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ARTICLE INFO ABSTRACT

Keywords: This study investigates the fabrication of ultra-high Sn-containing metastable p-type Ti-Cr-Sn alloys using Laser
Additive manufacturing Powder Bed Fusion (L-PBF). By utilizing the rapid solidification inherent to L-PBF, retention of an ultra-high Sn
p-Ti alloys . metastable p phase at room temperature was achieved in compositions that are difficult to obtain via conven-
I];:zzsfa(:’lveder bed fusion tional processing routes. To address a key challenge in L-PBF, the high material cost associated with pre-alloyed
Ti_Cr-Sn powders, a mixture of pure elemental powders was employed as a cost-effective alternative feedstock. The effects

of laser power on the microstructure, phase constitution, crystallographic texture, and mechanical properties of
the as-built specimens were systematically evaluated. The results demonstrate that L-PBF successfully produced a
homogeneous ultra-high Sn f solid solution while effectively suppressing the formation of ® phase and TizSn
compounds. Under the highest laser power condition of 360 W, complete melting and the formation of a single
phase were achieved. The conventional unidirectional laser scanning strategy (X-scan), in which the scanning
direction is kept constant between layers, resulted in <110> alignment along the build direction and <100>¢
alignment along the scan direction. The specimen fabricated at 360 W exhibited the most homogeneous
microstructure, together with appropriate strength, excellent ductility, and low Young’s modulus. These findings
demonstrate the feasibility of low-cost processing via L-PBF while achieving enhanced functional performance in
high-Sn metastable B-Ti alloys.

1. Introduction

Metastable p-titanium alloys are attractive as biomaterials for stents,
orthodontic applications, and prosthetic joint applications due to their
high specific strength, high corrosion resistance, high biocompatibility,
and functional properties such as low Young’s modulus and shape
memory effect (SME) [1,2]. Recently, we have succeeded in sufficiently
suppressing the o phase and achieving superelasticity at room temper-
ature in Ti-Cr-Sn alloys with a high Sn addition, which is effective in
suppressing the athermal w, a problem in metastable $-Ti alloys [3].
However, the athermal ® has not been completely eliminated in these
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alloys [4]. Therefore, further addition of Sn should be attempted;
however, the upper limit of Sn addition in Ti-Cr-Sn ternary alloys is
about ~9 mol%$Sn (~19.65 mass%Sn) [3-6].

Fig. 1 shows the phase diagrams of the Ti-Cr binary [7] and Ti-Sn
binary [8] systems. In Ti-Cr-Sn alloys, the equilibrium phases at room
temperature are o(Ti), aTiCry, and Ti3Sn, as expected from the Ti—Cr and
Ti-Sn binary systems, and there is no p(Ti) phase. Therefore, to use these
systems as metastable B-Ti alloys, the high-temperature phase (p phase)
must be quenched into room temperature. Judging from the phase di-
agram (Fig. 1(b)), a single f§ phase can exist below 10.8 mol%Sn con-
centration at 1173 K.
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Experimental [9] and calculated ternary phase diagrams [10] for the
Ti-Cr-Sn ternary system report the equilibrium phases of Ti-10Cr-10Sn
(mol%) at high temperatures. At 1173 K, the equilibrium phase was
B(Ti) + aCraTi + SnTis, and at 1373 K, B + SnTis. In the conventional
melting process, solution treatment is carried out at about 1173-1273 K.
The above results indicate that Ti3Sn is formed at compositions above
10 mol%$n, and a single § phase cannot be obtained by the conventional
alloy fabrication methods.

TisSn is brittle [11] and leads to deviation of the § phase from the
target composition. The formation of Ti3Sn should be prevented to
produce excellent p-Ti shape memory alloys (SMAs) as designed.

Recently, additive manufacturing (AM) has gained considerable in-
terest as a novel fabrication process for various metal materials [12].
Among these processes, laser powder bed fusion (L-PBF) has shown
great potential for fabricating p-Ti alloys [13]. It has been shown that the
crystal orientation of -Ti alloys can be controlled by appropriate pro-
cess parameters of L-PBF [14,15], and this feature makes L-PBF a
promising microstructure control process. Furthermore, L-PBF offers
high cooling rates [16], which may enable the quenching of the meta-
stable phases. The phase diagram indicates that a eutectic reaction L —
B(Ti) + TisSn exists at 1847 K for Ti-15.9 mol%Sn [17]. In hypoeutectic
compositions below this Sn content, p-Ti primary crystallizes during
solidification. Accordingly, ideal rapid quenching from the liquid phase
should result in a fully homogenized p-Ti solid solution without TizSn.
Summarizing the above, the utilization of L-PBF is expected to be a new
method for fabricating alloys with ultra-high Sn concentrations.

