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Abstract: Currently, there is a request from aerospace and aircraft for the construction materials with sufficiently high 
mechanical strength, thermal creep, corrosion and oxidation resistance. The conventional alloys used for these purposes 
are too heavy. At the same time, alternative light materials such as Ti–Al-based alloys have many flaws, when they are 
produced by conventional methods. This work considers the possibility to produce the Ti–Al-based alloys by the method 
of a wire-feed electron-beam additive manufacturing (EBAM). We study the chemical and phase compositions, micro-
structure and microhardness of a bimetallic Ti–Al alloy, obtained by this method. It is found the formation of five charac-
teristic regions between titanium and aluminum parts of the bimetallic billet. The mixing zone consists of TiAl and TiAl3 
intermetallics, that is confirmed by the investigation of microstructure, chemical and phase compositions. According to 
XRD (X-ray diffraction) and EDS (energy-dispersive X-ray spectroscopy) analyses, it can be assumed that TiAl interme-
tallic prevails over TiAl3 one. The average microhardness of the mixing zone equals to 450 HV (≈4.4 GPa). This zone has 
developed dendritic microstructure, and even distribution of the phases without link to dendritic and inter-dendritic zones. 
The cracks appearing in this area are filled with the material of the upper layers, so the whole material is poreless and de-
fect-free. Thus, the results of this work have shown a fundamental possibility to produce the intermetallic Ti–Al alloys 
with the use of the EBAM.  

Keywords: electron beam additive manufacturing; titanium aluminide; Ti–Al; TiAl3; titanium; aluminum; intermetal-
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INTRODUCTION  
Conventional alloys used for aerospace and turbine en-

gines are superalloys based on Ni, Co, or Fe. They provide 
sufficient mechanical strength, high thermal creep, corro-
sion and oxidation resistance [1]. All of these groups of 
alloys have a quite high value of density, that influences  
the efficiency in terms of sensible lifting force usage, fuel 
waste and CO2 emission as a result [2]. Hence, there is an 
obvious question about the possibility of obtaining such 

alternative alloys that would be light enough and have all 
the aforementioned properties.  

Low density (≈3.8 g/cm3), good resistance to high tem-
perature creep, and oxidation are essential properties of Ti–
Al-based alloys, which take note attention of the aerospace, 
aircraft and automotive industries. These alloys have a sig-
nificantly higher specific yield strength compared to con-
ventional alloys such as Ti and Ni-based alloys, especially 
in the temperature range of 600–1000 °С [3]. In addition, 
TiAl intermetallic has a slight advantage in cost and density 
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compared to Ti-alloys, which average density is ≈4.5 g/cm3 
[1]. The intermetallic can also compete in value of density, 
strength and possible exploiting temperatures with tradi-
tional Al-based alloys applied in aircraft industry [4].  
The main disadvantage of TiAl intermetallic constraining it 
from widespread usage was low plasticity (less 2 %) at 
room temperature [5]. Although there were approaches to 
improve plasticity by severe plastic deformation and ther-
mal treatment, which included: strengthening by nanotwins 
or precipitates, formation of nanograin gradient structure 
or a bimodal microstructure [6]. The use of these mecha-
nisms allows to achieve strain to failure of ≈14 % in TiAl 
intermetallics. Moreover, understanding of phase trans-
formations, and use of thermal treatment enabled the start 
of application of Ti–Al-based alloys in automobile and 
aircraft industries [7; 8]. 

Conventional fabrication and processing of Ti–Al-based 
alloys have a range of difficulties. The most cost-effective 
way of fabrication is casting, but this method delivers  
the coarse-grained lamellar samples with high anisotropy 
and well-known flaws [9–11]. There is a study where  
authors overcame the disadvantages of casting by selection 
of temperatures, cooling rates and crucible materials. They 
succeed in obtaining a homogeneous structure without mac-
roscopic defects, although some protrusions on the surface 
have been detected, and there was a need for post pro-
cessing [12]. Obviously, such quality of products is unac-
ceptable for aircraft and aerospace applications. 

