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Abstract: In the present work, electron beam welding (EBW) was used to produce joints from the VTI-4 alloy based on 

orthorhombic titanium aluminide (Ti₂ AlNb), which is a promising material for the aerospace industry. A pulsed EBW 

mode for butt-welding of 2 mm thick plates of this alloy was proposed, ensuring the formation of a high-quality welded 

joint. The welding parameters were as follows: welding speed 0.5–1.0 m/min, welding current 15–20 mA, focusing current 

500–550 mA, and pulse frequency 25 Hz, with the beam focused on the surface of the workpieces. The phase composition, 

as well as the grain size and dimensions of the weld zones, were determined using scanning electron microscopy methods. 

The fusion zone (FZ) consists of the β-phase, while the heat-affected zone (HAZ) can be divided into HAZ1, consisting of 

β+α2 phases, and HAZ2, comprising β+α2+O phases. In the HAZ1 region, the globular α2-phase is partially retained, since 

higher heating temperatures are required to complete the α2→β transformation. Furthermore, it was determined that  

the level of strength properties of the produced welded joints corresponds to ≈90 % of the base metal strength. A compara-

tive analysis of the dendrite size and globular β-grains in the weld, as well as the strength and ductility of joints produced 

by various fusion welding methods, showed that the EBW joints have a 2–3 times smaller grain size in the fusion zone and 

the HAZ of the weld. This feature positively affects the set of mechanical properties, where a high weld strength coeffi-

cient is achieved during EBW of the VTI-4 alloy, and the elongation at fracture corresponds to 2.8 %.  
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INTRODUCTION 

Recently, alloys based on orthorhombic titanium 

aluminide (Ti2AlNb) have attracted widespread interest 

from scientists around the world. They are considered 

among the most promising materials for the aviation in-

dustry due to their good machinability, high specific 

strength, impact toughness, and creep resistance up to 

750 °C [1–3]. The use of Ti2AlNb-based alloys will po-

tentially allow creating advanced aircraft engines with  

a high thrust-to-weight ratio [4]. The ordered ortho-

rhombic O-phase (Ti2AlNb) in these materials ensures  

a favorable balance of strength and ductility [4]. However, 

the fabrication of welded structures from Ti2AlNb-based 

alloys can be complicated by their high reactivity  

with O, N, and H at elevated temperatures, which leads 

to embrittlement [5]. Furthermore, such joints are prone 

to hot cracking due to high thermal stresses arising from 

the thermal cycle of fusion welding [6]. 

To solve this problem when using arc welding methods, 

an inert atmosphere is required. However, the electric arc 

creates a wide weld pool, whose solidification results in  

the formation of a coarse dendritic structure and a broad 

heat-affected zone [7]. Consequently, although the strength 

properties of welded joints produced by arc welding meth-

ods can reach over 80 % of the base metal strength, their 

ductility remains low [8]. 

Other specialized welding methods for Ti2AlNb-based 

alloys are also known, namely laser welding (LW), electron 

beam welding (EBW), diffusion welding (DW), and friction 

stir welding (FSW) [5]. LW allows for obtaining welded 

joints with high dimensional accuracy. However, as with 

other fusion welding methods, structural transformations in 

the weld zones lead to a reduction in mechanical properties 

and/or crack formation. The use of preheating of workpiec-

es, as well as post-weld heat treatment, can partially solve 

these problems [9; 10]. 

It is important to note that EBW and LW possess high 

efficiency, precision, and process automation. At the same 

time, the need to create a vacuum makes EBW less produc-

tive compared to other methods, and the characteristic nar-

row weld seam leads to the occurrence of high tensile 

stresses and subsequent cracking in the welding zone [11]. 

However, the occurrence of defects after EBW can be min-

imized by using optimal modes and electron beam oscilla-

tion. In turn, DW is a rather time-consuming process with 

high requirements for the quality of the surfaces being 

welded, which limits the widespread application of this 

welding method [5; 12]. FSW of Ti2AlNb-based alloys is 

insufficiently studied due to limitations in the dimensions of 

the welded structure and difficulties in ensuring the durabil-

ity of the tool; therefore, this welding method has not found 

wide application. 