However, the L-PBF of Ti alloys faces difficulties in manufacturing
due to the cost of pre-alloyed powders [18]. To overcome this drawback,
some studies have been investigated fabricating alloys using a mixture of
readily available pure elemental powders [19-22]. Although some
incomplete melting has occurred in the case of elements such as Nb [20]
and Mo [21], which have a high melting point relative to Ti, complete
melting has been successfully achieved for Cr [22], which has a close
melting point to Ti. Since Sn has a much lower melting point, Ti-Cr-Sn
alloys without non-molten particles might be formed from pure metal
mixed powders.

From the above considerations, the use of the AM process, even when
employing a mixture of pure elemental powders for in-situ alloying,
provides a unique opportunity to “freeze-in” the high-temperature B
phase to room temperature, even in compositions where equilibrium
processing inevitably results in p + TisSn formation.

Here, the significance of the present study can be summarized in two
aspects:

(a) Cr content (mass%)

0 10 20 30 40 50 60 70
2000
1800'&4

< 16001 B TiCroN
Q .
£ 1400 B
3 12001
£
8 1000-
/]
8001 a o TiCr
600-
0 10 20 30 40 50 60 70

Cr content (mol%)

Additive Manufacturing 124 (2026) 105213

(i) Fabrication of metastable f-Ti alloys with low Cr and ultra-high
Sn compositions that are difficult to achieve by conventional
routes; and

(ii) In-situ alloying of metastable p-Ti alloys using a mixture of pure
elemental powders via L-PBF.

Therefore, a Sn-rich composition exceeding 10 mol% Sn in the low-
Cr metastable f region was intentionally selected to test whether the
rapid solidification inherent to L-PBF can extend the solubility limit of
Sn in B-Ti beyond the conventional equilibrium boundary. Based on this
compositional strategy, the influence of processing parameters on phase
stability, texture evolution, and mechanical behavior was systematically
investigated.

2. Materials and methods
2.1. Fabrication and sample preparation

The feedstock used in this study consisted of mixed powder particles
of pure metals that form the constituents of the alloy. The Gas-atomized
Titanium (Ti) powder (size distribution: 10-45 pm, purity: 99.7%) was
supplied by OSAKA Titanium technologies (Amagasaki, Japan), Plasma-
spheroidized Chromium (Cr) powder (size distribution: 15-53 pm, pu-
rity: 99.9%) was supplied by Advanced Engineering Materials (Chang-
sha, China), and disk-atomized tin (Sn) powder (size distribution: 27-43
pm, purity: 99.9%) was supplied by Hikari Material Industry (Nagano,
Japan). These pure elemental powders were mixed for 24 h using an
agitator. The appearance of the mixed particles is shown in Fig. 2. Pure
Ti, Cr, and Sn particles are shown in blue, green, and red, respectively.
The particle shape is more clearly seen in the secondary electron image
on the right. All particles appear to be almost spherical and dispersed.
The measured particle size distributions (D19, Dsg, and Dgg) are sum-
marized in Table S1 and illustrated in Figure S1.

Rectangular specimens with a bottom dimension of 5 mm x 5 mm
and a height of 9 mm were manufactured using an L-PBF system (EOS M
290, EOS, Krailling, Germany) in an Ar atmosphere.

Optimizing laser scanning parameters is crucial for achieving the
desired microstructure and appropriate mechanical properties. A key
factor in this optimization is the energy density (E, in J/mm?). The en-
ergy density E [23,24] was calculated using the following Eq. (1):

E=P/vdt (€]

where P is the laser power (W), v is the laser scan speed (mm/s), d is the
hatch space (mm), and ¢ is the thickness of a single layer (mm).
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Fig. 1. The (a) Ti-Cr [7] and (b) Ti-Sn [8] binary phase diagrams.
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Fig. 2. Secondary electron image acquired by scanning electron microscopy and RGB elemental maps acquired by energy dispersive X-ray spectroscopy of the mixed
particles. The elemental map (left) corresponds to the region adjacent to the area shown in the scanning electron micrograph (right), and is displayed by overlaying

the RGB-colored mapping onto the corresponding micrograph.

In this study, the laser scan process parameters were set as follows: v
=1200 mm/s, d = 0.08 mm, t = 0.06 mm, and P was varied at 180,
240, 300, and 360 W. The resulting E was calculated as 31.25, 41.67,
52.08, and 62.50 J/mm?, respectively. The samples will be identified
and abbreviated hereafter based on their corresponding laser power P.

To investigate the elemental concentrations (Ti, Cr, Sn, and impurity
Fe) before and after the L-PBF process, inductively coupled plasma
atomic emission spectroscopy (ICP-AES) was performed on both the
mixed powder and the as-built specimen (fabricated at 360 W). Oxygen
concentrations were also measured by the inert gas fusion method.