Other conventional methods such as powder metallurgy, 
and wrought processing (rolling, forging, extrusion) have 
many drawbacks. Their common disadvantage is the large 
working cycle of machining to obtain the required accuracy 
and shape of the parts. The additional machining also leads 
to the need for heat treatments and waste of material. Pow-
der metallurgy is always related to high porosity, oxygen 
impurities, low plasticity, and additional processing re-
quirement [13].  

Currently, researchers try to find the best production 
way of the intermetallic in the field of additive manufactur-
ing (AM) methods. The main advantages of AM technolo-
gies are cost-effectiveness (there is no need for additional 
machining with waste material), high dimensional accuracy 
and variability of the shape of the parts. These methods can 
be divided into three main groups in terms of a feedstock 
usage: a wire-feed AM, a powder-feed AM, and a powder 
bed fusion AM [13–15]. The first two allow obtaining parts 
in the wide size range with high building rates, when  
the third is not suitable for large parts but has good dimen-
sional accuracy, and lower surface roughness. The last 
method has an important disadvantage, regardless of which 
heat source is used (laser or electron beam). The problem is 
the high temperature gradient, and the cooling rate of  
the material in the process. This leads to an inhomogeneous 
structure with a lot of cracks [13–15]. Although some re-
searchers suggest numerical thermokinetic models of a lay-
er growth that allow to optimize the process of powder 
melting. It is shown that the scanning mode, in particular 
the electron beam scanning step, most of all affects  
the quality of the surface layer [16].  

The choice of electron beam as a source of energy is op-
timal in terms of price, stability and control of the AM pro-
cess in comparison with laser beam and arc. The perfor-
mance executing in a vacuum, that is necessary during  

the working of titanium, delivers a high purity of a resulting 
product [17; 18].  

The use of wires as a feedstock allows to minimise  
the quantity of impurities and pores, and avoid the structur-
al inhomogeneity as a result. This approach also has a big-
ger potential in terms of its use in industry, because of the 
assortment, availability and quality of wires are significant-
ly greater than those for powders [19; 20].  

The work is aimed to consider the possibility to produce 
Ti–Al-based alloys by the method of a wire-feed electron-
beam additive manufacturing. We study the chemical and 
phase compositions, microstructure and microhardness of 
the additively obtained bimetallic material, with the focus 
on the transition zone between the Ti- and Al-based parts. 

 

METHODS 
The bimetallic billet presented in Fig. 1 a was fabricated by 

the method of a wire-feed electron beam additive manufactur-
ing. The installation for electron-beam additive manufacturing 
(EBAM) consisted of a vacuum chamber, a wire feeder, an 
electron beam source and a movable three-axis table. It was 
engineered in the Institute of Strength Physics and Materials 
Science (Siberian Branch of the Russian Academy of Scienc-
es). The feedstock was presented by two kinds of wires. The 
materials of wires were titanium (Grade 2; Ti–0.25Fe–0.2H–
0.2O–0.1Si–0.07C–N0.04) and aluminium (EN ISO 18273; 
99.8Al–0.13Fe–0.01Cu–0.01Mn–0.02Si–0.01V). A diameter 
of wires was 1.2 mm for both materials. The billet moved 
and melted under an electron beam along a substrate made 
of a mild steel. The chemical composition of the steel was 
Fe–1.9Mn–0.8Si–0.08C wt. %. The change of Z-coordinate 
and rotation by 180° occurred for each next layer. The first 
14 applied layers were made of titanium wire, and then  
the material changed and to 14 layers of aluminium were 
deposited. An approximate height of each layer in the result-
ant billet was about 0.5 mm. During the process, a beam cur-
rent was changing from 55 to 33 mA for titanium layers, and 
from 13 to 16 mA for aluminium ones. A scanning frequency 
and a wire feed rate were 100 Hz and 5.8 mm/s respectively. 
The process of EBAM was carried out in a vacuum chamber 
at a pressure of 10−3 Pa. The studied sample with dimensions 
of 13×7×1 mm in size shown in Fig. 1 b was cut off a billet 
by electrical discharge machining.  

