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ABSTRACT

Additive manufacturing (AM) is an orderly construction process involving track-by-track melt
pools, which can modulate three characteristic zones between two adjacent melt pools: the
heat-affected zone, transition zone, and cellular grain zone. These three zones constitute a
function domain that determines the properties of AM metallic materials. In this study, we
constructed a novel ordered function domain by AM of modified NisggTisgs Shape memory
alloy powder, which was produced by adding uniform Ni nanoparticles into atomised NisggTis.4
powder. Interestingly, the three zones of the function domain had the same B2 austenite matrix
but inhomogeneous Ni,Tis clusters and Ti,Ni nanoprecipitates, which caused different
compressive recovery and residual strains in the three zones. The synergetic effect of the three
zones generated a stable recovery strain and small hysteresis area in the AMed NisggTigg4. Our
results provide a novel strategy for modulating the microstructure of NiTi by AM to yield
superior properties.
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1. Introduction B2 austenite < B19’ martensite, which is activated by
mechanical stress under isothermal conditions. Exten-

Owing to their advantages of superelasticity, shape  sive research has confirmed that the grain size and pre-

memory effect, good biocompatibility, and high cor-
rosion resistance, NiTi shape memory alloys (SMAs) are
widely used in aerospace applications, surgical instru-
ments, and medical devices (Elahinia et al. 2012; Jani
et al. 2014). The superelasticity of NiTi SMAs, which
allows them to recover from large amounts of strain,
originates from a diffusion-less phase transformation,

cipitate phases are two parameters that control the
critical stress (ogm) for the stress-induced transformation
B2 — B19’in NiTi SMAs, thereby affecting dislocation for-
mation (Otsuka and Ren 2005). (Khalil-Allafi, Dlouhy, and
Eggeler 2002; Lu et al. 2021) confirmed that two types of
precipitates, Ni,Tis and Ti,Ni, play important roles in tai-
loring the superelasticity of NiTi SMAs. The lattice
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mismatch between the Ni4Tiz precipitates and B2 auste-
nite matrix causes internal stress around the precipi-
tates, which can alter the B2 < B19 phase-
transformation temperature. Furthermore, (Chen et al.
2019) reported that NisTis precipitates with a specific
size can generate precipitation hardening, resulting in
a higher critical stress for dislocation slip or a higher
yield strength for the B2 matrix. For instance, 40-
70 nm NigTiz precipitates can induce enhanced com-
pressive superelasticity (recovery strain of 4.6%) in
Nisq 4Tisge SMAs produced by laser powder-bed-fusion
additive manufacturing (AM) and aging, as elaborated
by (Cao et al. 2020). In addition, (Hou et al. 2019; Chu
and Sun 2021) indicated that the decrease in the hyster-
esis area in the stress—strain curves caused by superelas-
ticity can be attributed to the formation of saturated
dislocations and residual nanoscale B19' martensite in
Niso gTiag2 SMAS or the formation of a non-transformable
phase in the B2 matrix of Nis; 5Tizgs SMAs fabricated by
laser directed energy deposition.

In the case of Ti,Ni precipitates, their relatively small
size and semi-coherent interface with the B2 matrix can
induce precipitation hardening and consequently
enhance the yield strength of B2 austenite, as observed
by (Tomozawa, Kim, and Miyazaki 2009; Lu et al. 2022).
The formation of Ni,Tis and Ti,Ni precipitates is depen-
dent on the alloy composition and processing conditions,
with Ni,Tiz and Ti,Ni preferentially precipitating in Ni-rich
and Ti-rich NiTi SMAs, respectively (Otsuka and Ren 2005).
However, owing to the unique characteristics of AM, Ti,Ni
or TizNi,O, precipitates can form in equiatomic NisgTis
and Ni-rich NisgeTizo4 SMAs (Zhang, Chen, and Coddet
2013; Gu et al. 2021a). Furthermore, both Ni,Ti; and
Ti;Ni precipitates can form simultaneously in Ni-rich
Nisq 3Tizg; SMAs fabricated by selective electron beam
melting and NisgoTiso 1 SMAs fabricated by laser powder
bed fusion owing to non-equilibrium rapid solidification
and a complex thermal history (Franco et al. 2017; Zhou
et al. 2019). Therefore, the formation mechanisms of
these precipitate phases in AM NiTi SMAs should be inves-
tigated to determine whether they differ and their effect
on the functional properties of NiTi SMAs.

AM can revolutionise the manufacturing of three-
dimensional metallic parts by the integration of design
flexibility and the rapid fabrication of complex parts
through the bottom-up accumulation of powder
material (Gu et al. 2021b; Zhang and Liu 2022). For
NiTi SMAs, post-machining is very challenging because
of the low thermal conductivity of intermetallic com-
pounds, high work hardening, and remarkable spring
back effect, as stated by (Elahinia et al. 2016). To mini-
mise the need for post-machining, numerous efforts
have been made to fabricate NiTi SMAs by AM to

expand their applications (Lu et al. 2019; Alagha,
Hussain, and Zaki 2021). Physically, AM is an orderly con-
struction process in which solid powder particles are
rapidly melted and subsequently solidified track-by-
track and layer-by-layer. These ordered melt pools and
the associated cyclic thermal history generally result in
three characteristic zones between two adjacent melt
pools: the heat-affected zone (HAZ), transition zone
(TZ), and cellular grain zone (CGZ) (Kou 2002; Oliveira,
Miranda, and Braz Fernandes 2017). These three zones
constitute an elementary domain, which is hereafter
referred to as the function domain. To date, the micro-
structure of these characteristic zones and their
influence on the functional properties of AM NiTi SMAs
have not been revealed in detail.

Given the complex thermal history inside a function
domain in AM NiTi SMAs and the different precipitation
kinetics of Ni,Ti3 and Ti,Ni precipitates, it can be hypoth-
esised that these two precipitates will form in different
locations. This theory is supported by the preferential for-
mation of Ni,Tis precipitates in the HAZ of the function
domain in laser-processed NisqgTisg» SMAS, as observed
by (Oliveira et al. 2018). Unfortunately, the specific pre-
cipitation locations of NisTiz and Ti,Ni and their effect
on the functional properties of AMed NiTi SMAs are not
clear, although the two types of precipitates can form
simultaneously (Franco et al. 2017; Sam et al. 2018;
Zhou et al. 2019). In addition, the physical properties of
NiTi SMAs are very sensitive to the Ni/Ti atomic ratio.
(Frenzel et al. 2010) found that even a slight variation
of 0.1 at.% can significantly affect the B2 « B19’ trans-
formation temperature by as much as 10~20°C. Hypothe-
tically, this effect can be attributed to the different
thermal histories and Ni4Tisz and Ti,Ni precipitation beha-
viours inside the characteristic zones in the function
domain. This discussion gives rise to the following ques-
tion: Can AM be used to modulate and direct the construc-
tion of the function domain to include different precipitates
in different characteristic zones to control the physical
properties of NiTi SMAs?