To prepare samples for each evaluation, as-built specimens were cut
by electrical discharge machining (EDM). The specimen surfaces were
lapped with emery papers and then polished with colloidal silica to
achieve a smooth finish. Microstructure characterization in the subse-
quent analysis was specifically conducted on the XY plane of the
specimens.

2.2. Characterizations

Phase constituents of the alloys were identified by using an X-ray
diffractometer (XRD; X Pert-PRO-MPD, Malvern PANalytical, Malvern,
UK) at room temperature (RT; 295 K). The scanning range spanned from
20° to 120° by using CuK, radiation. A standard silicon plate was used as
a reference for correcting external errors.

A scanning electron microscope (SEM; S-4300SE, Hitachi, Tokyo,
Japan) coupled with energy-dispersive X-ray spectroscopy (EDS; EMAX
ENERGY, Horiba, Kyoto, Japan) was used for the quantitative analysis of
chemical composition and homogeneity. A SEM (SU5000, Hitachi,
Tokyo, Japan) equipped with an electron backscattered diffraction
(EBSD; EDAX detector with OIM software package, Ametek, Berwyn,
US) was used for the microstructural observations. Prior to these SEM
observations, specimens were electropolished to achieve a fine surface
finish. The electrolyte for electropolishing was composed of methanol,
butanol, and perchloric acid, mixed in a ratio of 10:6:1, respectively. The
electropolishing was performed at a temperature of 233 K.

The texture was evaluated using X-ray pole figures (XPFs) of {110},
{200}4, {211}, {220}, and {310} poles measured with XRD system

(X’pert PRO-MRD, Malvern PANalytical, Malvern, UK) at RT, using the
Schulz reflection technique [25] and CuK, radiation. The tilt angle
ranges from O to 75°. Based on these XPFs, the Orientation Distribution
Functions (ODFs) were calculated by the WIMV method [26].

The internal microstructure of the homogeneous specimen
(P =360 W) was observed with a transmission electron microscope
(TEM; JEM2100, JEOL, Tokyo, Japan). The specimens for TEM were
fabricated using a focused ion beam (FIB) (JIB-4500, JEOL, Tokyo,
Japan).

2.3. Mechanical testing

Compression tests were performed in the x-direction (laser scan di-
rection) to assess the mechanical properties of the as-built specimens
using an Instron-type universal testing machine (Autograph AG-X plus
20 kN, SHIMADZU, Kyoto, Japan). The compression specimens had
nominal dimensions of 2 mm x 2 mm x 5 mm. The specimen surfaces
were mechanically polished to obtain a rectangular shape prior to
testing. The tests were conducted at RT with a strain rate of 5.0 x 10™*
s~!, starting with nine loading-unloading cycles, each cycle applying a
1% strain increment to assess deformation behaviors, including shape
memory and superelasticity. Following these cycles, the specimens were
subjected to continuous loading until fracture.

In order to ensure a reliable evaluation of Young’s modulus, addi-
tional experiments were performed using a direct optical strain mea-
surement method. The specimen side surface was coated with a black
spray and white speckles to create tracking markers. During compres-
sion testing, the specimen surface was recorded using a high-resolution
digital camera system.

The displacement between selected marker pairs was analyzed frame
by frame using digital image analysis software (DIPP-Motion V, DITECT
Corporation, Tokyo, Japan) to obtain the true specimen strain. The
applied stress was calculated from the load recorded by the testing
machine and synchronized with the optical data. Young’s modulus was
determined from the linear region of the stress—strain curve using data
between 0.5 6max and 0.95 6may, Where o,y denotes the maximum stress
in each loading segment.
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For statistical reliability, three loading-unloading cycles were
analyzed per specimen, and five independent marker pairs were tracked
in each cycle, resulting in 30 modulus values per specimen in total. The
averaged value was adopted as the experimental Young’s modulus.

2.4. Ab-initio calculation of f§ phase

The elastic constants of the  phase were evaluated by ab-initio
simulations. Density functional theory simulations were performed
with the Vienna Ab-initio Simulation Package (VASP) [27-30] using the
projector augmented wave method (PAW) [31,32] and the generalized
gradient approximation proposed by Perdew, Burke, and Ernzerhof
(GGA-PBE) [33]. The plane wave cutoff energy was 400 eV, and the
energy convergence criterion in the electron self-consistent loop was
1079 eV. Internal atomic positions were relaxed until the residual forces
became less than 102 eV/angstrom. The special quasi-random structure
(SQS) method [34] was employed to represent the random structure of
the B phase. The SQS cell was obtained by ATAT code [35]. The
generated SQS cell consists of 54 atoms (46 Ti atoms, 6 Sn atoms, and 2
Cr atoms), which is a threefold enlargement of the bcc unit cell along the
principal axis. The lattice constants (327.4 pm) obtained experimentally
at RT are adopted to predict the elastic constants at RT. The Brillouin
zone was sampled employing Monkhorst-Pack k-point meshes with a
5 x 5 x 5 grid for the SQS cell lattice.

