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Abstract: Being one of the most high-demand structural materials, titanium has several disadvan-
tages, including low resistance to high-temperature oxidation and wear. The properties of titanium
and its alloys can be improved by applying protective intermetallic coatings. In this study, 2 mm thick
Ti-Al-Ta and Ti-Al-Cr layers were obtained on titanium workpieces by a non-vacuum electron-beam
cladding. The microstructure and phase compositions of the samples were different for various
alloying elements. The Cr-containing layer consisted of α2, γ, and B2 phases, while the Ta-containing
layer additionally consisted ofω′ phase (P3m1). At the same atomic concentrations of aluminum and
an alloying element in both layers, the volume fraction of the B2/ω phase in the Ti-41Al-7Ta alloy
was significantly lower than in the Ti-41Al-7Cr alloy, and the amount of γ phase was higher. The Ti-
41Al-7Cr layer had the highest wear resistance (2.1 times higher than that of titanium). The maximum
oxidation resistance (8 times higher compared to titanium) was observed for the Ti-41Al-7Ta layer.

Keywords: non-vacuum electron beam cladding; titanium aluminides;ω-phase; oxidation; wear

1. Introduction

Titanium and Ti-based alloys are widely used in aerospace engineering, shipbuilding,
chemical engineering, and power engineering due to their outstanding properties, such
as high strength, excellent corrosion resistance, and low density. However, at elevated
temperatures and under friction conditions, the application of titanium is limited. Titanium
is characterized by a high reactivity with oxygen when heated. Long exposure of titanium
to air at a temperature above 700–800 ◦C results in forming an oxide scale that can be
easily peeled off from the surface [1,2]. Furthermore, the oxygen absorbed by titanium
is spent not only on the formation of a scale but also dissolves in it [3,4]. Finally, these
factors have a negative impact on the durability of parts being used at high temperatures.
The low wear resistance of titanium is explained by its high tendency to adhesion during
friction. Its thin natural oxide film is easily destroyed by friction, and pure titanium starts
to interact with the counter body. Furthermore, due to the low thermal conductivity of
Ti, its high susceptibility to work hardening, which causes a local increase in strength in
plastically deformed areas, and also due to enrichment with atmospheric gases, which
provides additional strength to contact regions [5], destruction of adhesive bonds during
friction occurs in the depths of the metal, which leads to the formation of so-called tear-outs
and deep-laid damages. Thus, although titanium can be used in various friction units
(fasteners, threaded joints, radial thrust roller bearings, rotating shafts, etc.), its utilization
is impossible without preliminary surface treatment.
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These problems can be solved by the formation of titanium aluminides on the surfaces
of titanium workpieces. Having higher hardness and oxidation resistance as compared to
titanium, titanium aluminides exhibit superior wear and high-temperature properties than
titanium, which was proven in a number of studies [6–15]. However, when choosing the
exact composition of the titanium aluminides suitable as wear coatings of titanium, it is
necessary to find a compromise between the positive effects of titanium aluminides on the
properties of Ti and their disadvantages, such as being generally brittle intermetallics.

For example, for binary Ti-Al coatings, it was found that with an increase in the
titanium content, their resistance to oxidation and wear decreased together with the
number of defects in the cladding layers [16]. In the coatings with 60 at.% of aluminum,
multiple cracks were formed at the cladding stage. The number of cracks significantly
decreased with a decrease in the aluminum content to 30 at.%, and below, however, the wear
resistance dramatically reduced as well. To solve these problems, the binary Ti-Al coating
can be alloyed with other elements. For example, the addition of chromium improves the
ductility of γ-TiAl-based alloys and such refractory elements as niobium, molybdenum,
and tungsten increase the resistance to oxidation and creep [17,18]. Microalloying additives
(Si, B, C), as a rule, further improve the creep resistance [17,19]. The third and fourth
generations of γ-TiAl-based alloys with a high concentration of niobium or tantalum
(4–8 at.%) are recently in the focus of attention due to a better balance of properties and
improved workability [20–22]. However, as mentioned above, when titanium aluminides
are applied as protective coatings on titanium, they can be especially prone to cracking due
to stresses induced by the difference in physical properties of titanium and intermetallic
alloys. In this case, the issue of plasticity becomes critical. It was mentioned in [23] that
alloys based on γ-TiAl with a high chromium content could exhibit superplasticity even in
the as-cast state. For this reason, an alloy with 4–8 at.% Cr can be considered as a rational
choice for application on titanium as a protective layer.

In our previous study [24], we synthesized high-quality γ-TiAl-based surface lay-
ers with niobium additions on commercially pure titanium workpieces by non-vacuum
electron-beam cladding. It was shown that cladding layers with 2–8 at.% Nb additions
had improved oxidation and wear resistance compared to titanium. In this study, we
synthesized γ-TiAl protective layers with Ta and Cr additions on the pure titanium sur-
faces to estimate the contribution of naturally different elements in the structure and
phase formation of the alloys in these conditions and thoroughly analyze the structure-
properties relationship.

2. Materials and Methods

Non-vacuum electron beam cladding was used as a method to fabricate protective
intermetallic layers on pure titanium. The experiments were carried out using an ELV-6
electron beam accelerator developed by the Budker Institute of Nuclear Physics (Novosi-
birsk, Russia). A detailed description of this technology and equipment can be found
elsewhere [16,24].

Commercially pure Ti (0.09 wt.% Fe, 0.02 wt.% Cr, 0.02 wt.% Ni, 0.01 wt.% V, 0.01 wt.%
C) was used as a base material. The dimensions of the workpieces were 100 × 50 × 12 mm3.
The powders of Ti, Al, Ta, Cr, and a flux (LiF) were preliminarily mixed and evenly
distributed on the pure titanium workpieces. The flux was needed to prevent the oxidation
of the melt since the process was carried out in the air. The amount of powder mixture per
square centimeter of the sample was equal to 0.45 g. The content of elements in the starting
powder mixtures is given in Table 1. The intended compositions of the coatings had to
correspond to the Ti-45Al-8Cr and Ti-45Al-8Ta alloys (at.%).

