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A B S T R A C T   

Although laser powder bed fusion (LPBF) can produce complex structures with promising properties, there still 
exists a concern on the diversity in materials, especially composites, for LPBF. This work innovatively used NiTi 
and Nb powders to prepare NiTi–Nb eutectic-type alloy by LPBF, which provides a new method to prepare 
NiTi–Nb shape memory alloy and could be an alternative for tailoring microstructure. The semi-molten Nb 
particle phase was retained during LPBF, so that β-Nb and the eutectic structure display a gradient distribution in 
the Nb diffusion concentration. The heat treatment process (annealed at 850 ◦C for 0.5 h) makes NiTi–Nb 
samples have high yield strength (~1640 MPa), high compressive strength (~2380 MPa), and high compressive 
strain (~39%), which are superior to the corresponding ones of its as-built and as-cast counterparts. Large Nb 
phase particles with a size of 10–30 μm are retained and accelerated the formation of eutectic phase and β-Nb 
precipitate phase. Overall, the presence of β-Nb phase has a beneficial effect on the alloy, and a large number of 
intertwined dislocations and stacking faults around the β-Nb phase promote the formation of martensite under 
stress loading. The eutectic phase makes an important contribution to the high strength and plasticity of the 
NiTi–Nb alloy.   

1. Introduction 

NiTi alloys, as the most important type of shape memory alloys 
(SMA) with unique superelasticity and shape memory effect, have 
attracted considerable interest for potential applications in aerospace 
and biomedical fields [1,2]. Compared with other SMAs, such as 
iron-based and copper-based alloys, NiTi-based SMA materials typically 
exhibit high strength and plasticity, good corrosion resistance, and 
excellent biocompatibility, making them a promising type of materials 
for biomedical applications [3]. However, brittle second phases are 
commonly observed in NiTi alloys, such as the most brittle metastable 

Ni4Ti3 phase which can gradually decompose into Ni3Ti2 and Ni3Ti with 
increasing temperature and time [4]. Brittle second phase enhances the 
hardness but unfortunately reduces both the toughness and ductility of 
NiTi alloys [5,6]. Therefore, there is a significant need to effectively 
introduce second phases with high strength into NiTi matrix. 

It is known that Nb plays an important role in NiTi–Nb alloys because 
Nb addition increases the transition hysteresis of NiTi alloys [7,8]. 
Furthermore, the bioavailability of Nb promotes the biocompatibility of 
NiTi-based alloys [9–11]. In previous work, NiTi–Nb eutectic alloy was 
prepared by sintering or casting to solve the above problems, and most 
of them have focused on their microstructure evolution and mechanical 
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properties [7,12,13]. For example, Fan et al. [12] investigated the 
as-cast NiTi–Nb alloys with different Ni/Ti ratios and indicated a large 
number of Nb-rich particles (30–50 nm) uniformly precipitated into NiTi 
matrix and β-Nb particles with diameter of 200–300 nm in the eutectic 
region. The β-Nb particles can hinder martensitic transformation and 
reduce the martensite start temperature (Ms). Phase transformation 
mechanisms of NiTi–Nb alloys were also revealed [8,14]. For instances, 
dislocation slipping, stress-induced B19′ martensite phase trans
formation, and deformation twins were previously reported in a eutectic 
NiTi–Nb alloy [8]. Wang and his collaborators [4,8,14] studied the 
microstructure evolution and superelastic properties of the eutectic re
gion in porous NiTi–Nb and observed that a large number of dislocations 
and stacking faults presented between the β-Nb phase and the eutectic 
phase. The dislocations and stacking faults accelerate the eutectic phase 
transformation. Nb element could not completely dissolve into the NiTi 
matrix and eutectic phase would appear when the Nb content is higher 
than 5.0 at.% [15]. Nb atoms replace the Ti atoms in the NiTi matrix and 
reduce the shear modulus of NiTi-rich phase, which facilitates the 
occurrence of martensite phase [16]. 

Until now, most as cast or sintered NiTi–Nb components have been 
limited by structure, shape and forming time. Thus, it is necessary to 
develop novel NiTi–Nb preparation methods to optimize microstructural 
features and mechanical properties for broad applications. Laser powder 
bed fusion (LPBF) is a relatively mature additive manufacturing process 
that uses a focused high-energy laser beam to selectively melt the 
deposited powder bed layer by layer [17–20]. Compared with tradi
tional subtractive manufacturing methods (that is, removing excessive 
parts from the base ingot by rolling, cutting, etc.), the microscaled melt 
pools melted by laser have high temperature and ultra-fast cooling 
(105–106 K/s) [21]. LPBF has been demonstrated to be capable to 
manufacture a variety of metals such as stainless steels [5,22,23], 
aluminum alloys [24,25], and titanium alloys [26,27]. In addition, 
studies of NiTi shape memory alloys produced by LPBF have also been 
carried out [28], which focused on the effects of processing parameters 
on the microstructure evolution and mechanical properties of NiTi. Yang 
et al. [29] studied the effect of laser beam energy density on the 
microstructure of NiTi and found that high energy suppresses the for
mation of the B19′ martensitic phase and stabilizes the B2 austenitic 
phase. The instantaneous reaction in the LPBF process could signifi
cantly affect the microstructure of a material. In general, the rapid so
lidification of the micro-pool is accompanied by the formation of 
equiaxed and columnar crystals [30]. However, LPBF technology may 
introduce new defects such as cracks or pores during the preparation 
process, which may lead to unsatisfactory mechanical properties, thus 
limiting practical applications [30]. Heat treatment is an effective way 
to reduce defects and re-homogenize a microstructure [31]. In addition, 
samples prepared by LPBF often have more dislocations, and the original 
dislocations work with dislocations induced under stress, thereby 
enhancing the strength of an alloy [32]. 

