by the effect of precipitates and
residual stresses. According to the results detailed in Table 1, the
Ni content reduced from 50.41 to 50.17 at. % when the remelting



Table 2
Specific transformation temperatures of the as-deposited NiTi alloys under various remelting beam currents.

Irb (mA) Transformation temperature a (�C) DT (�C)

Mf Mp Ms As Ap Af

0 b �26.4 �11.8 �4.9 4.2 16.8 29.7 32.6
20 �18.6 �8.3 1.7 8.6 20.8 29.8 27.7
25 �15.7 �1.5 5.6 12.8 25.6 32.4 27.7
30 �11.1 0.8 7.3 15.3 27.5 34.5 26.8

a The definition of MTTs remains in agreement with our earlier study [11].
b Irb equals 0 for the deposit without interlayer remelting.
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beam current increased from 0 to 30 mA. Therefore, the Ms and Af

of the as-deposited NiTi alloys raised with the increase of the
remelting beam currents, which further stabilized more martensite
at ambient temperature in the as-built parts, as shown in Fig. 2. In
addition, the thermal hysteresis (DT) of the phase transformation
was calculated by (As + (Af -As)/2) - (Mf + (Ms - Mf)/2) according
to [28]. The thermal hysteresis, DT, of these NiTi alloys under var-
ious remelting beam currents is kept at nearly 27 �C. Compared
with the results of the un-remelted deposits, the preservation of
the thermal hysteresis is attributed to the homogeneity of
microstructure induced by the interlayer remelting [27].

3.4. Mechanical behavior and superelastic response

Representative tensile stress–strain curves of the as-deposited
NiTi alloys under various remelting beam currents are displayed
in Fig. 8. It can be obviously seen that the rb and e are positively
and negatively correlated with the enhancement of remelting
beam currents, respectively, where the rb increase from 554 to
584 MPa and e decreases from 6.03 to 5.77%. Meanwhile, the typ-
ical transformation plateaus are present in all EBF3-fabricated NiTi
deposits. According to the tangent rule, the critical stresses for the
stress induced martensitic transformation (rMs) during the tensile
loading was determined. The values of rMs reduce from 195 to
173 MPa with the increase of the remelting beam current from
20 to 30 mA. Actually, the level of rMs in NiTi SMAs is strongly
dependent on internal and external parameters, such as chemical
composition, transformation temperatures, content of residual
martensite, and crystallographic orientation [29,30]. In the current
work, the connection between remelting beam currents and rMs

will be comprehensively detailed in Section 4.2. Compared with
Fig. 8. Representative the tensile stress–strain curves of the as-deposited NiTi
alloys under different remelting beam currents.
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the tensile properties of the un-remelted NiTi deposit exhibited
in Fig. S1(c) of Supplementary Materials, moreover, the e of all inter-
layer remelted deposits was higher than that of the un-remelted
samples by 4.61%. For additively manufactured NiTi shape memory
alloys, it is of great interest to obtain good elongation in the build-
ing direction, since the choice of its superelasticity strain range is
closely related to the magnitude of the elongation. Therefore, the
increase in elongation justifies the introduction of interlayer
remelting during the EBF3-fabrication process.

To explore the superelasticity of as-deposited NiTi alloys with
pre-strain, the superelastic response of these NiTi deposits fabri-
cated under different remelting beam currents during cyclic load-
ing–unloading testing was investigated. The results of remelting
beam current of 20 mA, as depicted in Fig. 9(a) to Fig. 9(c), indicate
that the recovery ratio of reversible strain (er) in the first cycle
gradually decreases from 32.8 to 23.4% with the increase of tensile
strain from 3 to 5%. When the remelting beam current was
increased to 25 mA and 30 mA, it can be observed in Fig. 9(d) to
Fig. 9(i) that the superelastic recovery ratio of the NiTi deposit pre-
sented a similar decline with increasing tensile strain. Specifically,
the recovery ratio of reversible strain is 23.4%, 21.7%, and 30.4% for
remelting beam currents of 20 mA, 25 mA, and 30 mA, respectively,
in the first cycle at a loading strain of 5%. Compared to the loading–
unloading cycle results of the un-remelted NiTi deposit displayed
in Fig. S1(d) and Fig. S1(e) of Supplementary Materials, the NiTi
deposit prepared with un-remelted condition exhibits a better
superelastic recovery, which is mainly attributed to the lower vol-
ume fraction of martensite at ambient temperature. However, the
elongation of the un-remelted samples did not exceed 5% as
detailed in Fig. S1(c) in the Supplementary Materials and our previ-
ous studies [11]. In addition, the reversible strain stabilizes with
the increasing number of loading–unloading cycles, and the stress
hysteresis reduces significantly with increasing cyclic strain. The
coupled effects of plastic deformation, martensitic phase transfor-
mation, and superelastic recovery coexist during cyclic deforma-
tion of NiTi SMAs, which all have an inevitable influence on their
strain recovery behavior. The specific relationship between plastic
deformation and phase transformation will be clarified in detail in
Section 4.3.