The sample was mechanically ground and polished.  
The solution consisted of hydrofluoric acid, nitric acid, and 
water in the proportion of 25:7:3 was used for etching of 
the sample. Microstructure and surface morphology of  
the sample were studied on Apreo 2 SEM scanning electron 
microscope (SEM, Thermo Fisher Scientific, Czech Repub-
lic) in back-scattered electrons (BSE) mode. LEO EVO 50 
SEM (Zeiss, Germany) with an energy dispersive spectro-
scopy (EDS) device was used for elemental composition 
analysis. The definition of phase composition of the speci-
mens was performed by X-ray diffraction on DRON 7 dif-
fractometer (Bourevestnik, Saint Petersburg, Russia) with 
Co-Kα radiation. XRD analysis was performed for the sec-
tion cut in parallel to the substrate in the intermediate be-
tween Ti and Al regions highlighted with a dashed line in 
Fig. 2. AFFRI DM8 microhardness tester (Affri, Italy) was 
applied for rough assessment of mechanical properties.  
The load on the Vickers indenter was 100 g, and a load time 
of 10 s was used.  
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a 

 
b 

Fig. 1. EBAM-fabricated Ti–Al alloy billet (a)  
and extracted sections for study of the microstructure (М) and phase composition (РСА) (b) 

Рис. 1. Заготовка сплава Ti–Al, полученная методом ЭЛАП (а),  
и сечения, выбранные для исследования микроструктуры (М) и фазового состава (РСА) (b) 

 
 
 

  
 

Fig. 2. The common view of the studied sample extracted from the EBAM-fabricated bimetallic billet as shown in Fig. 1 b.  
Numbers I, II, III, IV, V show characteristic zones revealed by etching of the sample. 

I – the zone of the titanium layer near the substrate material where their mixing is realized; 
II – the part of the titanium layer located next to the mixing zone of titanium and aluminum; 

III – the mixing zone of the Ti and Al components in the melting pool; 
IV – the intermediate layer between the mixing zone and the region of pure aluminum; V – the layers of pure aluminum 

Рис. 2. Общий вид исследуемого образца, извлеченного из биметаллической заготовки, полученной методом ЭЛАП  
и показанной на рис. 1 b. Цифры I, II, III, IV, V обозначают характерные зоны, выявленные травлением образца. 

I – зона слоя титана вблизи материала подложки, где осуществляется их смешивание; 
II – часть титанового слоя, расположенная рядом с зоной смешивания титана и алюминия; 

III – зона смешивания компонентов Ti и Al в плавильной ванне; 
IV – промежуточный слой между зоной смешивания и областью чистого алюминия; V – слои чистого алюминия 

Frontier Materials & Technologies. 2023. № 3 63



Luchin A.V., Astafurova E.G., Astafurov S.V. et al.   “Formation of a bimetallic Ti–Al material by a wire-feed…” 

 

RESULTS  
Fig. 2 presents the metallographic image of the studied 

sample extracted from the EBAM-fabricated bimetallic 
billet. The difference of tones from dark-grey of Ti to light-
grey of Al is seen after etching of the sample. Area I is de-
fined as the zone of the titanium layer near the substrate 
material where their mixing is realised. Area II is the part of 
the titanium layer located next to the mixing zone of titani-
um and aluminium. The mixing zone marked as area III 
corresponds to the mixture of the Ti and Al components in 
the melting pool. Area IV was defined as the intermediate 
layer between the mixing zone and the region of pure alu-
minium. The last region is presented by the layers of pure 
aluminium and corresponds to area V.  