It should be noted that during the cladding, both powders and a surface layer of a
workpiece are remelted. The preliminary experiments found that due to the mixing with
titanium, the concentration of alloying elements in the cladding layer is approximately two
times lower than that in the starting powder. For this reason, the starting mixtures either
did not contain titanium or contained only a small amount of it (Table 1).
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Table 1. Compositions of the powder mixtures, g.

Sample Designation Ti Al Cr Ta LiF

Ti-41Al-7Cr 1.9 6.8 2.2 - 11.13
Ti-41Al-7Ta - 4.4 - 7.33 10.6

The actual composition of the cladding layers slightly differed from the intended
one due to the scattering of the powder mixture during electron-beam processing, which
is especially common for such lightweight elements as aluminum. The actual average
compositions (at. %) measured after the experiments are shown in Table 1 in the sample
designation column. They will be used further in the text for the designation of the samples.

The treatment of workpieces with an electron beam injected into the air atmosphere
was carried out with the following parameter sets. The electron energy and beam current
were 1.4 MeV and 20 mA, respectively. The samples were moved under the electron beam
at a speed of 10 mm/s. The distance from the outlet of the accelerator to the sample was
90 mm. The diameter of the electron beam on the sample was approximately 10 mm. The
processing was carried out in scanning mode with a scan direction perpendicular to the
direction of the sample movement with a frequency of 50 Hz and an amplitude of 25 mm.
The electron beam power and the energy density for these conditions were 28 kW and
5.6 kJ/cm2, respectively. The scheme of the process is shown in Figure 1.

Figure 1. Scheme of the electron beam treatment of a sample.

The specimens for material characterization were prepared according to the standard
technique described in ASTM E3—11 (2017). The microstructure was investigated by scan-
ning electron microscopy (SEM) using an LEO Gemini 1530 (Carl Zeiss AG, Oberkochen,
Germany) microscope equipped with an Octane Plus (AMETEK EDAX, Mahwah, NJ, USA)
energy dispersive X-ray (EDX) detector.

The phase composition of the materials was investigated by synchrotron X-ray diffrac-
tion (XRD). Diffraction patterns were obtained at Petra III synchrotron radiation source of
the Deutsches Elektronen-Synchrotron (DESY, Hamburg, Germany) at the High Energy
Materials Science Beamline (P07) operated by Helmholtz-Zentrum Hereon. The radiation
energy was 100 keV, which corresponds to a wavelength of 0.124 Å. The spot size was
1 × 1 mm2. The distance from the sample to the detector was 1837 mm. Diffraction rings
were recorded using a Perkin Elmer XRD1621 (Perkin–Elmer Corp., Waltham, MA, USA)
2D detector with a resolution of 2048 × 2048 pixels and a pixel size of 200 × 200 µm2 in
the transmission mode. The diffraction rings were azimuthally integrated and plotted as
intensity vs. 2θ. The phase composition was analyzed using the ICDD PDF-4 database.
In addition, the lattice parameters and volume fractions of phases were calculated by the
Rietveld analysis performed using the MAUD software [25].

The wear performance of the samples was estimated using a friction test against fixed
abrasive particles according to GOST 17367-71 standard (the closest analog is the ASTM
G132-96 standard). Specimens for testing with a diameter of 2 mm and a length of 12 mm
were cut out from the samples in the direction perpendicular to the interface between the
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base metal and the cladding layer. Corundum abrasive paper (P150) was used as a counter
surface. The specimens were placed in a holder and pressed against a rotating disk with an
abrasive paper with a constant force of 3 N. The test duration was 60 s; the disk rotation
speed was 60 rpm. During the test, the specimens moved relative to the paper along the
Archimedes spiral. Pure Ti was used as a reference sample. The relative wear resistance of
the samples was calculated using the following equation:

ε =
∆mr

∆mt

(
ρt

ρr

)
(1)

where ρt, ρr are the densities of the sample and the reference material, respectively, and
∆mr, ∆mt are mass losses per 60 s test duration of the reference and the sample. The density
of the samples was determined by hydrostatic weighing.

Surface topography after wear tests was studied using a Zygo NewView 7300 (Zygo
Corporation, Middlefield, CT, USA) optical profiler.

Before oxidation tests, the cladding layers were cut out from the base material to
exclude the influence of pure titanium on the results of the test. The dimensions of
the specimens used for the experiments were 10 × 20.5 × 1.5 mm3. The specimens were
preliminarily ground using P1000 abrasive paper and then cleaned in acetone. The prepared
pieces were placed in corundum crucibles and heated in a laboratory furnace at 800 ◦C in
air. The total oxidation time was 200 h. The samples were removed from the furnace every
20 h, then cooled and weighed using an analytical balance with an accuracy of 10−4 g.
Mass gain (∆m) was calculated as follows:

∆m =
∆w

s
(2)

where ∆w is a mass change after every testing cycle, and s is the specimen’s area.
An ARL X’TRA (Thermo Fisher Scientific, Waltham, MA, USA) laboratory diffractome-

ter was used to estimate the phase composition of an oxide scale after oxidation. Diffraction
patterns were obtained using CuKα radiation with a step size of 0.05◦ and a dwell time of
5 s.

3. Results
3.1. Microstructure and Phase Compositions

The structure of the cladding layers was thoroughly characterized using a combination
of XRD and SEM together with EDX.