LPBF-produced titanium-based materials have been studied by 
numerous researchers, focusing on the understanding of microstructural 
design, processing optimization, and mechanical performance. Zhang 
et al. [33] successfully prepared titanium-copper alloy with equiaxed 
fine-gained microstructure by fusion-based metal additive 
manufacturing, and determined the relationship of the solidification 
pathway and grain size. Todaro et al. [34] proposed to refine grains by 
controlling solidification paths using high-intensity ultrasound and 
found that this method could significantly promote the transformation 
of coarse grains into fine equiaxed grains. According to the NiTi-based 
alloy system, uneven distribution of chemical composition and the 
specific temperature field of LPBF are closely related to phase transition 
and microstructural features [35]. Overall, there remains insufficient 
understanding on the microstructure evolution and deformation mech
anism of LPBF-produced NiTi–Nb SMAs. 

Currently, using pre-alloyed powder has been proven to make the 
LPBF-fabricated components with more homogenous microstructure 

and stable mechanical properties. However, the preparation of pre- 
alloyed powder is usually cost- and time-consuming. In comparison, 
using powder mixture for LPBF is more economical and time-saving. 
Powder mixture has become a promising method to overcome the 
drawbacks of using pre-alloyed powders in LPBF process [32,36–39]. 
Fischer et al. [36] directly melted the non-spherical Ti and Nb powder 
mixture by laser beam and prepared a homogeneous alloy, which 
showed that the non-spherical shape has no obstacle to achieve homo
geneity and high density. Kang et al. [37,38] adopted LPBF to prepare 
alloy samples from different powder mixtures and they have obtained 
hypereutectic Al–Si alloys and Ti–Mo alloys with high relative density. 
However, because the laser micro-region in the LPBF process is sintered 
and cooled rapidly, there is insufficient time for the alloying element to 
diffuse and reach a homogeneous state. Therefore, chemical in
homogeneity is obtained by sometimes un-melted or partially melted 
particles from those elements with high melting point in the micro
structure. For example, Wang et al. [32] prepared Ti–35Nb alloy (wt.%) 
using element powder mixture by LPBF technology and found undis
solved Nb particles in the Ti–35Nb alloy. The initiation sites of the slip 
bands are easily generated at the boundary of large Nb particles. They 
also showed that heat treatment could improve the chemical uniformity 
and microstructure uniformity, thereby making the microstructure more 
uniform and the Nb particles smaller. 

To the best of the authors’ knowledge, the preparation, microstruc
ture, and properties of NiTi–Nb ternary alloys prepared by LPBF are still 
not well understood. In this work, NiTi pre-alloyed spherical powder 
was blended with a small amount of irregular Nb powder to prepare 
NiTi–Nb eutectic-type alloy by LPBF. This work focuses on the contri
butions of eutectic phase and Nb element to the mechanical properties 
and microstructure evolution of LPBF-produced NiTi–Nb eutectic alloy. 
Uniaxial compression was performed to compare the mechanical prop
erties of NiTi–Nb alloys in different states. Additionally, the mechanical 
behavior and deformation mechanism of the eutectic phase and the Nb- 
rich phase were compared using micropillar compression experiment. 
The lattice interface of Nb-rich phase and NiTi matrix in the eutectic 
microcolumn region was investigated by transmission electron micro
scopy (TEM) imaging with focusing ion beam (FIB). This work reveals a 
comprehensive understanding of the strengthening mechanism and 
phase transformation characteristics of NiTi–Nb eutectic-type alloy with 
high performance. 

2. Experimental 

2.1. Sample preparation 

The quasi-binary eutectic NiTi–Nb phase diagram in Fig. 1 (a) shows 
that the eutectic composition is Ni38Ti36Nb26 (at.%) [40]. Fig. 1 (b) 
schematically shows the raw material powders including pre-alloyed 
spherical NiTi (50.0 at.% Ni) powder and non-spherical pure Nb pow
der. As shown in Fig. 1 (c), the pre-alloyed NiTi powder and Nb powder 
(at a weight ratio of 4:1) were mixed and blended for 1 h. The nominal 
chemical composition of blended powder was Ni44Ti44Nb12 (at.%), and 
Nb content is greater than 10 at.%, which ensures that Nb and NiTi can 
form eutectic phases above the eutectic temperature [40]. All the sam
ples were produced using an FS271 M LPBF machine (Farsoon 
High-Technology, China), equipped with a 500 W fiber laser and oper
ated in continuous mode at a 70–200 μm spot in an argon gas envi
ronment. As shown in Fig. 1 (d), the processing parameters were set as 
follows: laser power was 200 W, powder layer thickness was 30 μm, laser 
spot size was 120 μm, and laser scanning speed was 600 mm/s. The 
direction of scanning was rotated through 67◦ between successive 
layers. The substrate was pre-heated to 160 ◦C to reduce the difference 
in temperature between the first layer and the substrate and to avoid the 
partial separation of the sample from the substrate (due to warping ef
fect) [41]. 

The samples prepared by LPBF were removed from the substrate by 
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wire electric discharge machining. Then, samples were annealed in an 
argon atmosphere at 850 ◦C (above the recrystallization temperature), 
and then maintained in a furnace for 0.5 h. The sample preparation and 
heat treatment parameters were optimized according to a large number 
of literature focusing on the process parameters and annealing treatment 
of LPBFed NiTi alloy [42–44]. The density of the NiTi–Nb was measured 
as 6.62 g/cm3 (relative density ≥ 99.5%) using the Archimedes method. 

2.2. Uniaxial compression 

The mechanical properties of the samples were assessed through 
compression test on an MTS servo-hydraulic machine. Cyclic loading- 
unloading compression was carried out both on the as-built and the 
annealed samples of dimensions Φ4 × 6 mm. The applied cyclic 
compressive strains were 3%, 6%, 9%, 12%, 15%, 18%, and 21%, 
respectively. All samples were compressed at a loading rate of 0.1 mm/ 
min at room temperature. Compression were performed following GB/T 
7314-2017. 