Areas V and I are the furthest regions from the mix-
ing zone, and their compositions correspond to the wire 
materials made of pure aluminium and titanium, respec-
tively. Since the mixing zone and the nearest regions are 
the main area of interest, the elemental composition 
analysis for areas V and I was not performed. According 
to EDS data, the elemental composition of area VI is 
presented by aluminium, titanium is almost absent 
(<1 %) (Table 1). Area III contains high values of Al 
(≈52 %) and Ti (≈44 %). According to TiAl phase dia-
gram such ratio of components can match γ-TiAl phase. 
SEM-image of microstructure shows that there are 
cracks filled with aluminium layers in the mixing zone 
(Fig. 3 a). It is noticeable that area III has developed 
dendritic microstructure (Fig. 3 b). The absence of  
a composition contrast in BSE mode of SEM-imaging 
shows the even distribution of the phases without link to 
dendritic and inter-dendritic zones. Thus, area III is more 
attractive and takes attention in terms of finding Ti–Al 
compositions. Because of that, the further research is 
focused on this area. Area II contains the significant vol-
ume of titanium (≈90–92 %) and iron (≈7–9 %), but al-
uminium is almost absent (<1 %). 

According to XRD pattern of EBAM-fabricated sample 
in area III, the phase composition is presented by TiAl and 
TiAl3 phases (Fig. 4). The small peak corresponded to 41.5° 
(111) can be explained only by the presence of insignificant 
quantity of α-Ti phase. The intensity of the peaks, especial-
ly the first two most intensive peaks of 45.0° (111) and 
52.4° (002), shows that TiAl intermetallic noticeably pre-
vails over TiAl3. In addition, we can not deny the presence 
of aluminium since it has common peaks with TiAl inter-
metallic phase. 

Since the interfaces between the areas II, III, and IV are 
not flat, the Ti and Al layers adjacent to area III are in  
the field of X-ray analysis. Due to this, the α-Ti phase stabi-
lised by aluminium from the upper regions of area IV ap-
pears in area III. At the same time, stabilization of the β-Ti 
phase is observed in area II due to the presence of iron dif-
fusing from the substrate (Fig. 5, Table 1). 

Microhardness of EBAM-fabricated bimetallic Ti–Al 
alloy sample varies throughout the whole billet. This means 
the significant difference of strength properties of all its 
areas (Fig. 6).  

The microhardness of areas I and II is ≈530 HV 
(≈5.2 GPa) and ≈390 HV (≈3.8 GPa), respectively.  
The average value of microhardness for area III is 450 HV 
(≈4.4 GPa). There is a region related to area IV with devia-

tion from the μH value of pure aluminium where the micro-
hardness is about 70 HV. The value of aluminium layer 
corresponded to area V equals to 30 HV. 

 

DISCUSSION  
As it was shown above in Fig. 2, the EBAM method al-

lowed to obtain the bimetallic billet of Ti–Al system. Vari-
ous regions can be easily distinguished by their grey shades 
into five characteristic areas, with different chemical and 
phase compositions. The microhardness testing results also 
allow to differ them by the noticeable changes of micro-
hardness along the height of the sample.  

The first deposited layers, related to areas I and II, are 
supposed to the initial phase composition of Grade 2 titani-
um wire presented by α-Ti phase. But the microhardness 
values of these areas are significantly higher than usual for 
Grade 2 pure titanium consisted of α-Ti phase (≈1.5 GPa) 
[21]. It is shown that, according to the results of XRD ana-
lysis, area II is presumably presented by β-Ti solution 
(Fig. 5). The formation of β-Ti phase in pure titanium is 
possible, when the temperature of heat treatment achieves 
the point of phase transformation equal to ≈590 °С, with 
following quenching [22]. The temperature of melting pool 
achieved by the EBAM process is significantly higher than 
590 °С, but the cooling rate is quite low [23]. This means 
that the phase composition will be presented by the α-Ti 
phase as a result. Although, the presence of iron in these 
areas confirmed by the EDS data is high, and sufficient for 
preventing of the α-Ti-phase formation, since iron is  
a strong stabilizer of the β-phase [24]. The increase of mi-
crohardness values occurring from area II to area I in  
the direction of the substrate should be related to the change 
of chemical and phase composition [25]. According to 
phase diagram of the Fe–Ti system this can be a result of 
FeTi-intermetallic appearance [22]. An increase in the con-
centration of iron, in the direction of the substrate, contrib-
utes to an increase in the volume of the intermetallic phase, 
and hence the strength characteristics. 