2.5. Calculation method of elastic constants

Following the construction of the SQS supercell described above, the
elastic constants were evaluated using the strain energy method [36].
The elastic constants correspond to the second derivatives of the total
energy with respect to strain and are expressed as second-order co-
efficients of the strain—energy relationship. After full structural relaxa-
tion, small symmetry-preserving strains within the linear elastic regime
were applied to the optimized supercell, and the total energy was
calculated for each strain state.

For an ideal cubic BCC crystal, there are three independent elastic
constants, C11, C12, and C44. However, the difference in atomic species in
the SQS cell reduces the crystal symmetry and results in slight variations
among nominally equivalent elastic components. To account for these
variations, the averaged values Cj;, C12, and C44 were adopted as the
representative values in this study.

C11 + Ca2 + Cs3

Ci = 3
C ~ Ci2+Cy3+Cy3
=—71H "
3
— Cas4 + Cs5 + C,
C44:w (2

3

The strain matrices applied to the calculations of the elastic constants
are summarized in Table 1. Strain energy curves were obtained by
applying +0.01 and +0.005 to § .
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3. Results and discussion

Table 2 shows the composition of the mixed metal powder before the
AM building process and the composition of the as-built specimen
(360 W). The unavoidable Fe impurities in the metal powder were
0.02 mol% and 0.03 mol% before and after L-PBF fabrication, respec-
tively. Since the Fe contamination was trace amounts and no significant
change was observed, its effect is neglected hereafter. The overall
composition before fabrication was Ti-3.45Cr-10.33Sn-0.28 O, and
after AM, it was Ti-3.29Cr-10.89Sn-0.34 O. The change in Cr content
was —0.16 mol%, Sn was + 0.56 mol%, and O was + 0.06 mol%.

The nominal powder composition based on the mixing ratio and the
measured composition of the as-built specimen are plotted on the
Ti—Cr-Sn ternary diagram in Fig. 3. The comparison between the mixed
particles and the as-built composition reveals a measurable deviation
during the L-PBF process, reflecting compositional redistribution during
melting and solidification. As shown in the ternary phase map, the
present compositions are located beyond the p / f+TizSn boundary in
the 1173 K phase diagram [10], where conventional equilibrium pro-
cessing would be expected to result in a p+TisSn two-phase constitution.
Therefore, if a single § phase is obtained under L-PBF conditions, it
would represent a metastable ultra-high Sn p alloy beyond the conven-
tional equilibrium boundary.

The compositions of the samples prepared by the L-PBF deviated
slightly from those of the powder mixtures. In terms of boiling point and
vapor pressure, there was concern that Sn would decrease more than Cr,
but in fact, only a slight decrease in Cr was observed. Vaporization losses
in AM are often a problem, and various studies have been summarized
[371, but it is known that it is difficult to discuss merely from vapor
pressure [37]. After alloying, the activity coefficient may also be a
dominant factor [38]. The inconsistency in the present study with the
trends of easily understandable indices such as vapor pressure was
consistent with reports [38] that Cr is the most prominent among Ti, Cr,
and Sn reported in vaporization in PBF processes.

Deviation from the target composition by L-PBF affects various
physical properties. In Ni-Ti alloys, typical shape memory alloys, it has
been reported that the transformation temperature changes with
compositional variations due to the L-PBF process [39]. In this case, the
importance of designing compositions that include the amount of Ni
losses during melting was pointed out [40].

Table 2

Elemental composition of Ti-Cr-Sn alloy before and after L-PBF.
(mol%) Cr* Sn* Fe* [0 Ti*
mixed powders 3.45 10.33 0.02 0.28 85.92
as-built specimen 3.29 10.89 0.03 0.34 85.45

(P =360W)

(mass%) Cr* Sn* Fe* O* Ti*
mixed powders 3.25 22.20 0.02 0.08 74.45
as-built specimen 3.08 23.25 0.03 0.10 73.54

(P =360W)

" Inductively coupled plasma atomic emission spectroscopy,
™ Inert gas fusion method

Table 1
Strain matrices for elastic constants calculations.
146 0 O 1+6 0 0 1 0 0
Ci1: 0 1 0 C11 C12 Ca ¢ 0 1+6 O Css: |0 1 0.56
0 01 0 0 1 0 055 1
1 0 0 1 0 0 1 0 056
Cyp:|0 146 O CyppCy3C33: |0 1456 0 Css : 0 1 0
0 0 1 0 0 1+6 055 0 1
10 0 1+6 0 0 1 055 0
Cs3: (0 1 0 C11 C13 C33 : 0 1 0 Ces: | 055 1 0
0 0 1496 0 0 1+56 0 0 1
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Fig. 3. Deviation from target composition by L-PBF. Phase map from the study
of Sn-rich by conventional production method [3] and the p / B+TizSn
boundary in the 1173 K phase diagram [10].

