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The structural instability in the g-type titanium alloys could affect the stability of vacancies. The stability of
vacancies in a f-type Ti-15Mo-5Zr-3Al alloy, fabricated via laser powder bed fusion (LPBF), was investigated
using positron annihilation spectroscopy and first-principles calculations. The observed positron lifetimes were
close to the experimental and calculated bulk lifetime of Ti-15Mo-5Zr-3Al, which indicates that vacancies were
not detected in Ti-15Mo-5Zr-3Al by positron lifetime measurements. Therefore, for the first time, it has been
confirmed that quenched-in vacancies are not introduced in the LPBF-manufactured f-type Ti-15Mo-5Zr-3Al
despite the fast cooling rate in LPBF process. This feature is preferable for the structural stability in biomedical
and industrial applications. The calculated atomic displacement from the ideal bcc lattice positions decreased
in B-type Ti-Mo alloys with increasing Mo concentration, indicating that the bcc structure was stabilized by the
added Mo. The calculated vacancy formation energies of Ti atoms in f-type Ti-14.5Mo and Ti-27.0Mo alloys
exhibited an increasing trend with an increasing number of neighboring Mo atoms. Mo atoms also increased
the migration energies of the neighboring paths of vacancies. The calculated results for Ti-15Mo-5Zr-3Al suggest
that, while the bcc structure was stabilized by the Mo atoms in Ti-15Mo-5Zr-3Al, the migration and formation
energies were still low enough for the diffusion of vacancies.

1. Introduction

p-type titanium alloys have attracted considerable attention as
biomedical implant materials [1-4]. g-type Ti-15Mo-5Zr-3Al (wt%) is
one of the most promising candidates for biomedical implant materi-
als because of its low Young’s modulus [5-7]. The control and stability
of crystallographic texture of f-type Ti-15Mo-5Zr-3Al alloys, fabricated
via laser powder bed fusion (LPBF) technologies, have been investigated
[8-11]. The existence of quenched-in vacancies can be expected in LPBF-
manufactured p-type Ti-15Mo-5Zr-3Al because of the fast cooling rate
in the additive manufacturing process [12]. The cooling rate in LPBF
process has been estimated to be 10> —107 K/s [13,14]. However, the
anomalous fast diffusion, originating from the body-centered cubic (becc)
structure in the group-IVb g phase [15], could promote the annihilation
of quenched-in vacancies. It has been reported that in g-type Ti, the ele-
mentary diffusion jump is a jump into a nearest-neighbor vacancy [16].
Therefore, the stability of these vacancies plays a key role in the diffusiv-
ity of p-type Ti. The bcc structure of g-type titanium alloys is stabilized
by p-stabilizing elements [3] into them. In g-type Ti-15Mo-5Zr-3Al, the
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bcc structure is stabilized by Mo atoms. However, the effect of Mo atoms
on the stability of the vacancies has not been experimentally or theoret-
ically examined.

p-type Ti-Mo alloys have recently attracted considerable attention
for theoretical studies [17-25]. Zhu et al. [20] investigated the vari-
ant selection in the § — w transformation of Ti-Mo alloy using virtual
crystal approximation (VCA) [26,27]. Chen et al. [25] also investigated
the role played by w phase in the twining in Ti-Mo alloy using VCA.
Cao et al. [19] systematically investigated the effect of Mo on the phase
stability and elastic mechanical properties of g-type Ti-Mo alloys using
coherent potential approximation (CPA) [28,29]. The instability of the
bcce structure originated from harmonic phonon instabilities [30], which
led to atomic displacement from the ideal bcc lattice positions. In the
case of calculations for defect properties, structural relaxation around
the defects or compositional fluctuation of neighboring atoms, which
are not directly considered in the VCA and CPA methods, have a signif-
icant influence on the calculated results. These effects can be included
in first-principles calculations, using the special quasirandom structure
(SQS) method [31]. The SQS method has been applied to calculate the
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Fig. 1. Particle size distribution of the obtained powder of Ti-15Mo-5Zr-3Al.

structural and electric properties [17], as well as the phase diagram of
Ti-Mo alloys [18]. However, the atomic displacement and defect prop-
erties of g-type Ti-Mo alloys have not been studied.

