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Abstract: In this study, the influence of yttrium on the formation of the structural-phase state of
the Ti-Al alloy, obtained by the “hydride technology” (GT) method, has been analyzed. Using
transmission electron microscopy (TEM) and X-ray spectral microanalysis, the authors of the work
have established the following phases formed in the sample volume and on the surface: TizAl, TiAl,
Al, o-Ti, TizAls, YoAl, Y5Al3, YAl3, YAL and Y4 TigAlyz. The lamellar structure has been formed in the
alloy volume. The average width of the Al-rich lamellae was 0.36 um and that of the Ti-rich lamellae
was 0.21 um. The formation of a triple Y¢TigAly3 phase, which is localized along the boundaries of
the lamellar structure, has been recorded. The localization scheme of the formed phases of the TAY
alloy has been proposed.

Keywords: hydride technology; yttrium; intermetallides; Ti-Al; Ti-Al-Y; Y TigAlys; lamellar structure

1. Introduction

The principal direction for improving the characteristics of heat-resistant aluminum
alloys is through additives of transition and rare earth metals (REM) [1-5]. Small REM
additives can control the structure of aluminum and aluminum-based alloys owing to the
formation of secondary precipitates of intermetallic phases. The presence of heat-resistant
dispersoids determines these alloys” high level of strength [6-10].

REMs are of particular interest because of their ability to absorb a large amount of
hydrogen. The maximum hydrogen content in hydrides corresponds to the LnHj formula.
REMs interact with hydrogen slowly at room temperature and faster at a higher temperature
(250-300 °C); yttrium interacts with hydrogen at 400 °C in vacuum. Studies show that the
transformation of yttrium hydride from metallic YH; to semiconductor YHj3 is observed
during continuous hydrogen absorption [11-14]. The yttrium additive has a positive effect
on the structural stability of the alloys, reduces their liquation heterogeneity, and prevents
the formation of harmful structural constituents. In this way, the aluminum alloy with
a mass fraction of 1% of the alloying yttrium additive is related to an alloy having high
mechanical properties at elevated temperatures [15].

When alloying with yttrium, because of a significant change in the structure and phase
state, the mechanical properties are improved and the heat resistance of the alloys increases.
The addition of up to 0.05 mass % of yttrium to all the studied media decreases the corrosion
rate of alloys [16], increases the lattice distortion (the relative content of other dissolved
atoms decreases, increasing the system energy), and promotes grain refining [17-19].

The oxidation characteristics of TiAl-based intermetallides at elevated temperatures are
among the most important issues in terms of their application as potential high-temperature
structural materials in the aerospace field [20]. Considering the growing need for increasing
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the operating temperature of aircraft engines, resistance to oxidation above 800 °C is
considered as a main obstacle to the practical application of these intermetallides [21].
Oxidation resistance can be improved by alloying and coating the surface with heat-resistant
and wear-resistant phases [22,23]. In the case of alloying, such elements as Nb, Mo, W, Cr,
C, and Si are considered useful because of their inherent resistance to oxidation [24-26].
However, the addition of some of these elements decreases the plasticity.

There are promising methods for improving the TiAl resistance to oxidation by Y-
modification without deteriorating the mechanical properties [27,28]. However, the exact
mechanism of the useful role of Y has not yet been clarified. The authors of [29] discussed
how adding Y influenced the mechanical properties of TiAl alloys by reducing the grain size
as well as the distance between the plates. In particular, the internal oxygen concentration
in the TiAl alloys of elemental powder metallurgy (EPM) was reduced. The reason is
the solid bond between the Y and O atoms [30], and the average oxygen concentration
in experimental EPM alloys is 1500 weight parts per million, which is about ten times
the solubility limit [31,32]. The supersaturated oxygen reacts with Y, followed by Y,03
formation. When adding it, a barrier layer that prevents oxygen diffusion during thermal
oxidation is created.

The early work of the authors [33] describes how a Ti-50Al (TA) sample (at.%) was
obtained using the hydride technology. In the TA sample, TiAl is shown to dominate in
the tetragonal and triclinic lattices. The Y additive slightly changes the AlTi; content but
increases the effective energy of the TiAl lattice. In this work, the formation of the structure
and phase composition in the volume and in the near-surface layer of the TA sample with
the addition of 2 at.% yttrium has been studied in more detail.