In metastable B-Ti alloys, also changes in the amount of additional
elements lead to changes in martensitic transformation temperature.
According to the literature, sensitivities are about —190 K/mol%Cr,
—141 K/mol%Sn [3], and —160 K/mol%O [41]. Therefore, it is ex-
pected that the L-PBF in the present study changed the martensitic
transformation temperature by —60 K from that designed in the powder
mixing. The results of this study impart important information for the
compositional formulation in the synthesis of Ti-Cr-Sn alloys using
L-PBF for mixed pure metal powders.

Fig. 4 shows the results of XRD measurements. XY plane measure-
ments revealed a strong 110y peak in all samples, and other peaks from
the p phase were also present, though weaker in intensity. The profiles of
the 360 W and 300 W specimens with high laser power showed a single
B phase. The specimens with lower power of 240 W and 180 W showed
only a small peak of « phase was present, indicating that it was p+a dual
phase. Notably, no TizSn nor TiCry compounds were found in any of the
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Fig. 4. XRD profiles of the as-built specimens at RT, together with a schematic
diagram of the measured XY cross-section.
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samples. The XRD results indicate that, with appropriate building con-
ditions, a supersaturated f single phase can be obtained at RT, which
could not be obtained with the conventional method.

Fig. 5 shows the elemental mapping images of Ti, Cr, and Sn obtained
by EDS measurements for (a) the 360 W and (b) the 180 W specimen.
The leftmost figure shows the SEM images of the EDS measurement area.
In Fig. 5(a), all elements were uniformly distributed and were expected
to be solid solutions in B-Ti. On the other hand, in Fig. 5(b), the Cr was
clearly separated into Cr-rich and Cr-lean regions. Sn was observed with
slight separation, while Ti appeared almost homogeneous. Considering
that the phase constitution was mostly p-Ti from the XRD measurements,
there are no undissolved elements in the 180 W specimen, and the Cr-
rich/Sn-lean p phase and Cr-lean/Sn-rich p phase were present as solid
solutions. Additional low-magnification EDS maps covering multiple
grains and grain boundaries are provided in Figure S2, which further
confirm the overall compositional homogeneity at a larger scale. The
present study demonstrated the possibility of in-situ alloying a meta-
stable p-Ti type Ti-Cr-Sn alloy with more than 10 mol%Sn from pure
elemental powder mixtures using AM.

Fig. 6 shows backscattered electron (BSE) images of as-built speci-
mens. In the (a) 360 W and (b) 300 W specimens, elongated grains were
observed together with linear features running along the x-direction
(scan direction). These features included scan tracks, corresponding to
the laser scanning path on the XY plane, as well as subgrain or grain
boundaries formed near the melt pool centers, where cellular structures
impinge during solidification. The morphology was typical microstruc-
tures of alloys produced by L-PBF [14,20,42]. In the (c) 240 W spec-
imen, the grain size was smaller than (a) 360 W and (b) 300 W. In the (d)
180 W specimen, besides the grain refinement, the Cr-rich region and
the lean regions were separated. This morphology is consistent with the
EDS mapping (Fig. 5(b)).

SEM-BSE images revealed the morphology of the f§ phase. Subse-
quently, to investigate the distribution of these crystallographic orien-
tations, EBSD measurements were performed on these microstructures.
Fig. 7 shows the results of EBSD measurements of the as-built specimens.
XY plane of each specimen was measured, and inverse pole figure (IPF)
maps were created for each x-,y-, and z-direction. Regardless of the laser
power P, the predominant trend observed was that 001 was primarily
oriented in the x-direction and 011 in the y- and z-directions. This
orientation pattern was most distinct at (a) 360 W, while at (d) 180 W,
the grains were orientated more randomly.

Under building conditions where homogeneous metastable (3 phase
was successfully obtained, the crystallographic texture developed was
the same as those of the single-crystal-like microstructures reported for
Ti-15Mo-5Zr-3Al (Ti-1553), a p-type Ti alloy, using the scan strategy
(X-scan) [14,43,44].

The average grain sizes were calculated according to the linear
intercept method from results of EBSD measurement (Fig. 7). The lines
used were drawn horizontally and vertically, and their mean values
were calculated. The grain boundaries were identified with a tolerance
angle of 5°. The calculated grain sizes decreased with increasing laser
power, measuring 62.6 pm, 35.4 pm, 26.9 pm, and 12.6 pm for speci-
mens (a)-(d), respectively. These trends were consistent with SEM im-
ages (Fig. 6).

