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ABSTRACT
The intermetallic Ті‒44Al‒5Nb‒3Cr‒1.5Zr alloy (at.%), developed and melted at the E.O. Paton Electric Welding Institute of 
the NAS of Ukraine, was studied. The processes of evaporation of elements with a high vapor tension, such as aluminium and 
chromium for two electron beam processes: melting and welding were studied. It was experimentally proven and confirmed by 
investigations that the use of directional crystallization by electron beam melting, which takes place in deep vacuum conditions, 
does not allow providing uniformity of structure along the length of the ingot, which is associated with evaporation of elements 
with a high vapor tension, such as aluminium and chromium. It was found that during electron beam welding of specimens of 
intermetallic Ті‒44Al‒5Nb‒3Cr‒1.5Zr alloy (at.%), cracks appeared, but, as was proved by X-ray spectral studies, evaporation 
of elements does not occur. The parameters of these two processes were compared and it was shown that the level of evapo-
ration of elements with a high vapor tension in electron beam processes is influenced by the time of staying the material in a 
liquid state and the sizes of the molten zone.

KEY WORDS: intermetallic alloy of TiAl system, electron beam melting, electron beam welding, evaporation, elements with 
a high vapor tension, molten zone, crystallization time

INTRODUCTION
It is known that heat-resistant intermetallic alloys 
have high strength, heat resistance, creep and corro-
sion resistance at high temperatures [1]. Thanks to a 
low density and specific strength, intermetallics based 
on γ-TiAl are attractive for the use in gas turbine 
engines [2]. Due to unique properties, they are also 
promising for using in various other industries. For 
example, manufacture of low-pressure turbine blades 
from these alloys allows saving 180 kg for each en-
gine as compared to traditional materials [3]. This, 
in turn, allows reducing the cost of products of aero-
space industry, which is very important.

However, a low ductility at room temperature and 
a low manufacturablity, associated with the latter, 
complicates and in some cases even excludes the pos-
sibility of manufacturing semi-finished products and 
products from these materials. A widespread use of 
titanium aluminides in the structures of different pur-
pose depends to a large extent on the creation of effec-
tive methods for their manufacturing and subsequent 
processes of their mechanical and heat-mechanical 
treatment.

Since the use of TiAl titanium aluminides is prom-
ising for its wide application in the structures of air-
craft engine turbines, parts of the automotive industry 
and some other industries [4], then the introduction 
of intermetallic alloys largely depends on the devel-

opment of technologies of their joining. In parts and 
assemblies of gas turbine engines, it is possible to 
use welding in order to simplify their manufacturing. 
The most suitable method for producing intermetallic 
joining is electron beam welding [5], which allows 
welding products of different geometric shapes and 
producing welds of different extension. In addition, as 
compared to other types of fusion welding, it has the 
following advantages: first, since it is carried out in a 
high vacuum, it fully protects such an active materi-
al as titanium; secondly, in electron beam welding, a 
narrow weld and a very small heat-affected zone are 
formed, which, in turn, should lead to minimal defor-
mations of welded joint.

Therefore, the development and optimization of 
welding technology, the creation of new approaches 
to the welding process in order to produce defectless 
joints is very relevant.

The main problem with the use of electron beam 
processes for the manufacture and treatment of tita-
nium alloys is vacuum evaporation of elements with 
a high vapor tension [6, 7]. These elements include, 
in the first turn, aluminium and chromium. Since al-
uminium is one of the main elements of the alloy, its 
evaporation affects the structure and, accordingly, 
mechanical properties of the alloy.

The aim of the work is to study the influence of 
electron beam zone melting modes and electron beam 
welding of intermetallic Ti‒44Al‒5Nb‒3Cr‒1.5Zr al-
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loy (at.%) on the processes of evaporation of alloying 
elements and formation of microstructure and prop-
erties.

MATERIAL AND PROCEDURE 
OF RESEARCH
In the work, the intermetallic alloy of the 
following composition was investigated: 
Ti‒44Al‒5Nb‒3Cr‒1.5Zr (at.%) (Table 1), which 
was developed and melted at the E.O. Paton Electric 
Welding Institute of the NAS of Ukraine (PWI) [8].

Specimens for the study were produced after elec-
tron beam crucibleless zone melting (Figure 1) and 
after electron beam welding (Figure 2).

At a room temperature, cast intermetallic alloys of 
the TiAl system represent low ductililty materials and 
during their testing to a uniaxial tension, a fracture 
of the specimen occurs immediately in an elastic area 
after tension.

It is known that before using cast intermetallic to 
eliminate these defects, it should be subjected to gas 
static isothermal compression (GSIC), long-term heat 
treatment or rolling [9]. One of the methods to im-
prove the structure and increase mechanical charac-
teristics of intermetallic is a directed crystallization.