2.3. Micropillar compression 

The micropillar was fabricated by focusing ion beam using Scios 
DualBeam. The current range was controlled at 15–0.1 nA, and was 
gradually reduced to match the micropillar dimensional accuracy of the 
layer-by-layer peeling. The FIB was used to remove material around the 

pillar, stripping to a micropillar with a height of ~6 μm and a diameter 
of ~2 μm, ensuring ~3:1 aspect ratio for micropillar compression [6]. 
Micropillar compression was performed under displacement-controlled 
mode using a Zeiss Auriga SEM-FIB equipped with a Hysitron PI88 
system. Load-displacement data was continuously recorded during the 
tests. A constant 5 nm/s compression rate was maintained during 
compression with a maximum displacement of ~2000 nm. 

2.4. Microstructural observation 

Differential scanning calorimetry (DSC) was used to characterize the 
phase transformation temperatures by DSC 200 F3 in a temperature 
range of -150-100 ℃, with heating and cooling rates of 10 ℃/min. The 
samples were ground and polished to a mirror finish by standard 
metallographic procedures, and etched by reagent (composed of ~10 
vol% HNO3, 20 vol% HF, and 70 vol% H2O) for ~ 15 s. The phase 
composition was determined by X-ray diffraction (XRD) using a Regaku 
D/max 2200pc diffractometer. The XRD radiation source was Cu-Kα and 
the angle range was 30–80◦. The etched sections were imaged by optical 
microscopy (Nikon MA200 Eclipse) and scanning electron microscopy 
(SEM, Hitachi 8030). The microstructure of the compressed sample was 
characterized by transmission electron microscopy (TEM), and high 
resolution TEM (HRTEM) using a JEOL 2100F with 200 kV voltage at 
room temperature. TEM specimens were sampled from the compressed 
fracture zone and prepared by twin-jet polishing in a solution with 3 vol 

Fig. 1. Schematic illustrating NiTi–Nb preparation: (a) pseudo-binary phase diagram of NiTi–Nb system [40], (b) the NiTi and Nb powder, (c) powder mixing process 
diagram, (d) schematic for the processing parameters in LPBF. 
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% perchloric acid and 97 vol% alcohol at − 25 ◦C. 

3. Results 

3.1. Microstructure characteristics 

Fig. 2 (a) shows the SEM microstructure of the mixed NiTi–Nb 
powder. The blended powder includes the pre-alloyed spherical NiTi 
powder and the non-spherical pure Nb powder, with particle sizes of 
10–50 μm and 5–30 μm in diameter, respectively. The actual chemical 
composition of the mixed powder is Ni43.8Ti44.0Nb12.2 (at. %). Fig. 2 (b) 
shows the XRD results of NiTi–Nb mixed powder, as-built, and annealed 
samples. The mixed powder based on XRD pattern shows mainly B2 
austenite phase and β-Nb phase. The as-built and annealed samples are 
also mainly composed of B2 phase and β-Nb phase. It is well known that 
annealing treatment can eliminate residual stress in LPBF-prepared 
samples, uniform tissue composition and refine grains [31]. The β-Nb 
phase in NiTi–Nb alloy further precipitated during the annealed process, 
which hindered the growth of austenite grains. The large number of 
small austenite grains with irregularly arranged crystal planes is the 
reason why the intensity of the B2 diffraction peak in the XRD results is 
lower than that of the prepared sample. 

Fig. 3 shows the optical microstructures of the as-built and the 
annealed samples. A laser scanning pitch of ~120 μm and a consecutive 
two-layer angle of 67◦ are clearly visible in the morphology of the XY 
cross-section for the as-built samples (Fig. 3 (a)). The microstructure of 
the XZ cross-section of the as-built sample (Fig. 3 (b)) reveals that some 
“fish scale” like tracks are formed with the continuous layer-by-layer 
accumulation of micro-molten pools. The approximate height and 
width of the fan-shaped molten pool in the XZ section are 30 μm and 
130 μm, respectively. Some Nb particles with 10–20 μm in diameter 
accumulate at the bottom of molten pool boundaries. This is caused by 
the powder flow during powder deposition process. Due to the relatively 
small size and high gravity, Nb particles tend to locate at the bottom of 
the molt pool. 

As indicated by the red dashed lines in the X-Z section of the sample 
(Fig. 3 (c)), the boundaries of the laser scanning paths of the sample 
(with width of about 120 μm) becomes blurred after annealing, and 
some incompletely melted Nb-rich particles are observed. The same 
scenario is observed at interfaces between the molten pools in the X-Z 
section, with apparent diffusion paths as indicated by the red dashed 
lines on Fig. 3 (d). Almost no pores and cracks are observed in all 
samples, demonstrating that LPBF can effectively facilitate formation of 
the NiTi–Nb eutectic-type alloy. Fig. 3 (e) shows an enlarged view of the 
X–Y cross-section of the laser path. Two kinds of crystalline grains with 
large difference in sizes are observed at the boundaries and in the 
interior of tracks. The enlarged X-Z cross-section of the laser path (Fig. 3 
(f)) shows that the trajectory boundaries are with a large number of 

small equiaxed grains (200 nm - 2 μm in size). The grains in the central 
part are mainly composed of large columnar grains, about 10 μm wide 
and 40 μm long. The equiaxed grains are uniform and fine in size, and 
they are distributed at the molten pool boundaries; by contrast, the 
coarse columnar grains are solidified toward the center of molten pool 
due to thermal gradient. 