Fig. 10 exhibits the fracture morphologies of the as-deposited
NiTi alloys under different remelting beam currents to explore
the fracture behavior. The difference in remelting beam currents
does not seem to possess a distinct effect on the fracture morphol-
ogy of NiTi alloys, and obvious tear-ridge and dimples are
observed, as shown in Fig. 10(a1), Fig. 10(b1), and Fig. 10(c1). How-
ever, the location of microcracks and the distribution of Ti4Ni2Ox

precipitates are correlated with the tensile properties of as-
deposited NiTi alloys by EBF3-technique. According to the data of
Fig. 3, the content of Ti4Ni2Ox decreases with the increase of the
remelting beam current. Although precipitates can act as stress
concentrators and promote the formation of cracks in NiTi depos-
its, submicron-scale precipitates are also able to prevent or slow
down the propagation of microcracks and provide increased ductil-
ity to the material [31–33]. As displayed in Fig. 10(a2), the presence



Fig. 9. The loading–unloading cyclic curves at the strain of 3, 4, and 5% for NiTi deposit fabricated under different remelting beam currents: (a), (b), and (c) are 20 mA; (d), (e),
and (f) are 25 mA; (g), (h), and (i) are 30 mA.
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of Ti4Ni2Ox precipitates (solid arrows) in the microcrack (dashed
ellipse) aids in inhibiting crack propagation and prevents complete
tearing of the NiTi matrix. On the contrary, as can be seen in Fig. 10
(c2) the microcracks are most probably torn directly from the NiTi
matrix. Moreover, submicron-scale precipitates are located in the
dimples, as shown in Fig. 10(c2), which can improve the tensile
strength of NiTi alloys. Therefore, the EBF3-fabricated NiTi deposits
illustrated the mechanical performances depicted in Fig. 8 with the
increase of remelting beam currents.
4. Discussion

Combined with the results of the Supplementary Materials and
our previous studies [11,12], the effect of remelting beam currents
on the forming quality, chemical composition, precipitates, MTTs,
tensile properties, and superelasticity of EBF3-fabricated NiTi alloys
was summarized in Table 3. The relative density and tensile elon-
gation of NiTi alloys were improved after interlayer remelting. A
change in the MTT was also observed upon the use of a remelting
strategy. In fact, Ni evaporation is positively correlated with the
remelting beam currents. Considering the maximum utilization
9

of the superelastic recovery of NiTi alloys, we investigated its
superelastic response under different maximum imposed tensile
strains. It can be found that the NiTi deposit with a remelting beam
current of 20 mA possesses the best elongation to fracture at 6.03%
and good superelastic recovery ratio at a strain of 5%. Moreover, we
have conducted a general comparison of the overall performance of
NiTi alloys prepared by different additive manufacturing tech-
niques, using the samples with a remelting beam current of
20 mA as representative conditions, as listed in Table S1 of the Sup-
plementary materials. The results indicated that this NiTi deposit
possesses good mechanical and functional properties. Therefore,
we analyzed and discussed various aspects, such as microstructure
evolution, martensite transformation dependence, plastic defor-
mation, and superelastic response behavior, using specimens fabri-
cated with a remelting beam current of 20 mA as representative
condition.
4.1. Correlation of remelting process and microstructure evolution

The microstructure of the as-deposited NiTi alloy in the top
layer exhibited the typical solidification microstructure of the mol-



Fig. 10. Fracture morphologies of the as-deposited NiTi alloys under various remelting beam currents: (a), (a1), and (a2) are the fracture surfaces from macroscopic to
microscopic under a remelting beam current of 20 mA; (b), (b1), and (b2) are the fracture surfaces from macroscopic to microscopic with a remelting beam current of 25 mA;
(c), (c1), and (c2) are the fracture surfaces frommacroscopic to microscopic under a remelting beam current of 30 mA. The concentration of different elements in a2, b2, and c2
are the EDS results of the precipitates indicated by the solid arrows.

