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A B S T R A C T

Introduction. Gas tungsten arc welding (GTAW), also known as tungsten inert gas (TIG) welding, is a promising 
welding method for Ti2AlNb-based alloys, including Ti–Al–Nb–(Zr, Mo)–Si alloy, due to its accessibility and relative 
simplicity, making it attractive for aerospace applications. However, the application of GTAW to Ti–Al–Nb–(Zr, Mo)–
Si alloy is limited by the formation of a coarse-grained microstructure in the weld, leading to reduced mechanical 
properties of weld joints. Purpose of the work. This study investigates the influence of GTAW modes (using direct 
current with low- and high-frequency pulses) on the microstructure and tensile properties of Al–Nb–(Zr, Mo)–Si alloy 
weld joints. Methods. GTAW of plates was carried out using welding currents ranging from 80 to 150 A, employing 
both low- and high-frequency (>100 Hz) pulses. The microstructure of the weld joints was examined using scanning 
electron microscopy (SEM). The tensile properties were evaluated through uniaxial tensile testing of the welded 
joints. The shielding gas flow rate was 12 L/min, while a separate gas flow of 2 L/min was used for blowing. The 
microstructure of the weld joints was examined using scanning electron microscopy (BSE-EBSD analysis). The 
tensile properties were evaluated through uniaxial tensile testing of the weld joints. Results and discussion. The 
weld joints microstructure is characterized by elongated, coarse dendrites in the central and weld bead regions 
and globular β-grains in the root part of the fusion zone. Tensile testing of the weld joints revealed a strength level 
approximately 90% of that of the base metal when using pulse mode (σu = 1100 MPa, δ = 1.1 %, 335–390 HV0.2) 
and not less than 80% when using direct current modes. This level of mechanical properties is achieved using high-
frequency pulsed welding, where the maximum length and width of dendrites in the weld joint are 1.06 mm and 0.33 
mm, respectively, and the average size of globular grains in the lower part of the weld joint is approximately 130 μm, 
which is less than that observed when utilizing the same modes, but direct current.
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Introduction

Titanium alloys have found widespread application in various industries, including aerospace, mechanical 
engineering, medicine, and other fields, due to their low density, high strength, corrosion resistance, excellent 
manufacturability, and other beneficial properties [1–4]. However, the high-temperature applications of 
titanium alloys are limited by their creep and oxidation resistance up to 500–550 °C [5].
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A potential solution to the problem of high-temperature service lies in intermetallic compounds and 
alloys [6]. Alloys based on the orthorhombic titanium intermetallic (ortho-Ti2AlNb alloys) are promising 
materials in this regard. Ti2AlNb-based alloys exhibit low density (5.1…5.4 g/cm3), high specific strength, 
oxidation resistance, and creep resistance [7–10]. However, their practical application is complicated by 
difficulties in welding, which is one of the most significant limiting factors [11]. This is primarily due to 
the generation of high residual stresses resulting from a cascade of phase transformations in the fusion 
and heat-affected zones (FZ, HAZ) during welding, low thermal conductivity (6.2 W/(m·K) [10]) and low 
ductility of Ti2AlNb-based alloys. Therefore, by varying welding parameters to control heat input, it is 
necessary to ensure the formation of an optimal weld structure and to create conditions for slow cooling of 
the weld metal to prevent cracking [12–14].

To address these issues, various specialized welding methods with supplementary techniques are 
employed, such as heating of the workpieces before and during welding (preheating and additional heating). 
Furthermore, heat treatment is used to improve mechanical properties [15–18]. Despite the wide variety of 
methods, techniques, and operations used in welding titanium alloys, gas tungsten arc welding (GTAW, TIG 
welding) remains the most promising for industrial applications, which is determined by the formation of 
defect-free welds and its wide availability. However, the formation of a coarse-grained structure and a wide 
weld region limits its application due to the low mechanical properties, namely ultimate tensile strength 
(σu) and percentage of elongation (δ), of the welded joints [19, 20].

