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A B S T R A C T

This study developed a crystallographic texture-controlled Ti–42Nb alloy via laser powder bed fusion (L-PBF), 
characterized its microstructures, and evaluated their contributions to mechanical properties through numerical 
calculations. By employing different scanning strategies in L-PBF, three types of strong textures with <001>, 
<011>, and <111> orientations along the building direction were successfully developed. Scanning electron 
microscopy and transmission electron microscopy analyses revealed the formation of columnar dendrites with 
slight elemental segregation and the absence of dislocation cells. Moreover, this study clarified the formation of 
small amounts of nanosized precipitates comprising ω and α″ phases. The texture-controlled specimens exhibited 
pronounced anisotropy in Young's modulus depending on crystal orientation, similar to that observed in single 
crystals, with a 2.1-fold difference between the <001>- and <111>-oriented specimens. Notably, the results 
clarified the contribution of the nanosized ω phase to a significant increase in yield strength without affecting 
Young's modulus. The <001>-oriented specimen exhibited reasonable yield strength (635.3 MPa) and plastic 
elongation (13.6%) while maintaining a low Young's modulus (40.9 GPa), demonstrating that the combination of 
texture control and nanosized ω phase formation is crucial for regulating the mechanical properties of metastable 
β-type Ti alloys. The yield strength-to-Young's modulus ratio of this alloy (15.5 × 10− 3) is one of the highest 
values among Ti alloys. These findings provide valuable insights into microstructural control using L-PBF and 
highlight the impact of microstructures on both elastic and plastic mechanical behavior.

1. Introduction

Metal additive manufacturing (AM) has attracted significant atten
tion for fabricating three-dimensional (3D) shapes [1–4]. Among AM 
techniques, laser powder bed fusion (L-PBF) has been increasingly 
employed to fabricate metallic components with complex geometries, 
particularly for biomedical applications [5–7]. In addition, owing to the 

characteristic melting and solidification behavior in the L-PBF process, 
L-PBF enables control of microstructural features, including crystallo
graphic texture in materials with various crystal structures [8–11], 
elemental distributions [12,13], and the formation of cellular structures 
[14] and fine compounds [15]. In recent years, studies have reported 
that L-PBF-derived microstructures affect yield strength [16], high-cycle 
fatigue properties [17], high-temperature strength [18], and corrosion 
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resistance [19]. However, despite the anticipated strong influence of 
crystallographic texture on mechanical properties, this relationship re
mains poorly understood. This is partly because precise control of 
crystallographic texture remains challenging using currently available 
L-PBF approaches.

To clarify the relationship between crystallographic texture and 
mechanical properties, this study focused on Ti–Nb alloys, which are 
among the metastable β-type Ti alloys. Metastable β-type Ti alloys 
exhibit pronounced elastic anisotropy [20]. The degree of elastic 
anisotropy depends on the average valence electron concentration (e/a, 
where e is the number of valence electrons and a is the total number of 
atoms) and increases as the e/a value approaches 4. For example, a 
single crystal of the Ti–15Mo–5Zr–3Al (wt.%) alloy, with e/a = 4.1, 
exhibits an elastic modulus of ~120 GPa along the <111> direction and 
a minimum value of ~44 GPa along the <001> direction [21]. In 
particular, Ti–Nb alloys with the e/a of 4.26–4.30 are known to exhibit 
high mechanical anisotropy and an exceptionally low Young's modulus 
owing to unique anelastic relaxation caused by reversible atomic shuf
fling events [22]. Therefore, the Ti–42Nb (wt.%) alloy (e/a = 4.27) 
provides an ideal model for investigating the effects of crystallographic 
texture on mechanical properties.

Ti–Nb alloys with low e/a values close to 4.0 have low stability of the 
β phase with a body-centered cubic (BCC) structure and have been re
ported to form athermal ω, martensitic α″, and isothermal ω phases 
within the β matrix during fabrication processes [23,24]. The ω phase 
exhibits higher hardness and Young's modulus but poor ductility [23], 
whereas the α″ phase exhibits comparable or even superior mechanical 
properties [24]. Furthermore, Ti–26Nb (at.%; ~Ti–41Nb (wt.%), 
e/a = 4.26) and Ti–27Nb (at.%; ~Ti–42Nb (wt.%), e/a = 4.27) alloys 
exhibit a stress-induced α″ martensitic transformation during deforma
tion [25–27]. Although the α″ martensitic transformation can provide 
unique deformation behavior through transformation-induced plasticity 
effects [25] and superelasticity [26], it may potentially lead to an 
intrinsic reduction in yield strength. These previous studies were con
ducted using arc-melted Ti–Nb alloys, in which the oxygen concentra
tion was maintained at a low level. Because oxygen suppresses 
formation of the α″ phase by lowering the martensitic transformation 
temperature [28], the influence of the α″ martensitic transformation 
could be pronounced in arc-melted materials. Therefore, to accurately 
understand the effects of microstructure on the mechanical properties of 
Ti–42Nb, the effects of both the ω and α″ phases should also be 
considered.

To date, several studies have investigated metastable β-type Ti alloys 
fabricated by L-PBF. Mantri et al. reported that an as-built 
Ti–10V–2Fe–3Al (wt.%) alloy formed the ω phase, which suppressed 
deformation twinning typically observed in forged materials [29]. 
Schaal et al. demonstrated that an as-built Ti–22Zr–7Nb–2Sn (at.%) 
alloy underwent stress-induced α″ martensitic transformation during 
deformation [30]. These studies indicate that metastable phases formed 
during the L-PBF process can significantly influence the deformation 
behavior and mechanical properties of metastable β-type Ti alloys.

For Ti–Nb alloys, previous studies have reported that L-PBF-fabri
cated Ti–41Nb (wt.%) forms the ω phase but not the α″ phase [31]. In 
contrast, the presence and role of ω and α″ phases in as-built Ti–42Nb 
alloys have not been clarified [32–34]. Furthermore, the stress–strain 
curves reported for L-PBF-fabricated Ti–42Nb alloys exhibit neither the 
characteristic two-stage yielding associated with stress-induced α″ 
martensitic transformation nor serrated flow related to twinning [32,
33]. Although these features were not specifically discussed in the 
original studies, their absence suggests that stress-induced α″ martensitic 
transformation and twinning may be suppressed under L-PBF condi
tions. Thus, the influence of microstructural features on the mechanical 
properties of L-PBF-fabricated Ti–Nb alloys has not yet been sufficiently 
discussed.

The aim of this study is to develop texture-controlled Ti–42Nb alloys 
using different L-PBF scanning strategies, characterize their micro

structures and mechanical properties, and evaluate the contributions of 
microstructural factors to mechanical properties through calculations. 
Particular focus is placed on elucidating the respective contributions of 
texture-induced modulus variation and metastable-phase strengthening 
to the yield strength-to-Young's modulus ratio (σy/E), which is an 
important indicator for load-bearing biomedical implants, and on 
identifying microstructural design strategies for maximizing σy/E. The 
present findings provide comprehensive insights into the relationship 
between microstructure, including crystal orientation and the ω/α″ 
phases, and mechanical properties, including Young's modulus and yield 
strength, in Ti–42Nb.

2. Materials and methods

2.1. Specimen fabrication

Pre-alloyed Ti–42Nb feedstock powder was procured from Taniobis 
GmbH (Germany). The powder exhibited a spherical shape with 
D50 = 40.0 μm, as measured using a Mastersizer 3000 (Malvern Pan
alytical, UK). The L-PBF process was conducted using an EOS M290 
system (EOS, Germany), in which the laser power P, scanning speed v, 
hatch spacing d, and stacking thickness t were set to 240–360 W, 
600–1200 mm･ s− 1, 0.08 mm, and 0.06 mm, respectively. An energy 
density (ED) in the range of 41.7–125 J ･mm− 3 was applied, as calcu
lated using Eq. (1) [10]. 