3.1.1. Results of Synchrotron X-ray Diffraction Analysis

Analysis of the phase composition carried out using synchrotron X-ray diffraction
revealed three different phases in the Ti-41Al-7Cr sample and four phases in the Ti-41Al-7Ta
sample (Figure 2). A short description of these phases is summarized in Table 2.

Table 2. Crystal structure, formation routs, and selected properties of phases in Ti-Al-based alloys [17,26–28].

Phase Space Group Pearson
Symbol

Composition,
Homogeneity

Range
Reactions

Young’ s
Modulus (E),

GPa

Yield
Strength,

MPa

Fracture Toughness
(K1c), MPa/m3/2

α2 (Ti3Al) P63/mmc hP8 22–35 at.% Al hcp→Ti3Al
(congruent) 100–145 700–990 13–42

γ (TiAl) P4/mmm tP4 35–48 at.% Al L + hcp→AlTi
(peritectic) 160–180 400–650 10–20

β/B2 Im3m/Pm3m cI2/cP2 ~39–48 at.% Al,
~47–63 at.% Ti,
~13–22 at.% X

L→bcc
(congruent)→B2

(ordering)
140 - -

ω/ω′ P6/mmm/P3m1 hP3/-
B2→ω′

(diffusionless)→ω
(ordering)

- -
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Figure 2. XRD patterns obtained from the samples (a). The same XRD patterns, but in the range from
1 to 3◦ plotted as logarithmic intensity over 2θ (b).

The XRD pattern of the Ti-41Al-7Cr sample contained reflections of α2, γ, and B2
phases. The intensity of α2 and B2 peaks was much higher than that of γ. B2 is known as
an ordered variant of the β-phase in alloys with a high concentration of refractory alloying
elements (5–17 at.%). It is usually formed in TiAl-based alloys upon quenching [29,30].
The formation of B2 has been most frequently observed in Nb-containing alloys [17,31].
However, B2 in these alloys is often transformed intoω-type structures [29,30,32], which
usually precipitate in the B2 matrix or at the B2/γ grain boundaries [33].

Formation of the B2 phase in the Cr-containing TiAl-based alloys was previously
observed in [34,35]. As noted in [36], the free energy of the B2 phase formation is lower
than that ofω-related phases in the temperature range from 0 to 2000 K, which makes it
possible to avoid the decomposition of B2 and the appearance of brittleω-related phases in
the structure of Cr-containing alloys. Our results are in good agreement with the literature
data. Even under nonequilibrium conditions typical for electron-beam cladding, in par-
ticular high cooling rates [24], no precipitation of ω-related phases (including athermic
ones) occurred.

The following volume fractions of different phases were found using Rietveld analysis:
71.7 vol.%, 26.5 vol.%, and 1.8 vol.% forα2, B2, and γ respectively (at σ = 5.25 and Rw = 12.3).
The lattice parameter of the B2 phase was 3.179 Å. According to Jewett et al. [34], the B2
phase lattice parameter decreases with an increase in the chromium content, which is
explained by a smaller atomic radius of chromium in comparison with aluminum and
titanium. In our case, the lattice parameter of the B2 phase was similar but slightly lower
than in the alloy TiCr0.5Al0.5 obtained in [35] (18.2 at.% Al, 16.1 at.% Cr, 65.7 at.% Ti), which
may indicate a deficiency of Al and enrichment with Cr. The lattice parameters of α2 and γ
were as follows: a = 5.77 Å, c = 4.62 Å and a = 4.01 Å, c = 4.06 Å, respectively.

In the Ti-42Al-7Ta cladding layer, in addition to the phases found in the Ti-42Al-7Cr
sample, the ω′-phase was detected (a = 4.55 Å, c = 5.54 Å). This phase can be reliably
distinguished from theω phase by the peak at 2θ = 1.27 ◦ (Figure 2b). ω′ is an intermediate
phase that can form during B2→ω transition. B2→ω′ transformation is a diffusionless
process resulting in the conversion of the Pm3m lattice to a structure with the P3m1
symmetry [29]. The atomic positions in the ω′ phase are the same as in B2. Thus, the ω′

structure can be derived from B2 by lowering its symmetry. Theω′ phase was detected in
our previous study on Ti-Al-Nb cladding layers obtained by non-vacuum electron-beam
treatment [24]. It is known from [37,38] that metastable ω-related phases can be formed
during the fast cooling of alloys containing a high amount of β-stabilizers. The formation
of cladding layers during electron-beam treatment occurs at high cooling rates of up to
104 ◦C/s [24], explaining diffusionless B2→ω′ transition.
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Despite the lack of information in the literature on the formation of the ω-related
phases in ternary Ti-Al-Ta alloys (to the best of our knowledge, theω phase in alloys with
a composition similar to that discussed in our study was mentioned only in [39]), it can
be expected that the effect of tantalum and niobium being both refractory β-stabilizing
elements, is similar. At least, binary Ti-Ta alloys [40], and Ti-Ta alloys with minor additions
of aluminum [41,42], are prone to form theω phase. According to Rietveld analysis, theω′

volume fraction in the Ti-41Al-7Ta sample was low (about 1.1%). However, it is difficult to
consider this value completely reliable since most of theω phase peaks, except for those
at small angles, coincide with B2 peaks (a = 3.22 Å). The volume fraction of the latter
was estimated to be 3.7%. The α2 and γ phases were predominant in the structure of the
sample: 54.7 and 40.5 vol.%, respectively (at Rw = 11.6 and σ = 1.64). The lattice parameters
of α2 and γ phases (a = 5.76 Å, c = 4.43 Å and a = 4.01 Å, c = 4.08, respectively) slightly
differed from the parameters determined for the same phases in the Ti-42Al-7Cr alloy.
This difference could arise from the partial dissolution of alloying elements characterized
by different atomic radii in Ti3Al and TiAl intermetallics, causing various distortions of
their lattices.