2. Materials and Methods
2.1. Obtaining Alloy

The 49%Ti-49%Al-2%Y (at.%, hereinafter referred to as TAY) sample was obtained
under hydrogenation-dehydrogenation conditions. The powder of titanium (TTEM-1; the
particle size was 0.04-0.08 pm) or yttrium (characteristic) was poured into a quartz boat
and placed in a reactor. Hydrogen was continuously fed through the reactor. The program
stated that continuous heating was carried out up to a temperature of 420 °C. Then the
resulting titanium hydride and yttrium hydride were thoroughly mixed with the aluminum
powder (99%; the particle size was ~7 um). Sample workpieces were molded from the
resulting mixture (d = 0.13 cm, the bulk density was 3 g cm 3 (LabTools, St Petersburg,
Russia, 2019)) at a pressure of 4 x 10° Pa. Hydrogen can be removed from titanium at a
high temperature in a vacuum. For this purpose, the sample workpieces were placed in the
reactor, a vacuum of 0.01 Pa was created (at a residual pressure of oxygen, nitrogen, and
carbon dioxide less than 1 x 1072 Pa) and heated to 1200 °C. The workpieces were held
at this temperature for 4 h and then cooled. The reaction equations of the process can be
written as (1)—(4):

Ti + Hp = TiH; + 27.3 kcal/mole D)
Y + Hy = YH, + 56 kcal/mole 2)
2Y + 3H, = 2YH3 + 21.5 kcal/mole 3)
TiH, + Al + YH, = TiALY + 2H, 1 4)

When writing the equation for obtaining yttrium hydride, the formula corresponds
to YH3, since according to the work by the authors of [34], yttrium under hydrogenation
conditions at ~1 bar of hydrogen and 400 °C reacts to form YH,. When the temperature is
lowered to 200 °C, it forms YHj3.

Using this method, a TAY sample was obtained and the structural-phase state forma-
tion in the sample volume was investigated.
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2.2. Research Methods

The X-ray structural and X-ray phase studies of the TAY system were carried out using
the diffractometer DRON 4-07 (Bourevestnik, Russia) device. Diffractograms were obtained
by applying copper radiation (Ka) according to the Bragg-Bretano scheme with a 0.02° step,
exposure time at a point of 1 s, and in the angular range from 10 to 86°. The voltage on the
X-ray tube was 30 kV; the beam current was 25 mA. The error in the measurement of the
material grids is about 10.001| Angstroms.

The electron microscopic studies of the samples’ microstructure were performed by
transmission electron microscopy (TEM) using the “JEM-2100F” (JEOL Ltd., Tokyo, Japan)
device at an accelerating voltage of 200 kV with the attachment “JEOL” by means of energy-
dispersion spectral (EDS) analysis. The images of the regions were photographed in the
modes of bright-field (BF) and dark-field (DF) images. The microdiffraction patterns (MDP)
were photographed from local areas in the sample volume and surficial region. The images
of selected area electron diffraction (SAED) allow determining the lattice structure, as well
as the presence of intergranular boundaries and/or point defects in the capture area. The
foils were prepared by ion thinning.

The morphology and elemental composition of the sample surface were studied by
means of scanning electron microscopy (SEM). A scanning electron microscope, QUANTA
200 3D (FEI Company, Hillsborough, OR, USA) was used. The following were the pho-
tographing parameters: the frequency was 50 Hz, the accelerating voltage was equal to
20 kV, and the surface resolution was 1-2 nm, including the energy spectrum resolution of
~120 eV and the detection concentration limits of 0.1-0.5%. The results were presented in
the form of energy-dispersive X-ray spectra (EDX).

Using a TM-3000 scanning electron microscope (Hitachi, Tokyo, Japan) with a QUAN-
TAX 70 attachment, used for elemental analysis on the surface of the TAY alloy sample, a
change in the concentration of elements (Ti, Al, Y, and O) was observed. The photographing
conditions included the accelerating voltage of 15 kV in the mode of charge removal from
the sample (the electron gun was 5 x 102 Pa, the sample compartment was 30-50 Pa), the
resolution of 30 nm, and the depth of field of 1 mm. The detector was represented by
a four-segment solid-state detector of back-scattered electrons. The detector type was a
Silicon Drift Detector (SDD); the detection element was B5~Am95. The modes were normal
at 1~15 Pa with a low vacuum of 30~50 Pa.

