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Laser powder bed fusion (LPBF) offers not only geometric freedom, but also a unique route to co-design
composition-based phase stability and crystallographic texture, which are critical for realizing low-modulus Ti
alloys. In this study, we fabricated Ti-Cr and Ti-Cr-Al alloys by the in situ alloying of elemental powders and
programmed single-crystal-like textures ((100), (110), or (111) // build direction (BD)) via tailored scanning
strategies. By employing processing conditions that yielded a melt pool depth far greater than the layer thickness,
compositionally uniform builds were achieved through multiple remelting events. In Ti-12Cr (wt.%), which has
relatively low p-phase stability, the ® phase was observed despite not being detected in its solution-treated-and-
quenched counterpart. This observation suggests that the LPBF-specific thermo-mechanical history, including a
tensile residual stress of 353 MPa, may have contributed to @-phase formation. The addition of Al suppressed the
formation of ®, resulting in a single-phase B matrix. Furthermore, scan-strategy-dependent textures were
consistently observed across all the compositions. The elastic modulus showed pronounced orientation-
dependent anisotropy, reaching ~60 GPa along (100) in a Ti-12Cr-3Al composition, whereas the BD-parallel
yield strength approached 800-1000 MPa depending on the texture, producing elastic admissible strains that
surpass those of reported LPBF-fabricated Ti-6Al-4V. Based on these findings, we propose an additive
manufacturing process-aware design framework in which alloy composition, LPBF-specific thermo-mechanical
history, and crystallographic texture contribute collectively to phase stability and directional mechanical
properties in metastable p-Ti alloys.

1. Introduction can be intentionally utilized to tailor mechanical properties.

Ti alloys are widely used in biomedical and structural applications

Laser powder bed fusion (LPBF), a type of additive manufacturing
(AM), offers high-resolution geometric control by selectively melting
fine metal powders layer-by-layer. This technique has been widely
adopted to produce patient-specific implants because it can precisely
fabricate complex geometries that conform to anatomical data [1,2].
Importantly, LPBF also provides opportunities for compositional and
microstructural control, which are particularly relevant for materials
such as Ti-based alloys, where composition-sensitive metastable phases

owing to their excellent biocompatibility, corrosion resistance, and high
strength-to-weight ratios. Among their unique features, the ability to
tailor phase stability and crystallographic texture is pivotal for tuning
their mechanical performance, particularly their elastic modulus, to
meet application-specific demands. The phase composition of Ti alloys is
susceptible to their composition [3,4]. The stability of the metastable
phase, for instance, is strongly influenced by the type, amount, and
combination of p-stabilizing elements, such as Cr, Mo, Nb, or V. When
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the alloy composition is finely tuned to remain within the single-phase
metastable f field, the resulting microstructure exhibits pronounced
elastic anisotropy, enabling a reduction in Young’s modulus along the
(100) direction owing to the intrinsic crystallographic behavior of the
body-centered cubic structure [5,6]. This low-modulus characteristic is
particularly desirable for orthopedic implants to mitigate stress shield-
ing [7].

However, the formation of high-stiffness secondary phases, such as
the a (or ) and o phases, within the metastable f§ matrix can signifi-
cantly increase the elastic modulus, thereby compromising the func-
tional target [7]. Because the formation of these phases is
compositionally driven, precise control of the alloy composition is
essential to retain the desired low-modulus metastable p phase. In con-
ventional approaches, exploring various compositions typically requires
the preparation of multiple pre-alloyed powders, which is
time-consuming and costly. Therefore, a more flexible and efficient
strategy is to enable direct compositional tuning during the
manufacturing process, for example, by blending elemental powders
and alloying them in situ [8-11]. This approach can significantly
accelerate the screening and optimization of composition-sensitive Ti
alloys.

Beyond compositional control in LPBF, crystallographic texture can
be tailored by manipulating the scanning strategy, laser beam profile,
melt pool geometry, and local solidification conditions [12-16]. Studies
on biomedical p-Ti alloys have demonstrated that the development of
strong (100)-oriented textures can markedly reduce Young’s modulus
along the oriented direction. By adjusting processing parameters, LPBF
can produce a wide range of texture states, from near-random orienta-
tions to highly aligned single-crystal-like textures [17], providing an
effective strategy for regulating mechanical anisotropy [18,19]. In
particular, matching the layer-wise scanning strategy with the rotational
symmetry of cubic alloys enables the selective formation of preferred
(100), (110), or (111) orientations along the build direction (BD) [20].

This simultaneous control of shape and crystallographic texture
opens up new possibilities in product design [20], where not only the
external form but also the internal functional properties can be spatially
optimized. In this context, texture programming within a single
component enables the site-specific tailoring of mechanical properties,
elevating LPBF from a geometric-shaping tool to a platform for advanced
functionally graded materials. This approach is considered a promising
avenue for the next generation of topology-material co-optimized
structures with potential applications in biomedical and lightweight
structural devices [20].

To exploit this concept fully, it is essential to integrate the geometric
and texture-control capabilities of LPBF with precise compositional
design, especially in systems such as Ti-based alloys, where mechanical
properties are susceptible to subtle changes in phase stability. In this
study, we explored an in situ alloying approach using LPBF, in which
elemental powders are blended and alloyed during the printing process,
bypassing the need for pre-alloyed powder fabrication and enabling
flexible composition tuning.

Specifically, we focused on the Ti-Cr binary and Ti-Cr-Al ternary
systems to examine the evolution of phase stability, microstructure,
crystallographic texture, and mechanical properties as a function of
composition. The Ti-Cr system is particularly suitable for studying
composition-sensitive phase stability and designing low-modulus f-Ti
alloys for several reasons. First, Cr exhibits a high p-stabilizing coeffi-
cient of 1.6 in the Mo-equivalent (Moeg) calculation [21], making it one
of the most effective p stabilizers in Ti alloys [22]; consequently, even
small variations in Cr concentration can sensitively alter the phase sta-
bility of the alloy. Second, the melting point of Cr is relatively close to
that of Ti, which is advantageous for reducing residual unmelted powder
and associated compositional deviations during in situ alloying by LPBF.
Third, the relatively narrow solid-liquid two-phase region of Ti-Cr al-
loys is also expected to suppress solidification-induced microsegregation
and promote chemical homogenization during repeated melting and
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remelting events involved in LPBF. Additionally,
composition-dependent phase stability and Young’s modulus have been
reported in conventionally processed Ti-Cr alloys, including the
f-metastable composition region [22], providing a foundation for clar-
ifying the LPBF-specific effects on composition—phase-property
relationships.

