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Alloys of titanium with refractory elements such as tantalum, niobium, hafnium, zirconium, and 

molybdenum have attracted increased attention of experts in various fields. Two- and three-
component Ti-X and Ti-X-Y alloys (where X, Y = Ta, Nb, Hf, Mo, or Zr) are considered as promising 
materials for the chemical industry, nuclear power industry, and biomedicine. In this paper, we 
propose a new approach to producing cost-effective corrosion-resistant titanium alloys based on non-
vacuum electron-beam cladding of plates of titanium alloys with the above-mentioned elements. It is 
shown that the proposed technology allows the production of high-quality alloyed layers with 
thickness up to 2 mm in a single pass of the electron beam. In some cases, the corrosion resistance of 
such coatings in nitric acid is 200 times higher than the corrosion resistance of pure titanium and is 
comparable to that of pure tantalum.  

Повърхностно създаване на титанова сплав с труднотопими елементи чрез извън-
вакуумна електроннолъчева обработка (И. Батаев, М. Голковски, Н. Куксанов, А. Руктуев, 
В. Самоиленко, И. Поляков, А. Батаев) . Сплав на титан с труднотопими елементи - такива 
като тантал, ниобий, хафний, цирконий и молибден  получават все повече внимание от 
експерти от различни области. Дву- и три-компонентни Ti-X и Ti-X-Y сплави (където X, Y = 
Ta, Nb, Hf, Mo, или Zr) се разглеждат като обещаващи материали за химическата индустрия, 
ядрената енергетика и биомедицината. В тази работа ние предлагаме нов подход за 
получаване на евтини корозионно-устойчиви титанови сплави на основа на извън-вакуумна 
електроннолъчева обработка на листове от титанови сплави  с горе-споменатите елементи. 
Показано е, че предлаганата технология позволява да се произвеждат висококачествени 
сплавени слоеве с дебелина до 2 мм при едно минаване на електронния сноп. В някои случаи 
корозионната устойчивост на такива покрития в азотна киселина е 200 пъти по-висока от 
корозионната устойчивост на чист титан  и е сравнима с тази на чист тантал. 

 

1. Introduction 
Titanium alloys with refractory elements such as 

tantalum, niobium, hafnium, zirconium, and 
molybdenum have attracted increased attention of 
experts in various fields. As a rule, these alloys have 
high strength properties and better corrosion 
resistance than pure titanium. For this reason, two- 
and three-component Ti–X and Ti–X–Y alloys (where 
X, Y = Ta, Nb, Hf, Mo, or Zr) are considered as 
promising materials for the chemical industry, nuclear 
power industry, and biomedicine. It has been shown, 
for example, that a Ti–30% Ta alloy has almost the 
same corrosion resistance as pure tantalum [1]. Ti–5% 
Ta–1.8% Nb alloy studied by Raj et al. [2], was 
recommended for use in the nuclear power industry. It 
should be noted that the Ta, Nb, Hf, Mo, and Zr are 

biocompatible materials, and are therefore widely 
used in the development of a new generation of alloys 
for medical applications [3]. 

Among the disadvantages of these alloys are 
their high melting point and active interaction between 
the metal melt and atmospheric oxygen. Production of 
these alloys requires the use of expensive vacuum 
furnaces or furnaces with inert gas atmosphere. It 
should also be noted that the cost of elements such as 
Ta, Nb, and Hf far exceeds the cost of titanium. Thus, 
from an economic point of view, the production of 
these alloys is of interest only in a limited number of 
cases. 

In this paper, we propose a new approach to 
producing corrosion-resistant titanium alloys based on 
non-vacuum electron-beam cladding of plates of 
titanium alloys with the above-mentioned 
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elements. The high energy of the electron beam 
provides efficient melting of alloys of any chemical 
composition.  No special vacuum requirement allows 
processing of surfaces of any size. Rapid heat transfer 
into the work-piece leads to rapid cooling of the melt 
due to a reduction in the time of contact of the hot 
material with the oxidizing atmosphere. 