The EDS data of area III, shows a small deviation from 
equiatomic ratio between aluminium and titanium compo-
nents to the side of the former (Table 1). The XRD analysis 
confirms that obtained alloy in this area is presented by 
TiAl and TiAl3 intermetallics, Al, and α-Ti phases (Fig. 4). 
Presumably the presence of aluminium in area III, provides 
the small appearance of α-Ti phase, since the former con-
tributes stabilisation of α-Ti phase [24]. Moreover, the pure 
Al can be detected in this area because of filling the cracks 
with the aluminium (Fig. 3 a). When the layers in the area 
III solidified, the material of the upper aluminium layer of 
area IV filled these cracks. Thus, there is the process of the 
“healing” of these cracks which appear in area III while the 
following deposition. Due to this, there are no voids or 
cracks in the mixing zone. It is also obvious that a quantity 
of the aluminium phase in this area should not be large. 
This follows from the fact that, according to EDS data, the 
quantity of titanium is large, and cannot be presented only 
by the trace amount of α-Ti phase. The average value of 
microhardness in area III is 450 HV (≈4.4 GPa) and corre-
sponds to the possible range from 3 GPa to 5 GPa for TiAl-
based intermetallics (Fig. 6) [26]. This range is quite wide, 
because the microhardness depends on the microstructure, 
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Table 1. EDS data for areas II, III, IV of the EBAM-fabricated Ti–Al alloy sample 
Таблица 1. Результаты ЭДС для областей II, III, IV сплава Ti–Al, полученного методом ЭЛАП 

 
 

Area Spectrum 
Al Ti Fe 

Atomic % 

IV 

1 99.87 0.11 0.02 

2 99.99 0.01 0.00 

3 99.80 0.11 0.09 

III 

4 52.55 42.83 4.62 

5 57.07 40.96 1.97 

6 58.15 38.85 3.00 

II 

7 0.06 90.70 9.24 

8 0.89 91.40 7.71 

9 0.24 92.45 7.31 

 
 

 

 
a 

 
b 

Fig. 3. SEM-image of microstructure and EDS points for areas II, III, IV (a)  
and BSE mode SEM-image of area III (b) of the EBAM-fabricated Ti–Al alloy sample 

Рис. 3. СЭМ-изображение микроструктуры и точек ЭДС для областей II, III, IV (a)  
и СЭМ-изображение в режиме ОРЭ области III сплава Ti–Al, полученного методом ЭЛАП (b) 
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Fig. 4. XRD pattern of EBAM-fabricated bimetallic Ti–Al alloy sample in area III 
Рис. 4. РДА-дифрактограмма области III образца биметаллического Ti–Al сплава, полученного методом ЭЛАП 

 
 
 

 
 

Fig. 5. XRD pattern of EBAM-fabricated sample in area II 
Рис. 5. РДА-дифрактограмма области II образца, полученного методом ЭЛАП 
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Fig. 6. Microhardness vs the distance from the substrate of EBAM-fabricated sample 
Рис. 6. Зависимость микротвердости от расстояния от подложки образца, полученного методом ЭЛАП 

 
 
 

exact phase composition stoichiometry and elemental com-
position. Moreover, it is extremely difficult to obtain ho-
mogenous single phase intermetallic. Thus, the phase com-
position of this area is commonly presented by the mixture 
of TiAl and TiAl3 intermetallics, and the former one pre-
vails over the latter.  