ED = P / vdt (J⋅mm− 3)                                                                    (1)

Specimens with dimensions of 5 mm × 5 mm × 10 mm for micro
structural observation and 5 mm × 5 mm × 25 mm for tensile testing 
were fabricated under an Ar atmosphere, with the oxygen concentration 
in the chamber maintained below 1000 ppm. This study employed three 
types of scanning strategies to develop crystallographic textures with 
different crystal orientations based on a previous study [9]. Bidirec
tional scanning only along the x-axis (±X_SS), bidirectional scanning 
along the x- and y-axes with 90◦ rotation between layers (±XY_SS), and 
unidirectional scanning with 120◦ rotation between layers (+120◦_SS) 
produced <001>-, <011>-, and <111>-oriented textures, respectively. 
The laser scanning directions and patterns for ±X_SS, ±XY_SS, and 
+120◦_SS are illustrated in Fig. 1. The building direction and the di
rection parallel to the front of the machine were defined as the z- and 
x-axes (0◦ direction), respectively, whereas the y-axis (90◦ direction) 
was defined as perpendicular to the x- and z-axes, following the ISO/
ASTM 52900 standard terminology.

Inductively coupled plasma atomic emission spectroscopy (ICP-AES; 
ICPV-1017, Shimadzu, Japan) was used to measure the composition of 
the feedstock powder and the L-PBF-fabricated specimen for Nb detec
tion. The inert gas fusion method (TCH600, LECO, USA) was used to 
detect O and N.

2.2. Microstructural characterization

The mirror-polished cross-section of the yz-plane, perpendicular to 
the x-axis of the specimens, was observed using an optical microscope 
(OM; BX60, Olympus, Japan). The relative density was evaluated from 
the OM images using ImageJ software (NIH, USA). The area fraction of 
the defects (fdefect (%)) was measured using threshold segmentation, and 
the relative density was calculated by subtracting fdefect from 100.

Crystallographic texture was observed using field-emission scanning 
electron microscopy (FE-SEM; JIB-4610F, JEOL, Japan) equipped with 
electron backscatter diffraction (EBSD; NordlysMax 3, Oxford In
struments, UK), with a step size of 2 μm and an accelerating voltage of 
20 kV. Inverse pole figure (IPF), pole figure, and grain boundary (GB) 
maps were obtained using AZtec (Oxford Instruments, UK) and pro
cessed using Channel 5 (Oxford Instruments, UK). Low-angle grain 
boundaries (LAGBs, 2◦ ≤ θ < 15◦) and high-angle grain boundaries 
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(HAGBs, θ ≥ 15◦) were classified on the GB map, where θ is the crystal 
misorientation angle between neighboring pixels. The grain boundary 
spacings (dy and dz) were determined from the GB maps using the line 
intercept method along the y- and z-axes. The obtained values are 
expressed as the mean ± standard deviation.

To quantitatively characterize the evolved texture, the degrees of 
orientation (p) of <001>, <011>, and <111> along the z-axis were 
calculated based on the Euler angles obtained by EBSD as 

p<hkl> = 〈cos2α<hkl>〉, (2) 

where α<hkl> represents the angular deviation of <001>, <011>, or 
<111> from the z-axis, as analyzed using Euler angles at each analysis 
point on the IPF map. The average value of cos2α<hkl> is defined as the 
degree of crystal orientation for < hkl >, denoted as p<hkl> [35]. 
Considering the multiplicity of crystal planes, the degrees of orientation 
for randomly oriented <001>, <011>, and <111> were 0.74, 0.84, and 
0.80, respectively. A perfect orientation leads to p = 1 [35]. Chemically 
etched specimens were used to observe the solidified microstructures.

Transmission electron microscopy (TEM; JEM 2010HC and JEM- 
3010, JEOL, Japan) operated at an acceleration voltage of 200 kV and 
300 kV, and aberration-corrected scanning transmission electron mi
croscopy (STEM; JEM ARM200F, JEOL, Japan) operated at an acceler
ation voltage of 200 kV with a convergence half angle of 22 mrad, were 
used for high-magnification observations. The specimens were prepared 
using ion milling (PIPS model 691, Gatan, USA), a twin-jet electro
polishing system (Tenupol-3, Struers, Denmark), or a focused ion beam 
(FIB) instrument (Scios 2 DualBeam, Thermo Fisher Scientific, USA).

2.3. Tensile test

The test specimens were extracted from the center of the L-PBF- 
fabricated samples, with the gauge direction corresponding to the z-axis 
(Fig. S1(a)). The sample surfaces were polished to a #2000-grit finish. 
The geometry and dimensions of the tensile specimens were determined 
with reference to a previous study [36], and the detailed specimen di
mensions are illustrated in Fig. S1(b). The longitudinal and transverse 
directions of the specimens corresponded to the z- and x-axes, respec
tively. Tensile tests were conducted using a universal testing machine 
(AGX-V, Shimadzu, Japan) at a strain rate of 1.67 × 10− 4 s− 1. The 
testing environment was set at room temperature under atmospheric 

pressure. Strain throughout the test was determined from the crosshead 
displacement. Although the crosshead displacement reasonably repre
sents the specimen strain in the plastic deformation region, it may 
include not only the elastic strain of the specimen but also the elastic 
deformation of the testing machine and grips in the elastic region. 
Therefore, the elastic strain of the specimen was evaluated using strain 
gauges (KFGS-1N-120-C1-11 L1M2R, KYOWA, Japan) directly attached 
to both sides of the gauge section of the specimens. Young's modulus was 
then determined from the slope of the stress–strain curve between 20% 
and 80% of the yield strength.

2.4. Statistical analysis

In this study, quantitative results are expressed as mean ± standard 
deviation. The significance of the mechanical properties (n = 3) was 
tested using one-way analysis of variance (ANOVA), followed by Tukey's 
post hoc test. A p-value < 0.05 was considered statistically significant.

2.5. Numerical simulation of thermal diffusion

A finite element thermal diffusion simulation (COMSOL Multiphysics 
6.3, COMSOL Inc., Sweden), which has been established for various 
types of alloys [10,11,37,38], was conducted to evaluate the tempera
ture conditions during solidification. For the simulation, the energy 
distribution of the heat source was assumed to follow a Gaussian dis
tribution [39], and the 3D energy distribution was expressed as a 
function of radius r and depth z. The expression is given as 

Q =
4AP

πR2H
exp
(

−
2r2

R2

)[
1 −

z
H

]
(0 < z < H), (3) 

where Q is the amount of heat per unit volume, P is the laser power, R is 
the radius of the laser spot, r is the distance from the powder bed surface 
to the center of the laser spot, A is the laser absorption rate, H is the 
penetration depth, and z is the depth. Additionally, this study used a 
surface energy flux absorption model in which the Gaussian heat flux, 
attenuated with penetration depth, was deposited on the top surface 
[40]. Although convection in the melt pool was not calculated in this 
model, the simplification had a relatively small effect on the melt pool 
geometry and temperature field [41]. The heat transfer equation of the 
fluid was obtained from a domain simulation using Eq. (4) [11]. 