The microhardness of the alloy samples was measured using a PMT-3M microhardness
meter (LOMO, JSC, St. Petersburg, Russia). The microhardness was determined by the
Vickers method. The load was 200 g.

3. Results

The Ti-Y system is referred to as binary systems with limited solubility that do not
have intermetallic compounds. According to the state diagram, yttrium and titanium are
completely mixed in the liquid state, and upon solidification they form an eutectic mixture
of two limited solid solutions. In the solid state (below 875 °C), the material is represented
by a mixture of two phases: «-Ti and o-Y. Due to the insignificant solubility of yttrium and
titanium in the solid state, the constants of hexagonal crystal lattices «-Ti and o-Y vary
little when one metal is alloyed with another [35].

According to the X-ray phase analysis (XPA) data (Figure 1), three basic phases were
identified in the TAY sample after annealing in the vacuum medium. The first phase was
TizAl of the tetragonal syngony (P63/mmc) with parameters a =b = 5.76 A, c = 4.64 A,
and with a CSR size of 134 + 5 A. The second phase was TiAl of the tetragonal syngony
(P4/mmm space group) with lattice parametersa =b =2.75 A, ¢ =534 A, and a SCR size of
40 + 5 A. Additionally, the third phase was Y,03. Additional phases of Al (Fm-3m), «-Ti
phase (P63/mmc), TizAls phase (P/mmm), and Y (P63/mmc) were also found in the TAY
sample [33].
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Figure 1. Diffraction patterns of the TAY alloy.

In the TAY sample, the alloy is represented by large gray particles (Figure 2a). Accord-
ing to the element distribution data, titanium and aluminum are uniformly distributed on
the surface of the TAY sample (Figure 2b,c). Yttrium, being maximally distributed over the
surface of the particles, is present in the alloy (Figure 2d). Such yttrium distribution hinders
the development of diffusion processes on it. The energy-dispersive spectral analysis X-ray
(EDX) spectrum of relevant regions is shown in Figure 2e.

In the heating mode up to 1200 °C in a vacuum environment, the material represents
a lamellar structure based on titanium and aluminum. The internal microstructure was
studied by the TEM method. Figure 3a,b show a thin lamellar structure.

A similar structure was observed in the Ti-Al-Sc sample, containing 2 at.% of scan-
dium [32]. The data interpretation (Figure 3b) in the mode of bright-field (Figure 3(1,2))
and dark-field images (Figure 3(3-5)) showed that a Y¢TigAlss triple compound with the
P63/mem space group and lattice parameters a =b = 11.06 A and ¢ = 17.901 A was formed
(Figure 3c). Moreover, as Figures 2 and 3 show, yttrium impurities are orderly arranged on
the dislocations or on grain boundaries in the form of a compound and are not distributed
randomly in the grain volume.

The YgTigAlys compound is a Ternary Aluminide AgT;Aly3 with A:'Y, Nd, Sm, Gd-
Lu, Th, U, and T: Cr, Mo, and W [36] and belongs to the isotypic compounds of the
HogMoyAlys type structure (hexagonal, P63/mcm). The authors of [37] found that the
absolute susceptibility values of the Y4TigAly3 compound at room temperature were
11.2 (0.3) x 1072 m3/mol of the formula unit (f.u.). The authors believe that this may be
associated with paramagnetic impurities or the sample surface state.

Figure 4a demonstrates bright-field (Figure 4, image 1) and dark-field images (Figure 4,
images (2-5)) photographed in the TAY sample volume. The microdiffraction pattern
was interpreted for a more detailed identification (Figure 4c). Dark-field images were
photographed. According to the TEM data interpretation, the luminous regions correspond
to the TizAl phase.

The Tiz Al phase is one of the constituents of the lamellar structure and belongs to an
intermetallic compound with a wide homogeneity region. According to Figure 4a, this
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phase appears to be a darker band (Ti-rich); the light bands correspond to the second phase
of the lamellar structure (TiAl). The analysis of the width bands showed (Figure 5) that
the Ti-rich fraction with a width up to 0.2 pm was 0.35; for the bands ranging from 0.4 to
0.5 pm, it was 0.21.

Al-rich bands are characterized by a large width range from 0 to 0.9 um. Bands with a
width of 0.5-0.6 um make up the majority of the surface of the structure (the share is 0.25).
There is an insignificant number (0.07 fraction) of bands with a width of 0.8-0.9 um.