For conducting research, the method of crucible-
less electron beam zone melting was used (Figure 1).

In our opinion, the use of a crucibleless electron 
beam melting method is quite promising for the men-
tioned purposes, because it has a number of distin-
guishing features:

● high thermal efficiency (efficiency of the pro-
cess reaches 90 %), which is associated with a small 
power consumption;

● the indicated method makes it easy to regulate 
and maintain a set length of the molten zone, which is 
essential in developing both scientific bases and prac-
tical realization of the process;

● treatment of materials can be carried out in a 
wide range of temperatures — 250‒2200 °C, which 
allows remelting an intermetallic alloy having a melt-
ing point of 1460 °C;

● this method allows an easy control of a beam 
with its direct influence on a specimen. Scanning the 
beam along the molten zone with a certain frequency 
and amplitude can, respectively, change the tempera-
ture gradient of specimens in the process of melting.

It is also noticeable that after a directed recrystalli-
zation, GSIC treatment is not required, because in the 

produced ingots such microdefects as discontinuities, 
microcracks, etc. are absent; the porosity is absent, 
because shrinkage goes directed at the front of crys-
tallization and not in the volume of the ingot. It allows 
providing its uniform structure along the length of the 
ingot. In addition, the conditions of the process pro-
vide the purity of the material that is melted (there is 
no interaction with the material of the crucible).

As was mentioned above, for the further use 
of this alloy in industry, the technology of electron 
beam welding (EBW) of intermetallic of the follow-
ing nominal composition of Ti‒44Al‒5Nb‒3Cr‒1.5Zr 
(at.%) was developed. That was the same alloy, which 
was tried to be treated by the method of electron beam 
melting.

Table 1. Chemical composition of experimental alloy

Alloy Ti Al Nb Cr Zr

wt.% 52.82 28.8 11.72 3.51 3.16
at.% 45.92 44.54 5.26 2.82 1.46

Figure 1. Scheme of the method of crucibleless electron beam 
zone melting: 1 — molten specimen; 2 — upper holder; 3 — low-
er holder; 4 — molten zone; 5 — remelted area; 6 — electron 
beam heater; 7 — cathode; 8 — focusing device; 9 — electron 
beam

Figure 2. Scheme of the process of electron beam welding of 
plates of intermetallic Ti‒44Al‒5Nb‒3Cr‒1.5Zr alloy (at.%) in 
the welding chamber of the UL-144 installation: 1 — electron 
beam gun; 2 — base material; 3 — zone of local heat treatment; 
4 — weld; 5 — heat-affected zone; 6 — deployed beam of elec-
trons; 7 — electron welding beam
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The experiments on electron beam welding of in-
termetallic were performed in the welding chamber 
of the UL-144 installation according to the scheme 
shown in Figure 2.

Electron beam welding was performed without 
heating in the following mode: Uacc = 60 kV; Ib = 
= 35 mA; vw = 7 mm/s; P = 5⋅10‒3 Pa.

While producing welded joints of intermetallics of 
the TiAl system by the EBW method, their significant 
disadvantage is the possibility of cold crack forma-
tion, that occur at temperatures below 700 °C.

RESEARCH RESULTS

ELECTRON BEAM CRUCIBLELESS 
ZONE MELTING
During the technological experiments on electron 
beam crucibleless melting of intermetallic of the TiAl 
system, a strong evaporation from the molten zone 
and areas of the heated solid surface, occured. Un-
fortunately, the evaporated elements were deposited 
on assemblies of the electron beam heater, including 
such an important assembly as a tantalum spiral that 
simulates electrons; illuminator glass panes; chamber 
walls; fittings, which led to the impossibility of com-
pleting the process.

Micro-X-ray spectral examinations showed that 
in the process of electron beam melting of the in-

termetallic of the system Ti‒44Al‒5Nb‒3Cr‒1.5Zr 
(at.%), a strong evaporation of aluminium — one of 
the main components of the alloy occurs, which has a 
high vapor tension. This occurs from the molten zone 
and areas of a solid surface that are heated. In addi-
tion, chromium, included in titanium aluminide as an 
alloying element, also evaporates quite intensively. 
The studies of the chemical composition of titanium 
aluminide, subjected to recrystallization during cruci-
bleless electron beam melting, showed that from the 
material up to 20 % of aluminium and up to 18 % of 
chromium evaporate.

Examinations of the structure of titanium alu-
minide ingots produced by electron beam crucibleless 
melting (Figure 3) showed that the structure contains 
areas of two types: light- and dark-etched coarse equi-
librium grains (Figure 3, a).