To investigate the orientation of each specimen in more detail,
texture measurements were conducted on the XY plane by the XPFs
method, and ODFs were calculated. The as-built Ti-Cr-Sn alloys were
mainly composed of the § phase. Thus, ODFs were taken only for the
phase. The texture components were investigated on the gpo= 45° section
of the ODF, as shown in Fig. 8. The results of the other sections are given
in Figure S3(a)—(d) in the attached supplemental material. The texture
component of {110},<001 >4 can be observed for (a) 360 W, (b) 300 W,
and (c) 240 W. While for (d) 180 W, the orientation density of
{110},<001>4 was considerably lower. The texture components with
the highest intensity for each specimen were shown with their value
(Imax) at the bottom of Fig. 8. The Iyax was highest at (a) 360 W,
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Fig. 5. Results of EDS measurement of (a) P = 360 W and (b) P = 180 W specimens.

Fig. 6. SEM images of XY plane of the as-built specimens: (a) 360 W, (b) 300 W, (c) 240 W, (d) 180 W.

decreased as P decreased, and was lowest at (d) 180 W. The maximum
intensity was observed at {17 12 3},<3 225> in (a), {4 4 1},<1 18>y
in (b) and (c). These are within about 10 ° of {110},<001>4. On the
other hand, the orientation with the highest intensity in (d) was {1
0 0},<0 4 11>, which showed a different orientation from (a)-(c).
These results are consistent with the local texture that can be evaluated
qualitatively from the IPF maps (Fig. 7).

From the above microstructure observation results, it was found that
by appropriately controlling the building conditions, such as P = 360 W,
a homogeneous, supersaturated metastable B-Ti solid solution can be
fabricated from pure metal powder by the L-PBF method, even in alloy
compositions that cannot be fabricated by conventional methods. It was
also revealed that a strongly oriented microstructure can be obtained by
the optimal scanning strategy, which has already been successfully
applied to p-Ti alloys. In metastable p-Ti alloys, texture control is

important for controlling their properties like martensitic trans-
formation and Young’s modulus. Since martensitic transformation in-
volves a crystallographically defined lattice deformation, the
transformation strain and variant selection are inherently orientation
dependent [45]. Therefore, the development of specific crystallographic
textures can significantly influence the transformation behavior [4].
Because L-PBF enables deliberate control of crystallographic texture
through process parameter design, it is becoming an increasingly
important fabrication process for metastable f-Ti alloys.

The internal microstructure of the 360 W specimen, confirmed to be
a p single phase by XRD and SEM, was investigated by TEM. Fig. 9 shows
the selected area diffraction patterns (SADPs) obtained from several
beam directions. In all patterns, spots mainly originating from the p
phase were observed. When the o phase is present in metastable §-Ti
alloys, w-spots appear at the 1/3 and 2/3 <121>*; positions in SADP
from B= [101]. In the present study, the spots were very weak, and
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Fig. 7. IPF maps of the as-built specimens measured on the XY plane. (a) 360 W, (b) 300 W, (c) 240 W, and (d) 180 W.

(a) 360W (b) 300W (c) 240W (d) 180W

T = =45° t - = 45° - =45° * - =45°| e X

* D & | ™

g zeo
g - e
S 60

90— im 1 = 1 {hkI},<uvw>,

0 30 60 90 0 30 60 90 0 30 60 9 0 30 60 90
@, (degree)
lvax = 14.9 lvax = 12.7 lnax = 13.5 lnax = 8.3

{17 12 3},<3 225>, {4 4 1},<1 18>

{44 1),<1 18>

{1 00},<0 4 11>

Fig. 8. @2 = 450 sections of ODFs for the as-built specimens, showing the highest intensity texture component {hkl},<uvw> and its maximum intensity (Imax). (a)

360 W, (b) 300 W, (c) 240 W, and (d) 180 W.

only slight streaks were observed. This is consistent with the references
that athermal o was sufficiently suppressed in Sn-rich Ti-Cr-Sn alloys
[4].

In addition, a weak spot can be seen at 1/2 <121>*p. A dark-field
(DF) image using this spot is shown in Fig. 10. The observed direction
was slightly tilted from [101]; to enhance the contrast of the image. The
SADP used for imaging is shown together in the inset. The DF image
shows dispersed products a few nanometers in size. Similar products in
the solution-treated  phase have been reported in several metastable
B-Ti alloys added with O and N [46,47], interstitial elements or with
large amounts of Sn and Al, substitutional elements [48,49], and it is
attributed to the martensite type lattice modulation [50]. The oxygen
concentration of the as-built alloy was 0.34 mol%, which was 1.5-2
times higher than that of the Ti alloy prepared by the conventional

method. Therefore, further studies are needed to clarify the factors that
cause martensitic lattice modulation in Ti-Cr-Sn AM materials.