Materials and methods 
Non-vacuum electron-beam cladding was carried 

out on an ELV-6 accelerator at the Institute of Nuclear 
Physics. The substrates were 50х100х10 mm plates of 
VT1-0 titanium alloy. The surface layer of the plates 
was treated mechanically to remove the oxide layer, 
and then degreased. The plates were coated with a 
layer of a powder mixture, whose composition was 
varied over a wide range in different experiments. In 
most experiments, the cladding mixture contained 
powders of titanium, flux (CaF2 and LiF), and one or 
two alloying elements. In experiments conducted 
since 2009, we have determined the cladding 
conditions, structure, and properties of the following 
systems: Ti–Ta, Ti–Nb, Ti–Ta–Nb, Ti–Zr, Ti–Ta–Zr, 
Ti–Hf, and Ti–Ta–Mo. More details of the technology 
used can be found in [4–6]. 

 The structure of the obtained materials was 
investigated by optical microscopy, scanning electron 
microscopy, transmission electron microscopy, and X-
ray diffraction. The chemical composition of the 
coatings was determined by electron microprobe 
analysis. The mechanical properties of the coatings 
were evaluated by microhardness measurements on 
cross sections. In order to determine the strength 
properties of the coatings, the cladding layers were cut 
from the blanks using a wire electrical discharge 
machine and subjected to tensile tests. 

 
Fig.1. Structure of an cp-Ti sample with a Ti–Ta–Nb 

cladding layer 

The corrosion resistance of the coatings was 
investigated by a gravimetric method using a boiling 
solution of 68% HNO3 and by potentiodynamic 
measurements in an aqueous solution of NaCl. 

Results and discussion 
Fig. 1 shows a typical structure of the titanium–

refractive element alloy formed on the surface of 
VT1-0 alloy. The thickness of the coatings obtained in 
a single pass of the electron beam typically reaches 2 
mm. If thicker layers are needed, two- and three-layer 
coatings can be produced. 

The above-mentioned elements are strong 
stabilizers of β-phase titanium. For this reason, the 
structure of the coatings changes from a mixture of α' 
+β-phases to the pure β-phase as the degree of doping 
is increased. Numerous metallographic and X-ray 
studies have shown that due to the nonequilibrium 
cooling of the cladding layers, the equilibrium α-phase 
structure is apparently not formed. 

The mechanical properties and corrosion resistance 
of some coatings are illustrated in Fig. 
 2. From Fig. 2a, it follows that the microhardness of 
the cladding layers is about twice the microhardness 
of pure titanium. Furthermore, increasing the degree 
of alloying typically increases the strength of the 
cladding layers (Fig. 2b).  

The corrosion resistance of the coatings is also 
significantly improved. Polarization curves show a 
decrease in the corrosion current with a simultaneous 
increase in the corrosion potential (Fig. 
2d). Furthermore, the cladding layers exhibit a wide 
range of passivation. Thus, the electrochemical 
measurements indicate that the resulting materials 
have excellent corrosive properties. The results 
obtained are confirmed by gravimetric determination 
of the corrosion resistance (Fig. 2c). In the case of Ti–
22% Ta coatings, the corrosion resistance of the 
material in boiling 68% nitric acid increased by a 
factor of 192 [4].  

Conclusions 
Through systematic studies, we have gained 

extensive experience in the production of coatings of 
“titanium-refractory element” systems by non-vacuum 
electron-beam cladding. It has been shown that the 
proposed technology allows the production of high-
quality layers with thickness up to 2 mm in a single 
pass of the electron beam. In some cases, the 
corrosion resistance of such coatings in nitric acid is 
200 times higher than the corrosion resistance of pure 
titanium and is comparable to that of pure tantalum.  
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Fig. 2. Some properties of the cladding layers. a - 
microhardness of Ti–Ta–Nb coatings, b - strength 

properties of Ti–Ta coatings as a function of tantalum 
concentration [4], c - corrosion resistance of Ti–Ta alloys 
in boiling 68% nitric acid (1 - Cp–Ti, 2 - Ti–3.9% Ta, 3 - 

Ti–17.3% Ta, 4 - Ti–22% Ta) [4], d - polarization curves of 
Cp-Ti and a Ti–Ta–Nb coating in an aqueous solution of 

0.9% NaCl. 

The materials developed can be used in the 
manufacture of highly responsible products operating 
in corrosive environments in the chemical industry 
and the various areas of the nuclear power industry. 
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