In this study, we report the orderly construction of the
function domain in a NisggTize 4 SMA during AM using a
laser powder bed fusion process. Interestingly, the
results show that the function domain in the AM SMA
consists of three ordered characteristic zones (HAZ, TZ,
and CGZ) with different grain sizes and an inhomo-
geneous distribution of Ni,sTis and Ti,Ni precipitates. As
a result, the synergetic effect in the three characteristic
zones results in a stable recovery strain and a small hys-
teresis area in the AM SMA. We believe that the results
obtained herein will provide a novel strategy to tailor
the microstructure of NiTi SMAs via AM to achieve
superior physical properties.



2. Experimental

As-atomised Nigg 4Tis0¢ (NnOmMinal composition in atomic
ratio) was prepared by electrode induction melting gas
atomisation (AMC Powders Co., Ltd., Beijing). To control
the Ni content and obtain a modified NisggTisg4
powder, high-purity elemental Ni nanoparticles (100 nm,
99.9 wt.%) were added to the as-atomised Nisg4Tisge
powder in a protective Ar atmosphere in a glove box;
the mass ratio of Ni nanoparticles and as-atomised
Niso4Tisos powder was calculated to be 1:37. Sub-
sequently, low-energy ball milling was conducted at
157" for 60 min in a protective Ar atmosphere to
modify, mix, and homogenise the Ni nanoparticles with
the as-atomised powder. The choice of Ni-rich NisqgTis04
modified composition was based on two factors. Firstly,
the Ni-rich (Ni > 50 at.%) modified SMA was designed to
fabricate NiTi with superelastic properties. Secondly, this
relatively high Ni composition (50.6 at.%) in modified
powder provided a compositional condition for the for-
mation of a large number of Ni,Ti; precipitates in NiTi,
which were effective to enhance superelastic properties
of NiTi. The particle-size distribution, oxygen content,
and zeta potential were characterised using a HORIBA
laser scattering analyzer (LA960S, Japan), TC600 Nitro-
gen/Oxygen Determinator (LECO Co., USA), and Zetasizer
Nano ZS (Malvern Panalytical Co., UK) with water as the
dispersant, respectively. To evaluate the laser absorptivity,
the modified and as-atomised powders were placed in
quartz cuvettes, sealed, and analyzed by diffuse reflec-
tance spectroscopy in the wavelength range 400-
2250 nm using a UV-visible-near-infrared (NIR) spectro-
photometer (Lambda 900, PerkinElmer, USA).

NiTi SMAs based on the two powders (as-atomised
and modified powders) were additively manufactured
using a laser powder bed fusion system (Concept Laser
M2 Cusing) in a protective Ar atmosphere. The proces-
sing parameters were a laser power of 70 W, laser scan-
ning speed of 105 mm/s, powder layer thickness of
30 um, hatch spacing of 100 um, and laser track
overlap rate of 30% to 35% based on the optimisation
performed in our previous study (Lu et al. 2019). In this
work, an alternating angle of +45° (with respect to the
x-axis) between consecutive layers was used as the
laser scan path. It should be noted that the detailed
effect of altered scan path on the construction of
ordered structures is needed to be investigated in
future work. The dimensions of the AM SMAs were
10x 10x 10 mm (Figure 1). The phase components
and transformation temperatures of the AM SMAs
were examined by XRD (D/MAX-2500/PC) with Cu Ka
radiation and DSC (Netzsch 204F1) at heating/cooling
rates of 10°C/min in an Ar atmosphere, respectively. To
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reveal the microstructural evolution, the AM SMAs
were sampled, polished, etched, and observed by
optical microscopy (Leica DM 15000M) and field-emis-
sion SEM (A Philips XL-30 FEG) coupled with EDS. For
electron backscatter diffraction (EBSD) analysis, the AM
SMAs were immersed in an electrolyte composed of
80 vol.% ethanol and 20 vol.% sulfuric acid and treated
on an electrolytic polishing device (EP-06, Shanghai).
EBSD tests were conducted using SEM, and the obtained
data were post-processed using the HKL-Channel 5 soft-
ware. Field-emission HRTEM (Tecnai G2 F30, USA) was
used to study the microstructure of the AM SMAs, par-
ticularly the NiyTis and Ti;Ni precipitation behaviours
in the function domain. In addition, Image Pro-Plus soft-
ware was used to measure the size of precipitates, and at
least 100 precipitates were measured to determine their
mean grain size.

To evaluate the Young's modulus and nanohardness
of the three characteristic zones, nanoindentation tests
were performed using a high-precision nanohardness
tester (TTX-NHT3, Anton Paar, Austria) with a test force
of 5000 pN. For thermomechanical analysis, 3 x 6 mm
samples were cut perpendicular to the AM building
direction and subjected to stress-controlled cyclic com-
pressive loading on an Instron 8862 test platform
equipped with a precise extensometer. The samples
were heated to 10°C above the austenite transformation
finish temperature (Ay) and held for 5 min to ensure
temperature uniformity before conducting the thermo-
mechanical tests. Subsequently, a load of 800 MPa was
applied, which was later unloaded to 10 MPa. The
loading and unloading processes were cycled 10 times
at a strain rate of 5x 10™* 57",

To clarify the formation mechanism of the Ni,Ti; and
Ti,Ni precipitates in the three ordered characteristic
zones in the function domain, FLOW-3D software was
used to conduct numerical simulations of the AM
process. A finite-element method based on mesoscale
models was employed to describe the evolution of the
thermal histories in the melt pools formed by two adja-
cent laser tracks (Lee and Zhang 2016). A structured
Eulerian mesh with a cell size of 4 um was used for
these simulations. These number simulations are based
on the conservation laws of fluid dynamics, discretized
in a regular 3D spatial array in Cartesian coordinates;
meanwhile, the complicated physical processes such as
melting, phase change, and melt pool flow were numeri-
cally solved by computational fluid dynamics. The
molten metal was assumed to be Newtonian and incom-
pressible. The model numerically solved the conserva-
tion equations of mass, momentum and energy, which
are given by (Lee and Zhang 2016). Because both the
as-atomised and modified powders had near-
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Figure 1. (a-c) SEM images and particle-size distributions (insets in a and b) of the as-atomised and modified powders. (d) Zeta poten-
tial of the Ni nanoparticles, as-atomised powder, and modified powder. (e) Laser reflectivity of the as-atomised and modified powders.

(f and g) AMed SMAs with 10 X 10 X 10 mm.

equiatomic Ti and Ni contents, the thermophysical prop-
erties of a NiTi SMA were employed for numerical simu-
lations, as presented in Table 1 (Brandes and Brook 1983;
Committe 1990).