The mechanical properties of the as-built specimens were investi-
gated. Cyclic loading-unloading compression tests were performed with
the applied strain increased by an increment of 1% per cycle up to 9%,
and after the 10th cycle, the strain was applied continuously until
fracture. The obtained stress-strain curves are shown in Fig. 11. None of
the alloys exhibited pseudoelastic shape recovery during unloading. In
addition, pronounced strain hardening and two-stage yielding behavior
reported in some metastable p-Ti alloys [51,52] were not observed in the
present study. Since pronounced strain hardening is typically associated
with twinning-induced plasticity (TWIP) or transformation-induced
plasticity (TRIP) mechanisms, whereas two-stage yielding is associated
with stress-induced martensitic transformation, the absence of these
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Fig. 9. SADPs for P = 360 W specimen obtained from beam direction of B=
[102];, [101]p, [113]y, [112];, and [111],.

Fig. 10. TEM DF image of the nanosized lattice modulations of P = 360 W
specimen, taken from the spot indicated by the circle in the inset SADP obtained
from ~[101]y direction.

features indicates that the present Ti-Cr-Sn AM material underwent
plastic deformation, most plausibly dominated by dislocation slip under
the applied testing conditions. The outer envelope of the cyclic
stress-strain curve is known to coincide with a continuous stress—strain
curve [53,54]. Compressive strength (6¢s) and fracture strain () were
read from the contour of the stress—strain curves. The 6¢cs was 890 MPa
at (a) 360 W, 873 MPa at (b) 300 W, 950 MPa at (c) 240 W, and
988 MPa at (d) 180 W. The higher strength at lower P can be attributed
to the decrease in grain size.

Regarding ductility, only (d) 180 W was fractured during the cyclic
deformation (i.e., before reaching the 10th cycle), with an ep of 5.0%. In
Ti—Cr alloy, it is known that the addition of more than 12 mass%Cr
(11.15 mol%Cr) results in a significant decrease in ductility [55]. In the
180 W specimen, compositional variations such as Cr-rich regions
existed throughout the material. Compositional analysis of the Cr-rich
region shown in the EDS map in Fig. 5(b) indicated that the composi-
tion is Ti-16.2Cr-8.1Sn (mol%). Considering that no significant porosity
was observed and that all specimens were tested under identical
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geometry and loading conditions, the reduction in ductility is most
reasonably attributed to microstructural inhomogeneity in this material.

To evaluate the plastic deformation behavior and to distinguish it
from elastic deformation, the maximum applied stress and residual
strain after unloading for each cycle are plotted in Fig. 12(a). This plot
corresponds to a stress—plastic strain curve. The discrete plots obtained
were fitted, and the yield stress (0¢.2), defined as 0.2% flow stress, was
evaluated. The derived values are plotted against laser power in Fig. 12
(b). The 6¢.5 was highest for the specimen with the lowest laser power,
(d) 180 W. This may be due to the influence of precipitates and grain
size, as in the discussion of o¢s.

Additionally, the grain sizes obtained from Fig. 7 are plotted in
Fig. 12(b) to examine the relationship between o( 2 and grain size;
interestingly, only (a) 360 W deviates from the trend. Although the
360 W specimen was the most homogeneous, exhibited the strongest
texture, and had the largest grain size, which would typically suggest
lower strength, it showed a moderate 6¢ 5 of 725 MPa.

While the specifics of deformation modes in AM materials warrant
further investigation, these findings indicate that appropriate processing
conditions can achieve a balanced combination of chemical homoge-
neity, microstructural control, and mechanical properties in metastable
B-Ti alloys, even in the as-built state.

While the above discussion focused on plastic deformation, the
elastic response provides important insights not only into the deforma-
tion behavior but also into the phase stability and crystallographic
anisotropy of the f phase. Since the Young’s modulus estimated from the
macroscopic stress-strain curves may include machine and fixture
compliance, a more accurate evaluation was performed using direct
optical strain measurement. In this method, strain was measured from
the specimen surface during compression testing, thereby eliminating
compliance effects. The updated experimental Young’s modulus values
are plotted in Fig. 13. To quantitatively evaluate the experimentally
obtained Young’s modulus in terms of the crystallographic texture, the
polycrystalline elastic modulus was calculated by combining the single-
crystal elastic constants derived from ab-initio simulations with the
measured ODFs.

The single-crystal elastic constants of the $-Ti—Cr-Sn alloy obtained
from the first-principles calculations were C;; =121 GPa, Ci2
= 108 GPa, and C44 = 48 GPa, satisfying the dynamic stability criterion
for cubic crystals (C11+2C12 > 0, C11—C12 > 0, C44 > 0) [56]. These
constants were used as input parameters for the orientation-weighted
polycrystalline averaging based on the measured ODFs.