The examination of the microstructure of the in-
got showed the presence of areas of the specimen in 
which the colonies of lamellae of the γ-phase are lo-
cated in different directions (Figure 3, b). Figure 3, 
c presents the macrostructure of the cross-section of 
the specimen. Tiny pores are observed, from which 
microcracks propagate to the central part of the spec-
imen, which is apparently caused by intense evap-
oration of aluminium. On the opposite edge of the 
cross-section of the specimen (Figure 3, d), the areas 

Figure 3. Structure of titanium aluminide ingots produced by electron beam crucibleless zone melting: a — macrostructure of inves-
tigated specimens; b — specimen area, on which the colonies of lamellae of the γ-phase are seen, located in different directions; b, c, 
d — macro- and microstructure of the cross-section of the specimen after zone remelting
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of coarse grains are located, consisting of a mixture 
of γ+α2-phase.

The micro-X-ray spectral analysis of the bottom of 
the pore, performed in the electron scanning micro-
scope JSM-840, showed that the assumptions made 
above were correct (Figure 4). Fractographic studies of 
specimens of intermetallic Ti‒44Al‒5Nb‒3Cr‒1.5Zr 
alloy (at.%) after electron beam zone melting showed 
the presence of a large number of pores (Figure 4, c).

Examinations showed that at the boundaries of the 
pore, the aluminium content drops to 18‒20 at.% as 
compared to 46‒47 wt.% in the matrix. At the bot-
tom of the pores, the areas of the film with a high al-
uminium content were found. At some points, the al-
uminium content reached 59 wt.%. It is possible, that 
the formation of aluminium oxides occurred in these 
places (Figure 4, b). During a detailed study of frac-
tures, the areas in the form of microscopic particles 
were found. As was shown by X-ray spectral analysis, 
the chromium content in these precipitations reached 
18 %. For comparison — in the alloy, the chromium 
content is 3 %.

ELECTRON BEAM WELDING 
OF INTERMETALLIC ALLOY
Examination of welded butt joints after electron beam 
welding (EBW) showed that in the weld, transverse 
cold cracks (Figure 5, a) are observed, which pass 
through the welded joint and end on both sides of the 
specimen on the base material. It is necessary to note 

the heterogeneity of the structure of the weld metal in 
the form of colonies of the (γ+α2)-phase, which are lo-
cated along the fusion zone and have a microhardness 
of 5110‒5270 MPa. In this area, numerous cracks 
with a length from 100 to 300 μm were revealed, lo-
cated parallel to the fusion line (Figure 5, b).

Figure 4. Fractographic studies of specimens of intermetallic Ti‒44Al‒5Nb‒3Cr‒1.5Zr alloy (wt.%) after electron beam zone melting: 
a–c — regions of the pore bottom of intermetallic; d – fracture surface of the pore bottom of intermetallic

Figure 5. Specimen of welded joint of intermetallic 
Ti‒44Al‒5Nb‒3Cr‒1.5Zr alloy (at.%), produced by electron 
beam welding: a — general appearance; b — microstructure 
(×200) of weld metal
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As it was found above, if in electron beam melting 
a considerable evaporation of aluminium (to 20 %) and 
chromium (to 18 %) occurs, and in electron beam weld-
ing cracks appear, it became necessary to determine the 
reasons of cold crack formation. This may be associat-
ed with the problem of evaporation of elements during 
electron beam welding, which leads to changes in the 
composition of aluminium or chromium.

In order to determine the possible evaporation of 
the alloy elements in the process of electron beam 
welding, a quantitative X-ray spectral analysis of 
the intermetallic welded joint produced by the EBW 
method was performed.

The results of the quantitative analysis of 
the welded joint elements of the intermetallic 
Ti‒44Al‒5Nb‒3Cr‒1.5Zr (at.%) are presented in Fig-
ure 6.

Investigation of evaporation of elements in the 
process of welding is almost not observed. Difference 
in the elemental composition occurs in aluminium by 
2.2 % and in chromium by 1 %. In this case, the re-
distribution of element components in the weld and 
titanium occurs approximately by 2.5 % higher than 
in the initial condition. Chromium and aluminium are 
the elements with a high vapour tension, and alumin-

ium, in addition, has a low boiling point and manages 
partially to evaporate in the welding process.

On the surface of the welded joint of the interme-
tallic of the Ti‒44Al‒5Nb‒3Cr‒1.5Zr system (at.%), 
performed by EBW, parallel formations are observed 
both in the base metal as well as in the weld metal 
(Figure 7, a).

The thickness of these phases amounts to 
1.36‒2.5 μm. Cracking in these phases is not ob-
served. Quantitative analysis of the phases showed 
that they are enriched in titanium (Figure 7, b).

DISCUSSION

COMPARISON OF MODES 
OF THE ELECTRON BEAM MELTING PROCESS 
AND ELECTRON BEAM WELDING 
OF THE Ti‒44Al‒5Nb‒3Cr‒1.5Zr ALLOY
Thus, according to the data of chemical analysis and 
structural examinations, as well as on the basis of a 
detailed study of literary sources devoted to the topic 
of evaporation of elements with a high vapour tension 
in electron beam processes [6, 7], it was concluded 
that using the method of crucibleless electron beam 
melting, it is not possible to produce high-quality in-
gots. In connection with the abovementioned, it was 
decided to apply an induction heating in argon, that 
allowed solving all problems with evaporation of ele-
ments and producing high-quality ingots [10, 11].