Fig. 4 shows the SEM morphology of the as-built NiTi–Nb eutectic- 
type alloy manufactured by LPBF. The morphology of the Nb particles 
(~20 μm) and the diffusion of Nb elements around the Nb particles are 
shown in Fig. 4 (a). In addition to the Nb particles, β-Nb precipitates are 
found at the grain boundaries in the eutectic region, as shown in Fig. 4 
(b). Submicron β-Nb (~300 nm) is distributed with a lamellar shape in 
the triangular grain boundary as seen in the enlarged view of the grain 
boundary (Fig. 4 (c)). This microstructure was reported previously in 
Ref. [45]. The number of Nb precipitates at the grain boundaries in
creases significantly with the increase in the Nb content [45]. Fig. 4 (d) 
shows the eutectic microstructure of the Nb particles. The distribution of 
the eutectic phases in the molten region is relatively uniform. The 
molten layer consists of a rod-shaped primary NiTi–Nb phase near Nb 
particles, and a large number of rod-like eutectic phases and lamellar 
β-Nb phases can be seen in the enlarged image (Fig. 4 (e)). Based on the 
NiTi–Nb binary pseudo-eutectic phase diagram [40], a NiTi–Nb eutectic 
liquid phase is formed when the melting temperature reaches the 
eutectic temperature [16]. 

As seen from the TEM image in the eutectic region of the annealed 
sample (Fig. 5 (a)), the annealed sample is mainly composed of 
submicron-sized Nb-rich phase precipitating in NiTi matrix. The selected 
area electron diffraction (SAED) pattern of the β-Nb phase and NiTi (B2) 
(Fig. 5 (b)) illustrates that the Nb and NiTi phases have two coincident 
crystal planes (100) and (011) planes. Thus, the crystal planes corre
sponding to the two planes are parallel to each other, with an orientation 
relationship of (100)β-Nb//(011)B2 and [011]β-Nb//[011]B2. A high- 
resolution TEM image (Fig. 5 (c)) of the area (Fig. 5 (a)) shows that 
the distance between the atoms near the Nb-rich phase is 0.275 nm and 
the atomic distance close to the NiTi (the family plane) is 0.270 nm. In 
addition, there are severe lattice distortions between the atoms in the 
red dashed area shown in Fig. 5 (c), which is mainly attributed to the 
disorder in atom arrangement. The dislocation structures formed during 
additive manufacturing are shown in Fig. 5 (d). Compared with the 
traditional preparation method, the transient micro-melt pool of the 
LPBF process induces more severe internal lattice distortion, disloca
tions, and residual stress [41]. In general, as-LPBFed samples exhibit 
high strength but poor toughness, thus post-processing treatment such 
as annealing and aging is required to balance the strength and toughness 
[46]. 

Fig. 2. (a) SEM images of the NiTi–Nb powder and (b) XRD patterns of the NiTi–Nb mixed powder, as-built sample, and its annealed counterpart.  
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Fig. 3. Optical microstructures of: (a) XY cross-section from the as-built NiTi–Nb, (b) XZ cross-section from the as-built NiTi–Nb, (c) XY cross-section from the 
annealed NiTi–Nb, (d) XZ cross-section from the annealed NiTi–Nb, (e) enlarged view of the XY cross-section, (f) enlarged view of the XZ cross-section. 

Fig. 4. SEM images showing the microstructure of the as-built NiTi–Nb manufactured by LPBF: (a) surrounding morphology of semi-melted Nb particles, (b) 
magnified area around the grain boundary, (c) magnified area indicated in (b), (d) microstructure of another area near the Nb particle, (e) the eutectic region. 
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Fig. 5. (a) TEM micrograph of the eutectic region in the annealed sample manufactured by LPBF, (b) The selected area electron diffraction pattern of the β-Nb phase 
and NiTi, (c) a high-resolution image of the indicated area in (a), and (d) the dislocation structures formed in the annealed sample. 

Fig. 6. DSC curves of NiTi–Nb samples: (a) as-built NiTi–Nb; (b) annealed sample; (c) as-cast sample; (d) the variation of several key characteristic temperatures. Ms: 
martensite start temperature; Mf: martensite finish temperature; Mp: martensite peak temperature; As: reverse martensite start temperature; Af: reverse martensitic 
finish temperature; Ap: reverse martensite peak temperature. 
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3.2. Phase transformation 

Fig. 6 (a) shows the DSC curves and phase transformation tempera
tures for the as-built Ni44Ti44Nb12. The as-built sample demonstrates a 
single-stage B19’→B2 transformation in the heating stage, and a two- 
stage B2→R→ B19′ transformation during cooling, where R trans
formation is an intermediate phase [8,14]. The samples annealed at 850 
◦C display a single-stage phase transformation, with no R phase trans
formation in both heating and cooling stages, as shown in Fig. 6 (b). The 
as-cast counterpart with the same composition reveals a distinct sec
ondary phase transformation feature in both heating and cooling: 
B19’→R→B2 and B2→R→B19’ (Fig. 6 (c)). The Ms value for 
near-equiatomic NiTi alloy is approximately from 50 to 100 ◦C [16]. All 
characteristic temperatures are shown in Fig. 6 (d) and summarized in 
Table 1. Compared with the as-built sample produced by LPBF, the 
annealed sample shows lower transformation temperatures for 
martensite and austenite, with an average temperature drop by about 
54 ◦C. In addition to the increase in Mf, the Ms, As, and Af of the annealed 
sample decrease slightly compared to the as-built counterparts. The 
transition hysteresis (As-Ms) was determined to be − 15.9 ◦C, 29.6 ◦C, 
and 29.0 ◦C for as-built, annealed, and as-cast samples, respectively. 
Comparing with the as-built sample, one can found that the transition 
hysteresis of the annealed NiTi–Nb alloy increases significantly, and is 
basically equivalent to that of the as-cast sample. 