3. Results
3.1. Powders and AMed NiTi SMAs

Figure 1a-c shows scanning electron microscopy (SEM)
images depicting the morphologies and particle-size dis-
tributions of the as-atomised and modified powders. The

Table 1. Thermophysical properties of NiTi SMAs used in
numeral simulations.

Parameters Symbol Values (units)
Density 0 6 gcm™
Viscosity U 5.05x 1073 Pass
Thermal conductivity A 18 W-m™ K™
Surface tension Vs 1714 N-m™
Solidus temperature Ts 1583 K

Liquidus (melting) temperature T 1583 K

Boiling temperature Ty 3005 K

Specific heat G 840 Jkg K™
Latent heat of vaporisation AHy 378 kJ-mol™
Latent heat of fusion L 2.57 kJ-mol™
Stefan-Boltzmann constant LA 567 x 108 W-m=2K™*
Convection coefficient ha 80 W-m~2K
Universal gas constant R 8.3144 J-K":mol™
Temperature of environment Teo 293 K

as-atomised powder contained spherical or near-spheri-
cal particles with a few small satellite particles (Figure
1a), and their median diameter (Ds;) was 37.4 um
(Figure 1a inset). The modified powder also exhibited a
spherical morphology with uniformly distributed Ni par-
ticles on the spherical surfaces (Figure 1b and c). It
should be noted that the D5, of the modified powder
was 37.9 ym, which is only 0.5 um larger than that of
the as-atomised powder (Figure 1b inset). This indicates
that the difference between the sizes of the as-atomised
and modified powders did not significantly affect the
AM process. In addition, the oxygen contents of the
as-atomised and modified powders were 650 and
1100 ppm, respectively.

Figure 1d shows zeta-potential curves of the Ni nano-
particles and the as-atomised and modified powders.
The zeta potential is the potential difference between
the surface of a solid particle immersed in a conducting
liquid (e.g. water) and the conducting liquid; it is an indi-
cator of the affinity between the two types of powders
(Guo et al. 2018; Hossain et al. 2020). The zeta potentials
of the Ni nanoparticles, as-atomised powder, and
modified powder were 20.7 +0.6, =11+ 0.7, and —0.72
+ 1.43 mV, respectively. This suggests that the Ni nano-
particles combined with and were coated on the
surface of the as-atomised powder during the mixing



and homogenisation processes. Furthermore, this
resulted in a uniform distribution of Ni nanoparticles
on the surfaces of the modified powder (Figure 1b and
c). Interestingly, the uniform distribution described
here is different from the preferred agglomeration of
nanoparticles, such as for 800 nm VgC; particles added
to 37.8 um 316 L stainless-steel powder, as observed
by (Li et al. 2019), 1-4 um B4C particles added to 35
pm Ti6Al4 V powder and subjected to high-energy ball
milling, as observed by (Fereiduni, Ghasemi, and Elbes-
tawi 2019), and 100-500 nm ZrH, particles added to
45 um Al7075 powder by electrostatic assembly, as
observed by (Martin et al. 2017). Therefore, the unique
modification mechanism in this study ensured that the
modified powder was suitable for fabricating bulk NiTi
alloys by AM.

Figure 1e shows the variation in the laser reflectivity
with laser wavelength of the as-atomised and modified
powders. Generally, the processability of a powder is
influenced by a variety of physical and chemical proper-
ties, including laser absorptivity, morphology, size, and
surface states (Herzog et al. 2016). Specifically, laser
absorptivity determines the amount of power a loosely
piled powder can absorb at a given laser wavelength
before forming a melt pool. This can be assessed by the
associated laser reflectivity of the powder. As shown in
Figure Te, the laser reflectivity of the modified powder
at 1064 nm was 35.6%, that is, it was 7.8% lower than
that of the as-atomised powder. The smaller laser reflec-
tivity of the modified powder implies that it exhibits
improved laser absorptivity, which is expected to
enhance the processability of the powder (Li et al. 2017).

Figure 2 shows surface morphologies, spot energy
dispersive spectrometry (EDS) results, X-ray diffraction
(XRD) patterns, and differential scanning calorimetry
(DSC) thermograms of the different NiTi SMAs (as-ato-
mised and modified NiTi). The excellent processability
of the modified powder is evident by the absence of
microcracks and holes and the smooth and stable laser
tracks (Figure 2b). The modified powder had a slightly
larger quantity of spatter powder than that of the as-ato-
mised powder. It is expected that spatter powder would
be more likely to form on the surface of the modified
NiTi rather than on the as-atomised NiTi owing to the
more intense reaction between the modified powder
and the laser. EDS analysis (inset in Figure 2a and b) indi-
cates that the Ni contents were 49.56 and 49.34 at.% in
the spatter powder and laser track produced with the as-
atomised powder, respectively, while they were 50.74
and 50.13 at.% in the spatter powder and laser track pro-
duced with the modified powder. This proves that the Ni
nanoparticles were effective in tailoring the Ni/Ti atomic
ratio.
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According to the XRD results, the as-atomised NiTi
was composed of B19’ martensite (major component),
B2 austenite (minor component), and Ti,Ni precipitates
(Figure 2c). In contrast, the modified NiTi exhibited
three strong diffraction peaks corresponding to the
(110), (200), and (211) Miller indices of B2 austenite.
This indicates that B2 austenite was the predominant
component in the modified NiTi. Further XRD analysis
revealed that Ni,sTis and Ti,Ni precipitates were also
present in the modified NiTi (Figure 2c). Differences in
the phases and precipitates can lead to different
thermal and physical properties in NiTi alloys. As
shown in Figure 2d, although both the as-atomised
and modified NiTi underwent B19’ - B2 and B2 —
B19' transformations during heating and cooling,
respectively, they exhibited very different phase-trans-
formation temperatures, including austenite start (A),
austenite finish (Ap), martensite start (M), and martensite
finish (My) temperatures. The A, A, M, and M values
were 55.2, 81.7, 57.8, and 6.5°C, respectively, for as the
as-atomised NiTi, and —42.8, 56.9, 11.7, and —56.7°C
(Figure 2d), respectively, for the modified NiTi. In
addition, the modified NiTi exhibited a wider A~A;
range (99.7°C), which was 73.2°C greater than that of
the as-atomised NiTi. This is associated with the for-
mation of different precipitates in the three ordered
characteristic zones in the modified NiTi, which will be
discussed in Section 4.2.