Al was further introduced as a minor alloying element to suppress
®-phase formation and adjust the phase stability of the metastable p
matrix [23]. Unlike Sn, which suppresses o formation without sub-
stantially changing the electron-to-atom ratio (e/a) [24,25], Al de-
creases the e/a ratio while inhibiting ® formation. Therefore, the
Ti-Cr-Al system enables investigation of the simultaneous «-phase
suppression and low-modulus p-phase stabilization through the com-
bined effects of Cr and Al.

By integrating composition-based phase-stability control with LPBF-
induced crystallographic texture engineering, this study aims to develop
an AM process-aware design framework for low-modulus p-Ti alloys
with tailorable functionality, in which phase constitution, elastic
anisotropy, Young’s modulus, yield strength, and elastic admissible
strain can be deliberately tuned.

2. Experimental procedures
2.1. Alloy compositions

For the Ti-Cr binary system, compositions with e/a around 4.2 were
chosen, where the formation of an unstable p phase is expected to yield a
low Young’s modulus [26]. It has been reported that Young’s modulus
exhibits a local minimum near an e/a of 4.2; below this range, the
precipitation of ® or o phases leads to an increase in the modulus,
whereas above it, stabilization of the B phase similarly raises the
modulus. However, suppression of the @ and o« phases enables the
realization of even lower Young’s moduli at e/a values below 4.2. As Al
suppresses ®-phase formation, Ti-Cr-Al ternary alloys were also
explored in addition to the Ti-Cr binary system. Nine alloy compositions
were prepared, as summarized in Table 1.

2.2. LPBF fabrication of Ti-Cr and Ti-Cr-Al alloys via in situ alloying

Spherical pure Ti powder (Osaka Titanium Technologies, Japan),
pure Cr powder (Advanced Engineering Materials, China), and pure Al
powder (Toyo Aluminum, Japan) were weighed to obtain the alloy
compositions listed in Table 1. The powders were mixed for >12 h by
rotation and swinging in a tumbler (Aichi Electric, Japan) to achieve a
uniform powder distribution. Energy-dispersive X-ray spectroscopy
(EDS) images of the powders after mixing are presented in Supple-
mentary Fig. S1.

Rectangular specimens with dimensions of 5 mm (depth) x 5 mm
(length) x 25 mm (height) were prepared using an LPBF apparatus (EOS
M 290; EOS, Germany). A Yb fiber laser was used with a laser power of
360 W, scanning speed of 1200 mm/s, scan pitch of 100 pm, and layer
thickness of 60 pm. This combination of laser conditions was tuned to
form strong single-crystal-like textures in p-Ti alloys [27]. Three
different laser scanning strategies (SS), namely, +£X SS, +XY_SS, and
+120°Rot SS (Supplementary Fig. S2), were used to obtain
single-crystal-like textures with three different crystallographic orien-
tations: (110), (100), and (111), parallel to the BD [20]. LPBF was
performed in an Ar gas atmosphere.

2.3. Compositional analyses

Chemical composition analyses were conducted to investigate the
overall elemental composition of the samples. The concentrations of Cr
and Al were analyzed using inductively coupled plasma (ICP; ICPS-
8100, Shimadzu, Japan), whereas that of oxygen (O) was analyzed
using an inert gas fusion method (TC-436AR, LECO, USA). Additionally,
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Table 1
Nominal compositions of the prepared alloys, and the calculated Mo equivalent (Mo.q) and electron-to-atom ratio (e/a).
Alloys 6Cr 12Cr 14Cr 16Cr 20Cr 12Cr-3Al1 14Cr-3Al1 16Cr-3Al1 20Cr-3Al1
(wt.%)
Moeq 9.6 19.2 22.4 25.6 32.0 16.2 19.4 22.6 29.0
e/a 4.11 4.22 4.26 4.30 4.37 4.17 4.20 4.24 4.31

the compositional distribution was investigated using EDS (Aztec 3.1,
Oxford Instruments, UK) equipped with a field-emission scanning elec-
tron microscope (FE-SEM) (JIB-4610F, JEOL, Japan).

2.4. Phase identification

The phase composition of the alloys was identified by X-ray
diffraction (XRD; X’Pert PRO, PANalytical, Netherlands) with Cu K«
radiation at an accelerating voltage and current of 40 kV and 40 mA,
respectively. Measurements were performed on the xy-plane of the
specimen fabricated using +XY_SS using a 26 scan from 20° to 100° at a
scan rate of 0.02° /s and a scan interval of 0.0167°.

2.5. Crystallographic texture analysis

The specimen cross-sections were polished with finely graded emery
papers up to #4000 and mirror-polished using colloidal silica. To obtain
information on the crystal orientation distribution, an electron back-
scatter diffraction (EBSD) system (NordlysMaxS; Oxford Instruments,
Abingdon, UK) equipped on an FE-SEM was used. EBSD was performed
at an accelerating voltage of 20 kV and a step size of 2 pm. Inverse pole
figure (IPF) maps and pole figures were generated using AztecHKL 4.4
(Oxford Instruments).

2.6. Microstructural characterization

Microstructural characterization was performed by transmission
electron microscopy (TEM; JEM-3010, JEOL) and scanning TEM (STEM;
JEM-ARM-200F, JEOL). Foil samples for TEM observation were pre-
pared using a twin-jet electropolishing machine (Tenupol-3, Struers,
Denmark) with a solution of 65% methanol, 30% butanol, and 5%
HClO4 at approximately 263 K. TEM was operated at an accelerating
voltage of 300 kV, and STEM at 200 kV.