EBW is widely used for producing welded joints in 

products that have high quality requirements, complex con-

figurations, or large thicknesses. However, due to the diffi-

culties in welding Ti2AlNb-based alloys, additional research 

is required to optimize the welding modes. 

The aim of this study is to develop a pulsed electron 

beam welding mode for plates made of VTI-4 alloy based 

on orthorhombic titanium aluminide, ensuring the for-

mation of a fine-grained weld structure and achieving equal 

strength of the welded joint. 

 

METHODS 

The study investigated a Ti2AlNb-based alloy of  

the VTI-4 grade, whose chemical composition is given in 

Table 1. The mechanical properties of the studied alloy in 

the initial state (hot-rolled plate) are presented in Table 2. 

The microstructure of the hot-rolled plate consists of large 

β-grains measuring 300±50 μm, with a globular α2-phase 

8±5 μm in size located along their boundaries. An acicular 

(lamellar) O-phase was observed along the boundaries and 

within the volume of the β-grains, with a length of 7±3 μm 

and a thickness not exceeding 3 μm (Fig. 1). 

Workpieces for EBW, with dimensions of 25×15×2 mm3, 

were cut from the hot-rolled plate using VL400Q / 

VL600Q electrical discharge machines (Sodick, China). 

Prior to EBW, the entire surface of the workpieces was 

ground with WS flex 18 C silicon carbide abrasive paper 

(Hermes, Germany) with grain sizes from P60 (269 μm) 

to P600 (26 μm). The faying surface at the joint was 

ground with P1000 (18 μm) SiC-based grinding wheels 

(Trojan, China). Cleaning of the workpieces from organ-

ic contaminants and abrasive particles was carried out in 

a 3404 ultrasonic bath (Sapphire, Russia) with analytical 

grade acetone for 10 minutes, followed by rinsing in water. 

Electron beam welding of the VTI-4 alloy workpieces 

was performed at Proton-PM JSC using an AELTK 12–

358 unit (NITI Progress OJSC, Russia). Welding

 

 

 
Table 1. Chemical composition of VTI-4 titanium alloy 

Таблица 1. Химический состав титанового сплава ВТИ-4 

 

 

Element Ti Al Nb V Zr Mo Si 

at. % Balance 23 23 1.4 0.8 0.4 0.4 
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Table 2. Mechanical properties of VTI-4 titanium alloy 

Таблица 2. Механические свойства титанового сплава ВТИ-4 

 

 

Alloy grade 
Ultimate tensile strength 

(σU), MPa 

Yield strength, 

(σ0.2), MPa 

Ductility 

(δ), % 

Microhardness 

(HV0.2) 

VTI-4 1230 1190 3.5 400±10 

 

 

 

 

 

Fig. 1. Microstructure of the hot-rolled plate made of VTI-4 alloy 

Рис. 1. Микроструктура горячекатанной плиты из сплава ВТИ-4 

 

 

 

of 2 mm thick plates was carried out in a butt joint with-

out a gap and without filler material. The EBW modes 

were selected based on known experience in welding 

titanium alloys [13]: welding speed 0.5, 0.67, and 

1.0 m/min; welding current 15, 18, and 20 mA; focusing 

current 500, 530, and 550 mA; pulse frequency 25 Hz; 

beam focusing was carried out on the surface of  

the workpieces (0.0 mm). The vacuum during welding 

was 10–3–10–4 Pa. According to preliminary experiments, 

modes with minimum welding currents led to lack of 

penetration; therefore, two welding modes presented  

in Table 3 were considered in this work. 

To evaluate the strength of the welded joint, specimens 

for uniaxial tension were cut from the plate transverse to 

the weld. The layout scheme and main overall dimensions 

are shown in Fig. 2. The specimens had a standard dog-

bone geometry. The geometry complied with the require-

ments of GOST 1497. 

The surface of specimens for mechanical testing and 

microstructural studies was prepared using similar abrasive 

materials with grain sizes up to P2000 (10 μm) on 

BAINPOL VT 8 grinding and polishing equipment (Chen-

nai Metco, India). Subsequent surface polishing was carried 

out on MD Chem cloth (Struers, Denmark) using an OP-S 

NonDry silicon carbide-based suspension. Afterwards,  

the specimens were cleaned from suspension particles and 

other contaminants in an ultrasonic bath and in a Plasma 

Cleaner (Fischione, USA, PA 15632) for 30 minutes. 