Fig. 1. Schematic of each scanning strategy employed in this study. (a) ±XY_SS, (b) ±X_SS, and (c) +120◦_SS.
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ρCp
∂T
∂t

+∇⋅q = Q, (4) 

where ρ is the absolute density, Cp is the specific heat capacity, T is the 
temperature, t is the time, q is the heat flux, and Q is the heat generation 
rate per unit volume. The heat flux resulting from heat conduction was 
computed according to Fourier's law [11]. 

q = − k∇T, (5) 

where k is the thermal conductivity. The boundary conditions on the 
outer surface of the model [11] were defined as 

− n⋅q = q0 = h(Text − T), (6) 

where n is the normal vector of the surface through which heat flows; h 
is the heat transfer coefficient, which was set to 76 W‧m− 2‧K− 1; and Text 
is the external temperature at which the model contacts the environment 
(powder bed). Text was set to T0.

The physical properties of the Ti–42Nb alloy (Table 1), calculated 
using JMatPro® (Sente Software, UK), were used in the simulations. The 
dimensions of the finite element model were 5 mm (width) × 5 mm 
(depth) × 10 mm (height). Single-laser scanning with a laser path length 
of 5 mm was simulated. The validity of the simulation model was veri
fied by demonstrating that the error between the simulated and exper
imentally measured melt pool dimensions was less than 2%, as shown in 
Table S1. This simulation is based on a simplified single-track model and 
serves as a supplementary analysis; it does not fully capture the complex 
thermal histories of the actual multi-track and multi-layer L-PBF pro
cess. The thermal gradient (G) and solidification rate (R) at the solid
–liquid interface in the melt pool were analyzed at the midpoint along 
the laser scan track. The cooling rate during solidification was estimated 
as the product of G and R at each pixel, and these values were averaged.

3. Results

3.1. Characterization of Ti–42Nb alloy fabricated by L-PBF

Changes in relative density as a function of the process parameters 
are represented in Fig. 2. OM images and the corresponding relative 
densities of specimens fabricated using ± XY_SS (Fig. 2(a)), ±X_SS 
(Fig. 2(b)), and +120◦_SS (Fig. 2(c)) were observed. The relative density 
varied depending on ED. The density was maximized at an ED of 75 J‧ 
mm− 3 (P = 360 W and v = 1000 mm‧s− 1); nearly full density (> 99.98%) 
was achieved at this ED regardless of the scanning strategy (Fig. 2(d)). 
Under high ED conditions (> 83.3 J‧ mm− 3), keyhole-type pores formed 
owing to excessive melting, leading to a decrease in the density to below 
99%. Table 2 lists the chemical compositions of the feedstock powder 
and the L-PBF-fabricated Ti–42Nb alloy. The dense specimen fabricated 
using the ±XY_SS at ED = 75.0 J‧mm− 3 was used as a representative 
sample to exclude contamination from gases contained in pores. By 
comparison, ~300 and ~160 ppm of O and N were introduced during 
the L-PBF process, respectively.

3.2. Crystallographic texture formation depending on scanning strategies 
and process parameters

Variations in crystallographic texture as a function of the process 
parameters for each scanning strategy are illustrated in Figs. 3–5. In the 
±XY_SS (Fig. 3(a)), most fabricated specimens exhibited a preferential 
<100> alignment along the x-, y-, and z-axes, and the condition with 
ED = 75.0 J‧mm− 3 demonstrated the highest degree of <100> orienta
tion along the z-axis (Fig. 3(b)–3(d)). In the ±X_SS (Fig. 4(a)), most 
specimens formed a preferential <100> alignment along the x-axis, 
whereas the orientation along the z-axis varied with the process pa
rameters. Under conditions with ED = 75.0 J‧mm− 3, crystals with two 
predominant orientations were observed. One was oriented with {011} 
planes along the y- and z-axes and {001} planes along the x-axis. The 
other exhibited {001} orientation along the x-, y-, and z-axes. 
Conversely, the <100> alignment was prominently along the x-, y-, and 
z-axes under conditions with ED = 125 J‧mm− 3. These trends were 
consistent with the quantitative analysis results (Fig. 4(b)–4(d)). In the 
+120◦_SS (Fig. 5), intermediate ED conditions resulted in a strong 
texture with preferential <111> alignment along the z-axis, whereas 
conditions with ED = 125 J‧mm− 3 or ED ≤ 62.5 J‧mm− 3 led to the for
mation of polycrystalline structures. Accordingly, strong textures with 
distinct crystal orientations, in which <001>, <011>, and <111> were 
primarily aligned along the z-axis, were successfully formed by 
employing different scanning strategies. In the subsequent analyses, 
specimens developed at ED = 75 J‧mm− 3 (laser power of 360 W and 
scanning speed of 1000 mm‧s− 1) were used as representative samples for 
all scanning strategies.

The GB maps and distributions of crystal misorientation angles are 
illustrated in Fig. 6, and the characteristics of the GBs are summarized in 
Table 3. The specimens exhibited columnar crystal grains elongated 
along the z-axis, regardless of the scanning strategy (Fig. 6(a)–6(c)); 
however, the spacing between grain boundaries, namely the grain 
boundary density, differed among specimens (Table 3). The distribu
tions revealed that both LAGBs and HAGBs were formed in comparable 
fractions in the ±X_SS specimen (Fig. 6(e)), whereas LAGBs were pre
dominantly formed in the ±XY_SS (Fig. 6(d)) and +120◦_SS (Fig. 6(f)) 
specimens, corresponding to the trend in the degree of crystal orienta
tion. Consequently, HAGBs were rarely observed in the strongly 
textured ± XY_SS specimens. These results suggest that both grain 
boundary distribution and crystallographic texture can be controlled by 
adjusting the scanning strategy.

3.3. Observation of solidified microstructures and dislocations in the 
±XY_SS specimen

In this study, solidified microstructures and metastable phases were 
formed in a specimen fabricated using the ±XY_SS. Observations of the 
yz-plane using SEM in backscattered electron (BSE) imaging mode 
revealed that columnar dendrites were elongated along the z-axis at the 
center of the melt pool, whereas they were elongated normal to the z- 
axis on both sides of the pool (Fig. 7(a)). A high-magnification image 
showed that primary dendrite arm spacing (PDAS: λ) varied depending 
on the position within the melt pool (Fig. 7(b)). Specifically, λ was 
1.04 μm near the melt pool boundary and 0.71 μm at the center of the 
melt pool, as measured along line 1 and line 2, respectively.

Moreover, elemental distribution was observed using STEM-EDS 
(Fig. 7(c)). The line scan profile (along the orange line) revealed that 
the Nb concentration fluctuated by ~1–2% between the dendritic and 
inter-dendritic regions. Thus, the contrast observed in the SEM–BSE 
image (Fig. 7(b)) was attributed to differences in elemental distribution. 
Bright-field TEM observation revealed that organized dislocation cells 
were not formed and that dislocations were sparsely distributed within 
grains in the Ti–42Nb alloy (Fig. 7(d)).

Table 1 
Physical and thermophysical parameters in the thermal diffusion simulation of 
Ti–42Nb alloy.

