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Abstract 
Ti-Al-Nb based intermetallic layers of sufficient quality and thickness were obtained by non-

vacuum electron beam cladding on the surfaces of Ti workpieces. Optical microscopy and X-ray 
tomography did not reveal any dramatical defects in the structure of cladded layers. X-ray 
diffraction as well as scanning and transmission electron microscopy were applied to thoroughly 
investigate the structure and phase composition of coatings. It was found that non-equilibrium 
cooling conditions of coatings provided by fast removal of heat to untreated Ti substrate after the 
electron beam cladding was terminated induced the proceeding of metastable phase 
transformations. For example, γ-phase formation was suppressed in these coatings. In coatings 
with 8 and 20 at. % Nb (46 and 43 % Al respectively) along with ordered with α2, formation of 
disordered solution of the alloying elements in α-Ti took place. In high-Nb alloys β(B2) phase 
has undergone the diffusionless transformation to ω’, which is the intermediate phase in β→ω 
and the coating with the maximum Nb content characterized by appearance of γ1 as a main 
phase. ω-phase had negative influence to hardness and wear resistance of coatings, however, 
generally this paremeter increased in 1.3-1.75 times compared to cp-Ti. The high temperature 
creep and oxidation properties decreased proportionally with increasing Nb and decreasing Al 
content in the cladded layers. 

 
Keywords: electron beam cladding; titanium aluminides; metastable phases; diffraction 

analysis; wear; high-temperature properties  
 

1. Introduction 
Titanium and its alloys are important structural materials that are widely used in aircraft 

manufacture, rocketry, chemical engineering and other important areas of industry which require 
components with high specific strength and corrosion resistance. However, at elevated 
temperatures, a number of difficulties concerning the exploitation of titanium parts arise. For 
example, titanium possesses low creep and also low oxidation resistance due to its reactivity with 
atmospheric gases and can thus only be used at temperatures below 350 ºC [1]. This problem can 
be solved by the introduction of intermetallic phases into the structure of titanium. Nowadays a 
number of heat and creep resistant titanium alloys, which are able to withstand high-temperature 
loading, have been developed [1]. Nevertheless, the most efficient way to retain the high-
temperature loss of properties due to reactions with the surrounding atmosphere is via protective 
coatings. Such coatings may protect the base material from degradation due to oxidation and also 
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improve the tribological properties of titanium alloys, which typically possess a low resistance to 
any type of wear. Thus, the formation of intermetallics on the surface of titanium parts could 
increase their performance and extend the area of application opportunities. 

Coating titanium with titanium aluminides is rather simple due to the fact that aluminum 
and titanium readily react with each other producing intermetallic structures [2]. The cladding of 
titanium workpieces with titanium aluminides is widely discussed in the literature. Two 
widespread technologies used are (i) aluminizing [3-10] and (ii) the application of aluminum or a 
mixture of titanium and aluminum [11-15] powders to the surfaces of titanium parts. Both 
methods require subsequent heat treatment to produce a solid intermetallic layer on the 
workpiece ( excepting application of a pre-alloyed intermetallic powder [16]). The most efficient 
coating technologies are high energy methods, such as laser cladding [11, 12, 16-18] or electron 
beam cladding [19, 20]. These methods allow the fast production of cladded layers with a 
thickness of up to 2 mm. Electron beam cladding is preferred to laser cladding with respect to 
process efficiency. Electron beam is characterized by a higher penetration depth and provides 
more homogeneous heating of surface layers of the material [21]. Moreover, in the case of 
electron beam cladding there is no problem of beam reflection from the surface of the metal 
workpiece. Thus, one could expect that the application of electron beam cladding may be an 
efficient way to produce thick intermetallic coatings on a titanium surface by melting a powder 
mixture that is distributed on the surface of the workpiece. 

In previous studies [19, 20] we found that non-vacuum electron beam cladding of 
titanium and aluminum powders to a titanium substrate led to coatings containing the γ-TiAl and 
α2-Ti3Al phases. Compared to commercially pure (cp) titanium, these coatings possessed higher 
hardness and oxidation resistance. However, the high brittleness of intermetallic compounds led 
to the formation of cracks during the early stages of fabrication [20]. Decreasing the aluminum 
fraction in the initial powder mixture prevented active cracking, but also reduced the oxidation 
resistance.  

Alloying is an efficient approach to increase the crack growth resistance and the 
oxidation and creep resistance of Ti-Al intermetallic alloys [22]. For example, the addition of 
only 2 at. % of the alloying element (Nb, Cr, Mn, etc.) to the Ti-48Al binary composition 
improves high-temperature behavior and provides reasonable room-temperature ductility. Highly 
alloyed Ti-Al-based intermetallics are also widely discussed in the literature. Alloys with a high 
level of Nb has a special significance. Such alloys demonstrate high strength combined with 
good creep and oxidation resistance. Consequently, coating with titanium aluminide alloyed with 
Nb seems a reasonable way to improve the physical, chemical and mechanical properties of the 
coating. 

The aim of this study was the fabrication of Nb-alloyed Ti-Al-based coatings on cp-Ti 
workpieces, and the investigation of their structure and service characteristics in relation to the 
Nb, Al and Ti content. 

 
2. Materials and methods  

Cp-Ti (0.086 wt. % Fe, 0.017 wt. % Cr, 0.016 wt. % Ni, 0.012 wt. % V, 0.011 wt. % C) 
workpieces with dimensions of 100×50×12 mm3 that had been cut from plate by waterjet cutting 
were used as substrates. The top surface of the workpieces was preliminary milled to remove 
surface oxides. Several different powder mixtures consisting of Al, Ti, Nb and flux (LiF) 
powders were homogeneously distributed on the top surfaces of the workpieces (Table 1). Due to 
the dilution of alloying elements by the base material which results from the melt of titanium 
surface layers occurring along with melting the powders applied to the surface during electron 
beam exposure, the mass fractions of alloying components (Al and Nb) in powder mixtures were 



1.5-fold higher than that in the alloy designation. The mass of powder per area used was 0.45 
g/cm2. 
 