2.7. Mechanical properties evaluation

Tensile specimens with a gauge length of 5 mm, width of 2 mm, and
thickness of 0.8 mm were prepared. Tensile tests were conducted using
an Instron-type testing machine (AGX-50kNV, Shimadzu) at room
temperature at an initial strain rate of 1.67 x 10~* s™.. The tensile load
was applied parallel to BD. To determine Young’s modulus, a strain
gauge (KFGS-2N-120-C1-11 L1M2R, Kyowa Electronic Instruments,
Japan) was directly attached to the specimen surface parallel to the
loading axis to monitor the deformation during loading. Young’s
modulus was calculated by linear least-squares fitting of the stress—strain
curve measured over a stress range of 400-600 MPa. The coefficient of
determination for all fittings exceeded 0.98. The tests were conducted in
triplicate, and the averaged values were reported.

2.8. Residual stress evaluation

Residual stresses were evaluated using XRD. The diffractometer
alignment and measurement procedures were performed in accordance
with ASTM E915-10 [28]. Residual stress measurements were con-
ducted on the XZ surface using the sin?y side-inclination method, in
which the specimen was tilted in a direction perpendicular to the
diffraction plane. This configuration enabled evaluation of the normal
component of residual stress along the z-axis, o,, on the XZ surface. In

the sin?y method, the diffraction peak position was plotted as a function
of sin%y and fitted by the least-squares method. The slope of the fitted
line, A26/A(sin%y), was used to determine the lattice strain, which was
subsequently converted into residual stress, o, using Young’s modulus,
E, and Poisson’s ratio, v, according to the following equation:

r A20
180 A (sin’y)

o= E coté
T2 +0)

where 0y is half of the diffraction angle for the stress-free state. The
(211) diffraction peak at approximately 20 = 70.5° was used for the
analysis, and measurements were performed at 11 y angles ranging from
0° to 45°. A Poisson’s ratio of 0.33 was used in the calculation. Young’s
modulus was taken as the average of the values obtained from the tensile
tests of the (100)-, (110)-, and (111)-oriented 12Cr specimens, as pre-
sented in the Results section. The stress-free diffraction angle, 6y, was
determined using the specimen after stress-relief annealing.

2.9. Statistical analyses

Quantitative results are expressed as the mean =+ standard deviation.
One-way analysis of variance was performed to evaluate differences in
Young’s modulus across scanning strategies (i.e., preferential crystallo-
graphic orientations), and post-hoc Tukey’s HSD tests were applied for
multiple comparisons. Statistical significance was set at p < 0.05. SPSS
version 25 software (IBM, Armonk, NY, USA) for Microsoft Windows
was used for all statistical analyses.

3. Results
3.1. Composition and compositional distribution

Table 2 lists the composition of the alloys measured using ICP and
inert-gas fusion. In all examined alloys, the measured concentrations of
Cr and Al were lower than their respective nominal compositions. This
was likely owing to the evaporation of Cr and Al during melting because
their saturation vapor pressures at 2000 K are approximately two and
three orders of magnitude higher than that of Ti, respectively [29]. The
oxygen concentration was approximately 0.1%, which was similar to
that of the ingots produced by arc melting. Fig. 1 shows the composition
distribution map near the top surface and at the center of the product.
Although compositional inhomogeneity was observed near the top sur-
face, the interior of the product exhibited a homogeneous distribution of
elements, and no evidence of residual unmelted powders or incomplete
melting was detected.

3.2. Constituent phases, crystallographic texture, and microstructure

The XRD peak profiles are shown in Fig. 2. In the 6Cr alloy,
diffraction peaks corresponding to both o and p phases were observed.
Although the « and « phases share the same HCP crystal structure and
are difficult to distinguish by XRD, the exceptionally high cooling rates
inherent to the LPBF process typically lead to the formation of the o
phase via a martensitic transformation. In contrast, for the alloys with
higher Mo-equivalent and e/a values than 6Cr, only peaks associated
with the p phase were detected. These p-phase peaks shifted progres-
sively toward higher angles as the Cr content increased, indicating a
reduction in lattice parameter owing to the smaller atomic radius of Cr
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Table 2
Composition of each alloy.
Alloys 6Cr 12Cr 14Cr 16Cr 20Cr 12Cr-3A1 14Cr-3A1 16Cr-3Al1 20Cr-3A1
(wt.%)
Cr 5.4 11.9 13.2 15.1 19.3 11.6 13.0 14.8 19.9
Al - - - - - 2.81 2.85 2.76 2.74
) 0.10 0.12 0.10 0.09 0.11 0.11 0.11 0.11 0.11

High

Fig. 1. (a-d) BSE and EDS mapping images of the top surface of the product;
(e-h) corresponding images of the interior region. (a, e) BSE images; (b-d, f~h)
EDS elemental maps. Although compositional inhomogeneity was observed at
the top surface owing to insufficient mixing, a uniform elemental distribution
was achieved in the interior.

relative to Ti.

Fig. 3 shows IPF maps of the p phase (colored according to the crystal
orientation projected along the surface normal) obtained from three
orthogonal planes, along with the corresponding pole figures. The
application of the three distinct scanning strategies resulted in the for-
mation of three different crystallographic textures labeled {011}, (100),
(£X.SS), {001}, (100), (+XY_SS), and {111}, (211), (+120°Rot_SS)
according to their preferred orientation components along the z and x
directions. These textures arise from the (100) growth oriented along
specific directions within the melt pool. For example, the {011}, (100),
texture formed under the +X_SS condition is attributed to (100) growth
along the +45° directions within the melt-pool cross-section [27]. The
formation of the other two textures follows the mechanisms reported
previously [20]. At the melt-pool boundaries, the crystal orientations
are inherited through epitaxial growth, thereby forming an overall
single-crystal-like texture with well-aligned crystallographic orienta-
tions. Similar textures were observed for all the compositions (Supple-
mentary Fig. S3), including the residual g phase of 6Cr in which o phase
was detected by XRD. In the 6Cr specimen, the regions shown in black
correspond either to non-p phases or to areas where the microstructure

was so fine that Kikuchi line analysis could not be performed. The
relationship between the scanning strategy and the resulting texture was
consistent with that reported for Ti-15Mo-5Zr-3Al [20].