Currently, leveraging the accumulated global experience in GTAW of titanium alloys, it is possible to 
enhance the mechanical properties of welded joints made from Ti2AlNb-based alloy by employing GTAW 
with speed-up direct current and using low- and high-frequency pulsing. This allows for the regulation of 
the heat spot power and, consequently, the heat input into the workpiece, creating conditions to prevent 
the growth of dendritic structures in the weld metal [21]. Therefore, the purpose of this research is to 
investigate the influence of GTAW conditions on the microstructure and mechanical properties of welded 
joints made from Ti2AlNb-based alloy. To achieve the set purpose, it is proposed to solve several problems. 
Namely, the first problem is to select GTAW weldig conditions using direct current and with the application 
of low- and high-frequency pulsing to obtain defect-free welded Ti2AlNb-based alloy joints. Subsequent 
problems involve studying the microstructure, microhardness, and mechanical properties of the obtained 
welded joints compared to the properties of the base material.

Methods

The chemical composition of the initial Ti2AlNb-based alloy is presented in Table 1. The hot-forged 
workpiece of the Ti2AlNb-based alloy in the initial state exhibits the following properties: ultimate tensile 
strength (σu) = 1,230 MPa, offset yield strength (σ0.2) = 1,190 MPa, percentage of elongation (δ) = 3.5 %, 
and microhardness = 400 ± 10 HV0.2. The microstructure of the initial material (Fig. 1) consisted of large 
β-grains elongated perpendicular to the forging direction and 300 ± 50 μm in size. Furthermore, a globular 
α2-particles (Ti3Al) with a size of 10 ± 5 μm were located along the β-grain boundaries. Particles of the 
acicular O-phase (Ti2AlNb) particles with a length of 8 ± 3 μm and a thickness of 1–3 μm were uniformly 
distributed throughout the entire volume of the material under study.

TIG welding was performed on INVERTEC V405-T pulse equipment (Lincoln Electric, USA) using 
a WP-9 flex welding torch (Start, Russia) and WT-20 electrodes (Start, Russia). Argon was used as the 
shielding gas. Gas shielding was implemented using a 12 mm diameter gas lens at the welding site and 

T a b l e  1

Chemical composition of Ti–Al–Nb–(Zr, Mo)–Si alloy

Element Al Nb V Zr Mo Si Ti
at. % 23.0 23.0 1.4 0.8 0.4 0.4 base
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additional blowing into the weld root (Fig. 2, a). The 
shielding gas flow rate was 12 L/min, and the gas for 
blowing rate was 2 L/min.

The workpieces for GTAW (25×15×2 mm) were 
cut from the forged piece using VL400Q and VL600Q 
wire electrical discharge machines (Sodick, China). The 
surface of the workpieces was prepared before GTAW 
using abrasive paper: the abutting surfaces were ground 
with FEPA P1000 (18 μm, GOST No. M20) abrasive 
paper, and the remaining surfaces were ground with FEPA 
P220 (68 μm, GOST No. 6) abrasive paper. Welding of 
the 2 mm thick plate workpieces was performed in a butt 
joint configuration. Welding was performed using speed-
up welding condition. Low- and high-frequency pulsed 
welding was also used in the study (Table 2). A feature of 
gas tungsten arc welding using low- and high-frequency 
pulsing is that additional pulses with a specified amplitude 
are superimposed on the effective constant welding 
current, forming energy peaks that exceed the background current. At the same time, the formation of the 
welds occurs sequentially in a droplet mode, which eliminates metal spatter and allows for the production of 
thin-walled welded joints without burn-through. Arc ignition was performed on the edge of the workpieces 
being welded due to the absence of runoff plates. The welding current range was 80…150 A.

Fig. 1. Initial microstructure of the  
Ti–Al–Nb–(Zr, Mo)–Si alloy

                  a                                                       b                                                                          c
Fig. 2. GTAW welding fixture (a), specimens for mechanical testing (b) and microhardness testing 

specimens (c) of the welded joint of Ti–Al–Nb–(Zr, Mo)–Si alloy

Specimens for uniaxial tensile testing, microstructural analysis, and microhardness testing were ground 
with silicon carbide-based abrasive papers FEPA P 220–2000 (Struers, Denmark) on a grinding and 
polishing machine (Chennai Metco BAINPOL, India). The polishing was carried out on a 200 mm polishing 
wheel made of MD-Nap cloth from Struers using O.P.S (MetCata, Germany) or OP-S (Struers, Denmark) 
0.05 μm suspension.

To determine the mechanical properties of the welded joints made of Ti–Al–Nb–(Zr, Mo)–Si alloy, 
uniaxial tensile tests were performed using a 5882 universal testing machine (Instron, USA). The test 
temperature corresponded to room temperature. The strain rate during tensile testing was set to 10–4 s–1. The 
shape and dimensions of the uniaxial tensile test specimens are shown in Fig. 2.