3.1.2. Microstructure of the Samples

Microstructures of the cladding layers obtained on the pure titanium surfaces are
shown in Figures 3 and 4. The results of EDX analysis of the local areas marked as Sp. in
Figures 3 and 4 are given in Tables 3 and 4, respectively.

Table 3. Results of EDX analysis of different zones of the Ti-41Al-7Cr cladding layer labeled in
Figure 3, at.%.

Spectrum (Sp.) No Al Ti Cr

Spectrum 1 44.2 48.7 7.1
Spectrum 2 40.9 52.5 6.6
Spectrum 3 35.9 58.3 5.8

Table 4. Results of EDX analysis of different zones of the Ti-41Al-7Ta cladding layer labeled in
Figure 4, at.%.

Spectrum (Sp.) No Al Ti Ta

Spectrum 1 51.0 41.4 7.6
Spectrum 2 38.9 54.0 6.1
Spectrum 3 36.8 57.4 5.8
Spectrum 4 39.8 54.0 6.2
Spectrum 5 42.4 52.5 5.1
Spectrum 6 34.0 38.7 27.3

Micrographs of the samples obtained at low magnifications (Figures 3a and 4a) indicate
the formation of high-quality defect-free layers. There were no signs of cracking in the
coatings. The thickness of the cladding layers was 1–2 mm.

Due to the complex processes of melt flows, heat dissipation, absorption, and so-
lidification, the distribution of elements in the direction from the surface (top part of
Figures 3a and 4a) of the cladding layer to the base metal (bottom part of Figures 3a and 4a)
was non-uniform (Figure 3a, Table 3). As a result, the content of aluminum and chromium
gradually decreased, and titanium increased as it approached the pure titanium substrate.
It indicates a more significant dilution of the cladding layer by titanium in the regions
adjacent to the base material (2.7 times vs. 2 times in the top part of the cladding layer).
In addition to the variation in the composition of the cladding layer along its depth,
microstructural changes were also observed.
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Figure 3. Microstructure of the Ti-41Al-7Cr cladding layer: (a) overview; (b–d) local areas of the
cladding layer obtained in the direction from the surface of the cladding layer to the substrate. SEM
images were obtained in backscattered electrons mode.
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Figure 4. Microstructure of the Ti-41Al-7Ta cladding layer: (a) overview; (b–d) local areas of the
cladding layer obtained in the direction from the surface of the cladding layer to the substrate.
SEM images were obtained in backscattered electrons mode.
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According to XRD analysis, three phases were formed in the Ti-41Al-7Cr sample,
namely α2, γ, and B2. It is clearly seen at higher magnification (Figure 3b) that the
microstructure of gray areas is lamellar. This type of structure usually corresponds to
an α2 + γ phase mixture. The lamellar regions are surrounded by a B2 + γ monovariant
eutectic. Dark areas corresponded to the γ phase, while light zones to the B2 phase.
Towards the titanium substrate, the structural components of the eutectic mixture were
refined (Figure 3c,d), and the γ phase fraction decreased. In the vicinity of the substrate
(Figure 3d), gray areas, which were characterized by a lamellar structure in Figure 3b were
also refined and became elongated. In this zone, the lamellae in the microstructure of gray
areas were not observed, suggesting that the phase composition of these areas changed
from α2 + γ to α2. Microstructural changes were in accordance with variations in the
elemental composition of the cladding layer: with a decrease in the aluminum content in
the direction from the surface to the substrate, the amount of γ phase decreased, and the
fraction of α2 increased.

The distribution of elements and phases in the cladding layer alloyed with tantalum
was also uneven (Figure 4a, Table 4). The maximum percentage of aluminum was found
in the top part of the cladding layer (51 at.%). In the lower part of the cladding material,
a “layered” structure was formed (Figure 4a,d). The Ti/Al/Ta ratio slightly varied from
layer to layer (Table 4, Spectra 3 and 4). The structure in different layers was also differ-
ent. The upper part of the cladding layer enriched with aluminum had a pronounced
dendritic structure (Figure 4b). The ratio of elements in the dendrites (Spectrum 6) and
interdendritic regions (Spectrum 5) differed. The dendrites were characterized by a high
tantalum content (up to 27 at.%), while interdendritic space was lean in tantalum and
enriched with aluminum compared to the surrounding matrix. Such a distribution of
elements is typical for as-cast alloys with a composition close to that considered in our
study [43]. It is explained by the crystallization peculiarities of these alloys. Having a
higher crystallization temperature, tantalum solidifies first, contributing to the formation of
dendrite branches. Regions depleted in tantalum and enriched in low-melting aluminum
form the interdendritic space.

A less inhomogeneous chemical distribution structure was formed below the zone de-
scribed above, as evidenced by a less sharp contrast in the SEM image. The microstructure
was represented by a mesh of the B2/ω (light contrast in Figure 4b) and the α2 + γmixture
(gray areas). Such a kind of structure can be formed upon rapid cooling of alloys with
β-stabilizers (at a rate of 10 K/s) and was observed, for example, in materials obtained
by directional solidification [44]. At fast cooling from the β-region, a part of the β-phase
remains untransformed and retained in the final structure of the alloy, and the α2 + γ
lamellae are significantly refined and cannot be distinguished with SEM resolution.

It should be noted that a high concentration of aluminum was observed only in the
near-surface zone of the cladding layer, which suggests that the γ-phase was mainly concen-
trated in the upper part of the coating. Figure 4c,d show the structures formed in the central
and bottom parts of the cladding layer. These zones contained α2 platelets and residual
B2/ω regions intertwined in the form of a fine basketweave microstructure. The layers
labeled in Figure 4 as Spectrum 3 and 4, in addition to different ratios of elements, were
characterized by different degrees of microstructure refinement (Figure 4c,d, respectively).