In this study, positron lifetime spectroscopy, which allows for the
sensitive detection of vacancies on the order of ppm, was employed
to identify lattice defects formed in an LPBF-manufactured g-type Ti-
15Mo-5Zr-3Al In addition, to quantitatively evaluate the formation and
migration energies of vacancies in f-type Ti-Mo alloys and Ti-15Mo-5Zr-
3Al, first-principles calculations were performed in combination with
the SQS method. Our results highlight the importance of the stability of
vacancies that affects the formation of lattice defects in the LPBF pro-
cess.

2. Experimental and computational method

The starting material was an ingot with a nominal composition of
Ti-15Mo-5Zr-3Al (wt%). The powder for the LPBF fabrication was de-
veloped by Ar gas atomization, which used an induction coil to melt
the ingot (Osaka Titanium Technologies, Japan). The obtained powder
was spherical particle, with a median particle size of 31.6 ym. The re-
sult of particle size distribution analysis is shown in Fig. 1. Rectangular
samples with bottom dimensions of 5 mm x 5 mm were manufactured
using an LPBF apparatus (EOS M290, EOS, Germany), equipped with
a Yb fiber laser. To evaluate the effects of fabrication parameters on
positron lifetime, the laser power and scanning speed were varied over
a wide range and set to three conditions: 75 W and 250 mm/s, 300 W
and 1000 mm/s, and 360 W and 1200 mm/s where a volumetric energy
density of the laser was kept constant as 50 J/mm?. This volumetric en-
ergy density was determined according to the literature [11] to obtain
products with high density and smooth surface. Details of the process
and the crystallographic textures of the fabricated products were re-
ported by Ishimoto et al. [9,10]. To obtain the bulk positron lifetime
of Ti-15Mo-5Zr—3Al, solution-treated samples cut from the ingot (Kobe
Steel Ltd., Japan) were prepared by quenching in water at 1108 K after
holding for 1h. Although, for this purpose, furnace cooling is preferable
to avoid the formation of quenched-in vacancies, quenching in water
was employed to maintain the § phase.

Positron lifetime measurements were performed using a digital os-
cilloscope (Lecroy WaveRunner 62-Xi) system, which yields a time res-
olution of 187 ps combined with photomultiplier tubes, mounted with
BaF, scintillators. The positron lifetime spectra were obtained at a co-
incidence count rate of 120 counts per second and a total number of
10°-10° coincidence counts. Resulting positron lifetime spectra were
analyzed using the Resolution [32] and Positronfit Extended [33] pro-
grams. To identify the experimental positron lifetime, the positron bulk
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lifetime in Ti-15Mo-5Zr-3Al was calculated using the ABINIT code [34].
For the electron-positron correlation functional and enhancement fac-
tor, the functional parameterized by Boronski and Nieminen was used
[35].

To evaluate the stability of vacancies, vacancy formation energies
were obtained for g-type Ti-Mo alloys and Ti-15Mo-5Zr-3Al using first-
principles calculations. the Vienna Ab initio Simulation Package (VASP)
[36,37] was employed along with the generalized gradient approxima-
tion of Perdew—Burke-Ernzerhof (PBE) [38]. The potentials used were
based on the projector augmented wave (PAW) method [39,40]. Disor-
dered atomic arrangements were constructed using the SQS approach,
with a supercell having 128 lattice sites in the bcc structure (4x4x4 unit
cell). In this study, the atomic configurations were determined in the al-
loy so that the Warren-Cowley parameter [41] was close to zero up
to the seventh nearest-neighbor shell. Twelve binary SQS models were
constructed for p-type Ti-Mo alloys, ranging from 0.0625 to 0.90625
atomic fractions. To construct the SQS model of g-type Ti-15Mo-5Zr-
3Al (Ti-8.10 at%Mo-2.84 at%Zr-5.76 at%Al), a supercell composed of
106 Ti, 10 Mo, 4 Zr and 8 Al atoms was employed. The composition of
the supercell is Ti-7.81 at%Mo-3.12 at%Zr-6.25 at%Al. A kinetic-energy
cutoff of 350 eV and a 4x4x4 k mesh was used in the Monkhorst-Pack
scheme. The structural relaxation of the atoms was continued until the
forces on all atoms were less than 0.02 eV/A.