Physical parameter Value

β transus temperature, Tαβ (K) 920.1
Solidus temperature, Ts (K) 1961.7
Liquidus temperature, Tl (K) 2124.7
Density, ρ (kg‧m− 3) 5639.9
Specific heat capacity of solid (T > TS), Cs (J‧(kg‧K)− 1) 720.1
Specific heat capacity of liquid (T > Tl), Cl (J‧(kg‧K)− 1) 934.3
Latent heat, H (kJ‧kg− 1) 288.3
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3.4. Observation of nanosized precipitates in the ±XY_SS specimen

To investigate precipitates formed in the L-PBF-fabricated Ti–42Nb 
alloy, TEM and STEM observations were conducted using the ±XY_SS 
specimen as a representative sample (Fig. 8). The diffraction pattern 
along the [110] zone axis (Fig. 8(a)) and the intensity profile taken along 
the line from 000β to 112β (Fig. 8(b)) revealed that ω and α″ phases were 
formed together with the β phase. The dark-field images of the ω1 phase 
(Fig. 8(c)) and α″ phase (Fig. S2(b)) revealed that fine ω and α″ pre
cipitates were dispersed in the β matrix. Additionally, the fast Fourier 
transform (FFT) pattern constructed from the HAADF-STEM image 
showed the presence of α″, ω1, and ω2 phases (Fig. 8(d)). Consistent with 
previous studies [42,43], both the ω and α″ phases exhibited specific 
orientation relationships with the β matrix, as described in Eqs. (7) and 
(8). 

{111}β // (0001)ω, < 110 >β
//

< 1120 >ω (7) 

{110}β // {001}αʹ́ , < 111 >β
//

< 110 >αʹ́ (8) 

These orientation relationships are schematically illustrated in Fig. 8
(f). Analysis using the inverse FFT (IFFT) image (Fig. 8(e)) revealed that 
the particle diameters (di) of the α″ and ω phases were ~3 nm. The 
volume fraction (fi) and interparticle spacing (li) were calculated using 
Eqs. (9)–(11) [44]. 

fi =
4
3

π
(

di

2

)3

nv (9) 

li =
1
̅̅̅̅̅̅̅̅̅̅̅
2dinv

√ (10) 

nv =
ns

t
× v (11) 

The areal density, volume density, and number of variants in each 
precipitated phase are denoted as ns, nv, and v, respectively. The thick
ness of the TEM specimen (t) used in this study was ~30 nm, as 
measured by STEM-EELS analysis. The ω and α″ phases contained four 
[45] and six [46] variants, respectively. The particles of each phase were 
characterized through observations and calculations (Table 4), and their 
sizes and volume fractions were comparable to those previously re
ported for Ti–xFe–xCo–1Mo (at.%) and Ti–10V–2Fe–3Al (wt.%) alloys 
fabricated via L-PBF [29,47]. Therefore, the L-PBF-fabricated Ti–42Nb 
alloy exhibited a microstructure consisting of crystallographic texture, 
columnar dendrites without organized dislocation cells, and fine pre
cipitates of the ω and α″ phases.

Fig. 2. Density of Ti-42Nb alloys fabricated at different conditions. OM micrographs for the yz-plane and the corresponding density of the alloy developed via (a) 
±XY_SS, (b) ±X_SS, and (c) +120◦_SS strategies. (d) Relationship between relative density and energy density.

Table 2 
Composition of raw powder and the L-PBF-fabricated specimen.

Material Ti (wt.%) Nb (wt.%) O (wt.%) N (wt.%)

Powder Bal. 41.8 0.20 0.016
L-PBF-fabricated Bal. 41.5 0.23 0.032
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Fig. 3. Variations in crystallographic texture depending on process parameters of specimens developed via the ± XY_SS. (a) IPF maps projected along the z-axis and 
pole figures for {100}, {110}, and {111} observed along the yz-plane. Energy density (ED (J‧mm− 3)) is represented. The IPF maps and pole figures share the common 
coordinate system indicated at the bottom of (a). Relationship between energy density and degrees of orientation for (b) <001>, (c) <011>, and (d) <111> along 
the z-axis. Dashed lines indicate the value of random orientations.
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Fig. 4. Variations in crystallographic texture depending on the process parameters of specimens developed via the ± X_SS. (a) IPF maps projected along the z-axis 
and pole figures for {100}, {110}, and {111} observed along the yz-plane. Energy density (ED (J‧mm− 3)) is represented. The IPF maps and pole figures share the 
common coordinate system indicated at the bottom of (a). Relationship between energy density and degrees of orientation for (b) <001>, (c) <011>, and (d) <111>
along the z-axis. Dashed lines indicate the value of random orientations.
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Fig. 5. Variations in crystallographic texture depending on the process parameters of specimens developed via the +120◦_SS. (a) IPF maps projected along the z-axis 
and pole figures for {100}, {110}, and {111} observed along the yz-plane. Energy density (ED (J‧mm− 3)) is represented. The IPF maps and pole figures share the 
common coordinate system indicated at the bottom of (a). Relationship between energy density and degrees of orientation for (b) <001>, (c) <011>, and (d) <111>
along the z-axis. Dashed lines indicate the value of random orientations.
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3.5. Prediction of thermal diffusion behavior

To predict the geometry of the solidified microstructures formed 
during solidification, the thermal diffusion conditions in the melt pool 
were analyzed by focusing on the thermal gradient (G) and solidification 
rate (R) at the solid–liquid interface under laser irradiation conditions of 
P = 360 W and v = 1000 mm‧s− 1 (Fig. 9). The geometry of the simulated 
melt pool is shown in Fig. 9(a), while Fig. 9(b) shows the thermal 
diffusion conditions at each position in the melt pool plotted on a G–R 
map along with Hunt's columnar-to-equiaxed transition (CET) criterion 
for the Ti–6Al–4V (wt.%) alloy [48]. Most data points exceeded the CET 
criterion for predicting the formation of columnar dendrites. The 
average cooling rate within the melt pool, estimated as the product of G 
and R, is 6.6 × 106 K‧s− 1 in this study, which is significantly higher than 
that of conventional casting processes (~103 K‧s− 1) [49,50].

3.6. Mechanical properties measured by tensile test

The mechanical properties of each specimen were evaluated by 
tensile testing, with the tensile direction corresponding to the z-axis in 
the coordinate system shown in EBSD results (Fig. 3(a), 4(a) and 5(a)). 
The initial parts of the true stress–strain curves and Young's modulus 
values are shown in Fig. 10(a) and (b), respectively. The <001>-ori
ented ± XY_SS specimen and the <111>-oriented +120◦_SS specimen 
exhibited the lowest (40.9 GPa) and highest (84.8 GPa) Young's modulus 
values, respectively, whereas the ±X_SS specimen with a preferential 
<011> orientation exhibited an intermediate value (63.4 GPa). A 
comparison of the crystal-orientation dependence of Young's modulus 

between a Ti–40Nb single crystal and the present Ti–42Nb alloy is 
presented in Fig. 10(c). The Young's modulus of the Ti–40Nb single 
crystal was calculated using elastic stiffness constants reported in the 
literature [51]. The Young's moduli of the L-PBF-fabricated specimens 
varied similarly to those of the Ti–40Nb single crystal. Thus, by con
trolling crystal orientation via L-PBF, a pronounced elastic anisotropy of 
up to 2.1 times was achieved when comparing the ±XY_SS and 
+120◦_SS specimens.

The true stress–plastic strain curves and work-hardening rates are 
shown in Fig. 10(d) and (e), respectively. At the oxygen and nitrogen 
concentrations used in the present study (Table 2), the characteristic 
two-stage yielding behavior associated with stress-induced α″ martens
itic transformation was not observed during deformation (Fig. 10(a) and 
(d)), suggesting that the deformation behavior was primarily governed 
by dislocation slip rather than stress-induced α″ martensitic trans
formation. The analyzed values of yield strength (represented as bar 
graphs) and plastic strain (represented as plots) are shown in Fig. 10(f). 
The yield strength showed a significant variation depending on crystal 
orientation, with values in the order of +120◦_SS > ±X_SS > ±XY_SS. 
These variations in yield stress are discussed in Section 4.1. No signifi
cant difference in ductility was observed.