3.2. Microstructures of the three characteristic
zones in the function domain

Figure 3 shows the microstructures of the as-atomised
NiTi. No microcracks or pores were observed in the
optical images (Figure 3a and b). Furthermore, laser
tracks and melt-pool boundaries were formed at the
top surface (Figure 3c) owing to the Gaussian energy dis-
tribution of the laser (Verhaeghe et al. 2009). High-mag-
nification SEM images suggested the formation of the
three characteristic zones (HAZ, TZ, and CGZ), and
these zones were separated by melt-pool boundaries
(Figure 3c). Figure 3d-f present SEM images of the
three zones, in which Ti,Ni nanoprecipitates are
marked by yellow arrows. Based on statistical analysis
using ImageJ software, the CGZ occupied approximately
30% of the function domain. Further transmission elec-
tron microscopy (TEM) results (Figure 3g-i) showed
that B19" martensite was the major matrix phase in the
as-atomised NiTi, consistent with the XRD results in
Figure 2c. It should be noted that TEM-EDS results of
these nanoprecipitates (not shown here) confirmed the
composition of these precipitates as Ti,Ni phase.
Although the three zones had the same Ti)Ni
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Figure 2. (a, b) SEM images and EDS analysis, (c) XRD patterns, and (d) DSC scans of the as-atomised and modified NiTi.

nanoprecipitates (marked by yellow arrows and similar
to those in NisggTisg1 and Nigg4Tisgs SMAs fabricated
by laser powder bed fusion AM [Franco et al. 2017; Lu
et al. 2019]), the precipitates had different sizes and
formed in different locations. Specifically, the Ti,Ni nano-
precipitates were distributed homogeneously in the
matrix of the HAZ and TZ and semi-continuously along
the grain boundaries of the CGZ. The diameters of the
precipitates in the HAZ, TZ, and CGZ were approximately
50, 60, and 45 nm, respectively. The difference in the
location of the Ti,Ni precipitates is attributed to the
different thermal histories in different zones in the func-
tion domain, which will be discussed in Section 4.1.
Figure 4 shows the microstructures of the modified
NiTi. Similar to the as-atomised NiTi (Figure 3), the
modified NiTi did not contain visible microcracks and
pores (Figure 4a), had laser tracks separated by melt-
pool boundaries (Figure 4b), and exhibited the three

ordered characteristic zones (HAZ, TZ, and CGZ) in the
function domain (Figure 4c). The CGZ in the modified
NiTi occupied approximately 18% of the function
domain, 12% less than that in the as-atomised NiTi. In
general, the three characteristic zones in Figures 3 and
4 were associated with the function domain orderly con-
structed during AM. This scenario was similar to those
observed in AM and welded NiTi alloys (Oliveira,
Miranda, and Braz Fernandes 2017). EBSD results
revealed that the average grain sizes of the modified
NiTi at top and side surface were 4.4 and 7.6 um, respect-
ively (Figure 4e and f). Some fine B2 grains with different
orientations were distributed along the grain boundaries
of large B2 grains (Figure 4d and e). Furthermore, EBSD
analysis indicated that a weak texture along the [001]
direction formed in the modified NiTi (Figure 4e and f)
owing to the high temperature gradient parallel to the
building direction, which could promote the directional
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Figure 3. Microstructures of the as-atomised NiTi. (a) Three-dimensional optical image, (b) optical image of the top surface high-
lighted in (a), (c) SEM image of the three characteristic zones in the function domain, and (d—f) SEM images and (g-i) bright-field

TEM images of the three characteristic zones.

growth of grains. However, the intensity of the texture
along the [001] direction at top and side surface were
only 1.79 and 3.20, which are considerably smaller than
the strong texture along the [001] direction (18.2) in
NisggTise> SMAs fabricated by laser powder bed fusion
AM, as observed by (Moghaddam et al. 2019). EBSD
results with a high resolution for as-atomised NiTi can
not be obtained owing to its extremely fine size of the
B19° martensite plates (a few tens of nanometers,
Figure 3g-i), which is out of the ability of the EBSD instru-
ment to catch clear Kikuchi patterns. Thus, no EBSD
results for as-atomised NiTi was shown. Figure 4g
shows schematics of microstructural formation in the
modified NiTi. During the orderly construction of melt
pools, the modified NiTi with uniformly distributed Ni

nanoparticles in layer N+ 1 would be instantaneously
melted under the laser beam. Then, the melted Ni nano-
particles in local areas of layer N + 1 could provide instan-
taneous concentration fluctuations, thus promoting the
nucleation of B2 grains (red arrows in Figure 4g) and
the formation of fine B2 grains (Figure 4d and e) (Martin
et al. 2017). This would hinder epitaxial growth of colum-
nar grains along the [001] direction in layer N (Lu et al.
2020), thereby causing a considerably weaker texture
along the [001] direction (Figure 4e and f). Subsequently,
the Niatoms in the melted Ni nanoparticles would diffuse
into the melted Niso4Tis0e liquid particles to achieve a
uniform elemental distribution in the NisggTisg4 liquid
in layer N + 1. Next, the associated microstructures and
functional properties of the orderly constructed melt
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tion in the modified NiTi.

pool or the function domain and their underlying mech-
anisms will be discussed in detail.

Figure 5 presents SEM images and EDS maps of the
three characteristic zones in the as-atomised and
modified NiTi. For both NiTi SMAs, Ni and Ti were
almost uniformly distributed inside the three character-
istic zones, and there was no pronounced elemental seg-
regation at the micrometer scale, which was consistent
with prior work by (Cao et al. 2020). The results of EDS
mapping demonstrated that all Ni nanoparticles had
been melted and diffused homogeneously during laser
powder bed fusion process. Simultaneously, it should
be noted that the elements in the matrix would be
altered owing to formation of different precipitate
phases in the three zones in the function domain,
which will be discussed in Section 4.2.

Figure 6 shows bright-field TEM images of the three
characteristic zones in the function domain of the
modified NiTi. Correspondingly, Figure 7 presents TEM-
EDS results of different nanoprecipitates observed
different regions (I, II, lll, and V) in Figure 6. At least
five different nanoprecipitates at three characteristic
zones were tested by TEM-EDS to get the element con-
centration, and the average values were presented by
the inserts table in Figure 7. High-density dislocations
can be distinctly observed inside the B2 austenite
matrix in the HAZ and TZ (Figure 6a and b). Interestingly,
compared with those in the as-atomised NiTi, the pre-
cipitates in the three zones in the function domain of
the modified NiTi had the same precipitation locations
but different phase types and smaller grain sizes. An
abundant number of lath clusters formed inside the B2
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Figure 5. (a3, d) SEM images and (b, ¢, e, f) EDS maps of the three characteristic zones in the as-atomised (a—c) and modified (d-f) NiTi.

austenite matrix of the HAZ, as marked by the yellow  were located at 1/7 positions along the <123> reciprocal
arrows in Figure 6a. The corresponding selected area vectors of the B2 austenite matrix, thus confirming the
electron diffraction (SAED) patterns (Figure 6a inset) formation of Ni,Tis lath clusters (Otsuka and Ren 2005).

