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Oxide dispersion strengthened (ODS) alloys exhibit excellent mechanical properties due to
fine oxide dispersion, but they have great limitations due to utilizing powder fabrication via
mechanical alloying. Therefore, this study examined the alloy composition and process
that can fabricate ODS titanium (Ti) powder in situ through a gas atomization method. The
composition and content of the oxide, which can dissolve in molten Ti during melting and
precipitate inside powders during cooling in the gas atomization, were derived through
thermodynamic calculations. The ODS Ti alloy composition of Ti + 1 wt% yttria (Y,03) was
derived, and the alloy was prepared as a powder through an electrode induction melting
gas atomization (EIGA) method. First, rod-shaped ingots were prepared through vacuum
arc remelting (VAR), and Y,05; was coarsely precipitated along the grain boundaries due to
the slow cooling rate. Then, the ODS Ti powder was fabricated by EIGA using the rod ingot
and spherical powders could be continuously fabricated. The cross-section microstructure
of the powder was observed, and the Y,05 particles with several tens of nm were uniformly
distributed inside the powder. These thermodynamic calculations and experiments
confirmed that ODS Ti powder could be fabricated in situ using the gas atomization
method.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Titanium (Ti) and its alloy have excellent specific strength and
corrosion resistance, making it widely used in the aerospace
and chemical plant industries [1—-3]. In addition, because they
exhibit outstanding biocompatibility in an in vivo environ-
ment, they are applied as materials for medical implant parts
[4—6]. However, in contrast to the advantages, Ti alloys have
problems, such as low wear resistance and fatigue properties,
compared to other metallic alloys [7,8]. Moreover, using Ti
alloys for high-temperature parts is limited because their
mechanical properties rapidly deteriorate with increasing
temperatures [9].

An oxide dispersion strengthened (ODS) alloy is an alloy in
which fine oxide particles with sub-micron size are dispersed
in a metal matrix [10—-12]. The ODS alloys exhibit high
strength and hardness because the movements of disloca-
tions and grain boundaries are suppressed by oxide particles
[13,14]. In addition, wear resistance can be increased by
dispersing oxide particles with high hardness and low friction
coefficients [15,16]. Besides, there is an advantage in main-
taining high mechanical properties even at high-temperature
due to the high thermal stability of the oxide [17,18]. There-
fore, numerous studies have been conducted on the oxide
dispersion strengthening effect in various metallic alloy sys-
tems, and some research on ODS Ti alloys have been reported
[19,20].

Li et al. [19] reported a study on an ODS Ti alloy in which
yttria (Y,05) was dispersed in a Ti—6Al—4V alloy. In the room
temperature (RT) compression test, the yield and compressive
strength of the conventional Ti—6Al1—4V alloy were 830 and
1227 MPa, respectively. When 1 wt% Y,03; was added to the
Ti—6Al—4V alloy, the yield and compressive strength signifi-
cantly increased to about 1100 and 1400 MPa while main-
taining the plastic strain. In the high-temperature
compression test at 450 °C, the yield and compressive strength
of the Ti—6Al—4V + 2 wt% Y,03 alloy were 832 and 1088 MPa,
respectively, showing much higher strength than the
Ti—6Al—4V alloy. Li et al. [20] reported changes in the me-
chanical properties and biocompatibility of commercially
pure Ti by adding oxides. When zirconia (ZrO,) and silica
(SiO,) were added to the pure Ti, the RT compressive strength
increased significantly. In addition, in cell growth experi-
ments, it was reported that cell adhesion and growth char-
acteristics were superior to the ODS Ti alloys compared to the
pure Ti. In previous studies, ODS Ti alloy powders were pre-
pared by high-energy milling of Ti and oxide powders, and
bulk samples were fabricated through a spark plasma sinter-
ing method [19,20]. However, there is a great limitation in the
fabrication of ODS alloys by this sample preparation method.