In β-type Ti alloys, strain softening often occurs after yielding 
because dislocation slip tends to localize through the formation of slip 
bands [52]. However, the plastic deformation behavior of the 
L-PBF-fabricated specimens differed markedly depending on crystal 
orientation (Fig. 10(e)). After yielding, the XY_SS specimen exhibited 
stress softening, whereas the ±X_SS and +120◦_SS specimens exhibited 
slight strain hardening. Furthermore, the ±X_SS specimen maintained a 
relatively stable flow stress, whereas the +120◦_SS specimen underwent 
immediate softening. This study primarily focused on differences in 
Young's modulus and yield strength. The mechanism underlying the 
differences in plastic deformation behavior will be clarified in future 
studies.

4. Discussion

In this study, the texture and crystal orientation of the Ti–42Nb alloy 
were controlled by applying different scanning strategies during L-PBF. 
Moreover, this study revealed the formation of a small amount of fine ω 

Fig. 6. Grain boundary (GB) distributions. GB maps and the distributions of crystallographic misorientation angle in (a, d) ±XY_SS, (b, e) ±X_SS, and (c, f) +120◦_SS 
samples. LAGB (2◦ ≤ θ < 15◦) and HAGB (θ ≥ 15◦) were classified according to the crystal misorientation angle (θ) between neighboring pixels.

Table 3 
Grain boundary spacing (LAGB and HAGB) and fractions of LAGB and HAGB in 
each specimen.

Material Grain boundary 
spacing along y- 
axis, dy (μm)

Grain boundary 
spacing along z- 
axis, dz (μm)

Fraction of 
LAGB, fLAGB 

(%)

Fraction of 
HAGB, fHAGB 

(%)

±XY_SS 17.3 ± 1.7 70.0 ± 7.0 89.2 10.8
±X_SS 20.3 ± 1.3 63.9 ± 16.5 53.0 47.0
+120◦_SS 19.7 ± 1.3 34.0 ± 6.6 78.3 21.7
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and α″ phase precipitates, which influenced the mechanical properties of 
the alloy. However, the L-PBF-fabricated Ti–42Nb alloy did not form a 
dislocation cell network. As crystal orientation [20] and metastable 
phases [53,54] serve as key determinants of elastic and plastic me
chanical properties, microstructural control represents a promising 
approach for regulating the mechanical properties of metastable β-type 
Ti alloys. In the following section, the contributions of each micro
structural feature to the mechanical properties and the mechanisms 
responsible for microstructure formation are discussed.

4.1. Contributions of microstructures to yield strength

This study successfully controlled the yield strength in the range of 
635.3 MPa (±XY_SS) to 791.5 MPa (+120◦_SS). The oxygen (0.23 wt.%) 
and nitrogen (0.032 wt.%) contents were nearly identical among the L- 
PBF-fabricated specimens because all specimens were fabricated using 
the same process parameters. Despite these comparable interstitial 
element concentrations, the specimens with different crystallographic 
textures exhibited markedly different mechanical properties. These 

results clearly demonstrate that crystallographic texture plays a signif
icant role in determining the mechanical properties of the present 
Ti–42Nb alloys.

To evaluate the contributions of microstructures to the yield strength 
of the alloy, slip-system-driven modeling [55] was applied. The yield 
strength (σy) of a polycrystalline alloy involves several strengthening 
mechanisms, such as friction stress (Δσ0), solid solution strengthening 
(σss), GB strengthening (σGB), and precipitation strengthening (ΔσP), 
expressed using Eq. (12). 

σy =Δσ0 + ΔσSS + ΔσGB + ΔσP (12) 

A previous study reported that the combined contribution of friction 
stress (Δσ0) and solid-solution strengthening (ΔσSS) was 165 MPa in a 
Ti–42Nb polycrystal fabricated by arc melting [56]. The value of Δσ0 +

ΔσSS was calculated using Eq. (13). 

Δσ0 +ΔσSS = 165 ×
Mexpt

Mpoly
(13) 

Herein, the experimental average Taylor factor (Mexpt) listed in 

Fig. 7. Microstructural observations for ± XY_SS specimen using SEM and TEM. BSE images observed along the yz-plane with magnifications of (a) ×850 and (b) 
×3000. (c) Elemental distribution map analyzed by STEM-EDS at the blue boxed area represented in (b). Nb concentration profile is analyzed along the orange line. 
Yellow arrowheads trace the edge of the melt pool. (d) Bright-field TEM image for the observation of dislocation conditions. Beam direction is along [101].
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Fig. 8. Characterization of α″ and ω phases in the L-PBF-fabricated Ti–42Nb alloy (±XY_SS specimen). The observations using (a) selected area diffraction pattern 
along the [110]β, (b) cropped FFT pattern and corresponding intensity profiles, and (c) dark-field TEM image for ω1 phase. Detailed observations using (d) HAADF- 
STEM image and corresponding FFT pattern and (e) overlay of IFFT image filtered using reflection spots from α″, two ω phase variants (ω1 and ω2) distinguished by 
their crystal orientation relationships with the β matrix, and the β matrix. (f) Schematic of the orientation relationships among the α″, ω, and β phases.

Table 4 
Estimated particle diameter, volume fraction, and interparticle spacing of the ω and α″ phases of the L-PBF-fabricated Ti–42Nb alloy.

Phase Particle diameter, di (nm) Volume fraction, fi (%) Interparticle spacing, l (nm)

ω phase 2.3 ± 0.7 1.2 10.2
α″ phase 1.8 ± 0.4 3.7 4.7

Fig. 9. Solidification condition calculated by thermal diffusion simulation. (a) Calculated melt pool shape formed at laser parameters of P = 360 W and v = 1000 mm‧ 
s− 1. (b) Solidification conditions plotted on the G–R map with CET line for Ti-6Al-4V alloy [48].
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Table 5 and the reported value of Mpoly (2.75) [57] were used. The 
calculated values of Δσ0 + ΔσSS are listed in Table 6. The conventional 
Hall–Petch relationship [58] was used to evaluate ΔσGB, in which the 
contribution of HAGBs was considered because HAGBs prevent slip 
propagation across GBs and contribute to strengthening by causing 
dislocation pile-up.

Furthermore, LAGBs strengthen materials through dislocation in
teractions [59]. In the specimens obtained in this study, LAGBs 
accounted for 10–50% of the grain boundaries (Fig. 6), and their 
contribution cannot be neglected [60]. Therefore, a modified Hall–Petch 
relationship (Eq. (14)) originally proposed by Luo et al. [61] was used to 
estimate ΔσGB for each specimen under different GB conditions, 
considering the contributions of both HAGBs and LAGBs. 

ΔσGB =MexptαGb
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ρ0 + ρLAGB

√
+ k⋅

(
d

fHAGB

)1
2
, (14) 

where Mexpt is the experimental average Taylor factor (Table 5), α is a 
constant (0.20), G is the shear modulus of the matrix, and b is the length 
of the Burgers vector. The values of G and b were obtained from the 
calculated values for the Ti–39Nb (wt.%) alloy [62]. The dislocation 
density (ρ0) was taken as 1.0× 1013 m− 2, previously reported for 
L-PBF-fabricated Ti–42Nb determined using the electron channeling 
contrast imaging method [34]. Further, k represented the material 
constant value (1.24) [63]. Herein, fHAGB denotes the fraction of HAGB 
(Table 3); and d represents the spacing between the GBs, including LAGB 
and HAGB, measured using the line intercept method [64]. Assuming 
that the present specimens were single crystals, the lines were uniquely 
drawn along the direction of the Burgers vector (<111> for a 
BCC-structured metal). The details of the method used to determine 
d are shown in Fig. S3. The measured values of d were 27.9 μm 
(±XY_SS), 26.8 μm (±X_SS), and 24.1 μm (+120◦_SS). The dislocation 
density (ρLAGB) stored in LAGBs was estimated using Eq. (15) [61]. 