3.3. Compressive properties 

Fig. 7 (a) shows the stress-strain curves of different specimens 
including the as-built and annealed NiTi–Nb samples made by LPBF, the 
cast Ni50Ti50 [47], the as-cast NiTi-Nb [47], a dense bulk NiTi prepared 
by LPBF [48], and Ni-rich NiTi prepared by LPBF [49]. Table 2 sum
marizes the corresponding yield strength (σ0.2), ultimate compressive 
strength (UCS), and maximum strain (MS%) for these materials [47–49]. 
As observed from Table 2, the yield strength of the as-cast sample is 965 
MPa, and the ultimate compressive stress reaches 1795 MPa when the 
strain is around 22%. Different from the as-built sample, the annealed 
sample shows a significant plateau region after elastic deformation at 
250–300 MPa. The yield strength of the annealed sample is 1640 MPa, 
and the maximum compressive strength is 2384 MPa at strain of 39%. 
The yield strength, maximum stress, and strain of the as-built sample are 
close to or lower than the other samples reported in literature (as listed 
in Table 2). The annealed NiTi–Nb exhibits comparable or even higher 
mechanical properties compared to others reported in literature (Fig. 7 
(e)), as expected from the strengthening effect of the submicron Nb 
precipitates within the NiTi-rich phase. 

Fig. 7 (b) shows the stress–strain curves for the as-built and the 
annealed NiTi–Nb sample manufactured by LPBF. The residual strain 
(εR), superelastic strain (εSE), and pure elastic strain (εE) of the as-built 
and annealed samples are listed in Table 3. The annealed sample ex
hibits a stress platform at a compressive stress of 260 MPa (Fig. 7 (b)), 
indicating the beginning of martensitic transformation. This phenome
non was also observed previously in Ref. [50]. Subsequently, the strain 
linearly decreases to 10.6%, and superelastic recovery begins to occur 
when the sample is unloaded at 1700 MPa. After unloading, the residual 
plastic strain is 8.4%. The recovered strain (8.2%) during unloading is 
the sum of the elastic strain (5.6%) and the hyperelastic strain (2.6%). As 
shown in Fig. 7 (b), the annealed sample exhibits a significant stress 

plateau during loading and superelastic recovery during unloading. 
The stress-strain curves of the as-built and the annealed samples after 

loading-unloading are shown in Fig. 7 (c)–(d). For the LPBF-produced 
NiTi–Nb eutectic-type alloy, residual plastic strain begins to accumu
late in each successive loading-unloading cycle from the previous cycle. 
High superelastic recovery and elastic recovery are due to greater for
mation of martensites during deformation. The smaller residual strain 
during unloading reveals the de-twinning of martensite [8]. As shown in 
Fig. 7 (c) and (d), the superelasticity of the as-built sample is superior to 
that of the annealed sample, which indicates that the as-built sample has 
better de-twinning recovery. The annealed sample is strengthened by 
plasticity in the next cycle, and the cumulative residual strain indicates 
that the annealed sample has irreversible plastic deformation [8]. Fig. 7 
(f) shows the strain of superelastic recovery and elastic recovery after 
unloading. The elasticities of the as-built sample and the annealed 
sample are 6.27% and 6.37%, respectively, for a maximum compressive 
strain of 21%. After cyclic compression for the annealed samples, the 
superelastic recovery and residual strain are 2.6% and 12%, respec
tively, which are greater than those in the as-built samples. 

3.4. Microstructure evolution after deformation 

Fig. 8 displays the microstructures of the NiTi-rich phase and the 
β-Nb phase in the annealed sample after compression. The SAED pat
terns of NiTi and Nb are shown in Fig. 8 (a) and Fig. 8 (b) insets, 
respectively. The β-Nb phases substantially surround the NiTi-rich 
phases, and a magnified view is shown in Fig. 8 (b). Similar results 
were reported in Refs. [30]. The NiTi matrix is about 20 μm in size, 
which is significantly larger than the NiTi-rich phase (300–500 nm), as 
indicated in Fig. 8 (a). 

In addition, TEM images shown in Fig. 8 (b) and (c) reveal evident 
cracks and dislocations. Cracks in the β-Nb phase are accompanied by 
many dislocations slip around the β-Nb phase. As indicated by the black 
ellipse, the boundaries of precipitated β-Nb phase act as initiation sites 
for dislocations. Fig. 8 (d) shows a large number of tangled dislocations 
and stacking faults, tending to accumulate around the β-Nb phase. 
Additionally, martensitic laths are clearly seen in Fig. 8 (e). As shown in 
Fig. 8 (f), dislocations and stacking faults occur at the interface between 
the β-Nb phase and the eutectic phase. 

Fig. 9 shows the microstructure evolution around the precipitated 
β-Nb in the annealed sample. There are stacking faults and martensite 
around two rod-like β-Nb particles (Fig. 9 (a)). Fig. 9 (b)–(c) show some 
lamellar high-density martensitic twins, which are of (001) compound 
type [8]. The corresponding SAED pattern (Fig. 9 (b)) confirms that the 
martensite is de-twinning 〈011〉 type II twin martensite [3]. The 
high-density dislocations accelerate geometric constraints and induce 
(001) matrix composite twin martensite transformation. The HRTEM 
images in Fig. 9 (d)–(f) show some lattice defects in the parallel (001) 
compound twin bands, and severe lattice distortions are also observed in 
Fig. 9 (d). Based on Ref. [51], the twins observed in Fig. 9 (e) are 
considered as twin martensite because the twins apparently exhibit 
high-density dislocations and stacking faults (Fig. 9 (e)). Dislocations 
and stacking faults accelerate lattice distortion during deformation, 
resulting in a large number of lattice defects in the matrix, which means 
that stacking faults and dislocation activities play a major role in lattice 
deformation. 

Fig. 10 shows the results of micropillar compression on the Nb 

Table 1 
Phase transformation temperatures determined from the DSC curves for the as-built NiTi–Nb sample manufactured by LPBF, its annealed counterpart, and the as-cast 
NiTi–Nb alloy.  