Table 1. Samples notation and corresponding the starting powder mixtures used for the electron 
beam cladding. 

Sample designation (a fraction of alloying 
elements calculated to at. %) 

Mass of the elements in a starting powder 
mixture (wt. %) 

Ti Al Nb LiF (flux) 
Ti-48Al-2Nb 12 33 5 50 
Ti-46Al-8Nb 5 28 17 50 
Ti-43Al-14Nb - 24 27 49 
Ti-40Al-20Nb - 20 34 46 

 
The cladding was carried out at the Budker Institute of Nuclear Physics (SB RAS, 

Novosibirsk, Russia) using an ELV-6 industrial electron accelerator to provide the electron 
beam. The main advantage of the ELV-6 equipment is the possibility to inject a concentrated 
beam of electrons with an energy of 1.4 MeV and a power up to 100 kW in an air atmosphere. 
Normal accelerators with an electron energy of 20-200 keV can only be operated in vacuum due 
to the short electron track length in air (up to 25 cm). Increasing the electron energy to above 1 
MeV and the incorporation of an extraction device that separates the vacuum chamber of the 
electron beam acceleration system from the atmosphere allowed the electron beam to be injected 
into air. An electron energy of 1.4 MeV results in a 6 m pass length, this distance represents the 
distance where the electrons are completely absorbed/scattering by the air nuclei. This equipment 
allowed the experiments to be carried out under normal atmospheric pressure and has advantages 
such as reducing the complicity and duration of the cladding procedure and not restricting the 
dimensions of the treated workpiece (due to absence of a vacuum chamber). To protect the 
powders from oxidation, flux (LiF) was used. LiF melts at low temperatures, and weighing less 
than powder mixtures, it comes up to the surface and form the protective melted layer which 
prevents metallic powders from interaction with oxygen. A more detailed description of the 
accelerator and the principles of its operation is provided elsewhere [20, 21].  

The electron beam current was the same for all experiments and was equal to 20 mА. The 
samples were moved under the electron beam at a rate of 10 mm/s. The beam was scanned 
perpendicular to the direction of sample motion with a frequency of 50 Hz and amplitude of ±25 
mm to improve the homogeneity of the heat input and increase the process efficiency. The 
distance from the beam outlet to the sample was 90 mm. A diameter of an electron beam at this 
distance was approximately 10 mm. The power of the electron beam was 28 kW, energy density 
for aforementioned conditions was 5.6 kJ/cm2.  

The microstructure characterization samples were prepared according to a standard 
method. Cross sections were cut from the workpieces using a Struers Discotom-65 machine. 
These samples were mounted in polymer using a Buehler SimpliMet 1000 hydraulic press 
device. 

The surface of the samples was ground using abrasive papers with a grain size ranging 
from 250 to 5 µm and then using alumina with a grain size of 3 µm. The final polishing was 
performed using a colloidal silica solution (0.04 µm) with addition of H2O2 and a Kroll solution 
(92 % H2O, 6 % HNO3, 2 % HF).  
 Optical metallography was performed with a Carl Zeiss Axio Observer Z1m microscope. 
Images were acquired using an AxioCam MRc5 camera. Detailed microstructural analysis was 
carried out with a LEO Gemini 1530 scanning electron microscope (SEM) equipped with an 
energy dispersive X-ray (EDX) analyzer to determine the composition of local areas of material. 



The fine structure within the microstructure was studied using a Philips CM200 transmission 
electron microscope (TEM). TEM samples were prepared by mechanical thinning 3 mm 
diameter specimens to a thickness of 100 µm and subsequent twin-jet electrolytic polishing using 
a Fischione Model 120 device with a solution of 18 ml perchloric acid, 430 ml methanol and 250 
ml 2-buthanol at a temperature of -39 °C and a voltage of 30 V. 

The phases within the materials were studied using synchrotron X-ray diffraction (XRD). 
Diffraction experiments were made at the Petra III synchrotron radiation source of the German 
Electron Synchrotron (Deutsches Elektronen-Synchrotron – DESY) using the High Energy 
Materials Science Beamline (P07) operated by Helmholtz-Zentrum Geesthacht. The radiation 
energy was 100 keV which corresponded to a wavelength of 0.124 Å. The spot size was 1×1 
mm. Diffraction rings were recorded in transmission using a Perkin Elmer XRD1621 2D 
detector with a resolution of 2048×2048 pixels and a pixel size of 200×200 µm2. The sample-to-
detector distance was 1927 mm. The 2D Debye-Sherrer ring patterns were azimuthally integrated 
providing Intensity against 2θ diffraction patterns. To analyze the phases of the oxide scales 
obtained after oxidation tests, an ARL X’TRA laboratory diffractometer was used.  

X-ray microtomogaphy (µCT) was carried out at the Bundesanstalt für Materialforschung 
and -prüfung in Berlin using a self-built tomography device equipped with a 320 kV Nikon X-
ray tube and Perkin-Elmer 4k PE 1611 CP3 flat panel detector with a resolution of 0.1 mm and 
4096×4096 pixels. 3000 projections were taken over an angular range of 360°. The 3D image 
reconstruction was performed using the Feldkamp algorithm [23] resulting in a 3D volume with 
a resolution of 5.4 µm. This volume was then binned down to a voxel size of 21.7 µm and 
imported into VGStudio MAX 3.2 for visualization and further analysis. 