3.2. Properties of the Cladding Layers

To estimate the efficiency of Ti-41Al-7Ta and Ti-41Al-7Cr alloys as protective coat-
ings for pure titanium, the wear resistance against fixed abrasive particles and oxidation
resistance were tested since these properties are critical for titanium and its alloys.

3.2.1. Wear Behavior of the Cladding Layers with Respect to Titanium

Friction tests have shown that intermetallic layers with the addition of chromium and
tantalum demonstrated the wear resistance 2.1 and 1.6 times higher, respectively, than that
of pure titanium (Figure 5).
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Figure 5. The relative wear resistance of the intermetallic layers obtained on pure titanium workpieces.

After the tests, analysis of the friction surfaces revealed a surface morphology that
typically forms during abrasive wear. Grooves from the abrasive particles are clearly seen in
Figure 6. The roughness of the surfaces of different samples after the tests slightly varied. The
surface of the pure titanium was characterized by the maximum roughness (Ra = 2.1 µm).
The cladding layers alloyed with chromium and tantalum had a roughness Ra = 1.7 and
Ra = 1.9 µm, respectively. Thus, the surface of the Ti-41Al-7Ta intermetallic alloy after the
wear test was rougher in comparison with the Cr-containing intermetallic layer.

Figure 6. The surfaces of specimens after friction: pure titanium (a), Ti-41Al-7Cr cladding layer (b),
Ti-41Al-7Ta cladding layer (c) after a friction test against fixed abrasive particles. Images and graphs
were obtained using optical profilometry.
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SEM study of the tested surfaces revealed numerous adhesive craters and deep plow-
ing grooves (Figure 7). The appearance of tear-outs and trapping of abrasive particles
on the surface indicated the seizure of pure titanium during friction (Figure 7a). For the
intermetallic layer with compositions of Ti-41Al-7Cr and Ti-41Al-7Ta, the formation of
tear-outs was not observed (Figure 7b,c, respectively). Apart from plowing grooves, traces
of micro-cutting and micro-plowing were found on their surfaces. These phenomena are
explained by the fact that although the hardness of the intermetallic alloy is higher than that
of pure titanium, it is nevertheless much softer than hard abrasive particles. The cutting
was accompanied by extrusion of material observed on the edges of the grooves (Figure 7c).
It can be clearly seen on the worn surface of the Ti-41Al-7Ta sample. Apart from squeezing
the material to the groove edges, the formation of wedges in front of the grooves can
be observed. There were no signs of microfracture on the surfaces, that evidence some
plasticity of intermetallic-based cladding layers.

Figure 7. SEM images of the worn surfaces of pure titanium (a), Ti-41Al-7Cr cladding layer (b), Ti-41Al-7Ta cladding
layer (c) after a friction test against fixed abrasive particles. SEM micrographs were obtained in the secondary electron mode.

It is known from the literature that theω phase adversely affects the properties of TiAl-
based alloys due to its high brittleness. However, there were no apparent signs of brittle
fracture and chipping on the worn surface of the tantalum-containing alloy (Figure 7c).
In addition, the fraction of the ω phase in the structure of these samples was extremely
low, which suggests that its contribution to the wear properties was insignificant.

3.2.2. Oxidation Resistance of Cladding Materials

Results of oxidation resistance tests were plotted in Figure 8, which shows the mass
gain (mass change after every testing cycle per unit area) vs. oxidation duration at 800 ◦C.
The lowest mass gain was measured for Ti-41Al-7Ta alloy (less than 1 mg/cm2). It was
almost 8-fold lower than that of pure Ti. The total mass gain of the Ti-41Al-7Cr cladding
layer was 2.5 mg/cm2.



Metals 2021, 11, 1139 12 of 21

Figure 8. Mass gain during oxidation tests at 800 ◦C for 200 h.

It is clearly seen from the curves shown in Figure 8 that the rate of mass gains for all
the samples is inversely related to time, i.e., as time increases, the rate of scale formation
continuously decreases, which means that this process is controlled by diffusion. The shape
of the curves gives information about the oxidation kinetics, which can be logarithmic,
parabolic, or linear [45]. It is possible to determine the oxidation type using the equation
characterizing the growth rate of the oxide layer:

∆m = kptn (3)

where ∆m is a mass gain, kp is the oxidation rate constant, n is the rate exponent, and t is
the oxidation time.

The value of the exponent determines the curve growth character. If the n value is
close to 0.5, then the oxidation kinetics has a parabolic character. From the plot of ln∆m vs.
lnt, the values of n for pure titanium, Ti-41Al-7Cr, and Ti-41Al-7Ta were found to be 0.77,
0.72, and 0.45, respectively. It means that only the sample Ti-71Al-7Ta completely follows
the parabolic law. Mass gains vs. time plots for pure titanium and Ti-41Al-7Cr samples
were better fitted by logarithmic curves, which means the faster oxidation at the first stages.
Using the linear regression method, the growth rates of the oxide scale on the surfaces
of the pure titanium, Ti-41Al-7Cr, and Ti-71Al-7Ta samples were found to be 0.03, 0.0096,
and 0.0029 mg·cm−2·h−1, respectively. It means that the cladding layer with the tantalum
addition is less prone to interaction with oxygen and the formation of an oxide scale on
its surface.

The surfaces of the samples after the oxidation are shown in Figure 9. On the surface
of the pure titanium specimen, a homogeneous oxide layer without obvious signs of
delamination was formed (Figure 9a). The crystallites shown in Figure 9a were large and
had a “blocky” morphology. It is known that at 800 ◦C, rutile forms on the surface of pure
titanium since the concentration of other elements capable of reacting with oxygen in this
alloy is extremely low [16].