The vacancy formation energies of all sites in the supercell were cal-
culated to evaluate the influence of Mo atoms on the vacancy formation
energy. For a binary alloy, AB, the vacancy formation energy at site A,
EK”C, can be obtained as follows:

EKM =E,(ny—1,ng) = E;py(ng.ng) + py. (eY)

where E,, is the total energy, n, and ng are the number of atoms of
element A and B, respectively. The first and second terms in the right-
hand side of Eq. (1) denote the total energy of the supercell including a
vacancy of A atom and that of the defect-free supercell, respectively. y,
is the chemical potential of element A. Finally, the chemical potentials
of Ti and Mo atoms in the g-type Ti-Mo alloys were obtained using the
value of the change in energy with the increasing Mo concentration. To
obtain the chemical potentials of each element in the p-type Ti-15Mo-
5Zr-3Al, six SQS models with the compositions slightly deviating from
Ti-15Mo-5Zr-3Al was constructed. The chemical potentials of each el-
ement were determined using a linear regression analysis for the total
energies of seven compositions including Ti-15Mo-5Zr-3AL

3. Results and discussion
3.1. Positron lifetime of Ti-15Mo-5Zr-3A1

Fig. 2 shows one-component positron lifetime of Ti-15Mo-5Zr-3Al
as a function of the scanning speed. Irrespective of the scanning speed,
the positron lifetimes showed values in the range of 144-147 ps. The
experimental and calculated bulk lifetimes of Ti-15Mo-5Zr-3Al are 144
and 143 ps, respectively. If quenched-in vacancies are introduced, the
one-component positron lifetime significantly increases from the bulk
lifetime because the ratios of the positron lifetimes between metal va-
cancies and perfect bulk lattices are more than 1.4 [42]. The differ-
ence between the observed positron lifetimes and the bulk lifetime in
Ti-15Mo-5Zr-3Al were less than 4 ps, which indicates that the vacancy
concentration was less than the order of ppm in the LPBF-manufactured
Ti-15Mo-5Zr-3Al.

3.2. Atomic displacement in Ti-Mo alloy and Ti-15Mo-5Zr-3Al

Fig. 3 shows the mean atomic displacements from the ideal bcc lat-
tice positions in the p-type Ti-Mo alloys and Ti-15Mo-5Zr-3Al. The dis-
placement magnitudes decreased with increasing Mo concentration in
the Ti-Mo alloys. The Ti and Mo atoms in Ti-15Mo-5Zr-3Al exhibited ap-
proximately the same displacement magnitude as the Ti and Mo atoms
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Fig. 2. One-component positron lifetime in Ti-15Mo-5Zr-3Al as a function of
scanning speed. The experimental bulk lifetime is denoted by the broken line.
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Fig. 3. Mean atomic displacement from the ideal bcc lattice positions in g-type
Ti-Mo alloys and Ti-15Mo-5Zr-3Al.

in Ti-14.5Mo (7.8 at% Mo). In general, the atomic displacement from
ideal lattice positions in solid solutions increases with the number of
solute atoms. The opposite trend observed for g-type Ti-Mo alloys origi-
nated from the instability of the bec structure of Ti [30]. Therefore, the
Ti atoms exhibited approximately twice the mean atomic displacement,
compared to that of the Mo atoms. Fig. 4 shows the atomic arrangement
of Ti-14.5Mo (7.8 at% Mo), Ti-27.0Mo (15.6 at% Mo), and Ti-40.0Mo
(25.0 at% Mo). The Ti and Mo atoms were randomly displaced from
the ideal bcc lattice, and the amount of displacement was observed to
decrease with increasing Mo concentration. These results indicate that
the bcc structure was stabilized by the added Mo atoms. However, the
displace magnitude in Ti-14.5Mo is still larger compared to that in the
Mo-rich region, which is one of the possible causes of the lattice distor-
tion observed in the LPBF-manufactured g-type Ti-15Mo-5Zr-3Al [43].