To determine the hardness of the samples a Wolpert Group 402 MVD microindentation 
tester was used. The load on the diamond indenter was 0.2 kg. Wear resistance was determined 
based on a friction test against fixed abrasive particles. Specimens with a diameter of 2 mm and 
a length of 12 mm were prepared for the test. They were cut out with the cylindrical axis 
perpendicular to the interface between the base material and clad layer. The clad layers were 
subjected to friction and measurements were carried out according to GOST 17367-71. Alundum 
P180 sandpaper was used as an abrasive material. The samples were placed in a holder and 
forced against the alundum disc with a load of 3 N. The test duration was 60 s, with the disk 
rotating at 60 rpm. The sample moved relatively to the disk forming Archimedes spiral 
trajectory. Cp-Ti was used as a reference material and its wear resistance was taken to be 1. 
Relative wear resistance of the cladding was calculated using the following equation:   

𝜀𝜀 = Δm𝑟𝑟
Δm𝑖𝑖

∙ 𝜌𝜌𝑖𝑖
𝜌𝜌𝑟𝑟

,       (1) 

where ρi and ρr are densities of the investigated material and the reference material 
respectively; Δmr and Δmi are mass losses from the reference sample and the investigated 
sample. The density of the samples was determined by hydrostatic weighing.  

Before the oxidation tests were performed, the cladded layers were cut away from the 
substrate, thus allowing the influence of the titanium substrate on the oxidation characteristics of 
the coating to be excluded. The size of oxidation specimens was 1×10×10 mm3. The specimens 
were ground using abrasive paper (P1000) and cleaned with acetone. The prepared specimens 
were placed into corundum crucibles and heated in a furnace up to 900 ºC in an air atmosphere. 
Every 20 hours the samples were removed from the furnace, allowed to cool down and weighted 
using scales with a precision of 10-4 g. Ten testing cycles were performed in this manner, leading 
to total oxidation time of 200 hours. Mass gain per unit area (∆m) was calculated as follows:    

∆m= ∆w/s,       (2) 
where Δw is the mass change after every cycle of testing (mg), s is the initial area of the 

sample (cm2). An oxidation test was also done using Cp-Ti which is used as a reference.  



To investigate the influence of the alloying elements content on the high-temperature 
properties under mechanical loading, creep tests were performed using a SATEC mentor M3 
testing setup. Cylindrical specimens, with a diameter of 1.5 mm and a length of 2.3 mm, were 
cut out from the cladded layer in the direction perpendicular to scanning, the axis of the cylinders 
being parallel to the surface of the specimen. A compressive load of 250 MPa was applied to the 
samples at 800 °C in air.  

 
3. Results and discussion 

3.1. Characterization of structure and phases within the materials 
3.1.1. Microstructural analysis of the samples 

The quality of the cladding and underlying substrate was investigated using optical 
microscopy and X-ray tomography. Figure 1 shows the typical microstructure of the titanium 
substrate with Ti-46Al-8Nb and Ti-40Al-20Nb cladding layers. Three main zones can be 
distinguished in the materials: (1) the cladded layer, (2) a heat affected zone, and (3) the base 
material.  

It seems that increasing the Nb and decreasing Al content of the coating tends to decrease 
the size of the heat affected zone. This phenomenon is related to the depth to which the titanium 
substrate is heated, which is defined by the electron beam penetration depth. A calculation of the 
electron energy loss intensity curves, shown in Fig. 2, was done using the method suggested by 
Tabata and Ito [24]. The figure shows, that the depth corresponding to the maximum of energy 
release gradually decreases with increasing Nb content due to the high electron density 
contributed by Nb atoms compared to Ti and Al in the cladded layer. At the same time, Al 
content (possessing lower electron density) decreases in high-niobium alloys, which also 
contributes in increase of the summarized electron density. Consequently, the electron beam 
penetration depth decreases with increase of the total electron density of a treated material, 
which, in turn, affects the depth to which materials is heated: the lower the electron depth 
penetration, the lower the heated layer thickness and the smaller the size of the heat affected 
zone.  

It should be noted that Nb additions positively influenced the quality of the cladded 
layers: there were no cracks in the structure of ternary Ti-Al-Nb coatings in comparison to binary 
Ti-Al coatings studied previously [20].  

An important issue related to cladding technologies is formation of residual stresses 
which appear due to the difference in temperatures and coefficients of thermal expansion 
between the substrate and the cladded layer. To the best of our knowledge, no experimental or 
computation data on residual stresses in electron beam cladded layers were reported so far. 
However, some simple prediction may be inferred from the data which was reported on related 
processes. Since the substrate during the cladding is much colder than the cladded layer its 
compression during the cooling stage is less and, therefore, it induces the tensile residual stresses 
in the cladded layer which was proven for laser cladding or weld cladding by numerical 
simulation or various experimental studies [25-28]. However, the exact distribution of residual 
stresses strongly depends on the temperature distribution during the cladding, the geometry of 
the cladded layer and the substrate and the properties of materials.  

The electron beam melting (EBM) processes applied for layer by layer building of the 
structural components does not induce significant residual stresses in the samples after the 
treatment [29, 30]. However, the EBM process typically implies preheating of a substrate and 
slow cooling. Moreover, cyclical thermal exposure of an electron beam on a material, while 
building each new layer, contributes to cyclic formation and relaxation of residual stresses. In 
our case the treatment conditions were different (single pass of the electron beam and rapid 



cooling of a built-up layer due to a heat conduction to the direction of a substrate) and can be 
rather comparable with the electron beam welding.  

 
Fig. 1. The structure of surface cladded samples: а - Ti-46Al-8Nb; b - Ti-40Al-20Nb. 