Mechanical tests of the welded joints produced by EBW 

were carried out on an Instron 5882 testing machine with 

Bluehill 2 software (Instron, UK) at room temperature with 

a strain rate of 10–4 s–1. 

Microhardness evaluation of the welded joints in  

the cross-section was carried out using 402MVD equipment 

and Hardtest Wolpert Group software (Instron, Netherlands) 

with a load of 200 g, indentation time of 15 s (HV0.2), and  

a scanning step of 0.10 mm. The microhardness scanning 

area for the specimens was selected in the middle of  

the cross-section of the weld (Fig. 2). 

Microstructural studies using backscattered electrons 

(BSE) and EBSD analysis were carried out on Nova  

NanoSEM 450 and Q600 3D scanning electron micro-

scopes (FEI, Czech Republic) with TSL OIM Analysis 9 

software at a scanning step of 1 μm and accelerating 

voltages of 20–30 kV. 

Heat treatment of the welded joints was carried out in  

an LT 5/12/P320 furnace (Nabertherm, Germany) according 

to the following regime: heating to 920 °C (α2+β+O-phase 

region), holding for 2 hours and air cooling, followed by 

holding for 6 hours at 800 °C (β+O-phase region) with air 

cooling. To protect against oxidation, the specimens were 

sealed in glass ampoules under vacuum. 
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Table 3. EBW modes for 2 mm thick VTI-4 alloy workpieces 

Таблица 3. Режимы ЭЛС заготовок толщиной 2 мм из сплава ВТИ-4 

 

 

No. 
Welding speed, 

m/min 

Welding current, 

mA 

Focusing current, 

mA 

Pulse frequency, 

Hz 

1 0.67 18 530 25 

2 1.00 20 550 25 

 

 

 

 

 

Fig. 2. Layout schemes of specimens for uniaxial tensile testing  

and microhardness measurement in the cross-section of the welded joint produced by EBW 

Рис. 2. Схемы расположения образцов для испытаний на одноосное растяжение 

и измерения микротвердости в поперечном сечении сварного соединения, полученного ЭЛС 

 

 

 

RESULTS 

Analysis of the appearance of welded joints after 

welding using different EBW modes (Fig. 3) revealed  

a clear dependence of defect formation on the welding 

mode parameters. At a higher welding speed of 1.0 m/min, 

lack of penetration is observed; at a lower speed of 

0.5 m/min, an uneven weld is formed, i.e., the geometry 

of the weld root and bead is disrupted (Fig. 3, Mode 

No. 2). At a welding current of 15 mA and a focusing 

current of 500 mA, local lack of penetration is observed, 

while at a welding current of 20 mA and a focusing cur-

rent of 550 mA, local burn-through and undercuts on  

the weld surface occur. The pulse frequency remained 

unchanged; beam focusing was carried out on the surface 

of the workpieces (0.0 mm) due to their small thickness. 

At welding and focusing currents of 18 mA and 530 mA 

(Mode No. 1), these defects do not form. 

Thus, the preferred EBW mode for 2 mm thick VTI-4 

alloy plates is Mode No. 1, which ensures a favorable bead 

shape and full penetration throughout the workpiece thick-

ness (Fig. 3). Small deviations from the welding mode lead 

to undercuts on the outer weld or lack of penetration at  

the weld root. No external pores, cracks, or temper colors 

were detected on the surface of the welds. 

The IPF map of the cross-section of the weld ob-

tained using Mode No. 1 (Fig. 4) demonstrates its char-

acteristic mushroom shape. The IPF map of the weld 

cross-section is displayed in such a way that the electron 

beam acted on the weld from above. The bead width in 

the upper part is 1.8–2.0 mm. In the narrowest central 

part, the weld width is 0.6–0.8 mm, widening to 1.2 mm 

at the root. 

According to the results of EBSD analysis of the weld 

cross-section, it was determined that the maximum length 

and width of dendrites in the fusion zone are ≈560 μm and 

≈170 μm, respectively, and the average width of globular  

β-grains in the fusion line region and at the weld root is 

110±20 μm. 