In TiAl-based alloys, both titanium oxides and aluminum oxides can form [4]. How-
ever, a continuous alumina layer is required to ensure good oxidation resistance since the
rapidly growing titanium oxide film does not provide adequate protection against reaction
with oxygen. In binary and some ternary TiAl-based alloys, the formation of Al2O3 and
TiO is thermodynamically favorable; however, TiO is rapidly oxidized to TiO2 and, for this
reason, is most often found in the oxidation products [17].
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Figure 9. Oxide scales formed on the surfaces of samples after cyclic oxidation at 800 ◦C for 200 h: pure titanium (a),
Ti-41Al-7Cr (b,c), Ti-41Al-7Ta (d). SEM micrographs were obtained in the secondary electron mode.

It is known that with an increase in the aluminum content in a binary alloy, its
resistance to oxidation increases since the fraction of Al2O3 becomes higher. For this reason,
Al3Ti-based alloys exhibit the best oxidation resistance at high temperatures [46]. However,
as mentioned above, the quality of the cladding layers significantly decreases with an
increase in the aluminum content. The formation of Al-enriched brittle phases provokes
cracks in the layer since the linear expansion coefficients of intermetallic compounds and
the titanium differ significantly [16]. Additions of a third element to binary Ti-Al alloys
with a moderate aluminum content can be a rational alternative to increasing the aluminum
percentage in the alloy composition for achieving good oxidation resistance. In fact, the
alloying element should promote the formation of a protective Al2O3 film and reduce the
fraction of titanium oxides in the scale. Additionally, the fracture toughness of the alloy
must remain at an acceptable level in order to avoid the formation of cracks in the cladding
layers. From the perspective of plasticity increase, Cr as well as Mn and V, are beneficial,
while Ta and other refractory elements increase the resistance to oxidation [17]. Thus, the
results obtained in our study are quite expected.

At the same time, it was mentioned in a number of studies that Ti-Al-Cr-based
intermetallic alloys with high chromium concentrations exhibited excellent properties
at high-temperature exposure [47,48]. Being added to TiAl-based alloys, Cr changes the
chemical activities of components favoring Al2O3 formation [47,49,50]. However, a positive
effect of Cr mainly results from the Laves phase in such alloys, which has a low oxygen
permeability and is capable of alumina scale formation despite relatively low Al content of
37–42 at.% in them [47].

In our study, the formation of Ti(Cr, Al)2 Laves phase has not been found. For this
reason, a mixed oxide film consisting of Al2O3 and TiO2 was formed on the Ti-41Al-7Cr
sample surface after oxidation with a larger fraction of the latter oxide. This is confirmed
by the significant difference in the intensity of the peaks from the two phases indicated
above (Figure 10).
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Figure 10. Results of XRD analysis of an oxide scale formed after oxidation at 800 ◦C for 200 h.

Analysis of the sample surface after oxidation revealed an uneven distribution of
the oxide film (Figure 9b,c). Along with the areas characterized by a developed sur-
face (Figure 9b), zones with a thin oxide layer and signs of delamination were observed
(Figure 9c). To determine the oxide layer composition in different areas, surface mapping
was carried out using an EDX analyzer (Figure 11). It was found that the bulky appearing
layer consisted mainly of titania (Figure 11b). Mapping of flat areas (Figure 11a) revealed
zones enriched with aluminum, chromium, and oxygen. Titanium-enriched areas were
depleted in oxygen. The latter probably corresponded to the initial alloy and areas with a
light contrast in Figures 9c and 11 contained aluminum oxide. It suggests that the oxide
layer has peeled off, exposing the surface of the test specimen.

It should be noted that the areas containing alumina were enriched in chromium,
while the regions with TiO2 were depleted in chromium. Also, the amount of chromium
in the Al2O3 zones exceeded that in the bare areas. Since no signs of chromium oxide
formation were detected by the XRD analysis (Figure 10), this suggests that the areas
where the Al2O3 film was formed were initially enriched in chromium, which promotes
the formation of alumina. XRD analysis of the oxide layer developed on the surface of the
Ti-41Al-7Ta cladding layer revealed that in addition to TiO2 and Al2O3, tantalum oxide
was formed (Figure 10). This phase belongs to metastable tantalum oxides. It is known that
equilibrium tantalum oxide is monoclinic Ta2O5. However, besides the stable one, many
metastable states of tantalum oxide can exist in a wide range of oxygen concentrations [51].
The obtained tantalum oxide with an approximate stoichiometry of Ta2.38O7.4 has a hexag-
onal lattice and belongs to the P6/mmm space group. In the literature, it is referred to as
the δ-phase [52].

There are a few studies on the oxidation of an alloy with a composition close to
Ti-41Al-7Ta. Hashimoto et al. considered the compositions with up to 5.8 at.% Ta [53].
After 100 h of oxidation at 900 ◦C, they found a complex oxide layer containing AlTaO4
and AlTiTaO6 apart from TiO2 and Al2O3. Mitoraj and Godlewska [54] found Ta dissolved
in titania, substituting the Ti atoms when Ti-46Al-8Ta alloy was exposed to cyclic oxidation
at 800 ◦C. In the hot corrosion conditions at different environments, at the surface of such
an alloy, ε-Ta2O5 was found to be formed by Godlewska et al. in [55]. Thus, the data on
the oxide layer composition forming on the surface of Ti-Al-Ta alloys and its effect on
their oxidation properties are still quite contradictory and require further research. At the
same time, it was mentioned in a number of studies that the oxidation resistance increase
upon the addition of tantalum to titanium-based alloys, including TiAl-based alloys, is
rather caused not by the composition of the oxide film formed on their surface but by
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the formation of an intermediate Ta-enriched layer between the alloy and the oxide film,
which suppresses diffusion [53], and by a decrease in solubility of oxygen in the base alloy
induced by Ta [56]. It was also mentioned in [56] that Ta is able to decrease the mobility of
titanium atoms in binary Ti-Ta alloys, which leads to a decrease in the growth rate of the
TiO2 oxide film.