Since the density difference between oxides and metals is
large, when ODS alloys are fabricated through a conventional
casting method, the oxide floats in the molten metal, causing
non-uniform distributions. Accordingly, the ODS alloys are
normally fabricated by powder metallurgy, and ODS alloy
powders are prepared by mechanical alloying (MA) methods,
such as high-energy milling, to disperse oxides uniformly
[21,22]. However, the MA method suffers from not only
extremely low productivity but also the contamination of

oxygen (O) and iron (Fe) from the milling container [23].
Furthermore, the ODS powder prepared by the MA method
cannot apply to an additive manufacturing (AM) process due
to its highly irregular morphology [24,25]. Despite the ODS
alloy's excellent mechanical properties, it is difficult to
commercialize because of major drawback in the fabrication
method.

If high-quality spherical ODS powders can be easily man-
ufactured in large quantities, the above mentioned limitations
of the ODS alloys can be overcome. Therefore, this study
examined the alloy composition and process technology for
the in situ fabrication of spherical ODS Ti powder. Through
thermodynamic calculations, the oxide composition and
content that can form oxides inside the Ti powder during gas
atomization were derived. The designed alloy was prepared as
powders through an electrode induction melting gas atomi-
zation (EIGA) method, and the powder morphology and oxide
distribution inside the powders were examined.

2. Materials and methods

Initial Ti + 1 wt% Y,0j3 alloy ingots were prepared by vacuum
arc re-melting (VAR) using Ti lump (99.99% purity, RND
KOREA) with the size less than 10 mm and Y,0; powders
(99.99% purity, RND KOREA) with an average size of 4.5 pm.
The O concentration of the Ti lump was 0.1 wt%, and the
purity of the Y,0; powder was 99.99 wt%. Afterward, the
Ti + 1 wt% Y,05 alloy will be designated as Ti(0.10)—1Y,0s.
The ingots were re-melted five times while turning the ingot
upside down to prepare ingots with uniform compositions.
Firstly, the Ti(0.10)-1Y,05 alloy ingots were fabricated as
70 x 20 mm (diameter x height) disc samples using the water-
cooled copper crucible.

To fabricate Ti(0.10)—1Y,05 alloy powders by the EIGA
method, a rod-shaped ingot was cast in a water-cooled copper
crucible with the size of 30 x 200 mm (diameter x height)
using the disc-shaped ingot samples. The powder was fabri-
cated using the Ti(0.10)—1Y,05 rod ingot sample by the EIGA
(Force Metal, NEV-FFGA2T). The EIGA chamber was purged
with high-purity argon gas and evacuated to remove residual
O. Then, 70 kW power was applied to the induction coil to melt
the rod ingot, and argon gas was sprayed at 50 bar to molten
metal droplets for the powder fabrication. The atomized
powder was sieved with meshes ranging from 46 to 150 um.

The oxidation driving forces of the Ti oxide and the Ti—O
solid solution systems below the melting temperature were
calculated through the Thermo-Calc software using the SSUB5
and TCTIS databases. The oxidation driving forces above the
melting temperature were used the data from the previous
study [24], which represents the oxidation driving forces of Ti
above the melting temperature considering the enthalpy
change of the solid and liquid phases. In addition, the phase
formation behavior and equilibrium phase fraction of the
Ti(0.10)—1Y,05 alloy with respect to the temperature were
also calculated.

The yttrium (Y) and O concentration in the rod ingot and
powder were analyzed using a wavelength-dispersive X-ray
fluorescence (XRF) spectrometer (S8 TIGER, BRUKER) and O/N
analyzer (Leco, 736 series), respectively, and the results are
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Table 1 — Chemical composition of the Ti(0.10)-1Y,03

alloy rod ingot and powder (wt%).

of 0.1 wt% was also analyzed. The hardness values were
derived as an average value by measuring 10 powders each.