3.3. Density of states in Ti-Mo alloy

As shown in Figs. 3 and 4, the atomic positions were significantly dis-
placed from the ideal bcc lattice positions in the g-type Ti-Mo alloys. In
this case, it was difficult to reproduce the density of states (DOS) using
the CPA method. The DOS of 8, a, and w Ti—Mo alloys obtained using
the CPA method was reported by Cao et al. [19]. While the pseudogaps
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were near the Fermi level for the « and w phases, the high DOS peak
was located at the Fermi level for the g phase. Therefore, stabilization
of the g phase by the addition of Mo atoms was not observed in the
DOS obtained using CPA. Fig. 5 shows the DOS of g-type Ti-Mo alloys
with and without structural relaxation, obtained using the SQS method.
In the DOS of the g-type Ti-Mo alloys without structural relaxations,
while the peak at approximately 1 eV decreased with increasing Mo con-
centration, the positions of the peaks in the valence band were almost
unchanged, irrespective of the Mo concentration. However, structural
relaxation drastically changed the shape of the DOS around the Fermi
level. In the DOS of g-type Ti-Mo alloys with structural relaxations, the
peak at approximately 1 eV was shifted downwards by structural relax-
ations, and a broad pseudogap appeared around the Fermi level. As a
result, the Fermi level was located at the bottom of the pseudogap, irre-
spective of the Mo concentration. These results indicate that structural
relaxation plays an important role in stabilizing the bcc structure by the
added Mo atoms.

3.4. Vacancy formation and migration energies in Ti-Mo alloy and
Ti-15Mo-5Zr-3A1

Fig. 6 shows the average values of the vacancy formation energies
of all the sites in the supercell with and without structural relaxation
in Ti-14.5Mo (7.8 at%Mo) and Ti-27.0Mo (15.6 at%Mo). The general
trend observed was that the energy magnitudes of the Ti and Mo atoms
increased with the Mo concentration. The average values without struc-
tural relaxation indicate that the Ti atoms possessed higher vacancy for-
mation energies than the Mo atoms. However, the average values with
structural relaxation were very similar for the Ti and Mo atoms. This
similarity was because of the more significant decrease in energy due
to structural relaxation around the Ti vacancies, which arise from the
atomic displacement from the ideal bcc lattice positions shown in Fig. 3.
In high-entropy alloys (HEA), atomic positrons are displaced from the
ideal lattice position because of the difference in the atomic radii of
the constituent elements. In a representative HEA, CrMnFeCoNi, the de-
crease in vacancy formation energies by structural relaxations is approx-
imately 0.5 eV [44]. Therefore, the decrease in energy of more than 1
eV observed in g-type Ti-Mo alloys was a very large energy gain by the
structural relaxation. Although the addition of Mo increased the vacancy
formation energy by stabilizing the bcc structure, the vacancy formation
energies of the Ti and Mo atoms in Ti-14.5Mo and Ti-27.0Mo were still
lower than the 1.99 eV vacancy formation energy of a-Ti.

Fig. 7 shows the vacancy formation energies of all sites in the super-
cell of Ti-15Mo-5Zr-3Al. The average value of each element with and
without structural relaxation is represented by cross symbols. The de-
crease in vacancy formation energies by structural relaxations is more
than 1 eV for all the species of the vacancies. The average value with
structural relaxations of the Ti vacancies in Ti-15Mo-5Zr-3Al is approxi-
mately 0.15 eV higher than that in Ti-14.5Mo, which mainly arises from
the decrease in energy gain by the structural relaxation.

To evaluate the effect of Mo atoms on vacancy formation energy, we
examined the relationship between the number of Mo atoms around a Ti
vacancy and its formation energy. Fig. 8 shows the vacancy formation
energies of the Ti atoms in Ti-14.5Mo (7.8 at%Mo) and Ti-27.0Mo (15.6
at%Mo) as a function of the number of neighboring Mo atoms. The va-
cancy formation energies of the Ti atoms exhibited an increasing trend
with an increasing number of neighboring Mo atoms, which suggests
that the Mo atoms significantly stabilize neighboring Ti atoms.