ρLAGB =
3
(
1 − fHAGB

)
θLAGB

bd
, (15) 

where θLAGB is the average misorientation angle at the LAGB. Based on 
Eqs. (14) and (15), ΔσGB was calculated, as listed in Table 6.

To estimate the contributions of the ω and α″ phases to the yield 
strength, ΔσP was calculated for each phase. Precipitation strengthening 
was expressed by interactions between precipitates and dislocations via 
the shear or Orowan mechanisms. Of these two mechanisms, the one 
that yielded the lower ΔσP was dominant under the given condition 
[65]. The theoretical equations for the shear mechanism [44] and the 
Orowan mechanisms [66] are presented as Eqs. (16) and (17), 

Fig. 10. Mechanical properties measured using the ±XY_SS, ±X_SS, and +120◦_SS specimens. (a) Initial portion of the true stress–true strain curve. (b) Young's 
modulus of the L-PBF-fabricated Ti–42Nb alloy and (c) its comparison with the calculated value in Ti–40Nb single-crystal. (d) True stress-true plastic strain curve and 
(e) work-hardening rate. (f) Summary of yield stress (bar graphs) and plastic strain (plots). *: p < 0.05, **: p < 0.01.

Table 5 
Experimental average Taylor factor in each specimen.

Scanning strategy Average Taylor factor, Mexpt (a.u.)

±XY_SS 2.46
±X_SS 3.11
+120◦_SS 3.51

Table 6 
Summary of the calculated strengthening increments for each mechanism, the 
calculated yield strength, and experimental yield strength for the ±XY_SS, 
±X_SS, and +120◦_SS specimens.

Scanning 
strategy

Δσ0 + ΔσSS 

(MPa)
ΔσGB 

(MPa)
ΔσPω 

(MPa)
ΔσPαʹ́  

(MPa)
ΔσCalc 
(MPa)

ΔσExpt 

(MPa)

±XY_SS 147.6 149.5 218.7 64.9 580.7 635.3
±X_SS 186.6 242.3 276.5 82.1 787.5 697.3
+120◦_SS 210.6 222.8 312.1 92.3 837.8 791.5
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respectively. 

ΔσP shear = 0.9Mexpt
̅̅̅̅̅̅̅
difi

√ T
b

(⃒⃒Gβ − Gi
⃒
⃒

Gβ
⋅

1
2bln(l/b)

)3
2
, (16) 

ΔσP Orowan =MexptGb

( ̅̅̅̅̅̅̅̅
32
3πfi

√

×
di

2
− di

)− 1

, (17) 

where Gβ and Gi are the shear moduli of the β and precipitated phases, 
respectively. Previously reported values of Gβ and Gi for the Ti–39Nb 
alloy [62] were used in this study. Herein, T is the linear tension of the 
dislocation estimated using Gβb2/2 and di is the precipitate particle size. 
The measured values of volume fraction for the precipitate phase (fi) and 
the distance between the precipitates (li) are listed in Table 4. Based on 
Eqs. (16) and (17), the variations in ΔσP as a function of di for the ω and 
α″ phases are summarized in Fig. 11. The results revealed that the critical 
precipitate size, defined as the intersection of ΔσP shear and ΔσP Orowan, 
differed among specimens for both the ω (Fig. 11(a)–11(c)) and α″ 
(Fig. 11(d)–11(f)) phases. The measured particle size (Table 4) was 
applied to evaluate ΔσP. The obtained results confirmed that the 
observed precipitate sizes were below the critical size; thus, the shear 
mechanism was activated in all specimens. The evaluated values of ΔσP 

for the ω and α″ phases, as presented in Table 6, demonstrated that the ω 
phase posed a greater impact on the yield strength than the α″ phase in 
the L-PBF-fabricated Ti–42Nb. The estimated strengthening increase 
associated with the ω phase (200–300 MPa) is within the range reported 
in previous studies [44,67].

Table 6 summarizes the calculated yield strength, increase associated 
with each strengthening mechanism, and experimental yield strength. 
Compared with the experimental data, the calculated yield strength 
exhibited good agreement within a deviation of ~13%, indicating the 

relatively high reliability of the calculations for each strengthening 
mechanism presented in this study. In polycrystalline materials with 
randomly oriented grains, even if grains with low Taylor factors deform 
preferentially, deformation is constrained by grain boundaries, after 
which other grains with low Taylor factors begin to deform. As a result, 
the average Taylor factor can be used as a representative value that 
reasonably describes the macroscopic yielding behavior of the material. 
In contrast, as shown in Fig. S4, the strongly textured specimens ob
tained in this study exhibited nonuniform Taylor factor distributions 
characterized by distinct peaks at specific values. Therefore, the use of 
the average Taylor factor alone may not fully reproduce the macroscopic 
yielding behavior. For example, the +120◦_SS and ±X_SS specimens 
exhibited average Taylor factors of 3.51 and 3.11, respectively; how
ever, both specimens actually showed bimodal Taylor factor distribu
tions (Fig. S4(b) and S4(c)). In such cases, although grains with lower 
Taylor factors are more susceptible to local deformation, the strongly 
textured microstructures, which contain fewer grain boundaries than 
conventional polycrystalline materials, may provide less constraint 
against localized deformation. Consequently, the use of the average 
Taylor factor may lead to an overestimation of the macroscopic yield 
stress, which could explain why the calculated yield stresses for the 
+120◦_SS and ±X_SS specimens were higher than the experimentally 
measured values. In contrast, the ±XY_SS specimen exhibited a smaller 
grain-to-grain variation in Taylor factor (Fig. S4(a)), implying that the 
average Taylor factor may serve as a more reliable descriptor for this 
specimen. The discrepancy observed for the ±XY_SS specimen (− 8.6%) 
can be interpreted as representing the inherent limitation of the present 
yield stress prediction approach.

Notably, ω phase-based precipitation strengthening imposed the 
greatest impact on yield strength, and the degree of the impact varied 
depending on crystal orientations. The obtained results demonstrated a 
considerable effect of ω phase on the strengthening of BCC-structured Ti- 

Fig. 11. Variations in precipitation strengthening increments as a function of precipitate size (di) for the ω and α″ phases at volume fractions of 1.2% and 3.7%, 
respectively. The ω phase-based strengthening in (a) ±XY_SS, (b) ±X_SS, and (c) +120◦_SS, and α″ phase-based strengthening in (d) ±XY_SS, (e) ±X_SS, and (f) 
+120◦_SS. Red and blue lines represent the increase by shear and Orowan mechanisms, respectively. The black lines represent critical size. ΔσP is determined from 
the intersection (green dot) between the variation curve of strengthening mechanisms and the observed precipitate size, measured as 2.3 and 1.8 nm for the ω and α″ 
phases, respectively.

K. Miyasawa et al.                                                                                                                                                                                                                              Smart Materials in Manufacturing 5 (2027) 100148 

13 



alloys.