TEM analysis was conducted to identify phases that could not be
detected XRD and EBSD. Fig. 4 shows the TEM images of the 6Cr alloy.
The bright-field image reveals a fine needle-like microstructure Fig. 4
(a). Selected-area electron diffraction (SAED) along the [110] zone axis
of the B phase confirmed the presence of not only the p and « phases
detected by XRD, but also additional diffraction spots corresponding to
the o phase Fig. 4(a, d). The o phase exhibited two variants, o+ and «’,
which shared a [0001] zone axis and differed in orientation by
approximately 10°, in agreement with the Burgers orientation rela-
tionship between BCC and HCP. The dark-field images confirmed that
the needle-like structures corresponded to the o phase Fig. 4(b1, b2).
The ® phase was finely dispersed within the p matrix Fig. 4(c).

Increasing the Cr content stabilized the p phase, and no o phase was
observed at Cr concentrations > 12%. However, diffraction spots cor-
responding to the ® phase were detected within the § matrix in the 12Cr
sample Fig. 5(a). These ®-spots became increasingly faint with further Cr
addition Fig. 5(b-d). The addition of 3% Al to Cr-containing alloys
almost completely inhibited the formation of the w phase, resulting in a
single-phase f structure Fig. 5(e-h).

3.3. Mechanical properties

Representative stress—strain curves are shown in Supplementary
Fig. S4, and the yield strength, ultimate tensile strength, and plastic
elongation values obtained from the curves are summarized in Fig. 6.
The tensile loading direction was parallel to the BD, corresponding to
(110), (100), and (111) for the +X Scan, £XY Scan, and +120° Rot Scan
specimens, respectively. The 6Cr and 12Cr alloys, which contained o
and/or o phases, fractured with little to no plastic deformation; there-
fore, the recorded strength does not necessarily represent the yield
stress. In contrast, the alloys containing >14Cr and the Al-containing
alloys exhibited clear yielding and appreciable plastic deformation.
Among them, specimens fabricated with +X Scan and +XY Scan, which
induced (110) and (100) orientations, respectively, exhibited yield
strengths of approximately 800 MPa, whereas those with (111)

(a) 0 B ca/a’l|(b)
6Cr ® e/l o E oo B B
B

2 e | ‘ . | fecesan | [ L
<
z
£ |14cr l L | lacesar | )
E

16Cr L l ) | [16cr3al J | .

200 J | |ocr3al J 1 1 i
20 30 40 30 60 70 80 90 100 20 30 40 50 60 70 80 90 100

20 [deg.] 20 [deg.]

Fig. 2. XRD patterns of (a) Ti-Cr and (b) Ti—Cr—Al alloys. Peaks corresponding to the «’ phase were detected only in the 6Cr alloy, whereas the other alloys exhibited

peaks that originated solely from the f§ phase.
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Fig. 3. (a—c) IPF maps showing the crystallographic orientation distributions
along the normal directions of the three orthogonal planes, together with (d—f)
the corresponding pole figures, for each scanning strategy. Depending on the
scanning strategy, single-crystal-like textures with preferred orientations along
the BD of (110), (100), and (111) were formed.

orientation formed by the +120° Rot Scan exceeded 900 MPa, which
follows Schmid's law. Most of these ductile specimens exhibited limited
strain hardening after yielding, with the flow stress remaining nearly
constant or increasing slightly, indicating that deformation was domi-
nated by dislocation slip [30].

Fig. 7 shows the variations in Young’s modulus among the samples.
The measured moduli exhibited good reproducibility, with the scatter
among samples, defined as the standard deviation divided by the mean
value, generally remaining below 0.1. Young’s modulus showed
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pronounced orientation dependence in samples consisting of a single p
phase, with the lowest values along the (100) orientation and highest
values along (111). The lowest modulus was observed in the binary 16Cr
and ternary 12Cr-3Al alloys, with the latter reaching approximately 60
GPa along the (100) direction (Fig. 7).

The variation in Young’s modulus with respect to the e/a ratio is
replotted for each crystallographic orientation in Fig. 8(a—c). The elastic
anisotropy of Young’s modulus, defined as the ratio of the maximum
Eq11 to the minimum Ejg, increased with decreasing e/a in the alloys
with a single p phase (underlined in Fig. 8(d)), consistent with previous
analyses of p-Ti single crystals [5]. An increase in Young’s modulus
accompanied by a reduction in anisotropy was observed in the 12Cr
alloy, in which w-phase formation was confirmed, and in the 6Cr alloy,
which contained both w and o phases.

4. Discussion

This study demonstrates the feasibility of tailoring both the crystal-
lographic texture and phase constitution of Ti—Cr and Ti-Cr-Al alloys via
in situ alloying in LPBF. By blending elemental powders and leveraging
the process-specific features of LPBF, such as high cooling rates and
localized heat input, we achieved precise compositional tuning and
orientation control in additively manufactured parts. The resulting
materials exhibited pronounced texture-dependent mechanical anisot-
ropy as well as compositionally driven variations in phase stability and
mechanical performance.