Table 3
Comparison of EBF3-fabricated NiTi deposits with and without interlayer remelting.

Samples Results of un-remelted deposit Remelting beam currents (mA)

Aspects 20 25 30

Forming quality Appearance Wall structure
Relative density (%) 99.6 [12] 99.68 99.79 99.83

Composition of Ni (at. %) Initial 50.7
Deposit 50.4 [12] 50.32 50.28 50.17

Solidification feature Microstructure Columnar + equiaxed [11] Penetrating columnar grains
Orientation texture Cube + Goss [11] Cube Cube + Goss Goss

Precipitates Type Ti4Ni2Ox

Volume fraction (%) 1.59 [12] 2.47 1.96 1.56
MTTs (oC) Ms �4.6 [12] 1.7 5.6 7.3

Af 29.6 [12] 29.8 32.4 34.5
Tensile properties rb (MPa) 578.9 [11] 553.8 563.9 584.1

e (%) 4.52 [11] 6.03 5.84 5.77
Tensile superelasticity at strains of 3, 4 and 5% Recovery ratio (%) 69.8, 69.4, - 32.8, 27.5, 23.4 39.4, 30, 21.7 44.7, 36.4, 30.4
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ten pool during fusion-based additive manufacturing of metals, as
displayed in Fig. 11(a), i.e. columnar grains and equiaxed grains
coexist. During solidification of the molten pool, the large temper-
ature gradient (G) and slow growth rate (R) at the bottom favor the
epitaxial growth of columnar grains, while the small G and high R
at the top of the melt pool promote the formation of equiaxed
grains [34–36]. Similarly, it is clear from Fig. 11(a) that the epitax-
ially grown columnar grains gradually transform into coarse and
irregular polygonal grains or equiaxed grains. Meanwhile, the con-
10
tent of LAGBs in the deposit without interlayer remelting was 0.48,
and both Cube {001} h100i texture and Goss {110} h001i texture
were present, as shown in Fig. 11(a1) and Fig. 11(a2). A beam cur-
rent of 20 mA was then applied to remelt the surface of its top
layer, and the corresponding results are demonstrated in Fig. 11
(b). The microstructure after interlayer remelting is characterized
as follows: i) the original coarse and irregular polygonal grains
are significantly eliminated; ii) the size of the epitaxially grown
columnar grains is also distinctly reduced; iii) a small number of



Fig. 11. Effect of remelting on microstructure characteristics of the interlayer: (a) and (b), (a1) and (b1), (a2) and (b2) are orientation maps and grain boundaries,
misorientation, and {100} pole figure of the B2 austenite for the NiTi deposits prepared without interlayer remelting and under a remelting beam current of 20 mA,
respectively; (c) schematic of the microstructure formation in the interlayer after the complete remelting process.
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equiaxed grains are formed in the top region. This is mainly due to
the small remelting beam current between the layers that
increases the local temperature gradient and accelerates the cool-
ing rate, which leads to the appearance of the microstructure illus-
trated in Fig. 11(b). In addition, the content of LAGBs has a
concomitant increase to 0.66, and the crystallographic orientation
of the B2 austenite phase shifts toward the Goss {110} h001i tex-
ture, as exhibited in Fig. 11(b1) and Fig. 11(b2). Finally, the residual
irregular or equiaxed grains can be completely removed by their
own partial remelting when the next layer is deposited again with
the processing parameters of beam current, travel speed, and feed-
ing speed set at 45 mA, 600 mm/min, and 3 m/min, respectively.
Although various remelting beam currents lead to the differences
in microstructural characteristics, as analyzed in Fig. 3, Fig. 5,
and Fig. 6, the effect exerted by interlayer remelting is similar.
Therefore, after adopting the interlayer remelting strategy in the
EBF3-fabrication process, the NiTi deposit prepared according to
the ‘‘process-unit” in the current work can be obtained with fully
epitaxial columnar grains, whose corresponding microstructure
evolution is depicted in Fig. 11(c).

