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TIG Welding of Titanium Alloy VT22 
Performed Using the External Control Magnetic Field

Abstract: The article presents results of tests concerning the effect of transverse 
magnetic field on the change in the spatial position of arc column during the TIG 
flux-cored welding of titanium. The tests enabled the development of the mul-
ti-run welding of 8 mm thick high-strength titanium alloy VT22 using crosswise 
magnetic field. It was revealed that the use of transverse magnetic field made it 
possible to change weld pool solidification conditions as well as to control the 
shape and dimensions of the weld enabling the obtainment of properly shaped 
welds characterised by satisfactory quality.
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Introduction
Argon-shielded tungsten electrode arc welding 
(i.e. TIG welding) is the most popular and ver-
satile method used when making welded struc-
tures in titanium alloys. Titanium itself and 
low-alloy titanium alloys are characterised by 
good weldability and the service life of weld-
ed joints (in operating conditions) very similar 
to that of the base material. In turn, the weld-
ability of high-strength titanium alloys is sig-
nificantly inferior to that of low-alloy titanium 
alloys. One of the high-strength titanium alloys 
is the double-phase alloy (α + β), i.e. titanium 
alloy VT22 (Rus. BT22) Ti-5Al-5Mo-5V-1Fe-1Cr. 
This alloy is widely used in the manufacturing 
of airplane elements exposed to various forces 
(e.g. Antonov). The structure of annealed alloy 
VT22 is composed of nearly the same amounts 
of phase α and β, being responsible for the high 
mechanical properties of the alloy.

Because of the fact that alloy VT22 reveals in-
creased sensitivity to the welding thermal cycle, 
it is of primary importance to create conditions 
enabling the control of welding arc thermal pa-
rameters so that it could be possible to opti-
mise the phase composition and the structure 
of weld metal. This result can be achieved by 
controlling the position of the arc column using 
the external cross-wise magnetic field. The use 
of the cross-wise magnetic field enables chang-
es in the position of the arc column (in space), 
the desired disposal of heat input and, conse-
quently, the obtainment of significantly better 
control over the weld formation process as well 
as the achievement of higher efficiency, particu-
larly during multi-run welding.

As a conductor in the cross-wise magnetic 
field, the column of welding arc is subjected to 
gradual deformation along with increasing mag-
netic field intensity. During the above-named 
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process, the cathode spot remains nearly in the 
same place of the tungsten electrode striking 
end, whereas the anode spot moves in the di-
rection of the Lorentz force effect. The rate of 
anode spot movement depends on amplitude, 
frequency of the cross-wise alternating mag-
netic field and time.  

The peculiar behaviour of arc controlled by 
the magnetic field increases the technologi-
cal potential of the former. As a rule, penetra-
tion depth is controlled through changes in the 
proportion of current to a welding rate. An in-
crease in welding current translates into an in-
crease in a welding rate. This, however, may 
lead to the obtainment of welds having unde-
sirable shapes. The foregoing can be prevented 
by superimposing the cross-wise magnetic field 
(directed along the weld axis) on arc, resulting 
in a decrease in penetration depth and a slight 
increase in the weld width. A significant change 
in the weld width during welding in the cross-
wise magnetic field can be achieved by con-
trolling the amplitude of the weaving moves 
of arc. The above-named amplitude is directly 
proportional to magnetic induction in the arc 
burning zone. Because of the foregoing, the ef-
fect of the cross-wise magnetic field on the for-
mation of welds during the multi-run welding 
of titanium alloy VT22 requires further research.

The research work aimed to investigate the 
effect of parameters of the cross-wise control 
magnetic field on the shape and structure of 
weld, and, afterwards, on the basis of deter-
mined correlations, to develop the technolo-
gy enabling the flux-cored welding of medium 
thick titanium alloy VT22 [1].

Devices Generating the Cross-Wise 
magnetic Field in the Welding Area 
The generation of the cross-wise magnetic field 
in the arc burning area required the develop-
ment of devices (electromagnet and power 
source) enabling the control of the arc column 
position in relation to the weld axis during the 
welding process (Fig. 1).

The primary parameters of the control mag-
netic field include frequency (F), magnetic in-
duction (B [µT]), a pause between impulses (P) 
and the shape of an impulse.