Figure 11. Oxide scale formed after oxidation at 800 ◦C for 200 h on a surface of Ti-41Al-7Cr alloy: (a) Al2O3 region, (b) TiO2

region. Results of EDX analysis.

SEM analysis of the Ti-41Al-7Ta sample surface after oxidation (Figure 9d) revealed
that the surface of the oxide film was less developed than that found at the Ti-41Al-7Cr
sample. Some zones were characterized by delamination of the oxide film so that the
original composition of the alloy was detected on the surface (Figure 12). It is evidenced
by the inhomogeneous distribution of oxygen and titanium over the surface. The brighter
contrast in Figure 12 corresponded to the oxidized areas. The elemental distribution gives
a reason to believe that the layer contained a mixture of various oxides.
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Figure 12. Oxide scale formed after oxidation at 800 ◦C for 200 h on a surface of Ti-41Al-7Ta alloy. Results of EDX analysis.

4. Discussion

Being β-stabilizing elements for titanium, Ta and Cr nevertheless have a slightly
different effect on the structure and properties of TiAl-based alloys when added to the
cladding layer. First, this concerns the features of phase formation in alloys. With an actual
content of ~41 at.% Al and ~7 at.% of the alloying element, the appearance of α2, γ, and
β/B2 phases was expected in both alloys. In fact, these phases were found in the cladding
layers; however, theω′ phase was additionally formed in the alloy with tantalum.

The issues concerning the formation of ω-related phases in TiAl-based alloys with
β-stabilizers are widely discussed in the literature. Precipitations of ω-related phases
in the β/B2 matrix were found in alloys with additions of niobium [29,32,33,57], in the
4Zr-4Nb alloy [58], in alloys with Mo [59], V [60], Cr [61], etc. Shao and Tsakiropoulos [62]
analyzed the stability ofω phase in Ti-Al-X alloys as a function of the aluminum content
and the type of transition element added to the alloy. They supposed that deviation of
the ω structure from the ideal crystalline lattice of B2 (∆) and electron concentration in
β/B2 phase lattice are the main parameters that influence the stability of theω phase. With
an increase in the concentration of valence electrons in the β/B2 phase, the stability of
the ω phase decreases. It means that an increase in the content of aluminum with a low
concentration of valence electrons leads to a decrease in the overall electron concentration,
which increases the stability of the ω phase. According to [62], the ω phase is unlikely
to form in alloys with a parameter φ (the free electron per atom per volume of the β unit
cell) of more than 0.135 and a large value of ∆. According to their data, the β phase in
the Ti–Al–Cr alloys meets these conditions. At the same time, studying Ti–Al–Cr alloys of
various compositions, Shao and Tsakiropoulos [61] found thatω phase can be stabilized
at certain concentrations of chromium and aluminum, and analyzed the stability of the
ω phase depending on the chromium content. They found that with an increase in Cr
concentration, theω phase stability decreased. According to the XRD data obtained in our
study, the B2 phase in the cladding layer obtained in our study is depleted in aluminum
and enriched in chromium, suggesting that the conditions necessary for the formation of
theω phase were not achieved.

Since the value of φ also includes the volume of the unit cell, it is reasonable to
assume that the atomic radius of the alloying element also plays a role in addition to the
electron concentration factor. The atomic radius of chromium is smaller than that of Ta
(128 pm vs. 220 pm). It means that under otherwise identical conditions, the cell volume of
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the B2 phase containing tantalum should be larger compared to that of the B2 phase alloyed
with chromium, and the value of φ should be lower. In other words, the stability of theω
phase should increase with the replacement of chromium with tantalum. This assumption
is confirmed by the data of [63], where abnormal stability of the ω phase was observed for
the Ti–44Al–4Zr–4Ta–0.2Si alloy. Shao and Tsakiropoulos [61] associated this phenomenon
with the size factor. Indeed, atomic radii of both Ta and Zr are higher than that of Cr.

Another essential difference between Ti-41Al-7Ta and Ti-41Al-7Cr cladding layers is
the different fractions of the formed phases. From XRD data, it follows that the B2 phase
volume fraction in the cladding layer alloyed with chromium was significantly higher than
in the tantalum-containing layer (26.5 vol.% vs. 4.8 vol.% (B2 +ω) respectively). According
to [64], different elements have a different stabilizing effect on titanium alloys, which can
be estimated using the molybdenum equivalent (Mo Eq). The β-stabilizing effect of the
elements is evaluated relative to molybdenum, which is taken to be one. The higher the Mo
Eq, the higher the β-phase stabilization effect of the component. Thus, the Cr stabilization
factor equals 1.6, while that of Ta is 0.22. Consequently, chromium is a stronger β-stabilizer
for titanium than tantalum. On the contrary, aluminum is an α-stabilizer and contributes
to the increase of the α→β transformation temperature. Considering that the aluminum
concentration in both cladding layers was approximately the same, the main contribution
to the stabilization of the β/B2 phase was made by the alloying element. The difference in
the fraction of phases in Ti-41Al-7Cr and Ti-41Al-7Ta alloys directly affected the wear and
oxidation resistance of the cladding layers.