Heat-affected zone (HAZ) Transition zone (TZ) Cellular-grain zone (CGZ)
il
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Figure 6. Bright-field TEM images of the modified NiTi. (a) HAZ, (b) TZ, (c) CGZ, (d) IFFT image of the red dotted circle (1) in (a), and (e, f)
SAED patterns of the red dotted circles (Il and IV) in (b) and (c), respectively.
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Figure 7. TEM-EDS results of (a) lath clusters in region | and different nanoprecipitates in (b) region Il (c) region Ill, and (d) region IV in

the function domain of the modified NiTi in Figure 6.

Further, high-resolution TEM and its inverse fast Fourier
transform (IFFT) image revealed that 1-3 nm Ni,Tis clus-
ters were distributed homogeneously in the interior of
B2 grains (Figure 6d), and there was a distinct lattice dis-
tortion at the NiyTis/B2 interface. Meanwhile, TEM-EDS
confirmed that the composition of these lath clusters
in Figure 7a was consistent with NisTiz phase. Besides,
it should be noted that there existed another kind of
nanoprecipitate in the HAZ (region Il in Figure 6a), and
corresponding EDS results proved that it is TizNi,O,
phase (Figure 7b).

In the TZ and CGZ, TEM-EDS results in Figure 7c and
d found that there was no obvious oxygen in these
nanoprecipitates (regions lll and IV in Figure 6¢ and e),
and the compositions of these nanoprecipitates were
closed to Ti,Ni phase. Thus, in this work, these nanopre-
cipitates in the TZ and CGZ were considered to be Ti,Ni.
Similar Ti,Ni nanoprecipitates also had been observed
and confirmed by TEM-EDS compositional analysis in
prior work by (Franco et al. 2017). Figure 6c¢ shows
that Ti,Ni nanoprecipitates (8-18 nm) formed in B2
grain interior (arrows in Figure 6b). These Ti;Ni nanopre-
cipitates were smaller than those in the as-atomised
NiTi, indicating that the addition of Ni nanoparticles
could inhibit the growth of the Ti,Ni phase. The corre-
sponding SAED patterns were indexed to the B2
matrix and cubic Ti,Ni along [110]g, (Figure 6e). In the
CGZ, Ti;Ni nanoprecipitates 30-45 nm in diameter

were distributed along the B2 grain boundaries
(Figure 6¢ and f).

It is known that the types of precipitates in NiTi SMAs
can significantly affect the corresponding interface type.
In this study, the interface between the Ni Tis lath clus-
ters and B2 matrix in the HAZ was coherent, and the
interface between the Ti,Ni nanoprecipitates and B2
matrix in the TZ was semi-coherent, as confirmed by
(Tomozawa, Kim, and Miyazaki 2009). Owing to the
larger quantity of defects in the grain boundaries in
the CGZ, it can be deduced that the mismatch of the cor-
responding interface between the Ti,Ni nanoprecipi-
tates and B2 matrix was greater than that in the TZ.
Reasonably, different interfaces would lead to different
interaction mechanisms between precipitates and dislo-
cations formed during mechanical loading, thereby
resulting in different mechanical responses. Importantly,
it should be noted that the HAZ and the TZ and CGZ in
the modified NiTi were unique locations for the precipi-
tation of Ni,Tiz lath clusters and Ti,Ni nanoprecipitates,
respectively. The related mechanisms will be discussed
in Section 4.1.

3.3. Mechanical responses of AMed NiTi SMAs

Figure 8 shows the cyclic thermomechanical stress-
strain curves and variations in the recovery and residual
strains with number of cycles for the as-atomised and
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Figure 8. Cyclic thermomechanical properties. (a, b, d, e) Cyclic thermomechanical stress—strain curves and (c, f) variation in the recov-
ery strain (&) and residual strain (g.s) with number of cycles for the @3 x 6 mm cylindrical specimens of the as-atomised (a—c) and

modified (d-f) NiTi at As+ 10°C and 800 MPa.

modified NiTi at As+ 10°C. To eliminate the effect of una-
voidable micropores formed during AM and conse-
quently  attain  better  reversibility of the
thermomechanical responses during loading and
unloading, three mechanical pre-treatments were con-
ducted for the two NiTi (P1-P3 in Figure 8a and d) (Hou
et al. 2019). Specifically, P1, P2 and P3 was the first,
second and third pre-treatment, respectively. After the
mechanical pre-treatments, the average hysteresis areas

during cyclic thermomechanical tests were 6.17 and
1.42 MJ/m® for the as-atomised and modified NiTi
(Figure 8b and e), respectively. Although both samples
had been pre-treated, it should be noted that the recov-
ery strain (g,.) of as-atomised NiTi decreased obviously
(Figure 8c), and the g, of modified NiTi stabilised at
~3.54%. Besides, the residual strain (¢,es) of as-atomised
and modified NiTi at every cycle after the pre-treatment
were about 0.2% and 0.1%, respectively.
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Figure 9. (a) Displacement-load curves and (b) Young's modulus and nanohardness from nanoindentation analysis of the three

characteristic zones in the function domain of the modified NiTi.

Figure 9 shows the displacement-load curves,
Young’s moduli, and nanohardness values of the three
characteristic zones in the function domain of the
modified NiTi. The three zones exhibited graded mech-
anical properties. Specifically, the Young's modulus
and nanohardness decreased gradually from the HAZ
(66.1 and 5.4 GPa, respectively) to the TZ (60.0 and
5.1 GPa, respectively) and the CGZ (52.5 and 3.9 GPa,
respectively), as shown in Figure 9b. The gradient in
the Young's modulus is attributed to the different
NisTis and Ti;Ni precipitates in the different zones. The
NisTis precipitates in the HAZ had a higher Young’s
modulus (108 GPa [Wagner and Windl 2009]) than that
of the Ti,Ni precipitates in the TZ and CGZ (44.4 GPa
[Toprek, Belosevic-Cavor, and Koteski 2015]). Further-
more, the gradient in the nanohardness is attributed
to precipitation hardening due to a gradient in the par-
ticle size of the Ni,Ti; and Ti,Ni precipitates (Figure 6) (1-
3 nm Ni,Ti3 clusters in the grain interior of B2 austenite
in the HAZ, 8-18 nm Ti,Ni precipitates in the grain
interior of B2 austenite in the TZ, and 30-45 nm Ti,Ni
precipitates along the grain boundaries of B2 austenite
in the CGZ).