The microhardness was measured in the cross-section of the welded joints using a 402MVD 
microhardness tester (Instron, Netherlands) equipped with a diamond indenter. The load applied to the 
indenter corresponded to 200 g with a holding time of 10 sec. The distance between measurements was  
100 μm. The measurement was carried out along one line in the center of the specimen, i.e., at a depth of  
1 mm, as shown in Fig. 2, c.
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The microstructure was evaluated using scanning electron microscopy (BSE and EBSD analysis), namely, 
evaluation of the presence of internal defects (pores, cracks, lack of fusion), identification of phases, and 
geometric dimensions of the microstructure elements in the weld metal and heat-affected zone (HAZ). BSE 
and EBSD analysis was performed using a Q600 3D instrument (FEI, Czech Republic) using TSL OIM 
Analysis 9 software with a scanning step of 3 μm and an accelerating voltage of 30 kV.

Results and discussion

Fig. 3 shows the appearance of welded joints. The welded joints obtained in the selected modes (Table 2)  
do not have external cracks, pores or heat colors. The presence of defects at the beginning and end of 
the welds is attributed to the absence of run-off plates (Fig. 3). At currents of 80–85 A (mode No. 1),  
a fine scaling pattern is observed on the weld bead. A localized lack of fusion was found in the weld root, 
which could potentially be eliminated by a more uniform welding speed. In speed-up welding condition at  
I = 150…155 A (mode No. 2), burn-through of the plates occurred; furthermore, the liquid metal locally 
accumulated under the force of surface tension, forming a drop-shaped weld bead. Thus, burn-through 
occurred on part of the plate, while a wide weld formed on another part. This mode is not suitable for GTAW 
of Ti–Al–Nb–(Zr, Mo)–Si alloy plates 2 mm thick. At increased currents of 110…115 A (mode No. 3), 
defects did not form, ensuring a uniform, fine-ripple weld with full fusion of the plates (Fig. 3, b). However, 
the weld width (mode No. 3) is 1.5 times wider compared to mode No. 1, and the melting of the plate edges 
is more intense. On average, the weld width obtained with direct current was 5…8 mm.

T a b l e  2

Modes of GTAW for Ti–Al–Nb–(Zr, Mo)–Si alloy plates

No. Current, 
A Pulse frequency, Hz Shielding gas, L/min Blowing L/min Comments

1 80–85 – 12 2 local lack of fusion
2 150–155 – 12 2 burn-through
3 110–115 – 12 2 –
4 80–85 2 12 2 coarse scaling
5 80–85 >100 12 2 fine scaling
6 110–115 >100 15 2 fine scaling

        
               a                                 b                                     c                                  d                                e

Fig. 3. Appearance of Ti–Al–Nb–(Zr, Mo)–Si alloy weld joints produced by GTAW under: 
a – direct current (mode No. 1); b – direct current (mode No. 3); c – low-frequency pulse (mode No. 4); d – high-

frequency pulse (mode No. 5); e – high-frequency pulse (mode No. 6)
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During GTAW with a low-frequency pulse of 2 Hz at currents of 80–85 A (mode No. 4), a coarse scaling 
pattern formed on the surface of the weld bead under the dynamic effects of the pulsed current (Fig. 3, c). 
Since the effects of the pulsed current allows reducing the welding speed, it promotes more intensive fusion 
of the weld root at the same current values as in mode No. 1. Welded joints obtained in modes No. 5 and  
No. 6 were obtained using a high-frequency pulse of more than 100 Hz. These modes provided a fine 
scaling pattern on the surface of the weld bead; however, when the current is increased to 110…115 A, 
melting of the plate edges occurred. The weld width obtained with pulsed currents was 5…7 mm.

The reduction in the weld width can be explained by the influence of the welding current, namely, the 
effect of the pulsed current reduces the average power in the heat heating spot [22].