The transverse structure of the weld according to 

BSE analysis data is shown in Fig. 5, where it can be 

seen that no pores or microcracks were detected in  

the weld cross-section. In the weld, the fusion zone (FZ) 

and the heat-affected zone (HAZ) can be distinguished, 

separated by the fusion line (FL) (Fig. 5). It was estab-

lished that the FZ consists of the β-phase. At the FZ-FL 

boundary, the α2- and O-phases completely dissolved 

upon heating, and no reverse transformation occurred 

upon cooling. The HAZ, in turn, can be divided according 
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Fig. 3. Appearance of the VTI-4 alloy welded joint depending on the EBW mode 

Рис. 3. Внешний вид сварного соединения из сплава ВТИ-4 

в зависимости от режима ЭЛС 

 

 

 

 

 

Fig. 4. EBSD map of the cross-section of the VTI-4 alloy weld produced by EBW under Mode No.1:  

FZ – fusion zone; FL – fusion line; HAZ1 – heat-affected zone (β+α2); HAZ2 – heat-affected zone (β+α2+O) 

Рис. 4. EBSD карта в поперечном сечении сварного шва из сплава ВТИ-4, полученного ЭЛС по режиму №1:  

ЗП – зона плавления; ЛС – линия сплавления; ЗТВ1 – зона термического влияния (β+α2); 

ЗТВ2 – зона термического влияния (β+α2+O) 

 

 

 

to the identified structural constituents into HAZ1, con-

sisting of β+α2 phases, and HAZ2, which consists of  

β+α2+O phases (Fig. 5). 

According to the results of uniaxial tensile tests of  

the welded joint (Fig. 6) obtained by EBW, the strength prop-

erties are at the level of ≈90 % of the base metal strength 

(σU=1080 MPa, δ=2.8 % for the weld compared to 

σU=1230 MPa, δ=3.5 % for the base metal). Fracture of  

the specimens during tensile testing occurred in the FZ/FL  

or FL/HAZ regions. The fractures mainly exhibit a river-like 
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Fig. 5. BSE analysis of the microstructure of the VTI-4 alloy welded joint produced by EBW under Mode No.1:  

FZ – fusion zone; FL – fusion line; HAZ1 – heat-affected zone (β+α2); HAZ2 – heat-affected zone (β+α2+O) 

Рис. 5. BSE-анализ микроструктуры сварного соединения из сплава марки ВТИ-4, полученного ЭЛС по режиму №1:  

ЗП – зона плавления; ЛС – линия сплавления; ЗТВ1 – зона термического влияния (β+α2); 

ЗТВ2 – зона термического влияния (β+α2+O) 

 

 

 

 

     

 a b 

Fig. 6. Mechanical tests of VTI-4 alloy welded joints: 

a – mechanical properties of the base material and the welded joint produced by EBW; 

b – fracture surface of the tensile specimen  

Рис. 6. Механические испытания сварных соединений из сплава ВТИ-4: 

a – механические свойства основного материала и сварного соединения, полученного ЭЛС;  

b – поверхность разрушения образца на растяжение 

 

 

 

relief; however, areas of ductile fracture are also present, where 

dimples and quasi-cleavage facets are observed (Fig. 6 b). 

Analysis of the microhardness profile (Fig. 7) in  

the cross-section of the VTI-4 alloy welded joint produced 

by EBW using Mode No. 1 revealed a characteristic de-

crease in microhardness in the fusion zone to a level of 

360±20 HV0.2 at a distance of 0.6±0.2 mm from  

the weld center. In the HAZ1 region, a higher microhard-

ness level was recorded – 365±20 HV0.2. In HAZ2, the mi-

crohardness level gradually increases with distance from 

1.1±0.3 mm from the weld center and reaches a level of 

410±20 HV0.2, which corresponds to the values of the base 

metal (BM) (Fig. 7). 