4. Discussion

4.1. Formation mechanism of Ni,Ti; and Ti,Ni
precipitates at different locations in the function
domain

Figure 10a shows simulated 3D temperature fields for
the laser track at 10.5 ms during AM. These simulation
results were based on the conservation laws of fluid
dynamics and discretized in a regular 3D spatial array
in Cartesian coordinates; the complicated physical pro-
cesses (such as melting, phase change, and melt pool
flow) during AM were numerically solved using

computational fluid dynamics, as stated by (Yan et al.
2017). The simulated depths and widths of the melt
pools were 95 and 130 um, respectively. These values
agree well with the corresponding values obtained
from the optical contours from side views of the melt
pools in the modified NiTi (85 and 135 um, respectively;
Figure 10b inset), which validates the simulation results.

Figure 10b shows a longitudinal sectional view of
heat transfer and fluid flow in the melt pool at 11.3 ms
during the AM process; here, fluid flow is represented
by black arrows. Near the melt-pool surface, the metal
melt was pulled from the centre to the rear of the melt
pool owing to temperature-dependent surface tension
(Cho et al. 2009). The centre was heated to a tempera-
ture higher than that at the rear. As a result, the
surface tension was lower at the centre than that at
the rear, which drove the metal melt flow backward
near the surface. Furthermore, a sufficiently strong back-
ward flow can result in an anticlockwise pattern, in
which the metal melt returns from the rear to the
centre inside the melt pool. The backward flow near
the melt-pool surface resulted in a surface profile that
was depressed underneath the laser beam and raised
toward the rear of the melt pool. This mounded shape
led to the formation of spatter powder on the surfaces
of the AMed bulk alloys (Figure 2a and b). The approxi-
mate locations of the three characteristic zones in the
function domain are shown in Figure 10c. The melt-
pool boundary is marked by dotted isotherm lines at
1583 K, which is the liquidus temperature of the NiTi
SMAs (Table 1).

Figure 10d shows the temperature-time plots at
different positions at a depth of 45 um inside the func-
tion domain. The temperature fluctuations were extre-
mely large at these positions, which correspond to the
thermal history at different positions inside the function
domain (Figure 10c), specifically in the HAZ, TZ, and CGZ.



The center

Temperature (K)
29806402 9.405e+02 1.583e+03

6.1930+02 1.262+03

Depth 95 pm
‘Width 130 pm

The hump The rear end

VIRTUAL AND PHYSICAL PROTOTYPING ’ 575

Temperature (K)
2.980e+02 9.405¢+02 1.583e+03

Time =0.011300S

(©)

Temperature (K)

29800402 9.405e402 1.583e403 6.193e+02 1.262e+03

CcGz IZ HAzZ

6193402 1.2620403

Melt-l')ool

boundary /
Track 2

©

2000 4

3000

2500

2000
1800 4

T(K)
T (K)

1500 4

100071 1600 4
—

500 4

3000 4= o e et s s e s a R s v e -
Ni-Boiling point-3003 K | 4

2500 4

E2

2000

—El

T (K)

1500 -

1000

500 4

0 T T T T T T T T 1400 ~—
> 2 X

Time x10° (s)

4.0 42 -2 0 2 4 6 8
Time x10° (s) Time x10° (s)

Figure 10. (a) Simulated 3D temperature fields for the laser track at 10.5 ms during AM. (b) Longitudinal sectional view of heat trans-
fer and fluid flow in the melt pool at 11.3 ms and optical contours from the side view of melt pools in the modified NiTi. (c) Temp-
erature fields for the second laser track and cross-sectional view of two adjacent laser tracks. Note that a function domain containing
the HAZ, TZ, and CGZ is constructed between two adjacent melt pools. (d) Temperature-time plots at different positions at a depth of
45 pm inside the function domain: positions A and B are inside the HAZ, position C is inside the CGZ, and positions D and E are inside
the melt pool. The spacing between two adjacent positions is ~20 um. (e) Solidification temperature—time plots at different positions
inside the function domain (t < tg and tp < tg). (f) Temperature—time plots at different depths in the centre of the second melt pool

(E1: 80 um, E: 45 um, and E2: 5 pym).

Figure 10e shows the solidification temperature-time
plots at various positions inside the function domain.
Based on the different solidification time intervals, it
was found that the melt pool solidified from the bound-
ary and moved toward the centre, that is, from positions
A to B and D to E. The maximum solidification rate was
observed at the melt-pool boundaries along with a
high nucleation rate, which resulted in the formation
of ultrafine cellular grains (Figures 3f and 4c). Figure
10f shows the temperature-time plots at various
locations at different depths. The temperature at pos-
ition E2, corresponding to the surface of the melt pool,
exceeded the boiling point of Ni (3003 K). This caused
Ni depletion during the AM process, which is consistent
with the EDS results in Figure 2 and the differences in the
chemical composition of the initial NiTi SMA powder and
AMed bulk alloys, as found by (Sam et al. 2018).
Theoretically, the formation of Ni,Ti; and Ti,Ni pre-
cipitates in different characteristic zones in the
modified NiTi can be explained based on the thermal
history of two adjacent laser tracks. (Kim and Miyazaki
2005) found that a suitable heat-treatment temperature
range (573-873 K) and holding time are key factors dic-
tating the nucleation and growth of Ni4Tiz precipitates.
Specifically, in NisgoTisgn SMAs, NigTiz precipitates
cannot form at a low aging temperature (373 K), even

after an extended holding time of 10,800 ks; however,
they begin to form when the aging temperature
exceeds 473 K and the holding time is 360 ks, and they
require an even shorter holding time of 1.2 ks at 573 K.
Furthermore, (Khalil-Allafi, Dlouhy, and Eggeler 2002)
also reported that at higher aging temperatures (673
— 773 — 823 K) and longer aging times (3.6 — 36 ks),
large Ni,Tis precipitates can form in Nisg;Tizes SMAs.
Figure 11 shows diagrams of the orderly construction
the function domain in the modified NiTi during AM.
Figure 11b shows the distribution of the function
domain along the side surface. Since the internal of
the melt pools would undergo the similar thermal his-
tories at different depths of adjacent two melt pools. It
is reasonable that similar orderly microstructure would
be obtained along the side surface at two adjacent
melt pools. Based on the Ni-Ti binary phase diagram,
Ni atoms have a greater degree of supersaturation in
NiTi than that of Ti atoms at a given temperature
(>680°C) (Otsuka and Ren 2005). For a single laser track
in the AM process, only Ti;Ni precipitates or Ti-rich con-
centrations formed owing to the high solidification rate,
no thermal history, and greater supersaturation of Ni
atoms in NiTi (Figure 11a). The interaction between
two adjacent laser tracks or melt pools resulted in the
formation of a HAZ and TZ in previous melt pools and
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the associated CGZ in subsequent melt pools (Figure
11b). This gave rise to the formation of the three charac-
teristic zones (HAZ, TZ, and CGZ) and the formation of
orderly constructed function domains. The width of
the function domain in this study was 90-110 pym,
which was consistent between the simulated and exper-
imental results. As shown in Figure 10c, the previously
deposited laser track underwent a thermal cycle due
to the subsequent laser track. This resulted in the for-
mation of the HAZ, which experienced a specific
thermal history from 573 to 873 K (Figure 10d). This
made it possible to ensure an exact temperature range
suitable for the nucleation of Ni4Tis. It should be noted
that the duration corresponding to the temperature
window (573-873 K) was only several milliseconds
(Figure 10d). Because this short duration was insufficient
to promote the growth of Ni4Tis, only extremely fine
Ni4Tiz lath clusters (1-3 nm) formed in the HAZ (Figure
6a).