Samples Ms (◦C) Mf (◦C) Mp (◦C) As (◦C) Af (◦C) Ap (◦C) As− Ms (◦C) 

As-built 14.6 − 20.1 11.3 − 1.3 50.9 45.4 − 15.9 
Annealed − 47.4 − 98.5 − 81.3 − 27.2 9.0 − 10.1 29.6 
As-cast − 29.6 − 111.9 − 113.6 − 0.6 32.0 28.9 29  
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particle phase and eutectic phase, respectively, to clarify the specific 
mechanical properties of the different phases. The corresponding stress- 
strain curves of Nb particle and eutectic phases are shown in Fig. 10 (a). 
To compare the macroscopic compression tests and to avoid the effect of 
different micropillar size, the load-displacement data were converted 
into corresponding stress-strain curves. Fig. 10 (b) and (d) respectively 
show the morphologies of Nb particle and eutectic pillars before 
compression, and the morphology of the micropillar after unloading are 
respectively shown in Fig. 10 (c) and (e). Different from the slip band 
observed at the bottom of the Nb micropillar (Fig. 10 (e)), the eutectic 
micropillar shows evident upsetting and no slip band is observed after 
compression, proving that the eutectic micropillar has better toughness 
than the Nb pillar. 

Nb particles and eutectic phase show a significantly different varia
tion trend after initial line elastic loading. The Nb particle curve seems to 
fluctuate dramatically at a compressive stress of about 300 MPa, with a 
slip band appearing in the micropillar. With increasing elapsed time, the 
slip bands begin to accumulate, as shown in Fig. 10 (f)–(i). At the early 
stage, when the stress is applied to 500–750 MPa, the compression curve 
of the eutectic alloy fluctuates significantly (Fig. 10 (a)). Referring to the 
Nb pillar curve, the reason for the fluctuation of the eutectic pillar curve 

Fig. 7. (a) Stress-strain curves and (b) 
stress-strain curves of load-unload 
testing of various NiTi and NiTi–Nb al
loys, cyclic compressive stress-strain 
curves of (c) the as-built samples man
ufactured by LPBF and (d) the annealed 
samples manufactured by LPBF, (e) 
relationship between yield strength and 
strain of various NiTi and NiTi–Nb, (f) 
comparison of strain after unloading. 
AnnealedSE: superelastic recovery of 
annealed; AnnealedE, elastic recovery of 
annealed; AnnealedR: residual strain of 
annealed. As-builtSE, As-builtE, and As- 
builtR are the respective values of the As- 
built samples.   

Table 2 
Comparison of the mechanical properties of the as-built and annealed samples 
manufactured by LPBF and other NiTi and NiTi–Nb alloys produced by LPBF.  

Compression σ0.2 (MPa) UCS (MPa) MS (%) 

as-built 965 1795 22 
Annealed 1640 2384 39 
as-cast 960 3155 43 
cast Ni50Ti50 1160 3211 50 
Ni-rich NiTi 960 2410 30 
dense NiTi 802 1440 16  

Table 3 
Comparison of cyclic compression properties of as-built and annealed NiTi–Nb 
alloys prepared by LPBF.  

Loading-unloading εR (%) εSE (%) εE (%) 

as-built 6.2 4.0 5.5 
Annealed 8.4 2.6 5.6  
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is attributed to the occurrence of slip bands [52]. Because of the low 
amount of slip bands, the slip bands are not observed in the image. The 
stress-strain curve basically displays a linear growth after significant 
fluctuation of the curve. After that, the upward trend of the curve is 
lowered down significantly, and then returns to the initial growth trend. 
The final stage is the stress-strain curve of the unloading process. As the 
stress increases, the light-color submicron β-Nb phases are gradually 
extruded to the surface of the eutectic micropillar, as shown in Fig. 10 
(j)–(m). The micropillar side surface becomes uneven due to the sepa
ration of the eutectic phase from the NiTi matrix during micropillar 
compression. No evident slip bands are observed in the eutectic micro
pillar throughout the entire compression process. Considering the effect 
of size effect, the stress applied to the micropillars would be higher than 
that applied by traditional millimeter-scale sample test [52]. 

After the compression, the eutectic microstructure and the 
martensite of the eutectic micropillar can be observed by TEM after FIB 
milling of the micropillars. Fig. 11 (a) shows the morphology of the thin 
region of FIB-milled TEM sample, and the inset presents a thin area of 4 
μm in length and 2.5 μm in width. As seen from Fig. 11 (a)–(c), com
pound and lath martensites are evident around the β-Nb precipitates. As 
shown in Figs. 11 (c), 1# and 2# β-Nb are β-Nb precipitates with different 
thicknesses of NiTi attached, among which the NiTi attached to 1# is 
significantly more than 2# The surfaces of the two β-Nb precipitation 
phases show unequal initiation sites for dislocations due to the different 
thicknesses of the attached NiTi. As shown in the enlarged view of the 

β-Nb precipitation phase boundary on 2# β-Nb (Fig. 11 (d)), the defor
mation of the phase interface under stress loading has stacking faults 
and coherent crystal planes in different directions. 

4. Discussions 

4.1. Microstructure evolution 

In the NiTi–Nb pseudo binary eutectic system, Ni38Ti36Nb26 is a well- 
characterized eutectic point component. Based on the characteristics of 
laser powder bed fusion and rapid solidification, incompletely melted 
Nb particles are retained, resulting in an element diffusion trend around 
Nb particles [21]. According to Ref. [8], 10 at.% Nb can be dissolved 
into NiTi phase at the eutectic temperature, with greater Nb addition 
leading to more β-Nb phase separation. In this work, the Nb content is 
12 at.%, and excessive Nb could not dissolve into the eutectic region 
while retaining the grain morphology. The saturated eutectic region 
tends to precipitate Nb phase during the cooling process. Grummon et al. 
[40] described the existence of five binary compounds of NiTi2, NiTi, 
Ni3Ti, Ni3Nb, and NiNb in Ni–Ti–Nb ternary alloy at 900 ◦C, and sug
gested a quasi-binary eutectic system exists between ordered NiTi and 
disordered β-(Nb, Ni, Ti) solid solution [8]. 