In the sample volume, the structure at the surface was represented by an oxide
layer, a TipAl phase, and randomly arranged particles, containing yttrium. The analysis
of the quantitative composition distribution of aluminum, titanium, and yttrium in the
sample showed that the lamellar structure was formed in the entire sample area and was
represented by TizAl, Ti;Al, and TiAl phases (Figure 6a,b). Bands enriched in titanium
(Ti-rich) and aluminum (Al-rich) alternated (Figure 6a—f). The EDS from the band section in
the sample volume is presented in Figure 6 (spectrum 1-2). The aluminum content varied
by the sample volume; TizAl and TiAl phases were sequentially formed. In the sample
volume, the Ti-rich and Al-rich bands were more homogeneous in composition.

The particles in the sample volume, located close to the near-surface layer, are com-
pounds of yttrium and aluminum (Y,Al, Y5Al3, YAl; and YAl). The particles’ composition
is represented by phases of the Al-Y system, covered with an oxide layer. According to
the spectral analysis (Figure 6, spectra (1-6)), an oxide layer is formed, represented by
aluminum, titanium, and yttrium oxides (Table 1). Titanium can oxidize in air, so the
titanium oxide formation is probably related to the fact that the sample was in contact with
air. The layer formation occurs at the boundaries of Ti3Al and TiAl. The concentration
changes of the elements (Ti, Al, Y, and O) are shown in Figure 6g.

100 pm el 100 pm 100 pm 100 um

The element Content of element, at.%
Al 43.07
Ti 56.03
Y 0.90
Total 100.00

rrr|rrrrrrr Ty

L |

2 3 4 5 5] 7 g 9 keV1U

Figure 2. SEM images of the Ti-Al-Y alloy (a) with the super-spectral surface (b—d) and with the
energy-dispersive spectral X-ray analysis (EDX) spectrum of relevant regions (e).
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(@)

Figure 3. BF images of the Ti-Al-Y alloy (a), SAED pattern (b) of the Ti-Al-Y alloy with the bright
image. SAED patterns of the Ti-Al-Y alloy in the relevant region (c). The dark-field images (1)—(5)
correspond to reflexes (1)-(5) in the microdiffraction pattern (b).

Table 1. Summary table of the results of the EDS.

No. of Spectrum at% Formula
Ti Al Y o
1 75.12 24.09 - 0.78 TizAl, TiAl
2 61.52 38.00 - 0.48 Tip Al
3 4.06 12 67.64 27.10 Y, Y,05, TiO5, AL,O5
4 35.94 19.31 37.23 7.52 TisAl, Al,O3, Y
5 10.12 4.61 72.11 13.17 Ti; Al Y, AL, O3,
6 54.6 29.11 0.17 16.12 Tip Al, Al,O3
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Figure 4. BF images of the Ti-Al-Y alloy (a) SAED pattern (b) of the Ti-Al-Y alloy with the bright-
field image. SAED patterns of the Ti-Al-Y alloy in the relevant region (c). The dark-field image
of Ti-Al-Y (1). The dark-field images (1)—(5) correspond to reflexes (1)—(5) in the microdiffraction
pattern (b).

White
dmean = 0-36
I_ o2 =0.22
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Figure 5. The width distribution of the lamellar in the Ti-Al-Y sample.
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Figure 6. TEM images of the Ti-Al-Y alloy (a,b) with the super-spectral surface (c—f) and with the
energy-dispersive spectral analysis (EDS) spectrum of relevant regions (1)—(6). SEM images of the
concentration changes of the elements (Ti, Al, Y, and O) (g).

The work has shown that, when obtaining the TAY sample by the hydride technol-
ogy, yttrium is distributed along the particle boundaries. A detailed study by the TEM
method has shown that yttrium is present both in the form of individual particles and in
combination with oxygen, aluminum, and titanium. The interaction with the latter leads
to the formation of a triple compound. During the experiment, the authors discovered
that yttrium has a heterogeneous distribution and concentration in some small areas in the
interdendritic regions [38], and the oxide scale, which contains the Y,O3 phase, improves
the high-temperature wear characteristics of Stellite 21, especially at temperatures above
500 °C.
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Five intermetallides can be formed in the TAY system: Al3Y, ALY, AlY, Al,Y3, and
AlY,. Intermetallides of the Al,Y and Al,Y3; composition melt congruently at 1491 and
1104 °C, respectively. The remaining intermetallides are formed according to peritectic
reactions: AlY at a temperature of 978 °C, AlY at 1129 °C, and AlY at 973 °C [39]. A detailed
analysis of the composition and structure of the particles, formed during the obtaining of
the sample by the hydride technology, was carried out by the TEM method (Figure 7). Y,Al,
Y5Al;, YAl;, and YAl phases are detected in the TAY system and yttrium remains in the
form of metal. The migration of aluminum ions probably takes place. A triple Y¢TigAlys
compound is also detected, which is presumably formed in the volume of the TizAl and
TiAl phases and the yttrium metal particle.