The present results clarify the processing—microstructure-property
relationships governing LPBF-fabricated f-Ti alloys. Alloy composition,
represented by Cr and Al contents and the resulting e/a ratio, determines
the phase constitution by controlling the stability of the metastable p
matrix and promotion or suppression of o and ® formation. In contrast,
the scanning strategy determines the preferential crystallographic
orientation along the BD, producing (100), (110), or (111) textures,
which are largely preserved across the examined compositions. These
two microstructural variables regulate the functional properties in
distinct yet complementary ways: a single § phase prevents the modulus
elevation associated with secondary-phase formation, whereas the (100)
or (111) texture lowers the Young’s modulus or increases yield strength,
respectively. Thus, the combination of composition-based phase selec-
tion and scanning-strategy-based texture engineering provides a delib-
erate and predictable route for tuning the modulus-strength balance and

%A //1110]5//[0001] //[1120],,

Fig. 4. (a) Bright-field TEM image and corresponding SAED pattern of the 6Cr alloy taken with the [110];//[0001], //[1 120, zone axis; (b1, b2) dark-field images of
the o phase with different variants; (c) dark-field image of the  phase; and (d) key diagram of the diffraction pattern.
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Fig. 5. Selected area electron diffraction patterns of each alloy taken along the [110] zone axis. In the 12Cr alloy, distinct diffraction spots from the  phase were
observed, but these spots disappeared with increasing Cr content and with the addition of Al
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Fig. 6. Comparison of yield stress, ultimate stress, and elongation obtained from tensile tests for each alloy and scanning strategy (corresponding to preferred crystal
orientation). The tensile loading axis (LA) was parallel to the BD indicated in Fig. 3.

enhancing the elastic admissible strain of LPBF-processed p-Ti alloys.
Achieving uniform properties requires thorough compositional ho-
mogenization, which is especially critical for metastable p-type Ti alloys,
where phase stability is acutely sensitive to composition. One of the
central challenges of in situ alloying is achieving truly homogeneous
mixing of the elemental feed; if mixing is incomplete, a marble-like

compositional heterogeneity can persist [31,32]. Although same-layer
multiple exposures (remelting) are sometimes used to promote homog-
enization, they can also accelerate the evaporation of alloying elements,
leading to composition shifts on the order of a few percent [33,34],
which is particularly deleterious for Ti alloys, and partly diminish the
rapid-turnaround advantage of AM. In this study, the melt-pool depth
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Fig. 8. (a—c) e/a dependence of Young’s modulus plotted for each crystallographic orientation; (d) e/a dependence of Young’s modulus anisotropy.

exceeded 300 um (Supplementary Fig. S5), which was substantially
larger than the layer thickness of 60 um under the processing conditions.
This choice of processing window, in which the melt-pool depth is much
greater than the layer thickness [32,35], effectively subjects each vol-
ume element to multiple remelting events with extremely rapid con-
vection [36,37], thereby promoting intensive stirring and yielding
compositionally homogeneous alloying structure.

A key finding of this study is that the lowest Young’s modulus
(approximately 60 GPa) was obtained for the 12Cr-3Al ternary alloy
when measured along the (100)-oriented direction in the specimen
exhibiting a (100)//BD texture. For comparison, conventionally pro-
cessed B-Ti alloys without a pronounced crystallographic texture
generally exhibit Young’s moduli of approximately 50-80 GPa [38].
Among Ti alloys with preferred (100) orientations (Table 3), a lower
modulus of 43 GPa was reported for cold-rolled (Ti-35Nb)-4Sn (wt. %)
[39]. Moreover, B-Ti single crystals exhibit Young’s moduli of 36-44
GPa along the (100) direction [5,6,40,41], whereas LPBF-fabricated p-Ti
alloys have shown values ranging from 44 to 85.7 GPa depending on

Table 3
Comparison of Young’s modulus values reported for processed p-Ti single
crystals [5,6,40,41] and LPBF-fabricated p-Ti alloys [15,18,42-44], with
particular emphasis on measurements along the (100) crystallographic
direction.

Specimen condition Alloy Young’s modulus
[GPa]
Single crystal, along (100) Ti-15Mo-5Zr-3Al (wt.%)  44.4
TizoNbao (at.%) 39.5
Ti-26.6Nb-6.7Al (at.%) 36
Ti-29Nb-13Ta-4.6Zr 35
(wt.%)

As-built LPBF product, along
(100)-oriented direction

Ti-12Mo-6Zr-2Fe (wt.%)  85.7
Ti-35Nb-7Zr-5Ta (Wt.%) 60
Ti-15Mo-5Zr-3Al (wt.%) 58.5
Ti-22Zr-11Nb-28n (at. 51
%)

Ti-42Nb (wt.%) 44
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alloy composition [15,18,42-44]. Although the value of approximately
60 GPa obtained for the (100)-oriented Ti-12Cr-3Al alloy is not
exceptionally low in absolute value, the significance of the present study
lies in demonstrating an LPBF-specific methodology for tailoring the
Young’s modulus by simultaneously controlling the alloy composition
(phase stability) and crystallographic texture. The reduced modulus
along (100) originates from the intrinsic elastic anisotropy of the BCC
phase [5], confirming the effectiveness of scanning-strategy-based
texture control in tailoring directional elastic properties. Future
studies can extend this strategy to Nb-based f-Ti alloys, which tend to
exhibit particularly low Young’s moduli. Using Nb-containing feed-
stocks for in situ alloying during LPBF therefore represents a promising
strategy for further reducing the elastic modulus. However, achieving
homogeneous alloying will require careful optimization of the process-
ing conditions because Nb has a substantially higher melting point
(2468 °C) than Ti.

It should also be noted that the LPBF-induced texture obtained in this
study was not perfectly single crystalline because the {100} pole
retained a finite angular spread. According to the single-crystal data
reported by Tane et al. [5], further sharpening the (100) texture of
Ti-12Cr-3Al (e/a = 4.17) toward an ideal single-crystal orientation
could potentially reduce its Young’s modulus to 40 GPa. In a previous
study on LPBF-processed Ti-15Mo-5Zr-3Al1 alloys [18], the
single-crystal elastic stiffness components were accurately extracted
from the macroscopic elastic stiffness of textured LPBF specimens using
an inverse self-consistent (iSC) approximation, considering the
EBSD-derived crystallographic orientation distribution and grain
morphology [45]. This approach effectively separates the influence of
the crystallographic orientation spread and intergranular elastic in-
teractions from the measured macroscopic response to determine the
intrinsic single-crystal elasticity. Furthermore, comparing the experi-
mentally measured response with that reconstructed from the extracted
single-crystal stiffness enables quantitative evaluation of the extent to
which the texture spread attenuates the elastic anisotropy. This
approach can be extended to the present Ti-Cr-Al alloys to clarify the
relationships between texture spread and mechanical anisotropy and to
determine the practically achievable lower bound of the Young’s
modulus.