 



 
Fig. 2. Graphs illustrating the ratio between the energy release and a depth of the electron beam 
penetration calculated according to [24] 

 
It is mentioned in the literature that the electron beam welded samples possess high 

values of both tensile and compressive stresses. For instance, Li et.al. [31] reported on the 
formation of high tensile residual stresses in the Ti2AlNb alloy which can reach 1000 MPa in the 
fusion zone and its adjacent area. However, in wide weld seams their reduction is observed. 
Residual stresses also can be significantly reduced by varying the electron beam welding regimes 
or by applying modified welding techniques which allows decreasing the cooling rates and 
prolonging the high temperature stage. For instance, application of such method allowed to 
reduce stresses accumulated in γ-TiAl-based alloys to about 225 MPa [32]. This stress level does 
not provoke cracking in the welded zone. It should be noticed that no cracking was observed in 
cladded layers obtained in the current study which means that a residual stress level was not 
extremely high. Probably, the reason for that consists in a heat distribution on a large surface 
area compared to a narrow electron beam exposure zone which forms at the electron beam 
welding process.   

Nevertheless, X-ray tomography revealed some kind of defects in the coatings (Fig. 3). 
The µCT dataset was analyzed for pores and inclusions using VGStudio MAX 3.2. The analysis 
revealed that a density of voids was about 100 pores per 1 cm3 and amount of inclusions was 
about 30 in 1 cm3 of a coating. Figure 3a displays a 3D rendering of the detected pores and 
inclusions. The size distribution of the pores and inclusions is show in Fig. 3b. The inclusions are 
all spherical, smaller than 100 µm in diameter with a mean size of 70 µm, and of approximately 
80 % higher density than the surrounding material. This can be the evidence of the presence of 
unmelted high-dense Nb particles. The average pore diameter is 190 µm. 



 
Fig. 3. Results of X-ray tomography of the Ti-46Al-8Nb sample: a - 3D rendering of the 
distribution of pores (green) and inclusions (red) in the test piece; b - size distribution of the 
pores (green) and inclusions (red). 

 
Investigation of the structure and chemical composition of the coatings was performed 

using a combination of SEM and EDX. The structure of the alloyed layers is shown in Fig. 4 and 
the compositions determined by single point and area measurements within the microstructure 
are given in Table 2. This table also contains information on the probable phases present at the 
different measurement positions within the microstructure based on the EDX analysis, 
determined using additional information from the Ti-Al-Nb phase diagram and actual phase 
compositions determined from the X-ray diffraction results.   

A distinct macrostructural particularity of the coatings is that the inhomogeneity of the 
coatings increases with increasing Nb and decreasing Al content. The dendritic structure with a 
non-uniform distribution of elements between the dendrite branches and the interdendritic 
regions was the characteristic of all cladded layers. For example, in the interdendritic regions of 
the Ti-48Al-2Nb coating, the Al concentration was slightly higher (Fig. 4a, Table 2, point 4) then 
that in the branches. It is clearly seen at higher magnifications, that dendrite branches consist of 
fine needles (Fig. 4a, area 2). Besides dendrites, the presence of a lamellar-like structure was 
observed in the form of large uniform areas within the cladded layer (Fig. 4a, Table 2, area 1). 
On average, the needles found in dendritic areas (Table 2, area 2) contain a higher amount of Al 
compared to large lamellar-like zones, where the Al is below 37 at. % (Table 2, area 1).   

The average composition of the Ti-48Al-2Nb cladding layer obtained in our study is Ti-
43.6Al-1.2Nb. Thus, the content of alloying elements (Al and Nb) in this coating was slightly 
lower than was expected due to the partial loss of alloying powder during the electron beam 
processing. At the same time, dilution of alloying powders with the melted substrate material 
keeps the titanium content at a high level.  

The Ti-46Al-8Nb and Ti-43Al-14Nb coatings mainly have a dendritic structure. Needle-
like areas form in these samples as isolated “islands” and have a reduced Al content compared to 
dendritic zones. In fact, the average composition in Ti-46Al-8Nb and Ti-43Al-14Nb cladded 
layers was: Ti-49.9Al-6.2Nb and Ti-45.7Al-11.6Nb respectively. The coating with the highest 
Nb content also contained a slightly higher amount of Al than expected. This effect is probably 
related to the depth of the electron beam penetration in the material. As mentioned above, the 
maximum electron energy release was located closer to the surface in the coating that had a 
higher Nb concentration. Thus, the melting depth of base material with a high Nb containing 
coating decreases and consequently the dilution of the coating material with titanium from the 
substrate also decreases. Moreover, in the Ti-40Al-20Nb coating, areas with elevated Nb content 



(up to 70 at. %) were observed, which possibly indicates that a higher energy input is required to 
obtain a uniform cladded layer. The actual composition of the sample was Ti-41.7Al-16.3Nb.  

 

 
Fig. 4. Microstructure of the obtained coatings: а - Ti-48Al-2Nb; b - Ti-46Al-8Nb; c - Ti-43Al-
14Nb; d - Ti-40Al-20Nb. Separate areas in the pictures pointed with numbers from 1 to 16 
correspond to points of EDS analysis summarized in Table 2.   



Table 2. Results of the elemental analysis of cladded layers (in at. %). Analysis was carried out 
in both local areas shown in Fig. 4 and over the entire thickness. The compositions determined 
from measurement over the entire thickness are given as the “mean value” in Table.  