It is known that the wear resistance of titanium aluminides depends on a number of
factors, namely phase composition, presence of hard precipitations, microstructural fea-
tures, crystalline size, etc. [17]. Wear resistance also significantly depends on the physical
and mechanical properties of the separate phases, such as hardness, elastic modulus, and
yield strength. Thus, according to [65], there is an inverse linear relationship between
hardness and abrasive wear rate: with increasing hardness, the intensity of wear decreases.
In the case of multi-phase materials, the hardness of each component as well as their propor-
tion in the material structure will contribute to the average hardness. Okada et al. [28] used
the nanoindentation method to measure the hardness of separate phases in the γ + β alloy
of the Ti-44Al-4Cr composition. This method is quite reliable for determining the properties
of a specific phase since it excludes the influence of additional factors, such as e.g., grain
size. The authors have shown that the hardness of the intermetallic phases did not depend
on the content of the alloying elements in them and was equal to 3.1 GPa and 6.9 GPa for the
γ and β phases, respectively. In [66], the microhardness values measured for the γ phase
were essentially different and varied in the range between 5.2 and 6.8 GPa. The nanohard-
ness of the α2 phase was higher and reached values ranging from 7.4 to 9.3 GPa. Slightly
different values were also obtained by Wang et al. [67], but nevertheless, the hardness ratio
of γ to α2 phases was approximately the same. Thus, in a first approximation, one can
conclude that the presence of the γ phase commonly reduces the hardness of the alloy.
According to the results of X-ray diffraction analysis, the γ phase fraction in the cladding
layer alloyed with tantalum was higher than in the chromium-containing alloy. In addition,
the content of β/B2 phase characterized by higher hardness, compared to γ phase, in the
tantalum-containing alloy was lower.

At the same time, the tantalum-alloyed layer showed the best resistance to oxidation,
which may be due to several reasons. First, this can also be associated with differences
in the phase fractions forming the microstructure of the alloys. Different phases exhibit
different oxidation resistance. Among γ and α2 phases, the γ phase is more oxidation
resistant [3]. With a decrease of its fraction in the alloy, the oxidation rate increases. At the
same time, it is known that the diffusion coefficient of oxygen at 800 ◦C is significantly
higher for the B2 phase compared to α2-Ti3Al, and interaction of B2 with oxygen leads to
the predominant TiO2 formation [68]. Thus, the chromium-containing alloy with a higher
B2 fraction and lower amount of γ phase oxidized more rapidly than the Ti-41Al-7Ta alloy.
In addition, such factors as forming a Ta-O-based oxide film could influence the oxidation
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rate; however, its contribution to oxidation resistance is difficult to estimate based on the
available data.

In addition, it should be noticed that the cladding layers were oxidation tested with
the substrate removed. If applied to a substrate, as would be the situation in service,
one can expect a higher oxidation resistance compared to the value obtained by testing.
The reason for that is the inhomogeneous distribution of alloying elements in the depth
of the layer. According to EDX analysis, Al and Ta/Cr concentrations were higher in the
surface part of the intermetallic layers. It means that the outer surface of intermetallic
layers should provide even better oxidation resistance than that obtained in the tests.

Summarizing the data obtained, one can conclude that the choice of an alloying
element for TiAl-based alloys used for cladding of pure titanium depends on the expected
operating conditions. To increase the wear resistance of the TiAl-based cladding layer,
it is necessary to add elements that increase the proportion of hard phases in the coating
structure. For this reason, it also seems to be rational to add carbon and boron, which can
generate hard particles in the structure. Cladding layers for high-temperature application
should be alloyed with an element capable of limiting the mobility of titanium atoms and
ensuring the formation of phases prone to form a protective Al2O3 layer upon interaction
with oxygen.

5. Conclusions

1. The non-vacuum electron-beam cladding of Ti-Al-Ta and Ti-Al-Cr powder mixtures
was used to form protective intermetallic layers with a thickness of up to 2 mm on
pure titanium substrates. The cladding layers were defect-free and did not contain
cracks or visible voids.

2. Providing the same atomic concentrations of Ta and Cr in the initial powder mixtures,
cladding layers with different phase compositions and different fractions of phases
were formed. In the Ti-41Al-7Cr cladding layer, α2, γ, and B2 phases were observed.
In addition to the phases mentioned above, the ω′ phase was formed in the layer
alloyed with tantalum. The volume fractions of α2, γ, and B2/ω′ phases in the
cladding layers depended on the β-stabilizing effect of the alloying element. Being a
stronger β-stabilizer, Cr promoted a larger amount of B2 phase in the structure of the
cladding layer compared to tantalum (26 vol.% vs. 4.8 vol.%, respectively).

3. Wear resistance of intermetallic layers depended on the proportion of hard phases in
their structure and, consequently, on the type of element that stabilizes certain phases.
At abrasive friction, the best results were obtained for the chromium-containing
cladding layer characterized by a lower fraction of the soft γ-phase. However, the
tantalum-containing cladding layer has also improved the wear resistance of pure
titanium. The relative wear resistance of the Ti-41Al-7Ta and Ti-41Al-7Cr was 1.6 and
2.1 times higher than that of pure titanium.

4. The resistance to oxidation of the cladding layers was determined by the types of
phases formed and their fraction and the type of alloying element, and its ability to
promote an Al2O3 oxide film formation. Alloying the intermetallic compound with
tantalum and chromium contributed to forming a mixed oxide scale on the surfaces
of the samples heated at 800 ◦C for 200 h. However, on the surface of the Ti-41Al-7Cr
sample, large areas consisting only of TiO2 were formed. The Ti-41Al-7Ta cladding
layer exhibited the best protective properties under high-temperature exposure. Its ox-
idation resistance was 8 times higher compared to the substrate material.

5. From the comparison of the layers alloyed with Ta and Cr, it follows that the choice of
alloying element depends on the operation condition. While Ta provides better heat
resistance, cladding layers alloyed with Cr possess higher wear properties. At the
same time, the difference in Ta- and Cr-containing cladding layer properties was not
significant. Considering the high price of Ta, the choice of Cr as an alloying element
seems to be more rational.
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