A typical morphology of the weld cross-section is shown in Fig. 4. In the upper part of the weld, a wide 
fusion zone (FZ) of the metal formed (Fig. 4, a) because of the action of the electric arc [23]. The weld 
metal consists entirely of β-grains (Fig. 4, b). The intense heating of the weld metal caused by the electric 
arc and, as a consequence, the wide weld (5–8 mm) also led to the formation of a wide HAZ. Depending 
on the phase composition, the HAZ can be divided into HAZ1 and HAZ2. HAZ1 consists of large β-phase 
grains 150 ± 50 μm (Fig. 4, c), whereas HAZ2 consists of β (80 ± 30 μm) + α2 (4 ± 2 μm) grains. It is known 
that with a greater distance from the fusion line, the phase composition in the HAZ (β+ α2) also additionally 
contains the O-phase [24].

The weld metal formed at direct and pulsed currents possesses a microstructure in the form of columnar 
grains at the bead and globular grains in the root part of the weld (Fig. 5). Primary crystallization begins 
when heat is removed to the base material, originating along the FL. The primary crystallization of the 
weld metal proceeds periodically, and a layered structure can be found (Fig. 4, a). The main volume of the 

а

                            b                                                               c                                                              d
Fig. 4. BSE-analysis of a Ti–Al–Nb–(Zr, Mo)–Si alloy weld joint obtained by GTAW according to mode No.4: 

a – general view showing the locations of BSE and EBSD analyses (FL – fusion line; FZ – fusion zone; HAZ – heat-affected 
zone); b – FZ; c – HAZ with coarse β-grains (HAZ1); d – HAZ with β + α2 phase composition (HAZ2)
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molten pool is concentrated in the immediate vicinity of the welding arc, so columnar dendrites formed in 
the central and upper part of the weld, where the maximum heat removal is observed.

The maximum length (Lmax) and width (Hmax) of dendrites in welds made at currents of 110–115 A is  
≈ 1.39 mm and 0.43 mm (mode No. 3), with a decrease in current (mode No. 1), the Lmax and Hmax of 
dendrites are ≈ 0.99 mm and 0.23 mm, respectively (Table 3). With an increase in the welding current, 
the width of the zone with globular grains decreases; however, the average grain size does not change 
and remains within 140 ± 50 μm (Fig. 5, a, b). In welding mode No. 3, localized incomplete fusion (lack 
of fusion) is observed at the root of the weld (Fig. 5, a), which was confirmed previously during visual 
inspection of the weld appearance.

T a b l e  3

Maximum dendrite length and width (Lmax, Hmax) and average globular grain size in the weld joint metal as a 
function of GTAW modes

Welding modes No.1 No.2 No.3 No.4 No.5 No.6
Lmax (mm) 0.99 – 1.39 0.98 0.61 1.06
Hmax (mm) 0.23 – 0.43 0.27 0.23 0.33

Average globular grain size (μm) 140 ± 50 – 140 ± 50 190 ± 40 140 ± 40 130 ± 45

                                             а                                                                                     b

c

                                         d                                                                                                 e
Fig. 5. EBSD maps in cross-section of Ti–Al–Nb–(Zr, Mo)–Si alloy weld joints, obtained by GTAW according to: 

a – mode No. 1; b – mode No. 3; c – mode No. 4; d – mode No. 5; e – mode No. 6
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When welding in low-frequency pulsed modes, the FZ structure does not differ from the structure 
of welds obtained in modes No. 1 and No. 3. The Lmax and Hmax of dendrites in the weld, obtained in the 
low-frequency pulse mode (mode No. 4), are ≈ 0.98 mm and 0.27 mm, respectively, and the average size 
of the globular grains is ≈ 190 μm (Fig. 5, c). However, when using high-frequency pulsed current (mode  
No. 5), the Lmax and Hmax of dendrites in the weld decreases to ≈ 0.61 mm and 0.23 mm, and the average 
size of the globular grains is ≈ 140 μm (Fig. 5, d). In welding mode No. 5, a localized lack of fusion  
of 100…150 μm can be observed (Fig. 5, d), which is smaller than at the same welding current parameters in 
mode No. 1 (300…500 μm). With an increase in the high-frequency current values (mode No. 6), the Lmax 
(1.06 mm) and Hmax (0.33 mm) of the β-phase dendrites increases, while the average size of the globular 
β-grains in the lower part of the weld remains at ≈ 130 ± 45 μm (Fig. 5, e), which is smaller than at the 
same currents without the pulsed mode No. 3. The above results show that the pulsed welding current 
demonstrates periodic changes in the dynamic effects of the arc, which can enhance the effect of mixing the 
molten pool and thereby reduce the grain size in the weld [25].