The electromagnet power source generated 
impulses of alternating current having a trap-
ezoid waveform with the frequency range of 5 
to 50 Hz. The value of magnetic induction in 
the arc burning zone could be adjusted with-
in the range of 0.4 to 6 µT. A time of pause be-
tween impulses changed within the range of 0 
to 50% in relation to the general impulse cycle 
duration (Fig. 2).

Fig. 1. Schematic diagram of TIG welding in the external 
control magnetic field: 1 – electromagnetic coil; 2 – elec-

tromagnet core; 3 – electromagnet power source; 4 – mag-
netic induction curves; 5 – tungsten electrode; 6 – shield-
ing nozzle; 7 – filler metal wire feeder; 8 – flux-cored wire; 

FL – Lorentz force; VW – direction of welding

Fig. 2. Shape of the impulse of magnetising current flow-
ing through the electromagnet coil
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The face of the electromagnet core was 
aligned with the flux-cored wire and perpen-
dicular to the tungsten electrode axis. When arc 
was initiated, the electromagnet power source 
was started and, as a result, the cross-wise mag-
netic field was generated. The magnetic field 
was superimposed on the arc self-field caus-
ing its deflection in the direction of the Lor-
entz force effect. The change in the polarity of 
the control magnetic field triggered a change 
in the Lorentz force direction making arc de-
flect in the opposite direction (Fig. 3).

Testing the Effect of the Cross-Wise 
Magnetic Field on the Shape of Welds
The identification of correlations between the 
effect of magnetic field parameters on the for-
mation and solidification of welds involved the 
making of overlay welds using various magnet-
ic field parameters. The filler metal used in the 
test was flux-cored wire PPT-22 (Rus. ППТ-22) 
having a diameter of 3 mm. The cover of the 
wire was made of titanium alloy VT-1-0 (Rus. 
ВТ-1-0), whereas its core was a mixture com-
posed of titanium alloy VT22 granules and gas 
and slag-forming ingredients [1]. Test overlay 
welds were made on a 6 mm thick plate made 
of titanium alloy VT1-1 (Rus. ВТ1-1). The exper-
iments were performed using constant surfac-
ing parameters, i.e. a welding current of 200 А 
(IСВ), an arc voltage of 13 V (UД), a surfacing rate 
of 8 m/h (VСВ) and a filler metal wire feeding 
rate of 26 m/h (VПОД).

The quality of the overlay welds was evaluat-
ed on the basis of the macrostructure of related 
specimens (Fig. 4) subjected to measurements 

Fig. 3. Arc position limit points when using the magnetic 
field (video recording)

Fig. 4. Shape of overlay welds in relation to various magnetic field parameters presented in the individual photographs 
of overlay weld macrostructure 

a)

d)

b)

e)

g)

c)

f)
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of penetration depth (h), weld width (e) and 
weld height (t) in relation to the magnetic field 
parameters (Table 1).

The analysis of the overlay weld macrostruc-
ture revealed that:
 – increase in frequency led to an increase in 
penetration depth (Fig. 4a, 4b and 4c);

 – extension of the pause between impulses near-
ly did not affect the weld shape and penetra-
tion depth (Fig. 4d, 4e and 4f).

The approximation of results (correlation be-
tween penetration depth, weld width and weld 
shape factor (Kn) and the value of magnetic in-
duction) involved the use of the least squares 
method [3], enabling the development of the 
following equations of linear regression.
 – Equation of the linear regression of the cor-
relation between penetration depth and the 
value of magnetic induction (Fig. 5):

h = -0.5∙B+4.6429 (1)

 – Equation of the linear regression of the cor-
relation between the weld width and the val-
ue of magnetic induction (Fig. 6):

e = 0.2764∙B+9.4657 (2)

 – Equation of the linear regression of the cor-
relation between the weld shape factor (weld 
width-weld height ratio) and the value of 
magnetic induction (Fig. 7):

Kn = 0.2324∙B+1.3919 (3).

The analysis of the correlations identified in 
the tests (Fig. 5-7) justified the conclusion that 
an increase in magnetic induction was accom-
panied by a decrease in penetration depth and 
an increase in the weld width as well as in the 
weld shape factor.