 
Ti Al Nb Ta 

Assumed phases 
(based on Ti-Al-Nb 

phase diagram)* [33] 

Actual phases 
determined from X-

ray diffraction 
Ti-48Al-2Nb 

Mean 
value 

55.2 43.6 1.2 -  

α2 
1 61.7 37.3 1.0  α2+γ 
2 45.8 52.7 1.5  γ 
3 48.9 49.6 1.4  γ 
4 44.4 54.6 1.0  γ 

Ti-46Al-8Nb 
Mean 
value 

43.8 49.9 6.2   

α2+ω(β)+α 
5 49.4 44.8 5.8  γ+ω 
6 46.8 47.4 5.8  γ+ω 
7 33.2 58.3 8.5  γ+ω 
8 41.2 50.6 8.1  γ 

Ti-43Al-14Nb 
Mean 
value 

42.8 45.6 11.6   

α2+ω(β) 
9 53.5 37.0 9.5  α2+γ+ω 
10 34.8 53.2 12.1  γ+ε 
11 35.9 49.0 15.1  γ+ω 
12 46.7 42.8 10.5  γ+ω 

Ti-40Al-20Nb 
Mean 
value 

41.7 42.0 16.3   

α2+Al3Ti+γ1+α 
13 4.3 25.8 69.9  σ+δ 
14 40.3 33.8 25.7 0.2 ω+О+σ 
15 27.2 55.5 17.3  γ+ε 
16 33.0 47.0 20.1  γ+τ+σ  

* To establish the relationship between the measured composition and phases, an isothermical 
section of Ti-Al-Nb phase diagram at 700 °С (the minimum temperature available for the full 
ternary diagram) was used.  

Based on the elemental analysis of local microvolumes it is possible to deduce which 
phases should be present at that location by comparing with the ternary Ti-Al-Nb phase diagram. 
The comparison results are shown in Table 2. For coatings with a low Nb content (up to 2 at. %), 
the only phases found in the binary Ti-Al system are expected. The Al to Ti ratio in different 
regions of the Ti-48Al-2Nb coating is typical for the presence of two phases, namely TiAl and 
Ti3Al [2]. It was mentioned in [34] that small additions of transition metals were dissolved in 
TiAl and Ti3Al phases and mostly substituted for Ti atoms. Diao et. al [35] have also shown that 
Nb can substitute for Al atoms in TiAl at some Ti:Al ratios. Increasing the Nb content results in 
the formation of additional phases. Being a β-stabilizer, Nb contributes to the formation β(В2)-
phase. By further increasing the Nb content, one can obtain different ternary phases, such as ω-
phase with a hexagonal lattice, О-phase corresponding to Ti2NbAl and others. However, 



identification of phases on the basis of elemental analysis is an unreliable approach. Thus, in this 
study X-ray diffraction was used to analyze the phases within the coatings.  

 
3.1.2. Phase analysis of the coatings 

The results of X-ray diffraction analysis are given in Fig. 5. It was found that the actual 
phase composition was different from that of predicted by phase diagram or that which normally 
can be found in cast alloys. According to Ding et al. [36] the following distribution of phases 
occurs in cast Ti-Al-Nb alloys: dendrite branches containing predominantly α2-phase, separated 
by interdendritic space consisting of γ-TiAl. In present study, Ti-48Al-2Nb sample consisted of 
only one phase namely α2-Ti3Al.  

In the Ti-46Al-8Nb coating, besides α2-Ti3Al, the α-Ti and ω-phases were also found. 
Authors of [36] mention that in high niobium containing alloys (about 8 at. % Nb) light thin 
ridges corresponding to β-phase, precipitate in the central parts of the dendrite branches appear. 
However, according to Song et. al [37], β(В2) represents a matrix phase, in which particles of ω 
precipitate. A mechanism of β(В2) formation and its transformation to ω in high-Nb alloys was 
described in detail in [37, 38]. During solidification, residual β-phase containing an increased 
amount of Nb accumulates in the central part of dendrites and at triple junctions of grain 
boundaries. Later, the ordering of β-phase takes place in these areas and the B2 structure forms. 
These B2 grains consist of ω particles distributed in a B2 matrix. The ω particles form via 
heterogeneous nucleation at B2/γ grain boundaries or by homogeneous nucleation in the B2 
matrix.  

Peaks found in XRD patterns of the Ti-46Al-8Nb and Ti-43Al-14Nb coatings correspond 
to ω-phase, however, the presence of β(В2) cannot be reliably identified from the analysis of 
these patterns. The reflections corresponding to β-phase should appear at 2θ ≈ 3.12 °, 2θ ≈ 4.42 ° 
and 2θ ≈ 5.91°, but these reflections fully overlap with ω-phase peaks. The phases identified in 
the Ti-46Al-8Nb and Ti-43Al-14Nb samples are identical except that the latter alloy does not 
contain any α-Ti.  

γ1-Ti4Nb3Al9 was the predominant phase in the Ti-40Al-20Nb sample. This phase has a 
tetragonal lattice (a=0.558-0.584 nm and с=0.815-0.845 nm) corresponding to a P4/mmm space 
group. Its formation occurs by ordering of Nb atoms in the γ-phase lattice [39]. In the 
equilibrium state, γ1  forms as needles along the [001] direction [40]. Both phases (γ and γ1) have 
a negative formation energy, however, formation energy of the γ-phase is lower (-0,449 eV/at.) 
than that of γ1 (-0,369 eV/at.). According to this, one can conclude that both phases are stable, 
however the formation of γ-phase is favored. γ1 however can be formed in non-equilibrium 
conditions. The Al3Ti in this coating probably originated from the inhomogeneous distribution of 
alloying elements.  

Generally, the phase compositions of coatings obtained were different from the expected. 
Along with the formation of a range of metastable phases, such as γ1, the other non-equilibrium 
phase transformations took place. The one example is absence γ-TiAl in the coatings. Kenel and 
Leinenbach [41] reported that the α→α2 transformation instead of α→γ can often be observed 
after rapid cooling of ternary Ti-Al-Nb alloys. It was mentioned that for nucleation of the γ-
phase a slight overcooling below T0 (corresponding to α→γ) is necessary. However, if the α→α2 

point will be reached, an alloy can be subjected to α2 ordering without the formation of γ-phase. 
This phenomenon can happen at cooling rates above 4.4×103 К/s.  