Analysis of the microstructure in the cross-section of  

the welded joint obtained by EBW using Mode No. 1 afterheat 

treatment (HT) (Fig. 8) revealed an acicular (lamellar)  

O-phase 0.5–3.0 μm in size within the β-phase grains in  

the FZ (Fig. 8 a). At the fusion line, the length of the acicular 
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(lamellar) O-phase is 0.5–2.5 μm. In HAZ1, precipitation of 

the O-phase (0.4–2.1 μm in length) is observed throughout  

the volume of the globular β-grains, as well as along  

the boundaries of the globular α2-phase with a diameter of 1.4–

5.3 μm (Fig. 8 c). In HAZ2, the acicular (lamellar) O-phase 

has a length of 1.1–3.4 μm, and the diameter of the globular 

α2-phase is 1.3–4.7 μm (Fig. 8 d). In the BM, the highest con-

tent of the globular α2-phase with an average diameter of 1.4–

4.9 μm is observed along the boundaries of the primary  

β-grains (Fig. 8 e). 

The microhardness distribution profile in the cross-

section of the weld after HT (Fig. 9) shows an increase in 

microhardness in the FZ to HV0.2 398±18, with no pro-

nounced changes in the HAZ and BM regions. 

 

 

 

 

 

Fig. 7. Microhardness of VTI-4 alloy welded joints in the cross-section of the weld produced by EBW:  

BM – base metal; FZ – fusion zone; HAZ1 – heat-affected zone (β+α2); HAZ2 – heat-affected zone (β+α2+O) 

Рис. 7. Микротвердость сварных соединений из сплава ВТИ-4 в поперечном сечении сварного шва, полученного ЭЛС:  

ОМ – основной материал; ЗП – зона плавления;  

ЗТВ1 – зона термического влияния (β+α2); ЗТВ2 – зона термического влияния (β+α2+O) 

 

 

 

   

 a b c 

  

 d e 

Fig. 8. BSE analysis of the microstructure in the cross-section of the VTI-4 alloy welded joint  

produced by EBW under Mode No. 1 with subsequent HT:  

a – FZ; b – FL; c – HAZ1; d – HAZ2; e – BM 

Рис. 8. BSE-анализ микроструктуры в поперечном сечении сварного соединения из сплава ВТИ-4,  

полученного ЭЛС по режиму № 1 

с последующей ТО: а – ЗП; b – ЛС; c – ЗТВ1; d – ЗТВ2; e – ОМ 
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Fig. 9. Microhardness of VTI-4 alloy welded joints in the cross-section of the weld  

produced by EBW under Mode No. 1 with subsequent HT 

Рис. 9. Микротвердость сварных соединений из сплава ВТИ-4 в поперечном сечении сварного шва,  

полученного ЭЛС по режиму № 1 с последующей ТО 

 

 

 

DISCUSSION 

It is worth noting that the focusing current and beam fo-

cal distance under the selected welding modes can signifi-

cantly affect both the geometric parameters of the weld and 

the formation of weld shape defects, since the concentration 

of thermal energy in the heating spot varies over a wide 

range [14; 15]. The occurrence of undercuts on the surface 

and instability of the welding process may be associated 

with focusing the beam on the surface of the workpieces, 

when the metal on the surface locally melts and is displaced 

from the joint without forming a bead. However, due to  

the small thickness of the workpieces (2 mm), the permissi-

ble variations in the beam focus level are within a wide 

range; therefore, beam focusing does not significantly con-

tribute to defect formation. 

The mushroom-shaped weld observed in Fig. 4, with 

widening in the upper part (1.8–2.0 mm) and at the root 

(1.2 mm), is typical for electron beam welding. It is caused 

by a combination of two main factors: significant metal 

vapor pressure in the keyhole, which expands the upper part 

of the pool [14], and lower heat dissipation near the work-

piece surfaces, leading to more intense melting in the upper 

and lower zones compared to the central zone [15]. 

The absence of a HAZ region with only the β-phase in 

Fig. 5 is presumably associated with the high temperature 

gradients inherent to EBW processes [16]. It should be not-

ed that the structure formation in the HAZ depends both on 

the temperature gradient and on the temperature range from 

the end of crystallization to the base material temperature 

and high cooling rates (which is particularly characteristic 

of pulsed EBW). In this case, the dissolution temperature of 

the O-phase can be considered the boundary between 

HAZ1 and HAZ2. In the HAZ1 region, the globular  

α2-phase is partially retained, since higher temperatures are 

required to complete the α2→β transformation [10]. In con-

trast to the BM, in HAZ2 the O-phase partially transforms 

into the β-phase during heating, while the α2-phase is large-

ly retained. The transition from HAZ1 to HAZ2 is gradual 

and is accompanied by an increase in the proportion of  

the α2-phase. When transitioning from HAZ2 to the BM,  

an increase in the proportion of the O-phase is observed. 