Rod ingot 0.787 0.322
Powder 0.786 0.331

presented in Table 1. Meanwhile, the microstructures of the
rod ingot and powder were analyzed using a field emission-
scanning electron microscope (FE-SEM) (FEI, QUANTA FEG
250) equipped with an energy-dispersive spectrometer (EDS)
(EDAX, Octane Elite EDS). For the observation of oxide parti-
cles in the powder, the powder was examined via a field
emission-transmission electron microscope (FE-TEM) (Titan
G2 ChemiSTEM Cs Probe, FEI). A sample for the TEM analysis
was prepared by a focused ion beam instrument (Versa 3D
DualBeam, FEI).

The hardness of the powder was carried out through a
Vickers hardness test (HM-200, Mitutoyo). The hardness was
measured in the cross section of the powder by applying a
load of 0.01 kg/f and holding for 10 s. To evaluate the degree of
hardness increase of the Ti(0.10)—1Y,05 alloy powder, the
hardness of the pure Ti powder with an oxygen concentration
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Fig. 1 — Schematic showing an idea for the in situ
fabrication of the ODS Ti powder by the gas atomization
method.

3. Results and discussion

Fig. 1 is a schematic showing ideas for designing a combina-
tion of Ti and oxide that can form oxides inside the Ti powder
in situ during the gas atomization process. The schematic
represents the standard Gibbs free energy change (AG®) for
oxidation reactions with respect to the temperature. In
Fig. 1(a), line a-b shows the reaction where O is dissolved in
the Ti matrix (Ti—O solid solution) during the oxidation of Ti,
while lines c-d and e-f show the reactions where metal was
oxidized to form an oxide. Looking at the slope of each line in
the figure, the slope of the Ti—O solid solution reaction (line a-
b) represents smaller than that of the oxide formation re-
actions (lines c-d and e-f). The equation of the AG® for the
metal oxidation reaction is as follows

AG® =AH? — TAS® (1)

where AH° is the standard enthalpy change and AS° is the
standard entropy change for the oxidation reaction. That is,
the slope of the graph is — AS?, and the larger the value of
|AS°|, the greater the slope. In the oxidation reaction of metals,
|AS?| tends to increase with increasing the absolute value of
volume change (|AV]) in the reaction [26,27]. In general, when
O is dissolved in the metal matrix while metal is oxidized, O is
located at the interstitial site. In this case, volume expansion
after oxidation is smaller than when the oxide is formed.
Therefore, it is expected that the |AS°| value of the reaction
where O is dissolved in the metal matrix is smaller than that
of the reaction where metal is oxidized to form oxides, and for
this reason, the slope of line a-b is shown as small.

In Fig. 1(a), point T,(Ti) represents the melting tempera-
ture of Ti. In the gas atomization process, since the powder is
fabricated after melting the alloy, the gas atomization tem-
perature indicated in red is shown at a temperature higher
than Ty(Ti). If an oxide of an element having a lower oxidation
driving force (line c-d) than the Ti—O solid solution is added to
Ti, the oxide is decomposed and dissolved in the Ti matrix. On
the other hand, if an oxide of an element with a higher
oxidation driving force (line e-f) than the Ti—O solid solution is
added to Ti, it exists as an oxide even above the Ty, (Ti),
resulting in the slag formation during melting.

Therefore, the idea shown in Fig. 1(b) was derived to form
oxide particles in situ inside the Ti powder in the gas atomi-
zation process. When an oxide of an element that has a rela-
tionship shown by line g-h with the Ti—O solid solution
system is added, the oxidation driving force of the Ti—O sys-
tem is higher above the Ty, (Ti), decomposing the oxide and
dissolving in the molten Ti. While cooling in the gas atomi-
zation process, the oxidation driving force for the oxide for-
mation reaction (line g-h) is higher than that of the Ti—O solid
solution (line a-b), resulting in the re-precipitation of oxides.
Thus, if we find a Ti and oxide combination that has the
thermodynamic relationship in which the oxide is completely
dissolved into molten Ti above the Ty,(Ti) and re-precipitated
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Fig. 2 — (a) Oxidation driving force for reactions of Ti oxide formation and Ti—O solid solution systems and (b) the enlarged
view of the oxidation driving force of the Ti—O solid solution system in a high-temperature region. In Fig. 2(b), black line
represents the oxidation driving force of Y (33Y 4 0, >243Y,0s).

during cooling, it will be possible to fabricate the ODS Ti
powder in situ during the gas atomization process.