The transferability of the proposed texture control strategy to com-
plex geometries requires further investigation. Because crystallographic
texture formation during LPBF is governed by the local melt-pool ge-
ometry and thermal gradients, variations in component cross-sectional
area, underlying structure, scan-path length, and local heat-dissipation
conditions may alter the melt-pool shape and solidification process,
resulting in spatially varying texture intensity and orientation spread.
Therefore, maintaining a sufficiently sharp and homogeneous texture
throughout a complex component requires location-specific optimiza-
tion of laser processing conditions to establish favorable melt-pool ge-
ometries and thermal gradients for texture formation. Melt-pool
simulations play an essential role in guiding such local process optimi-
zation, and extending their application to complex geometries repre-
sents an important direction for future work.

Typically, the elastic performance of metallic materials is assessed by
the ratio of the yield strength to Young’s modulus, often referred to as
the elastic admissible strain; a higher value indicates superior elastic
accommodation and serves as a key metric of biomechanical compati-
bility for orthopedic applications [46,47]. Fig. 9 compares the elastic
admissible strain obtained in this study, resolved by composition and
preferred crystallographic orientation, with the reported range for
LPBF-fabricated Ti-6Al1-4V, a widely used implant alloy. Overall, the
Ti-Cr and Ti-Cr-Al builds exhibited greater biomechanical compati-
bility than Ti-6Al-4V; in particular, the (100)-textured Ti-Cr-Al showed
an  excellent  strength-modulus  balance.  Therefore, the
texture-engineered LPBF alloys developed in this study are promising
candidates for biomedical implants.

Interestingly, in the Ti-Cr binary system, the Cr concentration
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corresponding to the lowest Young’s modulus in the LPBF-fabricated
materials (16Cr) differed from that reported for conventionally cast
materials (12Cr) [22]. This reflects a shift of the compositional region
for w-phase formation toward the higher Cr side, leading to the forma-
tion of the  phase in the LPBF material at 12Cr, whereas it did not form
at this composition in the cast material. This discrepancy highlights the
influence of the processing route on phase stability and elastic response.
Specifically, the LPBF process alters the stability of the metastable p
phase through its unique thermomechanical history, thereby shifting the
compositional window for @-phase formation. Consequently, alloy
compositions optimized for conventional processing cannot be directly
transferred to LPBF without considering these process-induced changes
in phase stability.

The oxygen content, which can significantly affect phase stability
and thus o-phase precipitation, was comparable between the present
study and a previous report (~0.1 wt.%) [22]; therefore, variations in
oxygen content are unlikely to be the dominant factor responsible for
this w-phase precipitation. Zhao et al. [22] reported that a
deformation-induced @ phase was observed in cold-rolled cast 12Cr al-
loys following solution treatment. In contrast, alloys with >13Cr did not
exhibit such transformations, indicating a critical threshold for p-phase
stability in the cast material.

For the as-built 12Cr specimen, in which the w phase was detected,
heat treatment at 900 °C for 1 h followed by ice-water quenching
resulted in the disappearance of the o-phase diffraction spots (Supple-
mentary Fig. S6), indicating that the nominal 12Cr composition does not
intrinsically form the o phase during conventional quenching. There-
fore, the formation of » phase in the as-built material is attributed to the
unique thermomechanical history associated with the LPBF process
rather than to alloy composition alone. The tensile residual stress of 353
MPa measured in the as-built specimen (Fig. 10) suggests the presence of
a substantial mechanical driving force, which may have promoted the
®-phase formation in the metastable p matrix. For a Ti-20V alloy with a
metastable p phase, such o transformation has been reported under
stresses below 400 MPa [48]. Other process-related factors, including
extremely rapid solidification, repeated thermal cycling, local reheating
during successive melting and remelting events, and a high density of
lattice defects, may also influence the transformation. Comparable
process-dependent changes in phase constitution and transformation
behavior have been reported in other LPBF-processed metastable p-Ti
alloys, where repeated thermal cycling or variations in LPBF parameters
altered o-phase development, B-phase stability, and the activation of
TRIP/TWIP mechanisms [49-51]. Although no pronounced
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compositional heterogeneity was detected by EDS, nanoscale composi-
tional fluctuations [52] below the spatial resolution of the analysis could
not be completely excluded. Therefore, the ® phase observed in the
as-built 12Cr alloy is likely attributable to the combined effects of
marginal p-phase stability and the complex thermomechanical history
during the LPBF process. Accordingly, within the well-established
W-shaped relationship between Young’s modulus and the e/a ratio,
the apparent onset of ®-phase formation shifted toward higher e/a
values under the thermomechanical conditions imposed by LPBF
(Fig. 11).

It should also be noted that the residual stress state may vary with the
scanning strategy and the resulting crystallographic texture. Previous
LPBF studies have demonstrated that changes in scanning strategy and
build orientation can modify the local heat flow, thermal cycling, me-
chanical constraints, and interactions with the machine-specific process
environment, thereby producing distinct residual stress distributions
[53,54]. In addition, in strongly textured materials, crystallographic
elastic anisotropy may affect elastic stress partitioning and
diffraction-based evaluation of residual stress [55]. As the scanning
strategy simultaneously determines the process-specific thermal history
and crystallographic texture, their respective contributions to the re-
sidual stress state cannot be separated from the present measurements.
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Fig. 11. Schematic representation of a possible LPBF-induced shift in the
compositional range for w-phase formation. Process-specific factors, including
residual stress and repeated thermal cycling, may promote ® formation in a
metastable f matrix and thereby increase Young’s modulus.

Acta Materialia 320 (2026) 122715

Systematic investigations using geometrically identical, unmachined,
as-built specimens fabricated under different scanning strategies are
therefore required. These studies should be combined with
texture-resolved diffraction analysis and thermomechanical modeling to
clarify the respective roles of processing history and texture in residual
stress development. The ultimate goal is to identify an optimal
scanning-strategy/texture combination that maintains the desired low
modulus while effectively controlling residual stress and other
LPBF-specific factors that may influence w-phase formation.