The other example of metastable processes is the appearance of α-Ti reflections in the 
XRD patterns of Ti-46Al-8Nb and Ti-40Al-20Nb coatings. Let us consider two possible reasons 
of their occurrence. Firstly, α-Ti peaks could appear as a result of irradiation from the substrate 
material. Although the coatings were cut away from the underlying titanium substrate before 
XRD analysis, nevertheless a small amount of substrate could remain within the investigated 
samples. Indeed, due to the inhomogeneity of the cladded layers and the different depths of 



remelting, a precise separation of the coating from the substrate is difficult. A second reason for 
the presence of α-Ti peaks could result from the rapid cooling of the surface layer from the 
molten state. For instance, Kartavykh [42] reported  that α-Ti and β-Ti are the first phases that 
nucleate during solidification of a melt consisting of Al and Ti. It could be supposed in the 
present case that due to rapid cooling; the primary structure is retained in the coatings. Only at 
slow cooling rate (20 К/s) the primary phases decompose to α2+γ lamellae [42]. Thus, if we 
exclude presence of the α-Ti peaks as arising from the substrate, one can conclude that cooling 
rates in our case were significantly higher than 20 К/s.   
 

 
Fig. 5. Results of diffraction analysis of the coatings obtained by the electron beam treatment. 
The highest peak intensity was 3000 arbitrary units.  
 

Thus, to explain metastable phase transformations such as disordering of α2 resulted in α 
occurrence as well as suppression of the α→γ and formation of γ1, it is important to determine 
the range of cooling rates experienced by specimens in the present work. An estimation of the 
cooling rates was obtained as follows. For the sake of simplicity, it is assumed that heat transfer 
is regulated by the heat conductivity through the cladded layer into the substrate. Considering 
that heat predominantly dissipates in the direction perpendicular to a cladded layer, one can 
assume the cooling situation to be a one-dimensional problem. In this case the heat conductivity 
equation can be written as:   

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝛼𝛼 𝜕𝜕2𝜕𝜕
𝜕𝜕𝜕𝜕2

      (3) 



where T=T(x,t) is a function that describes the change of temperature and depends on 
time (t) and distance (х) from the upper to the lower surface of the sample; α is a thermal 
diffusivity coefficient. 

Assuming that a convective heat exchange with the environment occurs at the boundaries 
of the computational domain and taking the average values of the thermophysical properties of 
the material, this equation can be easily solved by using the finite difference method. The choice 
of initial conditions has been made as follows. Since the electron beam processing regimes have 
been chosen so that most of the electron energy is released into the cladded layer, it can be 
roughly assumed that the substrate practically does not heat up and its temperature is 
approximately equal to the ambient temperature. At the same time, the temperature reached in 
the deposited layer exceeds the melting point of niobium. 

The results of this analysis under the above mentioned assumptions, are shown in Fig. 6. 
Figure 6a shows the temperature change over time in the middle of the cladded layer, and Fig. 6b 
represents the cooling rate. 

 

 
Fig. 6. Changes in the temperature (a) and cooling rates (b) in the middle part of a cladded layer 
after ending the electron beam exposure.  

 
At the first moment of time the temperature gradient in the middle of the cladded layer is 

low (provided that it was heated with the electron beam relatively uniformly), thus the cooling 
rate is also relatively low. As the temperature gradient increases due to the rapid heat transfer 
from the coating to the substrate, the cooling rate reaches a peak value of several tens of 
thousands of ºC/s. After that the cooling rate starts decreasing since the temperature equalizes 
and the temperature gradient decreases again. It may be noticed, that radiation heat transfer from 
the upper interface was neglected in the calculation. Thus, the actual cooling rate may be even 
higher during initial moments of cooling.  

The metastable phases, which are considered in the current study are formed as a result of 
phase transformations occurring in a solid state, thus the cooling rate of material when it is solid 
is of great importance. As follows from the calculations the cooling rate at temperatures below 
the melting point may be as high as 104 ºС/s. The obtained value is in good agreement with the 
results obtained by Ivanov et.al [43] and Skeeba et al. [44], who analyzed the electron-beam 
surface treatment more thoroughly. Thus, despite a number of assumptions being made in our 
calculations, it can be concluded that the cooling rate after the electron beam cladding is quite 
high and comparable to the cooling rates that occur during rapid quenching of metals.  
 
 



3.1.3. Investigating the fine structure of the cladded layers 
For a more detailed identification of the structures and phases formed in the coatings, 

TEM investigations were performed. Studying the fine structure established that the predominant 
phase (Ti3Al) formed as grains containing antiphase boundaries (Fig. 7a-c). The main condition 
for the formation of antiphase boundaries is rapid quenching from temperatures above 1300 оС 
which promotes ordering of the structure. The cladded layers experience such rapid cooling and 
thus the appearance of antiphase boundaries is a natural consequence of the processes occurring 
during coating manufacture. TEM investigations also confirmed the existence of α-Ti in the 
cladded layers. Analysis of the fine structure of the Ti-46Al-8Nb sample revealed that along with 
α2, α-phase was found in local areas (Fig. 7d-f).  

 

 
Fig. 7. Fine structure of the coatings - а, b: Ti-48Al-2Nb, d: Ti-46Al-8Nb; and electron 
diffractions obtained from different areas of the samples - c: Ti-48Al-2Nb, e-f: Ti-46Al-8Nb. 