4.2. Dependence of martensitic transformation behavior

It is generally known that the phase transformation of NiTi
SMAs is a lattice shear transformation, which is usually dependent
on the specific orientation of the austenite phase [24,37–39]. The
EBF3-fabricated NiTi deposit with a remelting beam current of
20 mA consists mainly of the B2 austenite with
{001} h100i Cube texture and a small amount of B190 martensite
11
(1.7 %), as indicated in Fig. 12(a) and Fig. 12(b), which is consistent
with the results of Fig. 2. Specifically, the content of martensite in
the analyzed region is of 1.7%. Fig. 12(c) and Fig. 12(d) are used to
elucidate on the crystallographic orientation of the B190 martensite
located in the boundary of two adjacent austenite grains. It can be
confirmed from the corresponding pole figures in Fig. 12(e2) and
Fig. 12(f3) that the dependence between B2 austenite and B190

martensite is {110} // {111}. This is mainly attributed to the fact
that martensite overcomes and consumes the least amount of
energy when starting the shear transformation by propagation or
twinning with the closest packed plane of austenite [11,40]. On
the other hand, the Rietveld refinement results in Fig. 2 and MTTs
listed in Table 2 have proved that the content of martensite
increase with the increase of Ms. According to the results of the lin-
ear fit in Fig. 12(g) (purple dashed line), the content dependence
coefficient (CDC) on Ms is 1.03 %/oC. The well-accepted Clausius-
Clapeyron equation has typically a linear correlation between the
critical stress (rMs) and Ms [41]. Meanwhile, the fitting results of
the green dashed line in Fig. 12(g) indicate that the critical stress
dependence coefficient (CSDC) on Ms is -3.8 MPa/oC. In other
words, the content of martensite is inversely proportional to the
rMs, i.e., the more residual martensite there is, the easier it is to
form stress-induced martensite (SIM) during loading or deforma-
tion. This result agrees with the tensile data of Fig. 8. However,
the residual martensite, stress induced martensite, superelastic
response, and plastic deformation of the as-deposited NiTi alloy
under interlayer remelting during the cyclic loading–unloading
process encompasses a complex coupling effect. This particular
relationship will be discussed in detail in Section 4.3.



Fig. 12. Dependence of martensitic transformation: (a) and (b) are the orientation maps and phase distribution of EBF3-fabricated NiTi alloy under a remelting beam current
of 20 mA; (c) and (d) are the orientation maps and phase distribution represented by the white rectangular boxes in (a); (e1), (e2), and (e3) are the {100}, {110}, and {111}
pole figures of the B2 austenite phase based on the orientation map of (c); (f1), (f2), and (f3) are the {100}, {110}, and {111} pole figures of the B190 martensite phase based on
the orientation map of (c); (g) association of Ms temperature with the content of martensite and critical stress (rMs). (The RD and TD marked in e3 and f3 are applicable to all
pole figures.).
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4.3. Relationship between superelastic response and plastic
deformation

The cyclic loading–unloading process of NiTi SMAs involves
multiple transformation behaviors [42–44]: i) in loading - propaga-
tion of residual martensite, stress-induced martensitic transforma-
tion, reorientation or detwinning of stress induced martensite,
plastic deformation of martensite and austenite; ii) during unload-
ing - the reverse transformation of martensite, dislocation pile-up,
martensite stabilization. Meanwhile, the appearance or absence of
these microstructure features is tied to the imparted strain during
cyclic loading–unloading. As displayed in Fig. 13(a), a small
amount of lamellar martensite and dislocation pile-up can be
observed when the EBF3-fabricated NiTi alloy with a remelting
beam current of 20 mA is cyclically loaded at a fixed strain of 3%.
The SAED pattern and bright-field (BF) image of Fig. 13(a1) and
Fig. 13 (a2) demonstrates the existence of Ti4Ni2Ox precipitates in
the B2 austenite matrix, which is in line with the results depicted
in Fig. 3 and Fig. 4. Moreover, Ti4Ni2Ox precipitates can hinder the
propagation or reversion of B190 martensite and induce a large
number of dislocation pile-ups at its front. It can be confirmed in
12
Fig. 13(a3) to Fig. 13(a6) that the lamellar martensite belongs to
the (001) compound twin, which is a prevalent twin type in
deformed NiTi SMAs [45,46]. After cyclic loading at a strain of
4%, the number and width of residual (001) compound twins
increased significantly, and the dislocation pile-ups in the B2
austenite matrix became more severe, as shown in Fig. 13(b). How-
ever, the results in Fig. 13(b1) and Fig. 13(b2) illustrate that finer
lamellar martensite is present and maintains a specific orientation
relationship with the B2 austenite matrix, i.e. (011) B2 austenite //
(11–1) B190 martensite, which is consistent with the EBSD analysis pre-
viously detailed in Fig. 12. Further, as the cyclic loading strain
increases to 5%, the original fine lamellar martensite broadens
and gradually transforms into a stable structure maintaining the
same orientation relationship with the B2 austenite phase, as
exhibited in Fig. 13(c), except for the conspicuous precipitates
and dislocation pile-ups in the NiTi matrix. Therefore, it can be sta-
ted that the broadening and stabilization of lamellar martensite
due to dislocation pile-up induced by Ti4Ni2Ox precipitates and
plastic deformation of austenite and martensite is the essential fac-
tor for the decline of superelastic properties in EBF3-fabricated NiTi
alloys.