4.2. Contributions of microstructures to Young's modulus

This study successfully controlled Young's modulus in the range of 
40.9 GPa (±XY_SS) to 84.8 GPa (+120◦_SS). Notably, in previous 
studies, the ω phase increases the Young's modulus of β-type Ti alloys 
[68], whereas the α″ phase does not exhibit such an effect [69]. 
Nevertheless, the present value of 40.9 GPa in the ±XY_SS specimen was 
lower than those reported in previous studies listed in Table 7. This 
study focused on the effect of the ω phase on Young's modulus. To es
timate the influence of the precipitated ω phase on Young's modulus, the 
elastic stiffness of a composite material consisting of the β and ω phases 
was calculated using the effective mean-field (EMF) theory [78]. The 
validity of this approach has been demonstrated in two-phase systems, 
such as the matrix/void system in porous iron [79] and the β/ω system in 
a Ti–29Nb–13Ta–4.6Zr (wt.%) alloy [68]. In the calculation, a single 
crystal of the β phase containing the ω phase was approximated as a 
composite material consisting of a single-crystal β phase matrix and 
single-crystal ω-phase inclusions. Four ω phase variants with the crystal 
orientation relationships {0001}ω//{111}β and <1120>ω//<110>β 
[43] were embedded in the β phase matrix. Furthermore, the elastic 
properties of a single crystal of the ω phase in pure Ti [80] were used, 
consistent with a previous study on a Ti–29Nb–13Ta–4.6Zr (wt.%) alloy 
[68], because the elastic properties of the ω phase in Ti alloys have not 
been measured due to experimental difficulties. This represents an 
inherent limitation of the present approach. The shape of the ω phase 
was approximated as spherical. In the present estimation of the effect of 
the ω phase on the Ti–42Nb alloy, the elastic properties of the β phase of 
a Ti–40Nb single crystal [51] were used because the effect of composi
tional differences between these alloys could be considered negligible. 
The detailed procedure has been explained in previous studies [78,81]. 
The relationship between the volume fraction of the ω phase and the 
calculated Young's modulus of a Ti–40Nb single crystal is shown in 
Fig. 12(a). The result demonstrated that Young's modulus was strongly 
dependent on the volume fraction of the ω phase, irrespective of crystal 
orientation.

However, a volume fraction of only 1.2% of the ω phase resulted in a 
negligible increase in Young's modulus (Fig. 12(b)). Thus, the low 
Young's modulus of 40.9 GPa in the ±XY_SS specimen is mainly attrib
uted to the strongly <001>-oriented texture developed via L-PBF.

4.3. Formation mechanism of crystallographic texture

In this study, strong textures with <001>, <011>, and <111> ori
entations along the z-axis were successfully developed in a Ti–42Nb 
alloy by employing different scanning strategies. This behavior was 
consistent with that previously reported for a Ti–15Mo–5Zr–3Al alloy 
[9]. To discuss the behavior of texture formation, the growth directions 
of columnar dendrites were observed using SEM (Fig. 13) because the 
dendrite growth direction corresponded to the <100> orientation in 
most metals with a cubic crystal system [82]. In the melt pool (high
lighted in black lines), <100>-oriented columnar dendrites was aligned 
along the 0◦ and 90◦-inclined axes in the ±XY_SS specimen (Fig. 13(a), 
(d), and 13(g)) and along two 45◦-inclined axes in the ±X_SS specimen 
(Fig. 13(b), (e), and 13(h)), with respect to the reference z-axis. The 
striped contrast observed in the plane parallel to the dendrite growth 
direction was scarcely observed in the +120◦_SS specimen (Fig. 13(c)). 
Alternatively, <100>-oriented columnar dendrites were assumed to 
grow within a plane inclined ~35.3◦ relative to the laser scanning di
rection, as illustrated in Fig. 13(i) and evidenced by the IPF map (Fig. 13
(f)). Furthermore, sub-grain boundaries were observed in all scanning 
strategies, as represented by the light blue lines in Fig. 13(a)–13(f). 
These dendrite growth behaviors and the resulting textures were 
consistent with those observed in Ti–15Mo–5Zr–3Al alloy [9]. There
fore, the development of crystal orientation was attributed to crystal 
growth that minimized interfacial energy, as proposed in a previous 
study [9]. To reduce interfacial energy, crystal growth that formed 
sub-grain boundaries composed of neighboring grains with nearly 
coherent orientation relationships was considered more favorable than 
<100>-oriented grain growth governed by heat flow.

Notably, this study, for the first time, demonstrated variations in 
texture depending on the process parameters and revealed that the be
haviors differed among the scanning strategies (Figs. 3–5), despite the 
fact that the optimal process parameter (ED = 75 J‧mm− 3) for maxi
mizing the degree of each crystal orientation was common across all 
scanning strategies. Further, the analysis focused on specimens fabri
cated with ED = 62.5 J‧mm− 3 while varying v and P. Notably, the texture 
weakened in the ±XY_SS and ±X_SS specimens under lower v and higher 
P conditions, which was the opposite trend observed in the +120◦_SS 
specimen. Such differences in behaviors could be attributed to changes 
in the melt pool shape and the resultant heat flow direction, particularly 
as a function of laser scanning speed. A study reported that a higher 
value of v increases the length of the melt pool tail and the ratio of the 
tail length (l) to the depth of the melt pool (h) [83]. Thus, the lower v 
condition, compared with the higher v condition, possibly generated 

Table 7 
Comparison of mechanical properties between the present Ti–42Nb alloys and previously reported alloys [32–34,38,70–77].

Composition Process Yield strength, σ (MPa) Young's modulus, E (GPa) Elongation, ε (%) σ/E (10− 3)

Ti–15Mo–5Zr–3Al (wt.%) [70] Cast + ST 838 80 25 10.5
Ti–15Mo(wt.%) [70] Cast + Annealing 544 78 21 7.0
Ti–35.3Nb–5.1Ta–7.1Zr(wt.%) [70] Cast 547 55 19 9.9
Ti–29Nb–13Ta–4.6Zr(wt.%) [70] Cast + Aging 864 80 13.2 10.8
Ti–24Zr–4Nb–8Sn(wt.%) [71] L-PBF, Unknown 563 53 13.8 10.6
Ti–50Ta(wt.%) [72] L-PBF, Chessboard_SS 883 75.8 11.7 11.6
Ti–37Nb–6Sn(wt.%) [73] L-PBF, ±67◦_SS 775 66.0 27.5 11.7
Ti–12Mo–6Zr–2Fe(wt.%) [74] L-PBF, Chessboard_SS 1026 85.7 12.7 12.0
Ti–15Mo–5Zr–3Al(wt.%) [38] L-PBF, ±XY_SS 752 68.7 26.7 11.0
Ti–35Nb(wt.%) [75] L-PBF, ±XY_SS 485 72 23.5 7.5
Ti–22Zr–11 Nb–2Sn (at.%) [76] L-PBF, ±67◦_SS 788 51 14.5 15.5
Ti–22Zr–11 Nb–2Sn (at.%) [76] L-PBF, ±67◦_SS + ST 737 46 12.8 16.0
Ti–30Nb/Ti–40Nb gradient [77] DLD, ± XY_SS 470~ - 10.8 -
Ti–42Nb(wt.%) [32] L-PBF, Unknown 674 61 11.7 11.0
Ti–42Nb(wt.%) [33] L-PBF, Unknown 674 44 ~17 15.4
Ti–42Nb(wt.%) [34] L-PBF, ±XY_SS - 56 - -
Ti–42Nb(wt.%) (This work) L-PBF, ±XY_SS 635.3 40.9 13.6 15.5
Ti–42Nb(wt.%) (This work) L-PBF, ±X_SS 697.3 63.4 12.8 11.0
Ti–42Nb(wt.%) (This work) L-PBF, +120◦_SS 791.5 84.8 12.1 9.3

ST: solution treatment, L-PBF: laser powder bed fusion, DLD: direct laser deposition.
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heat flow along the laser scanning direction despite the same energy 
density, as illustrated in Fig. 13(j). The growth of columnar dendrites 
within a plane inclined 35.3◦ from the z-axis toward the laser scanning 
direction was necessary for texture development in the +120◦_SS spec
imen (Fig. 13(i)), whereas dendrite growth within a plane perpendicular 
to the laser scanning direction was favored for texture development in 
the ±XY_SS (Fig. 13(g)) and ±X_SS (Fig. 13(h)) specimens. Thus, the 
formation of strong textures was anticipated even under conditions of 
low v and the resultant low l/h in the +120◦_SS specimen, along with 
those under conditions of high v and the resultant high l/h in the ±XY_SS 
and ±X_SS specimens. These findings clarified variations in texture as a 
function of process parameters and provided valuable insights into 
texture formation behaviors.