The microhardness profile in the cross-section of welded joints obtained with direct current along the 
entire length is at the same level, since the weld width varies within 5…8 mm and the values correspond to 
the microhardness of the FZ and the HAZ1 with globular β-phase grains (Fig. 6, a, b). The range of values 
varies from 335 to 390 HV0.2. The range of microhardness values of welds obtained with pulsed currents is 
in the range of 340…380 HV0.2 (Fig. 6, c, d, e).

Tensile tests of welded joints obtained GTAW (Fig. 7) showed that the strength level of the joints welded 
in mode No. 6 reaches ≈ 90 % of the base metal (σu = 1,100 MPa, δ = 1.1 %), and is not lower than 80 % 
of the base metal in modes No. 4 and No. 5 (σu = 1070 MPa, δ = 1.49 %) (Fig. 7, a). However, the ductility 
of the welded joint obtained in mode No. 5 is absent (σu = 960 MPa, δ = 0 %), and for the welded joints 
obtained in modes No. 4 and No. 6, it drops by 2–3 times in relation to the base metal and amounts to no 
more than 2 % (Fig. 7, b).

                          a                                                                b                                                                 c

                                                        d                                                           e
Fig. 6. Cross-sectional microhardness profiles of Ti–Al–Nb–(Zr, Mo)–Si alloy GTAW joints according to: 

a, b – DC mode; c, d, e – pulsed mode
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                                            a                                                                                           b
Fig. 7. Results of uniaxial tensile testing of Ti–Al–Nb–(Zr, Mo)–Si alloy weld joints as a function  

of GTAW modes: 
a – tensile stress-strain diagram; b – graph of mechanical properties

In welded joints obtained with direct current welding, the joints perform extremely low ductility and 
strength properties. In welds obtained in mode No. 1, a localized lack of fusion was observed, which led to 
a decrease in strength to less than 80 %. In addition, the strength of the welded joint obtained in mode No. 3 
is ≈ 40 % of the strength of the base metal. This is due to the fact that in this mode, the maximum grain size 
of the dendritic structure of the FZ was found, which exceeds by 1.5 times the maximum sizes of dendrites 
in the FZ of welded joints obtained with low- and high-frequency pulsed modes. When welding in mode 
No. 5, the decrease in the strength properties of the welded joint is possibly related to the localized lack of 
fusion that was found in the root part of the weld (Fig. 5, d).

Fracture of the welded joints always occurs along the fusion line, and a river line pattern is visible on the 
fracture surface, mainly caused by the fracture of large β-grains (Fig. 8). The fracture surface of the sample 
welded in mode No. 6 has 2 zones, namely: a fracture area of large (dendritic structure of the FZ) and small 
grains. The phenomenon indicates the fracture of globular β-grains, which were formed in the root area of 
the weld (Fig. 8). A similar fracture pattern is observed on the remaining samples.

Fig. 8. Fracture surface morphology of specimens after uniaxial tensile testing as a function  
of Ti–Al–Nb–(Zr, Mo)–Si alloy GTAW mode
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Conclusion

The effect of GTAW modes on the quality of welded joints made of the Ti2AlNb-based alloy Ti–Al–
Nb–(Zr, Mo)–Si alloy is studied. Based on the results obtained in this work, the following conclusions are 
drawn:

– A defect-free weld is formed in welding modes at direct and pulsed currents in the range of 80–115 A 
and with a gas flow rate of 12–15 L/min. At lower welding currents, incomplete penetration (lack of fusion) 
was detected, while at higher currents, burn-through occurred.

– The welds, depending on the welding modes, have the following microstructure: elongated, large 
dendrites with a size of 0.23–1.39 mm in the center of the weld; and globular β-grains with a size  
of 130–190 μm in the root area of the weld. The main volume of the liquid pool is concentrated near the 
impact of the welding arc. Therefore, columnar dendrites are formed in the central and upper part of the 
weld, where the maximum heat removal occurs.

– Mechanical testing of Ti–Al–Nb–(Zr, Mo)–Si alloy welded joints showed a high strength level of  
≈ 90 % of the base metal strength when using the pulsed welding mode (σu = 1100 MPa, δ = 1.1 %,  
340–380 HV0.2) and not less than 80 % when using direct current modes (σu = 1070 MPa, δ = 1.49 %, 
335–390 HV0.2).
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