Following the above, the driving forces for the Ti oxidation
reactions were calculated first. Fig. 2(a) shows the oxidation
driving forces when Ti is oxidized to form oxides and when O
is dissolved in the Ti matrix without forming oxides. The
grape represents the AG® with respect to the temperature
range from 800 to 3000 K in the oxidation reaction. In the
oxidation reaction where Ti forms oxides, the oxidation
driving force increases as the fraction of O in the Ti oxide
decreases. Comparing the oxidation reactions for the Ti oxides
and the Ti—O solid solution systems, the latter has a higher
oxidation driving force. Examining the slope meaning — AS°,
the Ti—O solid solution systems had a smaller value than the
reaction for the oxide formation, as shown in Fig. 1. In the
Ti—O solid solution systems, the oxidation driving force varies
depending on the O concentration of the Ti matrix, and the
lower the O concentration, the higher the oxidation driving
force. The slopes in the Ti—O solid solution systems change
rapidly around 1200 K, caused by the alpha(x)-beta() phase
transformation of Ti [28].

As previously mentioned in Fig. 1, if the oxide decomposes
into molten Ti during the melting and re-precipitates in the Ti
powder matrix during cooling in the EIGA process, the ODS Ti
powder can be fabricated in situ. In this case, the oxidation
driving force when O is dissolved is important, not when Ti
forms oxides. Therefore, the oxidation driving force of the
Ti—O solid solution systems at high temperatures is enlarged
and shown in Fig. 2(b). To find an oxide with the relationship
shown in Fig. 1(b), the optimal oxide was derived by calcu-
lating the oxidation driving force for various elements. The
colored lines represent the oxidation driving force of the Ti—O
solid solution according to the O concentration in Ti matrix,
and the black line represents the driving force for the oxida-
tion reaction of Y.

453Y +0,2/3Y,0, )

The oxidation driving forces of Y and Ti—O solid solution
have a relationship as mentioned in Fig. 1(b).

The O concentration of the initial Ti material used in this
study was 0.1 wt%. Thus, comparing the oxidation driving
forces of Y and Ti—O solid solution system with the O
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Fig. 3 — Equilibrium phase formation behavior of Ti(0.10)—
1Y,0;3 (Ti-0.79Y-0.310, wt%) with respect to temperature.
The green and blue lines represent the phase fractions of
the Y,0; and liquid phase, respectively.

Sum i Sum

concentration of 0.1 wt%, the oxidation driving force of the
Ti—O solid solution is higher above 1750 K, which temperature
is lower than the melting temperature of Ti (1941 K). There-
fore, at temperatures above 1750K, the Y,03; would be reduced
and dissolved into the Ti matrix.

Ti+Y,0; — Ti(0) + Y 3)

While, at temperatures below 1750 K, the oxidation driving
force of Yis higher, and the O in the Ti matrix would react with
Y to form Y,0s.

Therefore, in the Ti—Y,05 alloy, the Y,05 is decomposed
into Ti during melting, and re-precipitated into the Ti matrix
during cooling while being atomized, so that the ODS Ti
powder can be fabricated in situ by the gas atomization
method.

Then, the phase formation behavior according to the
temperature was analyzed in the composition of the alloy
used in this study. In this study, commercially pure Ti with an
O concentration of 0.1 wt% was used and 1 wt% of Y,03; was
added to Ti, so the Y and O concentrations in the Ti(0.10)—

Spm

Fig. 4 — Microstructure of the Ti(0.10)—1Y,0; alloy rod ingot observed by FE-SEM. The leftmost figure is the BSE image, and
the three figures on the right are the EDS mapping results of the red area in the BSE image.

e  SOum

10um

10um

® 2um

Fig. 5 — (a) The morphology and (b) cross-section microstructure of the Ti(0.10)—1Y,0; alloy powder observed by FE-SEM. In
Fig. 5(b), the right figure is an enlarged microstructure of the red area in the cross-section microstructure of the powder on
the left. The powder had a spherical shape, and fine Y,0; particles were uniformly distributed inside the powder.
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Y,0,[332]

Fig. 6 — (a) High-resolution image and (b) diffraction pattern
of the oxide particle insides the Ti(0.10)—1Y,0; alloy
powder examined by FE-TEM. The table in Fig. 6(a)
represents the chemical composition of oxide particle
analyzed by EDS.