Table 1. Correlation between weld dimensions 
and magnetic field parameters

Magnetic field 
parameters Weld dimensions

B, µT F, Hz P, % e, mm h, mm t, mm
5.2 5 5 10.3 2.0 4.2
4.0 20 5 10.4 3.3 5.3
2.3 40 5 10.5 3.1 5
5.2 5 10 11.5 2.1 4.2
4.6 5 30 10.3 2.1 4.2
3.8 5 50 11.5 2.1 4
2.9 5 5 10 3.8 6

Fig. 5. Correlation between the penetration depth 
and the value of magnetic induction

Fig. 6. Correlation between the weld width 
and the value of magnetic induction

Fig. 7. Correlation between the weld shape factor 
and the value of magnetic induction
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Development of TIG Method-Based 
Welding of Titanium Alloy VT22 
Using Cross-Wise Magnetic Field*
The development of the technology was super-
vised by V.P. Priłucki, PhD (DSc) Eng.

The maximum penetration depth of 3.5 mm 
was obtained using the minimum values of mag-
netic field parameters (Fig. 4g). In the above-pre-
sented case, the nature and the depth of the 
penetration corresponded to the process of sur-
facing performed without the use of the mag-
netic field. As a result, it is recommended that 
(during multi-run welding) the root run be 
made without using the magnetic field.

During welding in the groove, after the mak-
ing of the root run, it is recommended that 
subsequent runs be made using the cross-wise 
magnetic field. Because of the fact that an in-
crease in frequency and the extension of a pause 
do not significantly affect the shape of welds, 
the use of the minimum values of the above-
named parameters, i.e. F = 5 Hz and P = 5% is 
recommended. The widest run and the shallow-
est penetration depth are obtained when mag-
netic induction amounts to 5.2 µT. Therefore, 
the use of the above-named magnetic field pa-
rameters ensures the joining of the groove edge 
with the previous run and the obtainment of re-
quired excess weld metal.

The obtained test results enabled the devel-
opment of a multi-run welding process where 
the root run is made without the use of the 
magnetic field and the subsequent runs are 
made using the magnetic field, enabling the 
melting of the edges of elements being joined 
when making the face run [1].

Experiments concerning the welding of al-
loy VT22 were performed using 8 mm thick 
plates. The aforesaid thickness requires the per-
formance of V-shaped scarfing and an angle of 
90° as well an edge of 1 mm [2]. The filler met-
al used in the test was flux-cored wire PPT-22. 
The welding process involved the making of 
three runs. The magnetic field parameters for 

runs no. 2 and 3 included a frequency of 5 Hz, 
a magnetic induction of 5.2 µT and a pause of 
5%. The experimentally determined welding 
parameters (Table 2) were restricted within the 
range of parameters related to the welding of 
8 mm thick alloy VT22 [2]. The above-named 
parameters enabled the obtainment of welded 
joints characterised by the full penetration of 
the edge on the face side, sufficient excess weld 
metal (1.5 mm) and the satisfactory shape of the 
weld on the root side (Fig. 8).

The service life and economic efficiency of 
welded structures depend significantly on the 
quality of welded joints. Imperfections in weld-
ed joints frequently trigger unacceptable chang-
es in operational properties of products. The 
most common welding imperfection accompa-
nying the inert gas-shielded welding of titani-
um is porosity. Gas pores in welds, particularly 

Fig. 8. Test (TIG welded) joint made of 8 mm thick alloy 
VT22 using flux-cored wire PPT-22: a) – macrostructure 

of the welded joint; b) – weld face; c) – weld root 

Table 2. Welding parameters in relation to the test joint 
made of alloy VT22

Run 
no.