For the Ti,Ni precipitates, the formation mechanism is
associated with the solidification rate and solid solubility
of Ti atoms in B2 austenite. Generally, a higher solidifica-
tion rate promotes the formation of Ti,Ni in NiTi SMAs, as
researched by (Nagarajan and Chattopadhyay 1994),
while a high cooling rate results in the formation of a
supersaturated solid solution. This means that supersa-
turated Ti atoms were concentrated in local areas and
more likely to precipitate, thereby acting as nucleation
sites to form the Ti,Ni phase (Figure 11a). Comparing

< N
v —y* - \"
A\ Q}\ 4
Z 4
- )
A 7, '\\ /
\ Y
£ y
e \VX -
~ ’
P ‘

Ti,Ni/Ti-rich .-
concentration

A: Melt-pool boundary
B: Melt-pool center

(b)

Function *
domain

HAZ TZ ccz  MAZ ' C6Z

90-110 pm | ) o

. 1
Orderly function
domain

High

the CGZ and TZ in the function domain (Figure 10c),
the edge of the melt pool had a shorter melt duration
and faster solidification time, which promoted nuclea-
tion of grains and the formation of ultrafine cellular
grains. It should be noted that the CGZ was located pre-
cisely in the overlapping region between two adjacent
laser tracks. This indicates that the CGZ underwent two
melting cycles during the AM process. The Ti,Ni or con-
centrated Ti atoms formed during the initial melting
acted as nucleation sites, resulting in Ti,Ni nanoprecipi-
tates distributed along the grain boundaries of the CGZ
(Figure 6), similar to those in AMed NizggTisg4 (Lu et al.
2019) and Nisq3Tisg7 (Zhou et al. 2019). Furthermore,
the Ti;Ni or concentrated Ti atoms formed during the
initial melting in the TZ underwent a thermal cycle due
to the subsequent laser track (Track 2 in Figures 10c
and 11b). Because the TZ was next to the CGZ, it under-
went a higher temperature thermal cycle relative to that
of the HAZ. The faster diffusion of Ti atoms in the super-
saturated B2 solid solution and higher temperature
thermal cycle led to the formation of more Ti,Ni nano-
precipitates in the grain interior of the TZ (Figure 6).
These explanations are supported by the larger Ti,Ni
precipitates in the TZ relative to those in the HAZ in
the as-atomised NiTi (Figure 3g-i). Besides, based on
Figures 6 and 7, it can be found that some TiyzNi,O, nano-
precipitates formed in the HAZ, similar to that in AMed
NisgeTisos SMAs (Gu et al. 2021). It can be inferred that
the relatively more Ti4Ni,O, nanoprecipitates in the
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Figure 11. Orderly construction of the function domain and its synergetic effect on the thermomechanical responses of the modified
NiTi. (@) Microstructural evolution inside a single laser track, (b) orderly construction of the function domain with the three charac-
teristic zones by multiple laser tracks, and (c) synergetic effect of the orderly constructed function domain on thermomechanical

responses of the modified NiTi.



HAZ was ascribed to the longer solidification time and
higher temperature in the HAZ (the centre of melt
pool, Figure 10f) during AM relative to other two zones
(TZ and CGZ), which induced more oxygen atoms in
the modified NiTi and thus the formation of TisNi,O, in
the HAZ (Figure 6a).

4.2. Synergetic effect of the three characteristic
zones in the function domain

Based on the TEM images and EDS results of the as-ato-
mised NiTi (Figures 3 and 5), the same nanoprecipitates
(Ti,Ni) formed in the three characteristic zones. There-
fore, the Ni content of the B2 matrix in the as-atomised
NiTi was relatively homogeneous. Thus, the stress-
induced B2 — B19" transformation occurred simul-
taneously in the three zones of the as-atomised NiTi,
resulting in an evident transformation demarcation
point (black arrow in Figure 8a) and a larger recovery
strain than that of the modified NiTi (Figure 8c and f).
In addition, the stable residual strain of the as-atomised
NiTi, ~0.2% (Figure 8c), was almost twice than that of
the modified NiTi (~0.1%, Figure 8f). This is attributed
to the stronger destructive effect of the grain-boundary
Ti,Ni nanoprecipitates in the CGZ (Figure 3i), which
constituted a larger proportion of the function
domain in as-atomised NiTi (30%) than that in the
modified NiTi (18%). During the loading process, an
increasing number of dislocations formed in the
matrix and subsequently piled up at the grain bound-
aries of CGZ, generating a large internal stress to
resist external stress (Kang et al. 2021). Furthermore,
stress concentrations occurred easily at grain bound-
aries with Ti,Ni nanoprecipitates (Johnson et al. 2019).
Once the internal stress and stress concentration
exceeded the strength of the grain boundaries, they
were destroyed, thereby resulting in a rapid increase
in residual strain (Luo et al. 2021). In addition, previous
studies by (Ishida et al. 1995; Tomozawa, Kim, and Miya-
zaki 2009) found that the recovery strain of a Nisg > Tisq g
film decreased with the increasing size of Ti,Ni nano-
precipitates. Thus, the higher proportion of the CGZ
and the larger Ti;Ni nanoprecipitates in the as-atomised
NiTi relative to the modified NiTi resulted in a more
obvious decrease in the recovery strain (Figure 8c).
Besides, in the HAZ of the modified NiTi, a large
number of Ni,Tiz nanoclusters (1-3 nm) were homoge-
neously distributed in the B2 grain interior (Figure 6a
and d), and had coherent interface with B2 matrix.
During cyclic thermomechanical loading, although
high-density dislocations would be formed in the
matrix of NiTi, these Ni4Tiz clusters and Ti,Ni nanopreci-
pitates would impede the movement of the formed
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dislocations effectively, and consequently enhance the
strength of the matrix.