202

101

11/ Al asY
nm _ . TiaA l3Ys

for 203 10 Y
{0y " 204
AR 71,
301 4140310 39
1 211
YaAl -+ 11 220
. @
11

I I/nme 1 1/nm

Figure 7. TEM image of the Ti-Al-Y alloy (a) SAED patterns of the Ti-Al-Y alloy in the relevant
region (b—d).

4. Discussion

Figure 8 shows a scheme of the formed phases by the composition and their distribu-
tion by the volume of the samples’ surface. The addition of yttrium leads to the formation
of thermodynamically stable phases according to the state diagram [39]. When the yttrium
concentration is up to 2 at.%, the formation of TizAl (x;), TiAl (y), and Y,Al is possible. In
the triple system, titanium is used for the formation of oxide, aluminides, and partially
the triple phase. Aluminum participates in the formation of titanium aluminides, oxide,
Al-Y double phases, and a triple phase. Yttrium forms an oxide, double phases with
aluminum, but it does not form double phases with titanium, and yttrium is part of the
three-component phase.
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Figure 8. The localization scheme of the TAY alloy phases formed by the TAY hydride technology.

The structure and localization of the formed phases vary in the depth of the sam-
ple. When obtaining a sample of the TAY composition by the hydride technology under
hydrogenation-dehydrogenation conditions, an oxide layer (oxides of titanium, aluminum,
and yttrium) is formed on the surface. A different phase structure is formed in the sample
volume. Depending on the conditions of obtaining them, the localization of stable phases
may vary. When using the hydride technology to obtain a new alloy, a lamellar structure
with layers containing Tiz Al and TiAl is formed in the volume. The areas, enriched with
the y-phase, have a width twice as large as the «; phase. Yttrium, according to the state
diagram, forms phases only with aluminum of a variable composition, localized by individ-
ual grains in the regions that are close to the surface of the alloy particles. In addition, the
Y TigAlys triple phase formation was registered, which is localized along the boundaries of
the lamellar structure. Most of the yttrium concentration was fixed on the surface of the
particles in the form of an oxide phase or in the form of individual particles that had not
interacted with other metals.

In this way, this work has discussed the formation of a unique alloy, representing
gradient changes in the number and composition of the phases throughout the surface and
containing a lamellar structure in the volume. It is assumed that the resulting material will
be characterized by improved physical and mechanical properties and may be promising
for practical application.

The microhardness value has been 1.75 GPa for the TAY alloy obtained by HT.

5. Conclusions
Based on the results of the work done, the following conclusions can be drawn:

1.  Layered compositions, based on intermetallic phases and the alloying additive of
49Ti-49Al-2Y (at.%) yttrium, have been obtained using the “hydride technology”.
This technology allows, under hydrogenation-dehydrogenation conditions, to alloy
the Ti-Al system with up to 2 at.% yttrium;

2. The following phase compositions have been formed in the sample: TizAl, TiAl, Y,03,
Al, «-Ti, TigAls, YAl Y5Al3, YAl;, YAl YgTigAlys. A lamellar structure has been
formed (TizAl and TiAl);

3. Yttrium is distributed in the matrix of intermetallic phases with a simultaneous
increase (two times) in the thickness of the layers and/or separate phases are formed:
YAl YsAl3, YAl3, and YAL As the alloy particle moves away from the surface into
the volume, there is a gradient of changes in the concentration of yttrium and oxygen
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and, accordingly, a change in the qualitative and quantitative phase composition of
yttrium-containing phases;
4. The Y¢TigAlyz (P63/mem) phase forms at the grain boundaries and / or in the grain volume;
5. An oxide layer (Y03, TiO;, and Al,O3) is formed at the surface boundary which
prevents the sample oxidation.
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