From a broader viewpoint, the present results indicate that conven-
tional design maps that correlate Young’s modulus with the e/a ratio,
which are primarily based on cast or wrought alloys in a near-
equilibrium or stress-relieved condition [3-5,22], cannot be directly
applied to LPBF-processed f-Ti alloys. In LPBF, the combined effects of
process-induced stresses and thermal history on a metastable § matrix
may shift the apparent p—w transformation boundary and, conse-
quently, the composition range in which a low modulus can be retained.
In other words, the “safe” e/a window that avoids » formation is not an
intrinsic material constant, but is process-dependent and, in particular,
sensitive to the magnitude and distribution of internal stresses. There-
fore, a natural extension of the present work is the construction of an AM
process-aware design map in which e/a (or Moeg) is combined with the
descriptors of the scanning-strategy-dependent thermal history, residual
stress state, and crystallographic texture. Such a map would allow the
stability of the metastable f phase to be assessed under the specific
thermomechanical conditions imposed by LPBF, electron beam-PBF, or
subsequent mechanical processing, rather than assuming a single, uni-
versal W-shaped e/a-E relationship. From a practical viewpoint, such an
AM process-aware framework would also provide a useful guideline for
alloy screening because promising compositions could be selected not
only on the basis of their intrinsic thermodynamic stability but also with
respect to their tolerance to process-induced stresses and local thermal
histories in real components. The proposed AM process-aware design
framework is shown in Fig. 12.

The sensitivity of metastable p-Ti alloys to the LPBF processing his-
tory is not unique to the Ti-Cr system. In LPBF-processed
Ti-10V-2Fe-3Al, repeated heating and cooling cycles were reported to
promote early-stage solute partitioning and isothermal w precipitation,
thereby suppressing TRIP/TWIP and reducing ductility in the as-built
specimen; subsequent p-solution treatment and quenching reactivated
these deformation mechanisms [49]. In the same nominal alloy system,
variations in the LPBF parameters were shown to modify the w-phase
density and p-phase stability, thereby changing the active deformation
mechanisms and the resulting strength—ductility balance [50]. Similarly,
repeated track- and layer-wise thermal cycling promoted the develop-
ment of isothermal ® in LPBF-processed Ti-13.5Mo, whereas Sn addition
retarded its evolution toward the commensurate form and mitigated the
associated embrittlement [51]. Together with reports of
deformation-induced w-phase formation in conventionally processed
metastable p-Ti alloys [48,56-58], these studies indicate that the
transformation behavior of metastable p-Ti alloys can be affected by
both alloy chemistry and the process-specific thermal and mechanical
history.

The o phase exhibits a higher Young’s modulus compared with the
phase, and orientation-dependent elastic properties. The ® phase pre-
cipitates in the f matrix as four crystallographically equivalent variants
following the (0001),//{111}s and (1120),//(111) crystallographic
orientation relationship with respect to the § phase. Its precipitation
increases the Young’s modulus of the alloy while reducing the overall
elastic anisotropy. Indeed, in the 12Cr alloy, a marked increase in
Young’s modulus and a reduction in anisotropy were observed, although
a weak trend associated with the elastic anisotropy of the p phase was
still retained (Fig. 7(a)). Similarly, the o phase has a higher Young’s
modulus than the § phase and exhibits anisotropy in Young’s modulus.
Because the o phase forms in the p matrix as 24 crystallographically
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AM process-aware design framework for LPBF B-Ti alloys

. Design outcome
Design / Process input Material state (Elastic response)

[ In-situ alloying LPBF
v

( ® phase — increased !
modulus and reduced ,
\ anisotropy _1

( Alloy composition
e/a ratio, Mo,

\

Phase constitution
B/ o/ a phase

Anisotropy in elastic
response

fl

v
Intrinsic thermodynamic -
L phase stability

I <100> orientation \|

( LPBF-specific thermo-
mechanical factors

‘Rapid solidification

‘Repeated thermal cycling
and local reheating

LPBF-specific material )
features

-High defect density
‘Residual stress

Apparent phase stability under LPBF

1 — reduced modulus ,'

Design strategy
Suppression of ® phase

Formation of <100>
orientation

Crystallographic texture |

<100>, <110>, <111>
orientation

( Scan strategy

-
Low Young’s modulus

-
High elastic admissible
strain

Fig. 12. Schematic illustration of the AM process-aware design framework proposed for LPBF-fabricated B-Ti alloys. Alloy composition determines the intrinsic
B-phase stability, whereas LPBF-specific thermo-mechanical factors, including rapid solidification, repeated thermal cycling and local reheating, and the resultant
high defect density and residual stress, may modify the apparent phase stability and w-phase formation tendency. Independently, the scan strategy controls the
crystallographic texture. The resulting phase constitution and crystallographic texture jointly determine the directional elastic response. Suppression of the o phase
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defined as yield strength/Young’s modulus.

equivalent  variants  following the  (0001)y//{110}y and
(1120)«//(111)4 orientation relationship with respect to the p phase, its
formation is expected to reduce the anisotropy more significantly.
Therefore, the reduced anisotropy observed in the Ti-6Cr and Ti-12Cr
alloys in Fig. 7(a) can be explained by the formation of secondary
phases.