4.4. Formation mechanism of fine ω phase in the L-PBF-fabricated 
Ti–42Nb alloy

As mentioned in Sections 4.1and 4.2, the formation of a small 
amount of fine ω phase plays a crucial role in realizing reasonable yield 
strength while maintaining a low Young's modulus in the alloy. Thus, the 
formation mechanism of the ω phase requires analysis.

Previous studies on Ti–Mo alloy have reported that the size and 
volume fraction of the ω phase vary depending on the manufacturing 
process; an increase in cooling rate within the range of 1–102 K‧s− 1 leads 
to refinement of ω-phase precipitates [84]. In this case, the particle size 
and volume fraction of the ω phase were 15.6 nm and 18.6%, respec
tively, at 1.8 K‧s− 1 (air cooling). These values decreased to 5.9 nm and 
7.0%, respectively, at 45 K‧s− 1 (water quenching), indicating a distinct 
relationship between the cooling rate and the precipitation behavior of 
the ω phase. Another study on Ti–18Mo (wt.%) alloys reported that the 
particle size of the ω phase in a solution heat-treated alloy increased 
from ~10 nm to 80 nm after annealing at 475 ◦C for 48 h [85]. 
Furthermore, a study using differential scanning calorimetry (DSC) re
ported that the ω phase could potentially transform into the β phase 
when the temperature rose above the reverse transformation tempera
ture (~485 ◦C) in a Ti–33Nb (wt.%) alloy [86]. Conversely, in the first 
step of the L-PBF process, the powder bed region was subjected to high 
temperatures, melted after laser irradiation, and subsequently solidified 
through rapid cooling, as estimated in Section 3.5. In the subsequent 
step, laser irradiation of adjacent and upper regions exposed the already 
solidified material to high temperatures, causing partial melting and 

resolidification, while the rest of the regions experienced thermal ef
fects. However, high temperatures were maintained for only a sub
stantially short duration, as supported by a simulation study [87]. Thus, 
the L-PBF process exposed the material to a unique thermal history. 
Although the detailed formation mechanism of the ω phase during the 
L-PBF process remains unclear, this study, consistent with previous re
ports [29,47], supports the conclusion that L-PBF is an effective means 
of forming fine ω-phase precipitates. The effects of the unique thermal 
history, including rapid cooling during solidification and subsequent 
thermal exposure, on the precipitation behavior of the ω phase require 
research solutions in future work.

4.5. Potential for application as a biomaterial

Metallic biomaterials used as load-bearing medical implants must 
exhibit mechanical osteocompatibility and biocompatibility, along with 
a well-balanced combination of strength, ductility, and fatigue resis
tance [70]. Stress shielding, causing dysfunction of bone due to bone loss 
and deterioration of bone quality [88], often occurs because the Young's 
modulus of metallic implants is excessively higher than that of natural 
bone. To address this issue, two primary strategies can be considered: (i) 
reducing the intrinsic Young's modulus of the material, or (ii) decreasing 
the implant thickness to lower the effective structural stiffness. In the 
latter approach, a high σy/E indicates greater flexibility to reduce the 
modulus while maintaining sufficient strength through material thin
ning. Accordingly, σy/E serves as a quantitative indicator of mechanical 
osteocompatibility [89].

The Ti–42Nb alloy fabricated using ± XY_SS exhibited a low Young's 
modulus of 40.9 GPa, which is comparable to that of bone tissue 
(~30 GPa) [90], along with an acceptable yield strength (635.3 MPa) 
and plastic strain (13.6%) for biomedical applications. This resulted in a 
high σy/E value of 15.5 × 10− 3, which is one of the highest values listed 
in Table 7. Moreover, this alloy demonstrated excellent biocompatibility 
in an in vitro cell culture experiment, as described in Appendix 1. The cell 
density after 24 h of culture on the alloy was comparable to that on 
CP–Ti and higher than that on SUS316L (Fig. S5). Therefore, the 
texture-controlled Ti–42Nb alloy can serve as a promising biomaterial, 
in which a <001>-oriented texture significantly reduces Young's 
modulus, while a small amount of fine ω phase increases yield strength 
without adversely affecting Young's modulus.

Fig. 12. Effects of the ω phase on Young's modulus in a Ti–40Nb single crystal. (a) Variations in Young's modulus along each crystal orientation as a function of the 
volume fraction of the ω phase. (b) Increment in Young's modulus induced by the ω phase at a volume fraction of 1.2%, corresponding to the experimental results 
listed in Table 4.
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5. Conclusions

Using L-PBF, this study fabricated Ti–42Nb alloys with controlled 
crystallographic textures, columnar dendrites without a distinct dislo
cation network, and nanosized ω and α″ precipitates, and systematically 
evaluated the effects of these microstructural features on mechanical 
properties. The conclusions of this study are summarized as follows: 

i) Three types of strong textures with <001>, <011>, and <111>
orientations along the building direction were successfully ob
tained by employing different scanning strategies. These textures 
significantly influenced both Young's modulus and yield strength 
through crystal-orientation-dependent elastic and plastic prop
erties. Hence, the <001>-oriented specimen exhibited a low 
Young's modulus (E = 40.9 GPa), reasonable yield strength 
(σ = 635.3 MPa), and consequently achieved a high yield 
strength-to-Young's modulus ratio (15.5 × 10− 3).

Fig. 13. Crystal growth directions and their relations to texture formation. BSE images and the corresponding IPF maps taken along the yz-plane of (a, d) ±XY_SS, (b, 
e) ±X_SS, and (c, f) +120◦_SS. The IPF maps represent the projection along the z-axis. Arrows indicate the <100>-oriented dendrite growth directions in (a), (b), (d), 
and (e). Arrows in (c) and (f) indicate the dendrite growth direction on the plane inclined at 35.3◦ from the z-axis. The schematic cubes represent three-dimensional 
crystal orientation in (d–f). Melt pool edges and sub-grain boundaries are highlighted in black and light blue lines, respectively, in (a–f). (g–i) Schematics of the 
crystal growth directions and the formation of fusion boundaries. (j) Schematic of the melt pool formed under conditions of higher and lower laser scanning speed.
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ii) SEM and TEM observations clarified the formation of columnar 
dendrite with slight elemental segregation, the absence of orga
nized dislocation cells, and fine ω and α″ phase precipitates pre
sent in small amounts. In the <001>-oriented specimen, the ω 
phase exhibited an average particle size of 2.3 nm and a volume 
fraction of 1.2%. Calculations revealed that the ω phase 
contributed significantly to yield strength enhancement 
(ΔσPω = 218.7 MPa), while having a negligible effect on Young's 
modulus (ΔE = 0.6 GPa).

iii) Based on the combined effects of texture control and fine ω phase 
formation in the Ti–42Nb alloy, the <001>-oriented specimen 
demonstrated excellent mechanical osteocompatibility and good 
biocompatibility. Therefore, the microstructure-controlled 
Ti–42Nb alloy represents a promising biomaterial for orthope
dic implant applications.
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