1Y,05 alloy would be 0.79 and 0.31 wt%, respectively. There-
fore, the equilibrium phase fraction was calculated according
to the temperature in the Ti-0.79Y-0.310 (wt%) composition
and the result is represented in Fig. 3. The red and black lines
represent the o and B phases of Ti, respectively, and the blue
and green lines represent the liquid and Y,03; phase, respec-
tively. The Y,05 phase decomposed at 1730 K, which is lower
than the solidus temperature (1930 K). In the alloy designed
for this study, the Y,05 will be decomposed and dissolved into
molten Ti during melting and re-precipitated in the Ti matrix
during cooling lower than 1730 K. Therefore, in order to
confirm these thermodynamic approaches, experiments to
fabricate the Ti(0.10)—1Y,05 alloy rod ingot and powder were
performed.

Fig. 4 shows the microstructure of the Ti(0.10)—1Y,0; alloy
rod ingot fabricated by VAR. The leftmost figure shows the
microstructure observed by back-scattered electron (BSE) im-
aging mode, and the three figures on the right are the EDS
mapping results of the red area in the BSE image. In the BSE
image, a coarse white phase was precipitated along the grain
boundaries of the Ti matrix, and it was confirmed as Y oxide
from the EDS mapping results. Upon performing a point

analysis of the white phase, its composition was 3.5Ti-38.6Y-
57.90 (at%), closely identical to Y,03. The melting temperature
of Y503 is 2698 K, much higher compared to that of Ti (1941 K).
However, based on the microstructure of the rod ingot, Y,03
melted in molten Ti during melting in the VAR process and re-
precipitated along the grain boundaries during cooling. This is
because the Y,03 is decomposed and dissolved into molten Ti
at the melting of the Ti(0.10)—1Y,0; alloy rod ingot, according
to the thermodynamic calculation results (Fig. 3).

Fig. 5 represents the morphology and microstructure of the
Ti(0.10)—1Y,05 alloy powder fabricated through the EIGA
process. In Fig. 5(a), the powder had a spherical shape appli-
cable to the AM process. Looking at the morphology, no oxide
particle was observed on the powder's surface. Fig. 5(b) shows
the cross-section microstructures of the powder, where
white-colored precipitates were present inside the powder.
When the red area in the left figure is enlarged, fine pre-
cipitates are uniformly distributed inside the powder.

To analyze the phase of fine precipitates, the powder was
examined using FE-TEM, and the results are shown in Fig. 6.
Fig. 6(a) and (b) show the high-resolution image and diffrac-
tion pattern of the precipitate, respectively. From the TEM
analysis, it was found that the precipitates with the size of
100 nm or less existed inside the powder. As the composition
analysis result of the precipitate using EDS, its composition
was 0.4Ti—39.9Y—-59.70 (at%). From the diffraction pattern of
the precipitate (Fig. 6(b)), the precipitate was also confirmed to
be Y,03. These microstructure analysis results prove that the
powder with fine Y,05; uniformly distributed inside can be
fabricated in situ using the gas atomization method.