As showed the results of previous studies, the 
main source of cracks arising is a low ductility of in-
termetallic at room temperatures (the temperature of 
viscous-brittle transition is 700 °C) and inability to 
resist the appearance of cracks as a result of formation 
of welding stresses.

In order to prevent cold crack formation in weld-
ed joints of specimens of titanium aluminide and to 
form a high-quality weld, it was necessary to carry 
out a preheating heating of the specimens [12, 13] 
and the next local heat treatment by an electron beam, 
deployed in the one and the other direction. It was 

Figure 6. Quantitative analysis of welded joint zone of interme-
tallic of the Ti‒44Al‒5Nb‒3Cr‒1.5Zr system (wt.%)

Figure 7. Phases formed in EBW of intermetallic of the Ti‒44Al‒5Nb‒3Cr‒1.5Zr system (wt.%) in the weld metal: a — microstruc-
ture; b — spectral analysis of phases
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numerically shown and experimentally confirmed that 
the use of a distributed source of a preheating of the 
specimen before welding allows realizing favorable 
conditions during welding and during further cool-
ing, namely, reducing the value of tensile stresses 
by 30 %. In addition, during use of this technology, 
a phase transformation occurs, due to which an ad-
ditional β-(B2)-phase appears in the structure, which 
represents an ordered phase based on Ti. It is located 
on the boundaries of colonies and blocks the initia-
tion and propagation of cracks in the α2-phase as a re-
sult of stress reduction. The formation of a favorable 
three-component structure: γ-phase, (γ + α2)-phase 
and β-phase in the weld contributes to increase in its 
strength and ductility [14, 15].

To answer the question, why during two electron 
beam vacuum processes for the same alloy, absolute-
ly different behavior of elements with a high vapour 
tension was observed, a comparison of basic charac-
teristics of these processes was conducted. Figures 8, 
9 show the characteristics of the process of electron 
beam melting and electron beam welding.

As is seen from Figure 7, in electron beam melt-
ing at a speed of 50 mm/h, the duration of staying the 
material in a liquid state is 720 s. At a small thickness 
of welded material, it can be accepted that geometric 
dimensions of the welding pool in arc and electron 
beam welding are approximately equal [16].

To evaluate the average duration of staying the 
metal in a liquid state during electron beam welding, 
the formulas were used given in [17], and the dimen-
sions of the welding pool, which are usually accepted 
for arc welding of titanium with a thickness of 3 mm. 
By the calculations, it was found that the welding pool 
in electron beam welding stays in a liquid state ap-
proximately for 0.7 s, which is more than 700 times 
lower than in electron beam melting.

In addition, the width of the molten zone, which is 
crystallized in electron beam melting, is 10 mm (Fig-
ure 7, b), which is much more than in the process of 
electron beam welding, in which the width of the weld 
with the heat-affected zone is not more than 3 mm. 
And already in a second after the end of the weld-
ing process (Figure 9, c), the temperature in the weld 
drops by 500 °С.

Figure 8. Characteristics of electron beam melting process: a — thermal cycle of the process of zone melting of intermetallic; b — size 
of molten zone in the process of zone melting is 10 mm

Figure 9. Characteristics of the process of electron beam welding: a — thermal cycle of EBW process for welding intermetallic; b — 
calculation of temperature distribution in the weld of intermetallic with the thickness of 3 mm in the process of EBW; c — calculation 
of temperature distribution in the weld of intermetallic within 1 s after the end of welding process



32

N.V. Piskun et al.

                                                                                                                                                                                       

                                                                                                                                                                                                    

CONCLUSIONS
It was found that in the process of electron beam 

melting of the intermetallic Ti‒44Al‒5Nb‒3Cr‒1.5Zr 
alloy, a strong evaporation of elements occurs, that 
have a high vapour tension: aluminium to 20 % and 
chromium to 18 %. Since aluminium is one of the 
main components of alloy elements, its evaporation 
affects the structure. In electron beam welding, such a 
phenomenon is not observed.

As compared to thermocycles of two electron 
beam processes, it turned out that duration of stay-
ing the material in a liquid state during electron beam 
melting is 720 s, width of the molten zone is 10 mm, 
and in electron beam welding, a welding pool, which 
is crystallized in 0.7 s, has dimensions of approxi-
mately 2 mm.

Thus, the level of evaporation of elements with a 
high vapour tension in electron beam processes de-
pends on duration of staying the material in the liquid 
state and sizes of the molten zone.
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