Welding parameters
IСВ, А UД, V VСВ, m/h VПОД, m/h

1 200 13.0 9 30
2, 3 220 13.5 7 30

a)

b)

c)
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during the welding of high-
strength titanium alloys 
are the primary reason for 
the reduced service life of 
welded structures exposed 
to cyclic loads. It was ascer-
tained that welds made of 
dual-phase (α + β) titani-
um alloys are more suscep-
tible to develop porosity 
in comparison with sin-
gle-phase alloys. Repeated 
studies revealed that one 
of the primary technolog-
ical procedures preventing 
the formation of porosi-
ty in the weld metal of ti-
tanium and its alloys during inert gas-shielded 
welding is the use of flux-cored wires contain-
ing appropriate gas and slag-forming ingredi-
ents as the use of flux intensifies the degassing 
of the weld pool [2]. The X-ray examinations of 
the welded joint confirmed that the use of the 
flux-cored wire prevents the formation of poros-
ity in the weld (Fig. 9). 

Welded Joint Structure and Properties
The comparison of the microstructure of the 
metal of the welds exposed to the magnetic field 
and those obtained without this effect revealed 
that the use of the alternating magnetic field not 
only makes it possible to control the dimen-
sions of the weld but also affects the conditions 
of the weld pool solidification process, thus 
contributing to the formation of a more uni-
form and homogenous microstructure. Weld-
ing performed without the use of the magnetic 
field resulted in the heterogeneous structure of 
grains. The structure contained areas reveal-
ing intense transformations and the high den-
sity of lamellar martensitic phases as well as 
bright areas with the lower density of marten-
sitic phases indicating the non-uniform trans-
formation of solid solution β (Fig. 10a). The 
weld pool exposed to the magnetic field effect 

is characterised by the higher uniformity of the 
solid solution transformation as well as by the 
formation of a more homogenous microstruc-
ture (Fig. 10b).

The effect of the crosswise magnetic field on 
the motion of liquid metal in the weld pool en-
ables changes in the primary structure of solid-
ifying metal. Arc moving over the weld pool 
triggers the motion (induced by electromag-
netic field) of the liquid metal located directly 
under arc. The intense stirring of liquid met-
al changes solidification conditions and ena-
bles the obtainment of the fine-grained weld 
microstructure.

After welding, joints are usually subjected to 
annealing (heat treatment). An effective meth-
od enabling the improvement of the plastic 
properties of alloy VT22 is high-temperature 
annealing in the dual-phase structure area per-
formed within the temperature range of 750 to 
800°C followed by cooling (along with the fur-
nace). The purpose of the annealing process in-
volves the removal of welding process-induced 
stresses and the obtainment of a uniformly ar-
ranged and homogenous structure character-
ised by the required phase α – phase β ratio. The 
tests involved the use of a relatively easy meth-
od (in terms of technological conditions) of the 

 

Fig. 9. X-ray photograph of the welded joint made using flux-cored wire PPT-22

Fig. 10. Welded joint microstructure: a) not exposed to the magnetic field; 
b) exposed to the magnetic field

b)a)
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heat treatment of welded joints made 
using the flux-cored wire, i.e. anneal-
ing at T = 750°C for 1 hour followed 
by cooling (along with the furnace).

The macro and microscopic tests 
of the weld metal subjected to heat 
treatment revealed that the process 
of annealing led to the formation of 
the uniform and homogenous metal 
structure across the entire cross-sec-
tion of the weld (Fig. 11 and 12). The 
accompanying transformation of 
metastable phases had a favourable effect on 
the weld metal strength, which turned out to be 
higher than that of the base material (Table 3).

After welding, the mechanical properties of 
the weld metal and those of the base materi-
al were similar. In turn, the plastic properties 
of the joint were by 1.5 times lower than those 
of the base material. After the heat treatment 
process, the toughness of the weld metal con-
stituted 70÷75% of the base material toughness.

Conclusions
1. The cross-wise alternating magnetic field 

makes it possible to control heat distribution in 
the welding area, and, consequently, to control 
the shape and dimensions of welds.

2. The tests revealed that the use of the cross-
wise magnetic field enables the formation of the 
more uniform and favourable weld metal struc-
ture and favours the uniform transformation of 
phase β during cooling as well as makes it possi-
ble to obtain satisfactory properties of the weld 
metal after welding and annealing.

3. The tests enabled the identification of the 
technological parameters of the cross-wise 
magnetic field and, based on the results ob-
tained in the tests, made it possible to devel-
op a TIG method-based welding technology 
with magnetically controlled arc, extending 
the application of the method during mul-
ti-run welding.
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