The morphology of non-cluster eutectic phase obtained in annealed 
samples is significantly different from that of traditional as-cast samples 
prepared with the same composition. The optical microscopy images of 

Fig. 8. TEM images of the annealed NiTi–Nb sample after compression: (a) β-Nb phase at the NiTi boundaries, (b) magnified view of β-Nb phase, (c) cracks and 
dislocations, (d) high-density dislocations around β-Nb, (e) dislocation structure and martensite, (f) HRTEM image of the coherent interface region. 
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the XY cross-section (Fig. 3 (e) and XZ cross-section (f)), columnar grains 
with ~10 μm in width and ~40 μm in length are observed in the center 
of the laser path, together with smaller equiaxed grains (200 nm - 2 μm). 
Comparing this result with the microstructure of the as-cast counterpart 
with the same composition [47], the material prepared herein by LPBF 
displays smaller equiaxed grains. The grain refinement efficiency of 
NiTi–Nb alloy prepared by LPBF is attributed to the high concentration 
of retained Nb particles, and the gradient concentration of retained Nb 
particles promotes the formation of β-Nb precipitation phase and 
eutectic phase. The continuous precipitation of Nb elements leads to the 
formation of a large supercooled region in front of the solid-liquid 
interface. An excessive region of supercooling can effectively offset the 
negative effects of high temperature gradients, which ensures that het
erogeneous nucleation event waves are triggered in the component 
subcooling zone to achieve a columnar-to-equiaxed transition [33]. 

The atomic interaction force on the surface of adjacent atoms de
creases as the crystal plane spacing increases, as does the misfit energy at 
the crystal interface. In the solid phase transformation, the change of 
crystal structure would cause the phase interface. For α and β two solid 
solutions (where α is the parent phase and β is the new phase), the α/β 
phase interface is formed where these phases contact each other. The 
degree of lattice misfit δ is defined as [53]: 

Δ= 2(αβ − αα) / (αα + αβ) ​ (1)  

where, αα and αβ are the lattice constants of α and β phases at the phase 

interface, respectively. 
High-resolution morphology of the phase interface in Fig. 5 (c) re

veals that the lattice fringes near the two-phase interface are parallel. 
Using Eq. (1), the misfit degree along the (111) direction of the two- 
phase coherence is 1.8%. When the two-phase interface intersects, 
both the lattice strain and the strain energy decrease and the interface 
bonding strength increases [54]. The difference in lattice constant be
tween β-Nb and NiTi matrix causes lattice strain. As seen from Fig. 5 (c), 
there is relatively uniform contrast between the matrix side and the 
Nb-rich side fringe, and the central region exhibits severe lattice 
distortion. To reduce the strain caused by lattice misfit, the interface 
would generate misfit dislocations (Fig. 5 (d)) to absorb misfit on both 
sides of the phase interface. Thus, the two-phase interface is a 
semi-coherent interface. For the semi-coherent interface model, except 
for the severe distortion of the structure near the dislocation center, 
other positions can be considered to match exactly. The orientation 
relationship of the NiTi–Nb eutectic phase is (100)β-Nb//(011)B2 and 
[011]β-Nb//[011]B2. Reduction in the phase transition resistance lowers 
the free energy of the system. The lattice misfit of the eutectic phase 
interface satisfies the structure of the semi-coherent interface, so the 
dislocations at the interface significantly reduces the interface energy. 

4.2. Effect of β-Nb on strengthening mechanisms 

In this work, a high-strength NiTi–Nb alloy is developed specifically 

Fig. 9. Microstructure evolution near the precipitated β-Nb in annealed sample: (a) the microstructure around β-Nb, (b)–(c) magnified areas of (a), (d)–(e) HRTEM of 
areas indicated by red rectangles in (c), which shows (001) matrix compound twinned martensite, (f) lattice distortion region of NiTi–Nb. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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for LPBF applications. After annealing at 850 ◦C, the yield strength of the 
material is as high as 1600 MPa (Fig. 7 (a)). It is believed that the main 
strengthening mechanisms should be attributed to the combined effect 
of Nb rich precipitation and eutectic structure. 

During the high-speed solidification process of LPBF, an ultra- 
conventional amount of Nb is added to the solid solution (Fig. 3 (a)). 
Compared with the NiTi atoms present in the matrix, the atomic size and 
shear modulus of Nb atoms are very different, and these differences may 
generate local strain fields. The interaction between lattice distortion 
and dislocation restricts dislocation motion, thereby enhancing the yield 
strength of the material during deformation [55,56]. In current alloy 
systems, modulus hardening is considered as the main strengthening 
mechanism, and this hinders the motion of dislocations due to the dif
ference in modulus values between the Nb-rich precipitates and the 
surrounding NiTi matrix [46]. 

As reported previously [33], an enhanced phase can significantly 
promote load transfer and achieve a toughening effect. The Nb phase 
exists as an enhanced phase, which enhances the strength of the alloy 
under stress loading. Since the Nb phase acts as a pinning point to 
prevent dislocation extension, it interweaves and piles up to the right of 
the β-Nb phase. The β-Nb precipitates can interact with dislocations to 
prevent the dislocations from moving freely, thereby increasing the 
yield strength of the material during deformation. Annealing can elim
inate the residual stress caused by the temperature gradient generated 
during solidification and cooling of the sample preparation, thereby 
significantly improving the mechanical properties of the sample. The 
annealed sample exhibits a high yield strength and maximum 
compressive strength (Fig. 7 (a)). In addition, a distinct martensitic 
yielding stress platform at about 250–300 MPa (Fig. 7 (a) and (b)) is 
observed. As the stress increases, martensite reorientation takes place 

when the stress exceeds the martensitic yield stress. The Nb-rich phase 
(Fig. 4 (b)–(d)) has a Nb content exceeding 90 at.%, deviating from the 
eutectic composition. This indicates that a greater precipitation hard
ening effect can be obtained as a result of optimized annealing treat
ment, thereby further enhancing the compressive strength. Additionally, 
the submicron β-Nb phase exists as a soft phase surrounding the 
NiTi-rich phase, which can promote load transfer under stress loading, 
leading to higher stress and strain [56]. Annealing can also improve the 
segregation of β-Nb phase in NiTi–Nb alloy and dissolve the brittle 
precipitate formed during the LPBF process. As discussed in previous 
studies [16,35], the reduction in brittle precipitates and the increase in 
the β-Nb phase promote plastic deformation in grains. 