The near absence of plasticity observed in the 12Cr alloy is consistent
with the well-established embrittling effect of the ® phase [59]. How-
ever, the individual contribution of the w phase cannot be fully sepa-
rated from other LPBF-related effects based on the present results.
Because oxygen contents were comparable among the examined alloys
and similar scanning-strategy-dependent textures were obtained across
different compositions, neither oxygen content nor texture is likely to be
the primary cause of the marked reduction in plasticity. Therefore, from
a biomedical perspective, suppressing o-phase formation is important to
maintain a low modulus and enhance plasticity. Three possible strate-
gies can be considered to mitigate w-phase formation in LPBF materials.
First, the addition of Al has been shown to strongly suppress
deformation-induced o formation [48]. In this study, although the 12Cr
alloy exhibited clear w-phase precipitation, the 12Cr-3Al alloy showed
no detectable o formation and retained a low Young’s modulus, which is
consistent with the suppressive role of Al in ®-phase formation. In fact,
in LPBF specimens of the Al-containing metastable f§ titanium alloy
Ti-15Mo-5Zr-3Al, the formation of the  phase is rarely observed [18].
Sn has also been reported, similarly to Al, to suppress the precipitation of
the  phase in LPBF-processed Ti-Cr and Ti-Mo alloys and thereby
inhibit the increase in Young’s modulus [51,60]. The second approach
involves the optimization of the processing conditions. Lowering the
laser power (e.g., to 75 W) during LPBF significantly reduced the re-
sidual stress to below 100 MPa [61]. Alternatively, electron beam
powder bed fusion (EB-PBF), another PBF-based method, inherently
minimizes residual stress [61,62] and can also promote the (100)//BD
texture [63], despite the lack of active orientation-direction control.
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However, because EB-PBF requires high-temperature preheating, it re-
mains to be determined whether the metastable p phase, and thus the
associated low modulus, can be maintained without triggering equilib-
rium phase transformations or isothermal ® formation. Third,
post-processing annealing may eliminate the ® phase. However, if
annealing degrades the deliberately engineered crystallographic texture
through recrystallization or grain growth, the low Young’s modulus
along the (100) direction is lost. Therefore, the influence of such heat
treatments should be investigated in a separate study.

The findings of this study have important implications for the design
of low-modulus Ti alloys fabricated via LPBF. While the intrinsic
anisotropy and composition-processing tunability of LPBF provide
valuable tools, the complex interplay between residual stress and phase
stability must be carefully managed. In this regard, in situ alloying is a
powerful strategy that enables fine compositional tuning without the
need for pre-alloyed powders, facilitating the rapid screening of stability
boundaries and identification of compositions that resist undesirable
phase transformations.

The cellular microstructure introduced by rapid solidification is a
strengthening factor specific to alloys fabricated by LPBF. These cells are
submicron-sized structures that have been widely reported in LPBF
specimens of Ni-based superalloys [64,65], stainless steels [66,67], and
high-entropy alloys [67,68]. They are characterized by solute segrega-
tion and dislocation accumulation within the segregated regions. These
cells markedly increase the strength of LPBF products. For example, in
the Ni-based alloy Inconel 718, the presence of cells has been reported to
increase the yield strength by as much as 40%, as revealed by heat
treatments that eliminate cellular microstructures (elemental segrega-
tion and dislocation accumulation) [69]. In contrast, for the present
alloy, the strength is comparable to that of the previously reported cast
material [22], indicating that the effect of the cells is minimal.

The STEM bright-field image Fig. 13(a) shows no dislocation accu-
mulation, and the STEM-EDS analysis Fig. 13(b, c¢) does not reveal any
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detectable concentration modulation, as reported for Ni-based superal-
loys and stainless steels. Supplementary Fig. S7 shows the segregation
and dislocation accumulation structures observed in the LPBF-processed
Inconel 718 alloy for comparison. According to the Ti-Cr phase diagram,
on the Ti-rich side, the liquidus and solidus lines are relatively close,
suggesting that the present composition may be inherently less prone to
segregation.

Furthermore, controlling crystallographic orientation through scan-
ning strategies broadens the design space beyond composition alone. As
demonstrated in this study, specimens with dominant (100), (110), and
(111) orientations exhibited distinct mechanical responses, and texture
control proved to be highly effective in achieving anisotropy in Young’s
modulus and strength. In addition to the simple selection of crystallo-
graphic orientation, the high degree of freedom in locally assigning
processing conditions within a single AM-built component enables
“patchwork-like” combinations of textures that can be tailored to the
mechanically required properties at each specific location, even when
using a single material [20]. Although multimaterial AM [70] is also
being explored for this purpose in the context of biomaterials, where
corrosion must be strictly avoided, the potential for galvanic corrosion
arising from compositional differences at multimaterial interfaces [71]
is a serious concern. In contrast, site-specific tailoring of the mechanical
properties within a single material is highly attractive for biomedical
applications. Thus, this approach opens a new pathway for the design of
advanced biomaterials.

5. Conclusions

In this study, we fabricated nine compositions of Ti—Cr and Ti-Cr-Al
alloys via in situ alloying to eliminate the need for pre-alloyed powders.
Additionally, we implemented crystallographic texture control using
tailored scanning strategies. The following results were obtained
regarding phase stability, microstructure, and mechanical properties:

1. By employing processing conditions that produced a melt-pool
depth substantially greater than the layer thickness, we promoted
multiple remelting events and achieved compositionally homoge-
neous builds.

2. For all compositions, single-crystal-like textures commensurate
with the symmetry of the scan strategy were achieved.

3. At 12Cr, the ® phase was detected in the as-built material but
disappeared after solution treatment and ice-water quenching,
indicating that w-phase formation is associated with the LPBF-
specific thermomechanical history. Residual stress is considered
one plausible contributor, together with other factors inherent to the
LPBF process, such as rapid solidification, repeated thermal cycling,
local reheating, and high defect density.

4. The single-p-phase specimens exhibited pronounced elastic
anisotropy. In the (100) direction, the lowest modulus (approxi-
mately 60 GPa) was recorded for 12Cr-3Al, which exhibited the
lowest e/a value among the examined alloys.

5. The yield strength, which depends on the texture, ranged from 800
to 1000 MPa. The resulting elastic admissible strain exceeded 1.3%
in the (100)-oriented 12Cr-3Al, surpassing the reported values for
LPBF Ti-6Al-4V and underscoring the biomedical potential of these
alloys.

Taken together, the present Ti—Cr and Ti—Cr—Al results provide the
basis for an AM process-aware design framework that integrates
composition-driven phase stability, LPBF-specific thermomechanical
history, and scan-strategy-controlled crystallographic texture to guide
the development of low-modulus, high-strength metastable p-Ti alloys.
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