For each orientation g in the ODF, the stiffness tensor Cjjxi(g) was
obtained by rotating the single-crystal elastic constants using the cor-
responding rotation matrix. The macroscopic stiffness and compliance
tensors were then averaged over all orientations by the Voigt and Reuss
models, respectively, as

Cla = (Cija (), Shia = (Sywt ), 3

where () denotes orientation averaging weighted by the ODF. The Hill
average C%}kl was finally obtained as the arithmetic mean of the Voigt and
Reuss tensors. The detailed formulation of the ODF-weighted averaging
procedure is provided in the supplemental material.

Using these averaged tensors, the orientation-weighted Young’s
moduli [57,58] along the compression direction (x) were evaluated
based on the Voigt, Reuss, and Hill models [59]. The results are shown in
Fig. 13. The calculated values range from 40 to 65 GPa depending on the
averaging scheme. Reflecting the texture development, particularly the
strengthening of the <001 orientation that exhibits the lowest elastic
modulus [60], the specimens fabricated at higher laser power exhibited
slightly lower averaged Young’s moduli, although the overall depen-
dence on laser power was limited.

For the higher laser power conditions (P = 300 and 360 W), which
exhibited chemically homogeneous single p-phase microstructures, the
experimentally measured Young’s moduli fall within the Voigt-Reuss
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with laser power.

bounds and are close to the Reuss (uniform stress) estimate. This
agreement indicates that the elastic response of these specimens is well
described by the texture-weighted polycrystalline model based on the
single-crystal elastic constants.

In contrast, the lower laser power (P =180 and 240 W) showed
experimentally measured modulus values that slightly exceeded the
Voigt upper bound predicted for an ideal f single-phase polycrystal. This
deviation is reasonably attributed to the microstructural in-
homogeneities observed in these samples, including minor o phase
presence and compositional fluctuations, which are not incorporated in
the single-phase texture-based elastic model.

Importantly, the optimized specimen fabricated at P =360 W
exhibited a Young’s modulus of approximately 40 GPa, which is close to
the Reuss prediction and significantly lower than typical a+ p titanium
alloys. The good agreement between experiment and model in this
condition demonstrates that when a homogeneous f solid solution is

achieved, the elastic response can be quantitatively predicted from
crystallographic texture and single-crystal elastic constants. This pre-
dictive capability highlights the effectiveness of L-PBF in designing low-
modulus metastable p-Ti alloys through texture and phase stability
control.

In this study, we found that homogeneous supersaturated metastable
B-Ti solid solutions can be fabricated directly from pure metal powders
by the L-PBF method, even for alloy compositions with ultra-high Sn
content that cannot be prepared by conventional fabrication methods.
Through optimization of the processing parameters, optimal micro-
structures with desirable mechanical properties were achieved in the as-
built condition, without requiring any rescanning or post-heat treat-
ment. Furthermore, Ti-Cr-Sn alloys are known to be more cost-effective
than many other p-Ti systems [61], and the demonstrated use of readily
available pure metal powders instead of pre-alloyed powders further
reduces material costs, enhancing their potential for applications.
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Fig. 13. Calculated polycrystalline Young’s moduli based on ab-initio single-
crystal constants and measured textures (Voigt-Reuss-Hill models), together
with experimental data and corresponding IPF maps showing the < 001 >g
texture development.

Although the present alloy did not exhibit shape memory or superelastic
behavior under the current compositional conditions, the ability of
L-PBF to access Sn-rich metastable p compositions beyond the conven-
tional equilibrium boundary provides a promising platform for func-
tional alloy design. By carefully tuning p phase stability through
adjustment of Sn and Cr contents, it should be possible to position the
alloy within the appropriate metastability window required for shape
memory or superelastic behavior. Further investigation in this direction
will be pursued in future work.

4. Conclusions

This study has successfully demonstrated that laser powder bed
fusion (L-PBF) using mixed pure elemental powders can effectively
maintain the homogeneity and stability of the § phase in the metastable
p-type Ti-Cr-Sn alloys with high Sn content, which is difficult to achieve
with conventional alloy fabrication methods. The detailed findings are
summarized as follows.

1. A stable and homogeneous p solid solution was produced using L-PBF
from spherical pure metal powders.

2. The composition before fabrication was Ti-3.45Cr-10.33Sn-0.28 O
(mol%), and after AM it was Ti-3.29Cr-10.89Sn-0.34 O (mol%).

3. Undesirable ® phase and Ti3Sn compounds were successfully
suppressed.

4. Control over microstructural orientation was achieved, with the
texture component of {110},<001>, by X-scan strategy.

5. The mechanical properties of the alloys were optimized for the
specimens in the building condition where a homogeneous micro-
structure was obtained.
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