4.3. Contribution of eutectic to mechanical properties 

The high cooling rate in the LPBF process promotes the rapid diffu
sion of Nb in the NiTi matrix and may produce very fine eutectic mi
crostructures, which enhances the strength and ductility of the LPBF- 
produced samples [56]. The high cooling rate can limit the diffusion 
of atoms and inhibit the eutectic coupling growth, leading to the for
mation of martensite [57]. Therefore, the formation of the 
needle-shaped martensite plates (Fig. 8 (f)) is attributed to the high 
cooling rate of the NiTi–Nb alloy manufactured by LPBF. 

However, due to the extremely fine scale of the microstructure 
(including eutectic phase and highly condensed nanoscale precipitates), 
local stress concentration during mechanical deformation can be 
reduced, which would reduce the risk of crack initiation and ductility. At 
the same time, the deformation adaptation between coarse columnar 
grain regions and fine equiaxed grain regions also contributes to the 
ductility of developed alloys [58]. As mentioned above, the grain size of 

Fig. 10. In situ micropillar compression tests of the annealed NiTi–Nb: (a) Stress− strain curves of Nb particle and eutectic phases, (b–c) SEM images of Nb particle 
and eutectic phases before loading, (d–e) SEM images of Nb particle and eutectic phases after unloading, (f–i) SEM images of Nb particle phase at 0:00, 0:30, 1:30, 
and 3:30 during compression, (j–m) SEM images of eutectic phase at 0:00, 1:00, 3:00, and 6:00 during compression. The corresponding stress-strain relationships are 
indicated by numbers in (a). See supplementary videos SV1-SV2 for details. 
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NiTi–Nb alloy is refined due to the combined action of the primary 
eutectic phase and the submicron Nb-rich precipitated phase. 

The micropillar compression experiments with low strength Nb 
particles show that, compared with eutectic pillar, β-Nb cracks appear 
first under the same loading condition (Fig. 10 (c)). Additionally, the 
uniform eutectic phase has higher strength than the Nb micropillar. 
With extrusion of the rod-shaped eutectic phase under loading, the 
stress-strain curve of eutectic micropillar tends to show a curve platform 
similar to that of the macroscopic annealed sample. In the high- 
resolution TEM results after micropillar compression, the atomic dis
tances of the β-Nb precipitated phase and the phase near the NiTi matrix 
phase are 0.192 nm and 0.170 nm, respectively. Using Eq. (1), the misfit 
of the two-phase lattice interface can be calculated as 12.15%. It is clear 
that the characteristics of high strength of the NiTi–Nb eutectic-type 
alloy are mainly determined by uniform eutectic phases. Compared 
with traditional casting methods, the mechanical properties of NiTi–Nb 
eutectic alloys prepared by LPBF with ultrafine eutectic phase and 
precipitated Nb-rich phase show excellent combination of yield strength 
and plasticity. 

5. Conclusions 

In this work, NiTi–Nb eutectic-type alloy was fabricated by laser 
powder bed fusion using a mixture of spherical pre-alloyed NiTi powder 
and irregular small-particle Nb powder. The main results are summa
rized as follows.  

(1) The composition of Ni44Ti44Nb12 alloy is prepared according to 
the quasi-binary eutectic phase diagram and the ternary phase 
diagram. The morphology of the sample prepared by LPBF con
sists of staggered tracks and fish scale stacking faults and the 
microstructure is a uniform eutectic phase region, with a large 
amount of β-Nb precipitate phase. Columnar grains and fine 
equiaxed grains appear at the center and boundary, respectively, 
of the laser scanning path.  

(2) Nb particles retained by LPBF promote the diffusion of Nb 
element and accelerate the eutectic phase transition and the 
precipitation of the β-Nb phases. The orientation relationship of 
the NiTi–Nb eutectic is (100)β-Nb//(011)B2 and [011]β-Nb// 
[011]B2. The precipitated β-Nb phases cause the surrounding 
dislocations to initiate, while interweave, and pile up and the 
dislocations and stacking faults at the boundary between the Nb- 
rich phase and the NiTi-rich phase promote the formation and 
phase transformation of martensite. The annealed samples un
dergo a more pronounced martensitic transformation, exhibiting 
a stress platform at 300 MPa.  

(3) Micropillar compression confirmed that the eutectic pillar has a 
high strength of 2500 MPa and a compressive strain of 35%, 
making an important contribution to high strength. In compari
son to other materials, the annealed NiTi–Nb eutectic-type alloy 
prepared by LPBF exhibits excellent compression properties: 
yield strength of 1640 MPa, compressive strength of 2384 MPa, 
and compressive strain of 39%. The demonstrated high strength 
suggests future directions for the design of high strength NiTi–Nb 
alloys. 

Fig. 11. TEM images of (a) the eutectic micropillar, (b) martensite and compound, (c) enlarged image of part indicated in (b), (d) stacking fault on Nb- 
rich boundaries. 
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(4) The characteristics of high strength of the NiTi–Nb eutectic-type 
alloy are mainly determined by uniform eutectic phases. 
Compared with traditional casting methods, the mechanical 
properties of NiTi–Nb eutectic alloys prepared by LPBF with ul
trafine eutectic phase and precipitated Nb-rich phase show 
excellent combination of yield strength and plasticity. 
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