Fig. 13. TEM analysis of the as-deposited NiTi alloy with a remelting beam current of 20 mA after cyclic loading–unloading at various fixed strains: (a) overall bright-field
image with a total imposed strain of 3%; (a1) SAED pattern of the B2 austenite phase; (a2) hindrance of martensite by precipitates; (a3) and (a4) correspond to magnified bright
field images of B190 martensite; (a5) and (a6) are the SAED pattern and HRTEM image of (001) compound twins; (b) overall bright-field image with a total imposed strain of
4%; (b1) and (b2) are magnified bright-field image and corresponding SAED pattern, where the white and blue represent B2 austenite and B190 martensite, respectively; (c)
overall bright-field image with a total imposed strain of 5% and the SAED pattern of dashed circles.
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5. Conclusions and outlooks

Different interlayer remelting strategies were adopted in the
current work to investigate its effects on the composition, phase
constitution, microstructure evolution, texture characteristics,
martensitic transformation, tensile performances, and superelastic
behavior of the as-deposited NiTi alloys using EBF3-technique. The
main conclusions are as follows:

(1). The preferential volatilization of Ni in the as-deposited NiTi
alloys was intensified with the increase of remelting beam
current, which led to a gradual increase in the content of
residual martensite at room temperature. However, these
alloys are still majorly composed by the B2 austenite, and
a small amount of submicron-scale Ti4Ni2Ox precipitates
formed.

(2). With the increase of remelting beam current, the texture of
the B2 austenite phase transformed from {001} h100i into
{110} h001i and the content of LAGBs gradually decreased
from 0.99 to 0.86. Meanwhile, the selection of an appropri-
ate interlayer remelting strategy can ameliorate the residual
13
strain in the EBF3-fabricated NiTi deposits, as evidenced by
the decrease in average KAM values from 0.58 to 0.42� with
increasing remelting beam currents.

(3). A one-step reversible phase transformation between B2
austenite and B190 martensite was observed in the heating
and cooling procedure in the NiTi deposits prepared under
different remelting beam currents. The microstructure
homogeneity promoted by interlayer remelting keeps the
thermal hysteresis, DT, of all these NiTi deposits at approx-
imately 27 �C.

(4) The EBF3-fabricated NiTi deposits with a remelting beam
current of 20 mA possessed optimized tensile properties with rb

and e of 553.8 MPa and 6.03%, respectively. However, these NiTi
alloys have a strong dependence on the martensitic transformation
during the tensile procedure, such as the critical stress dependence
coefficient on Ms at �3.8 MPa/oC.

(5) Dislocation pile-ups and the residual (001) compound twins
gradually increase and broaden with the growth of cyclic loading–
unloading strain, and some finer lamellar martensite also appears,
which maintains a defined orientation relationship with the
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matrix, i.e. (011) B2 austenite // (11–1) B190 martensite. Moreover, the
Ti4Ni2Ox precipitates can restrain the propagation and/or reversion
of B190 martensite. Thus, the broadening and stabilization of
martensite result from dislocation pile-ups induced by Ti4Ni2Ox

precipitates and plastic deformation is the essential reason for
the deterioration of the superelastic recovery ratio in EBF3-
fabricated NiTi alloys.

Future research work will focus on: i) simulation of the temper-
ature field and melt flow during the EBF3-fabrication process sup-
ported by numerical calculations to quantitatively illustrate the
solidification behavior under different process parameters; ii)
directly observe and evaluate the interrelation between martensite
transformation and plastic deformation in the deformation process
using in-situ characterization to clarify the superelastic response
behavior.
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