Due to the high cooling rates in the weld during EBW, 

phase precipitation processes are suppressed, which ex-

plains the increase in the α2-phase fraction in HAZ1 from 

the FL to the boundary with HAZ2, and the increase in  

the O-phase fraction from the beginning of HAZ2 to the BM. 

The cast structure of the weld metal obtained by pulsed 

EBW is typical for fusion welding methods. However,  

the high level of strength of the VTI-4 alloy welded joint 

(≈90 % of the BM strength) was achieved due to the ab-

sence of pores and microcracks, as well as the fine-grained 

structure of the weld metal. The microhardness profiles in 

the weld cross-section, characteristic of fusion welding, 

were confirmed: large β-grains (dendrites) and the absence 

of strengthening O- and α2-phases reduce microhardness in 

the fusion zone (Fig. 7) [17]. The HAZ1 region has a higher 

microhardness level – 365±20 HV0.2, which is determined 

by the formation of fine globular β-phase grains. This  

explains why the welded joints failed in the FZ/FL or 

FL/HAZ regions during tensile testing [18]. The increase in 

microhardness values from the HAZ2 zone to the BM is 

associated with the presence of the O-phase in HAZ2,  

the content of which stabilizes with increasing distance 

from the weld center and reaches the BM level. 

After HT of the welded joints, specifically after heating 

to 920 °C (α2+β+O-phase region) with holding for 2 hours 

and air cooling, followed by holding for 6 hours at 800 °C 

(β+O-phase region), the increase in microhardness in  

the FZ is also associated with the precipitation of a large 

amount of finely dispersed O-phase during HT [19, 20].  

It is worth noting that after HT, the strengthening O-phase 

precipitated throughout the entire volume, but the mechani-

cal properties of the welded joint did not exceed  

the strength of the original hot-rolled workpiece. 

A comparative analysis of grain sizes in VTI-4 alloy welds 

obtained by EBW and other fusion welding methods, namely 

tungsten inert gas (TIG) welding [8], keyhole plasma arc 

welding (K-PAW) [21], and pulsed laser welding (PLW) 

[22], is presented in Fig. 10. The data from the compara-

tive analysis demonstrate that after pulsed EBW, the max-

imum dendrite sizes (maximum length Lmax and maximum 

width Hmax of dendrites) in the weld are at a low level 

(Lmax=0.56 mm, Hmax=0.17 mm). This is comparable to the 

grain sizes in welds obtained by pulsed laser welding 
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Fig. 10. Comparative analysis of VTI-4 alloy welds produced by different welding methods: 

a – maximum dendrite sizes; b – average grain sizes; 

c – mechanical properties of the welds.  

K-PAW – keyhole plasma arc welding [21], TIG – tungsten inert gas welding [8],  

LF – low-frequency pulse [22], HF – high-frequency pulse [22],  

PLW – pulsed laser welding [22], EBW – electron beam welding 

Рис. 10. Сравнительный анализ сварных швов из сплава ВТИ-4, полученных различными методами сварки: 

a – максимальные размеры дендритов; b – средние размеры зерен; 

c – механические свойства сварных швов.  

ПС – плазменная сварка проникающей дугой [21], АДС – аргонодуговая сварка [8],  

LF – низкочастотный импульс [22], HF – высокочастотный импульс [22],  

ИЛС – импульсная лазерная сварка [22], ЭЛС – электронно-лучевая сварка 

 

 

 

(Lmax=0.43 mm, Hmax=0.05 mm) (Fig. 10 a). This also  

applies to the average grain sizes in the weld (average 

length Lav and average width Hav of dendrites, and average 

sizes of globular β-grains in the weld). Compared to arc 

welding methods, the grain sizes in welds obtained by PLW 

and pulsed EBW are 2–3 times smaller (Fig. 10 a, b).  