 
Another aspect consisted in identification of the ω-phase which has peaks that coincide 

with β-Ti reflections in XRD pattern. Electron diffraction analysis showed that the ω-phase 
precipitated in coatings as separate grains that neighbor Ti3Al grains. In some cases (as is shown 
in Fig. 8a,c) it was not possible to reliably identify the ω-phase, because for some grain 
orientations the measured angles and interplanar distances correspond to both β- and ω-phase. 
However, for the orientation shown in Fig. 8e, the ω-phase can be reliably identified. It is also 
necessary to note a particularity observed while analyzing this electron diffraction pattern. A row 
of reflections ((021), (011), (001) etc.) which, according to the simulation shown in Fig. 8f is 
characterized by low intensities at full ordering of ω-phase, was not found in the diffraction 
pattern shown in Fig. 8e. This image corresponds to metastable ω’-phase, an intermediate phase 
in the β(В2)→ω transformation. ω’ forms by a diffusionless transition of B2 and has a P-3m1 
space group with four different Wyckoff positions (1a, 1b, 2dl and 2d2), however, only two of 
them are occupied (1a and 1b positions that are occupied by atoms in the B2 structure) [38]. 



Thus, ω’ possesses a structure derived from B2 but having lower symmetry. Simulation of the ω-
phase with only two occupied positions (1a and 1b) which should correspond to ω’ gives the 
diffraction pattern shown in Fig. 8e. The phase observed by XRD analysis (see Fig. 5) also 
corresponds to having a P-3m1 space group which is evidenced by the appearance of peaks at 
angles below 2 degrees. As was mentioned above, the ω-phase nucleates in a β(В2)-matrix in the 
form of fine inclusions. In the current study, ω-phase was found as coarse grains which probably 
correspond to former β(В2) grains (Fig. 8d). Since β(В2)→ω’ is a diffusionless transformation, 
there seems to be a rearrangement of the cubic lattice into a triclinic lattice within the entire 
grain. The nucleation of ω-phase with a hexagonal lattice requires significant diffusion, which is 
suppressed due to the high cooling rates occurring after electron beam processing.  

      

 
Fig. 8. Fine structure of coatings- а, d: Ti-46Al-8Nb and g: Ti-40Al-20Nb and electron 
diffraction patterns obtained from samples- b-c: Ti-46Al-8Nb, d-f: Ti-43Al-14Nb. 
 

3.2. Mechanical and functional properties of the coatings 
Microhardness measurements were made on sections through the coated specimen so that 

the variation of hardness from the outer surface of the coating to the cp-Ti substrate could be 
determined. These measurements showed that the average microhardness of the titanium 
substrate was 150 HV, while microhardness of the coatings was in the range from 445 to 537 
HV. The sharp drop of microhardness in the graphs of Fig. 9 correspond to the transition from 
the cladded layer to the base material. The variation of microhardness values within the cladded 
layers is a consequence of elemental and microstructural inhomogeneity. On average, the 
microhardness of the cladded layers was 3-3.5-times higher than that of titanium due to 
formation of intermetallic phases. Typically, microhardness of a binary Ti-48Al alloy is 
significantly lower. Depending on the microstructure it varies from 225 HV (for a duplex 
structure) to 305 HV (for a lamellar structure) [45]. Alloying of Ti-48Al does not lead to 
significant microhardness increase [46, 47]. However, the process route can play an important 



role. For example, samples produced by powder metallurgy possessed the hardness of about 350 
HV [47]. In our case the microhardness was higher than that of the alloys produced by other 
techniques. This could be related to the high cooling rates promoting formation of finer 
microstructure with higher inhomogeneous lattice strains. 

 

 
Fig. 9. Results of microhardness measurements.  

 
As a general rule, increasing microhardness leads to improved tribological properties and 

in particularly wear resistance. To determine the room temperature wear resistance, friction tests 
were made against fixed abrasive particles. Results of the tests are shown in Fig. 10.  

The maximum improvement of wear resistance compared to the reference sample (the Ti-
base material) was observed for the Ti-48Al-2Nb and Ti-40Al-20Nb coatings, the relative wear 
resistance being 1.75 times higher. The data obtained correlates well with the results of the 
microhardness measurements. A possible reason for the low wear resistance of the Ti-46Al-8Nb 
and Ti-43Al-14Nb cladded layers is the presence of β/ω-phase which is characterized by a low 
microhardness (about 220-250 HV) [48] relative to other intermetallic phases formed in the Ti-
48Al-2Nb and Ti-40Al-20Nb coatings. The lowest wear resistance was determined for the Ti-
43Al-14Nb cladded layer, which was characterized by the most intensive β/ω-phases XRD peaks 
among the different coatings. According to a brief Rietveld analysis performed by means of 
MAUD [49], the volume fraction of β/ω in this coating reached a value of approximately 30 %. 
However, one can expect that the wear resistance of the cladded layers (independently on their 
composition) will be higher than that of the cast Ti-48Al alloy due to the higher hardness.    

 



 
Fig. 10. Results of the friction tests against alundum grit. 
 

To evaluate the behavior of the coatings under high-temperature conditions, creep and 
oxidation tests were performed. Cyclic oxidation of the cladded layers showed that all coatings 
had a superior oxidation resistance compared to the Ti-substrate material (Fig. 11). The Ti-48Al-
2Nb, Ti-46Al-8Nb and Ti-43Al-14Nb samples all had a mass gain of less than 1 mg/cm2 after 
holding for 200 hours at 900 °C. It is well-recognized fact that the minor Nb additions (about 2 
%) to structural (γ+α2) intermetallic alloys significantly increase their oxidation resistance due to 
the following reasons: reduced growth rate of an oxide film at high temperatures, good adhesion 
between an oxide scale and a substrate, low dissolution of oxygen in intermetallic layer 
neighboring with an oxide scale and the growth of homogeneous titanium-rich nitride zone in 
this area, the absence of an Al-depleted zone below the oxide scale [50]. However, information 
about influence of a higher Nb content is still quite contradictory. While some studies declaim 
that small additions are enough to provide the best oxidation resistance [51-53], it was reported 
in other publications that increase of Nb content can further improve the aforementioned 
characteristic [54, 55]. Particularly, in study [50] it was shown, that alloying of titanium 
aluminide alloys with 8.5 at. % Nb is beneficial. Our experiments also showed that addition of 
about 8 at. % Nb gives the best oxidation resistance. The positive effect of a higher amount of 
Nb (in the vicinity to 10 at. %) can be attributed to enhanced formation of external alumina scale 
[55].  