Fig. 7 shows a schematic of the in situ fabrication process
of the ODS Ti powder. The Ti(0.10)—1Y,05 alloy rod ingot was
prepared through the VAR. From the previous studies, the
cooling rate in the gas atomization process is 10*-10° K/s
[29,30], and the cooling rate in the VAR process is 10—100 K/s
[31]. The cooling rate in the gas atomization process is much
faster than that in the VAR process. Based on the micro-
structure of the rod ingot (Fig. 4), Y,03 was coarsely precipi-
tated along the grain boundaries, and this microstructure was
attributed to the relatively slow cooling rate in the VAR pro-
cess. When the oxides are coarsely formed along the grain
boundaries, it adversely affects the mechanical properties,
and in particular, the toughness is rapidly deteriorated [32,33].
The Ti(0.10)—1Y,03 alloy powder was fabricated through the
EIGA, and the coarse Y,03 in the rod ingot was dissolved again
into the molten Ti while melting. In the atomization process,
high-pressure gas was sprayed on the molten Ti droplets to
fabricate the powder, at this time, Y,05; could be finely and
uniformly precipitated inside the Ti powder by rapid cooling
(Fig. 5).

By uniformly distributing oxides having a size of several
tens of nm in the metal matrix, it is possible to secure excel-
lent mechanical properties. To examine the hardness
improvement by the dispersion of fine Y,05 in the Ti matrix,
the hardness of pure Ti and Ti(0.10)—1Y,0; powders was
measured and the results are represented in Table 2. The
hardness of the pure Ti powder was 187 HV, and the hardness
of the Ti(0.10)—1Y,0; powder significantly increased to
311 HV. Through this, it was confirmed that the hardness
improvement could be achieved by dispersing fine oxides in
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Fig. 7 — Schematic representing the in situ fabrication of the ODS Ti powder by the gas atomization method. The Y,0; is
coarsely precipitated along the grain boundary in the rod ingot, and it is finely and uniformly distributed inside powder by

the difference of cooling rate in the VAR and EIGA processes.

Table 2 — Vickers hardness of the pure Ti and the
Ti(0.10)—1Y,0; powders.
Hardness [HV]

Pure Ti powder 187
Ti(0.10)—1Y,05; powder 311

the Ti matrix. If this ODS Ti powder applies to the AM process,
although the powder is melt again by the laser, Y,05 can be
finely and uniformly distributed due to the rapid cooling rate
in the AM process. Therefore, it is expected that the Ti com-
ponents with high mechanical properties could be fabricated
by adopting the ODS Ti powder developed in this study.

In general, the high temperature mechanical properties are
improved by finely dispersing Y,0s3 in the alloy matrix due to
the high stability of the Y,053 [34,35]. In the Ti—6Al—4V alloy, it
has been reported that high temperature strength is signifi-
cantly improved at 450 °C by the addition Y,0; to the
Ti—6Al—-4V alloy [19]. Therefore, when fine Y,03 oxides are
dispersed in the Ti alloys, it is expected that high temperature
properties are improved up to 400—500 °C. However, since the
oxygen solubility of Ti is high, there is a possibility that Y,03
oxides may be coarsened at a temperature higher than that.
Therefore, further study is needed to precisely evaluate the

mechanical properties at high temperatures of the ODS Ti
alloys.

4, Conclusions

This study developed the technology for the in situ fabrication
method of the spherical oxide dispersion strengthened (ODS)
Ti powder. Through the thermodynamic analysis, it was
derived that Y,03 is dissolved in Ti melt during melting and
precipitated upon cooling, and the ODS Ti alloy was designed
in which 1 wt% Y,05; was added to Ti with the O concentration
of 0.1 wt%. Based on the thermodynamic calculation results,
Y,03 is completely decomposed and dissolved into molten Ti
at the melting temperature of the Ti(0.10)—1Y,03 alloy. The
Ti(0.10)—1Y,0; alloy rod ingot used for the electrode induction
melting gas atomization (EIGA) process was fabricated
through vacuum arc remelting (VAR), and Y,05; was coarsely
precipitated along the grain boundaries due to the slow cool-
ing rate of VAR. The powder was prepared through EIGA, and
the Y,0; particles with a size of several tens of nm were uni-
formly distributed inside the powder due to the rapid cooling
rate in the gas atomization process. Through this alloy design
based on thermodynamics and experiments, it was confirmed
that ODS Ti powder, where fine oxides are uniformly
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distributed inside the Ti powder, can be fabricated by the in
situ method.
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