Area IV was defined as the intermediate layer between 
the mixing zone and the region of pure aluminium marked 
as area V. According to EDS data, the elemental composi-
tion of area IV is presented by aluminium, titanium is al-
most absent (<1 %) (Table 1). As it was aforementioned, 
the microhardness of area IV is higher than typical for pure 
aluminium (Fig. 6). This can be related to the formation of 
a small transition zone between area III and pure aluminium 
layer of area V. Possibly, this zone is the mechanical mix-
ture of pure aluminium and TiAl3 intermetallic and the Al-
based solid solution Al (Ti). Although the zone is quite 
small and, apparently, does not correspond to the EDS data 
presented for area IV. Thus, this zone requires more precise 
study of the chemical and phase composition. Since  
the microhardness of area V equals to that of pure alumini-
um, it can be suggested that area V has the same chemical 
composition [27].  

 

CONCLUSIONS 
The possibility to produce Ti–Al-based alloys by  

the method of a wire-feed electron-beam additive manufac-
turing is presented in this study. The chemical and phase 
compositions, microstructure and microhardness of the ad-
ditively obtained bimetallic material Ti–Al system, with  
the focus on the transition zone between the Ti- and Al-
based parts are carried out. 

The method allows us to obtain Ti–Al-based alloy pre-
sented by the mixture of TiAl, TiAl3 intermetallics and  
an insignificant amount of pure aluminium and titanium 
phases. The intensity of XRD peaks, the chemical composi-
tion ratio, and the value of microhardness show that TiAl 

intermetallic noticeably prevails over TiAl3. The average 
microhardness of the mixing zone is 450 HV (≈4.4 GPa). 
This zone has developed a dendritic microstructure, and 
even distribution of the phases without link to dendritic and 
inter-dendritic zones. The cracks appearing in this area are 
filled with the material of the upper layers. Thus, the 
whole material of obtained bimetallic material is defect-
free. Although the fact of iron presence from the substrate 
material in the billet layers requires changing and optimis-
ing of EBAM mode for obtaining of a high-quality bime-
tallic billet.  
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Аннотация: В настоящее время в аэрокосмической промышленности и авиастроении существует запрос на 
новые конструкционные материалы, обладающие достаточно высокой механической прочностью, тепловой ползу-
честью, стойкостью к коррозии и окислению. Обычные сплавы, используемые для этих целей, слишком тяжелы.  
В то же время альтернативные легкие материалы, такие как сплавы на основе Ti–Al, имеют множество недостатков 
при производстве традиционными методами. В данной работе рассмотрена возможность получения сплавов на 
основе Ti–Al методом проволочного электронно-лучевого аддитивного производства (ЭЛАП). Изучены химиче-
ский и фазовый составы, микроструктура и микротвердость биметаллического сплава Ti–Al, полученного данным 
методом. Обнаружено образование пяти характерных областей между титановой и алюминиевой частями биме-
таллической заготовки. Зона смешивания состоит из интерметаллидов TiAl и TiAl3, что подтверждается исследо-
ванием ее микроструктуры, химического и фазового составов. По результатам рентгеновского дифракционного 
анализа и энергодисперсионной рентгеновской спектроскопии можно предположить, что объемная доля интерме-
таллида TiAl в зоне смешивания выше, чем доля фазы TiAl3. Средняя микротвердость зоны смешивания составля-
ет 450 HV (≈4,4 ГПа). В зоне смешивания сформировалась развитая дендритная микроструктура и равномерное 
распределение фаз без привязки к дендритным и междендритным зонам. Трещины, появляющиеся в этой области, 
заполняются материалом верхних слоев, поэтому материал беспористый и бездефектный. Это показывает принци-
пиальную возможность получения интерметаллидных сплавов Ti–Al с использованием ЭЛАП. 

Ключевые слова: электронно-лучевое аддитивное производство; алюминид титана; Ti–Al; TiAl3; титан; алюми-
ний; интерметаллиды; микроструктура; микротвердость. 
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