Oxidation of the Ti-40Al-20Nb coating was more significant than the other samples; the 
mass gain of this sample after 200 hours at 900 °C was 3 mg/cm2. A possible reason for the 
reduced oxidation resistance of this coating may be its low Al content. Moreover, EDX analysis 
revealed an extremely inhomogeneous distribution of alloying elements across the coating (see 
Table 2) and the presence of highly depleted Al zones. It is well-known [56] that oxidation 
resistance of Ti-Al-based alloys improves with increasing Al content due to the ability of Al to 
form an Al2O3 protective oxide layer on the surface of oxidized specimens. Thus, in the areas 
containing less than 5 at. % Al, the formation of titanium oxide is expected and would lead to a 
large weight gain.  



 
Fig. 11. Mass gain curves of the samples subjected to cyclic oxidation at 900 °C.  

 
The phases present in the oxide scales formed after oxidation for 200 hours at 900 °C 

were analyzed using XRD in a laboratory diffractometer (Fig. 12). The oxide scales formed at 
the surfaces of the most resistant samples (Ti-48Al-2Nb, Ti-46Al-8Nb and Ti-43Al-14Nb) had 
similar phases: Al2O3 and rutile (TiO2). Investigation of the oxides on the surface of the Ti-40Al-
20Nb sample showed that besides the two aforementioned oxides, the AlNbO4 phase with a 
monoclinic lattice had also formed. As mentioned in [57, 58], the formation of such a phase 
results in an increase of the oxidation rate.  

It is well-known that the creep resistance of titanium aluminides depends on many 
factors, such as the type of microstructure, impurities, processing way etc. For example, creep 
rate of Ti-48Al at nearly the same testing conditions as applied in our study can vary in the range 
from about 5×10-5 s-1 to 10-7 s-1 [59, 60]. The lowest value was observed for equiaxed 
microstructure [60]. Lamellar microstructure demonstrates the value of 10-6 s-1, however 
refinement of lamellas allows decreasing creep rate to 10-7 s-1 [60-62]. Creep rate of typical 
duplex microstructure is about 10-7 s-1 [62]. However, commercially important TiAl-based alloys 
as a rule contain alloying elements which improve mechanical and functional characteristics. 
Creep resistance of the alloys with additions of Nb, Cr, V, W etc. is usually in the same range as 
that of Ti-48Al and depends on the amount and types of alloying elements and heat treatment 
regimes [22, 63, 64]. Thus, the creep rate values of titanium aluminides with Nb additions 
obtained in our study were expected to be of the same order of magnitude as those reported in 
the literature. Indeed, compressive creep tests at a temperature of 800 ºС under a 250 MPa load 
showed that all cladded materials were characterized by a creep rate of 10-6 – 10-7 s-1 (Fig. 13). 
The Ti-40Al-20Nb coating demonstrated the lowest creep resistance. The secondary creep rate of 
this alloy was 4.5×10-6 s-1. The creep resistance increased with increasing Al content in the 
alloys. The lowest secondary creep rate (2.3×10-7 s-1) was for the Ti-48Al-2Nb coating.  

 



 
Fig. 12.  Diffractograms after oxidation at 900 °C for 200 hours. The position of peaks relating to 
certain oxide phases are indicated. The highest peak intensity was 1500 counts per 
second. 
 



 
Fig. 13. Compressive creep curves of the cladded layer materials tested at 800 ºС and under a 
load of 250 MPa. 

 
Conclusions 
1. It was possible to obtain Ti-Al-Nb based coatings at the surfaces of titanium 

workpieces processed by non-vacuum electron beam treatment by adjusting the Nb and Al 
content. By this, the mechanical and other properties of the cp-Ti substrate can be modified.  

2. The phases present in the coatings depend on the powder mixture placed above the Ti-
substrate before electron beam processing. The α2-Ti3Al phase forms in all coatings independent 
of the Al and Nb concentration. Formation of the γ-phase is suppressed in these coatings and Al 
and Nb form a solid solution in the α-Ti. In the alloy with 20 at. % Nb and 40 at. % Al a γ1-phase 
was obtained. The β(В2)-phase in the cladded layers with 8 and 14 at. % Nb (containing 46 and 
43 at. % Al respectively) transformed to ω’-Ti (an intermediate phase that forms during the 
β(В2)→ω transformation). Thus, the phases present in the coatings differ from those predicted 
from the phase diagram. The formation of metastable phases during the electron beam treatment 
most probably resulted from the extremely high cooling rates the cladded layers experienced 
after the treatment was terminated and the inhomogeneous distribution of alloying elements 
across the coatings.    

3. Varying the Nb and Al concentration influenced the size of the heat affected zone. Low 
Al and high Nb contents increase the near surface energy loss and thus decrease the penetration 
depth of the electron beam and consequently the depth of the heat affected zone.  

4. The highest hardness and wear resistance were shown by alloys that did not contain the 
ω-phase (Ti-48Al-2Nb and Ti-40Al-20Nb). The high temperature creep and oxidation properties 
decreased proportionally with increasing Nb and decreasing Al content in the cladded layers. 
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