On the one hand, compared with the as-atomised
NiTi, the modified NiTi exhibited a more stable recovery
strain of ~3.54% (Figure 8f) and a smaller hysteresis area
of 1.42 MJ/m? (Figure 8e) during 10 compression cycles.
Three effective methods for obtaining a stable recovery
strain in NiTi SMAs have been documented: saturating
dislocations formed in the B2 matrix, forming Ni4Tis
nanoprecipitates, and refining B2 grains to suppress
the generation of dislocations, as confirmed by (Ahadi
and Sun 2015; Wang et al. 2015). In this study, the
orderly melt-pool construction during AM (Figures 2
and 11b) resulted in the formation of an ordered func-
tion domain containing the HAZ, TZ, and CGZ. Figure
11c shows the variation in the physical properties of
the orderly constructed function domain and its syner-
getic effect on the thermomechanical responses of the
modified NiTi. Based on the EDS results in Figure 5, Ni
and Ti were distributed homogeneously in the function
domain in the modified NiTi at the micrometer scale for
all the characteristic zones. Nevertheless, owing to the
different precipitates in the three zones (Figure 6a-c)
(1-3 nm Ni,Tiz clusters in the B2 grain interior in the
HAZ, 8-18 nm Ti,Ni precipitates in the B2 grain interior
in the TZ, and 30-45 nm Ti,Ni precipitates along the
B2 grain boundaries in the CGZ), the Ni content of the
B2 matrix increased gradually from the HAZ to the TZ
and CGZ. Because the B2 — B19’ transformation temp-
erature in NiTi SMAs decreases with increasing Ni
content (Frenzel et al. 2010), a sequential phase trans-
formation occurred in the function domain during the
cooling and heating processes. As a result, the
modified NiTi had a wider A~A; range (Figure 2d).
According to the Clausius—-Clapeyron relation, the critical
stress for B2 — B19' is strongly dependent on the test
temperature with a positive slope. Note that the B2 —
B19" transformation temperature decreased from the
HAZ to the TZ and CGZ. Therefore, at the test tempera-
ture (Af+10°C), the ogy of the B2 matrix increased
gradually from the HAZ to the TZ and CGZ (Figure
11c). Also, this point also had been supported by the
gradually decreased grain size from the HAZ to the TZ
and CGZ (Figure 6a-c) (Ahadi and Sun 2014). During
the cyclic compression of the modified NiTi, the
highest ogy of the CGZ inhibited the formation of new
dislocations during the B2 — B19’ transformation,
while the relatively low ogy of the TZ and HAZ accom-
modated the formation of more dislocations during
the loading process. The movement of these formed dis-
locations was impeded by the homogeneously distribu-
ted Ti,Ni nanoprecipitates and NisTis clusters in the B2
grain interior of the TZ and HAZ (Figure 6a and b). In
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addition, the propagation of preferential destruction in
the CGZ due to its grain-boundary Ti;Ni nanoprecipi-
tates was restrained by the TZ and HAZ. In summary,
the formation of Ni4Tiz clusters, small Ti,Ni nanoprecipi-
tates and inhibition of dislocation generation in the
three zones in the orderly constructed function
domain stabilised the recovery stain during cyclic com-
pression of the modified NiTi (Figures 8d and 11c).

On the other hand, the smaller hysteresis area of the
modified NiTi (Figure 8b and e) is ascribed to the
sequential occurrence of the stress-induced B2 — B19’
transformation in the function domain. In general, the
introduction of dislocations and residual nanoscale mar-
tensite and the formation of a non-transformable phase
reduce the hysteresis area. As depicted in Figure 11c,
the ogy of the B2 matrix at A+ 10°C increased from
the HAZ to the TZ and CGZ. The B2 matrix in the TZ
and CGZ had a higher ogy relative to that of the HAZ,
and thus the HAZ, TZ and CGZ underwent the stress-
induced martensite transformation orderly during
loading. Therefore, the TZ and CGZ could act as non-
transformable zones during the occurrence of stress-
induced martensite transformation in the HAZ, which
effectively contributed to the decrease in the hysteresis
area of the modified NiTi. In addition, the high-density
coherent NiyTiz clusters and relatively small Ti,Ni nano-
precipitates in the modified NiTi strongly hindered the
interface movement of the formed martensite. This indi-
cates that continuous loading stress was required to
induce the stress-induced martensite transformation,
which is supported by the absence of an evident trans-
formation point (Figure 8d). In contrast, the as-atomised
NiTi had the same Ti,Ni nanoprecipitates (Figure 3g-i)
and a homogeneous Ni distribution in the B2 matrix
in the three zones (Figure 5). This induced a simul-
taneous B2 — B19’ transformation in the three zones
of the as-atomised NiTi during loading, which is sup-
ported by the evident transformation point (black
arrow in Figure 8a). Therefore, the high-density Ni,Tis
clusters and Ti,Ni nanoprecipitates in the HAZ and
TZ (Figure 6a and b) and orderly occurrence of
stress-induced martensite transformation in the HAZ,
TZ and CGZ during loading resulted in a smaller hyster-
esis area for the modified NiTi than that of the as-ato-
mised NiTi.

5. Conclusions

In this study, a modified Nisg gTis 4 powder was obtained
by adding uniform Ni nanoparticles to as-atomised
NisogTisos powder, and a novel ordered function
domain was found in AMed NisggTisg 4 SMAs. The main
conclusions of this investigation are as follows:

(1) The modified NisggTisgs powder, which was pro-
duced by low-energy ball milling of as-atomised
Nis9.4Tis06 powder and Ni nanoparticles, had a par-
ticle-size distribution identical to that of the as-ato-
mised powder, while its laser reflectivity was 7.8%
lower than that of the as-atomised powder. The
uniform distribution of Ni nanoparticles on the sur-
faces of the modified powder particles was due to
their opposite zeta potentials.

(2) The orderly constructed function domain in the
AMed NisgeTisgs contained three characteristic
zones: the HAZ, TZ, and CGZ. Although the matrix
in all these zones was B2 austenite, they exhibited
inhomogeneous precipitation behaviour, with 1-
3 nm Ni,Tiz precipitates in the grain interior of the
HAZ, 8-18 nm Ti,Ni precipitates in the grain interior
of the TZ, and 30-45 nm Ti,Ni precipitates along the
grain boundaries in the CGZ, which can be explained
by the specific thermal histories of the three zones.

(3) Cyclic compression at A+ 10°C demonstrated that the
AMed Nisg ¢ Tigg 4 €xhibited a more stable recovery strain
and smaller hysteresis area than those of the AMed
NigoeTis04. The more stable recovery strain is attributed
to the formation of Ni,Tis clusters, small Ti,Ni nanopre-
cipitates and inhibition of dislocation generation in the
three zones. Furthermore, the smaller hysteresis area
originated from the high-density clusters and nanopre-
cipitates in the HAZ and TZ and the orderly occurrence
of stress-induced martensite transformation in the HAZ,
TZ and CGZ during loading.
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