The level of strength properties of VTI-4 alloy welded 

joints is approximately the same (≈90 % of the base metal 

strength); however, the ductility of welds produced by 

EBW is 1.5–2 times higher (Fig. 10 c). This is primarily 

associated with grain size, the absence of defects such as 

micropores and cracks in the weld, as well as the conditions 

for protecting the welding process from the atmosphere. 

Despite the relatively high strength properties and duc-

tility of the weld metal, for the practical implementation of 

the EBW technology for the VTI-4 alloy, a more in-depth 

study of the influence of a wide range of heat treatment 

modes on the structure and mechanical properties of  

the weld, as well as the influence of pulsed modes on weld 

formation for various workpiece thicknesses, is required. 

 

CONCLUSIONS 

A pulsed electron beam welding (EBW) mode for butt 

welding of 2 mm thick VTI-4 alloy plates is proposed, en-

suring high-quality weld formation. The welding parame-

ters are as follows: welding speed 0.5–1.0 m/min, welding 

current 15–20 mA, focusing current 500–550 mA, pulse 

frequency 25 Hz, with beam focusing on the surface of  

the workpieces. 
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According to the results of mechanical tests of weld-

ed joints obtained under the EBW conditions, a strength 

level of ≈90 % relative to the original VTI-4 alloy was 

achieved: σU=1080 MPa, with a ductility level of 

δ=2.8 %. In the welded joint, a characteristic decrease in 

microhardness is also observed due to the absence of  

the O-phase in the fusion zone (FZ) and in the heat-affected 

zone (HAZ1) to a level of 360±20 HV0.2, which constitutes 

90±3 % relative to the base metal. However, after EBW, 

narrower FZ and HAZ regions are observed compared to 

other fusion welding methods. 

Heat treatment at a temperature of 920 °C for 2 hours 

with air cooling, followed by aging at 800 °C for 6 hours 

with subsequent air cooling, contributed to an increase in 

the O-phase content in the welded joint. Furthermore, after 

heat treatment, an increase in microhardness in the fusion 

zone is observed to a level of ≈95 % relative to the base 

metal of the original structure (in the FZ up to 

398±18 HV0.2, in the HAZ region 384±23 HV0.2, and in 

 the BM 405±20 HV0.2). The increase in microhardness in 

the fusion zone is primarily associated with the precipita-

tion of a large amount of dispersed O-phase during aging. 
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Аннотация: В настоящей работе электронно-лучевой сваркой (ЭЛС) получены соединения из перспективного 

для авиакосмической отрасли сплава ВТИ-4 на основе орторомбического алюминида титана (Ti2AlNb). Предложен 

импульсный режим ЭЛС пластин толщиной 2 мм из данного сплава встык, обеспечивающий формирование каче-

ственного сварного соединения, а именно скорость сварки 0,5–1,0 м/мин, ток сварки 15–20 мА, ток фокусировки 

500–550 мА, частота импульса 25 Гц, при этом фокусировка луча осуществлялась на поверхности свариваемых 

заготовок. Методами растровой электронной микроскопии определены фазовый состав, а также размер зерна и зон 

сварного шва. Зона плавления (ЗП) состоит из β-фазы, в то же время зону термического влияния (ЗТВ) можно раз-

делить на ЗТВ1, состоящую из β+α2 фаз, и ЗТВ2, включающую β+α2+O фазы. В области ЗТВ1 глобулярная α2-фаза 

частично сохранилась, поскольку для завершения α2→β превращения требуются более высокие температуры 

нагрева. Кроме того, определено, что уровень прочностных свойств полученных сварных соединений соот-

ветствует ≈90 % от прочности основного металла. Сравнительный анализ размера дендритов и глобулярных 

β-зерен в сварном шве, а также прочности и пластичности соединений, полученных различными методами 

сварки плавлением, показал, что полученные ЭЛС соединения имеют в 2–3 раза меньший размер зерен в зоне 

плавления и ЗТВ сварного шва. Данная особенность положительно влияет и на комплекс механических 

свойств, где при ЭЛС сплава ВТИ-4 достигается высокий коэффициент прочности сварного шва, а относи-

тельное удлинение при этом соответствует 2,8 %. 

Ключевые слова: электронно-лучевая сварка; Ti2AlNb; ВТИ-4; сварной шов; зона термического влияния; мик-

ротвердость; прочность; пластичность 
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