To obtain the migration energy of Ti atom in Ti-14.5Mo, we calcu-
lated the energy profiles of migration path of the Ti atom exhibiting the
vacancy formation energy close to the average value of 0.86 eV using
the nudge elastic band method [45,46]. Fig. 9 shows the energy pro-
files of the migration path of the Ti atom to the eight nearest-neighbor
sites. The vacancy formation energies of neighboring Ti sites are widely
distributed, from 0.30 to 1.53 eV, which led to the various types of en-
ergy profiles of migration paths. The atomic arrangements around the
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Fig. 6. Average values of vacancy formation energies for Ti and Mo atoms in Ti-
14.5Mo (7.8 at%Mo) and Ti-27.0Mo (15.6 at%Mo), with or without structural
relaxation.
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Fig. 9. Energy profiles for migration of the Ti atom to a neighboring vacancy
exhibiting the vacancy formation energy close to the average value of 0.86 eV
in Ti-14.5Mo.

migration paths and the migration energies are shown in Fig. 10. The
migration paths between the Ti sites, surrounded by only Ti atoms, ex-
hibited very low migration energies, ranging from 0.01 to 0.26 eV. On
the other hand, the migration paths surrounded by two Mo atoms ex-
hibited higher migration energies than the other migration paths. There-
fore, the addition of Mo atoms increases, not only the formation energy,
but also the migration energy.

The energy profiles of migration path of the Ti atom in Ti-15Zr-5Mo-
3Al was also calculated as shown in Fig.11. We selected four Ti atoms

exhibiting the vacancy formation energy close to the average value of
1.01 eV and calculated the energy profiles of the migration path of
these Ti atoms to the nearest-neighbor sites. The migration energies
are obtained both for the forward and backward directions based on
the maximum value of the energy profiles. The average of the migra-
tion and formation energies for migration paths shown in Fig. 11 are
0.322 and 0.994 eV, respectively. Compared with 0.274 and 1.06 eV
calculated in bec Ti [30], whereas the bee structure is stabilized by the
addition of Mo atoms, the migration and formation energies are still low
enough for diffusion of vacancies, which promoted the annihilation of
quenched-in vacancies. Therefore, quenched-in vacancies could be in-
troduced in the other LPBF materials because of the fast cooling rate.
In the case of stainless steel 316L, the formation of vacancy-type de-
fects was confirmed by positron lifetime measurements in the LPB spec-
imens build with 370 W laser power and 1350 mm/s scanning speed

[47,48].

4. Conclusions

Positron lifetime measurements were performed to identify the lat-
tice defects formed in the LPBF-manufactured g-type Ti-15Mo-5Zr-3Al.
Irrespective of the scanning speed, the observed positron lifetimes were
close to the experimental and calculated positron bulk lifetimes. There-
fore, it has been confirmed that quenched-in vacancies are not intro-
duced in the LPBF-manufactured g-type Ti-15Mo-5Zr-3Al despite the
fast cooling rate in LPBF process, which is a preferable feature for the
structural stability in biomedical and industrial applications.

To evaluate the effect of Mo atoms on the stability of vacancies,
first-principles calculations were performed for the Ti-Mo alloys and Ti-
15Mo-5Zr-3Al using the SQS method. The atomic displacement from
the ideal bcc lattice positions decreased with increased Mo concentra-
tion, indicating that the bcc structure was stabilized by the added Mo.
The effect of Mo was also observed in the DOS around the Fermi level,
where a broad pseudogap appeared due to structural relaxations. The
average vacancy formation energies of Ti and Mo atoms in Ti-Mo alloys
increased with increasing Mo concentration. In particular, Mo increased
the vacancy formation energies of the neighboring Ti atoms. The migra-
tion paths of the vacancies near the Mo atoms exhibited higher migra-
tion energies. The calculated results for Ti-15Mo-5Zr-3Al suggest that
the migration and formation energies are still sufficiently low for the
diffusion of vacancies in f-type Ti-15Mo-5Zr-3Al.
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Fig. 10. Atomic arrangement around the migration paths of the Ti atom shown in Fig. 9. Ti and Mo atoms are gray and blue spheres, respectively.
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Fig. 11. Energy profiles for migration of the Ti atom to a neighboring vacancy
exhibiting the vacancy formation energy close to the average value of 1.01 eV
in Ti-15Mo-5Zr-3AL
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