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ABSTRACT

Tungsten inert gas (TIG) narrow-gap welding of titanium alloys is a cost-effective and efficient method for joining thick ti-
tanium alloy structures. The technology of narrow-gap welding of titanium alloys with a magnetically-controlled arc enables
a wide range of welding parameter adjustments. This study considers the application of narrow-gap welding with a tungsten
electrode and a controlled magnetic field for producing joints of PT-3V titanium alloy plates with thicknesses of 45 and 64 mm.
The strength of the welded joints of PT-3V titanium alloy produced by narrow-gap welding with a controlled magnetic field
reaches 636 MPa, which is 85 % of the base metal strength, and it is comparable to the properties of welded joints made using
the conventional gas tungsten arc welding technology. Application of the obtained results allowed welding joints of titanium
alloys with variable thicknesses ranging from 45 to 65 mm while maintaining the same number of passes.
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INTRODUCTION

Narrow-gap welding is an economical and effective
way to join thick metal [1, 2]. Reducing the con-
sumption of filler wire, inert gas, and other welding
consumables, as well as the labour intensity of pre-
paring the edges of the parts to be welded, are fac-
tors that are particularly important when welding ti-
tanium and titanium-based alloys [3]. A well-known
method of welding titanium is the Gas Tungsten Arc
Narrow-Gap Welding (GTAW-NG) using a magnet-
ically-controlled arc, developed at the E.O. Paton
Electric Welding Institute of the NAS of Ukraine [4].
This welding method has the following advantages:
small width of the produced weld and small volume
of the deposited metal. Another advantage is the sim-
ple shape of the edges to be welded.

As is known, GTAW-NG can be performed with-
in a wide range of welding current values, welding
speeds, and filler wire feed rates [5, 6]. At the same
time, it is possible to deposit a metal layer with a
thickness from 3 to 8§ mm or more in a single pass.
The increased thickness of the metal layer deposited
in a single pass allows reducing the number of pass-
es required to fill the gap, which in turn improves
the efficiency of the welding process. However, the
main condition when choosing a welding mode for
titanium alloys is producing a defect-free joint [7, §].
An excessive increase in the thickness of the metal
layer deposited in a single pass can cause defects in
the weld [9, 10]. A characteristic defect of multilayer
narrow-gap welding of titanium alloys is the lack of
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fusion between the weld metal and the base metal, as
well as interlayer lacks of fusion in the weld [11, 12].

The technology of narrow-gap welding of titani-
um alloys with a magnetically-controlled arc allows
changing not only the heat input of the welding pro-
cess [13—15], but also the parameters of the controlled
magnetic field, such as the magnetic induction in the
arc zone and the reversal frequency of the controlled
magnetic field [16].

Thus, it is advisable to conduct research to deter-
mine the influence of such parameters of the process
of narrow-gap welding of titanium alloys with a mag-
netically-controlled arc, such as the magnitude of the
magnetic induction of the controlled magnetic field,
as well as the value of the heat input, on the properties
of welded joints of PT-3V titanium alloy.

THE AIM

of the work is to investigate the influence of the induc-
tion value of the controlled magnetic field and the heat
input value of the narrow-gap welding process with
a tungsten electrode of PT-3V titanium alloy on the
structure and mechanical properties of welded joints.

MATERIALS USED IN THE STUDY

To achieve the set aim, multilayer welding was per-
formed on specimens of 45 and 65 mm thick, made
of PT-3V titanium alloy in accordance with GOST
1050-88. The length of the test specimens for weld-
ing was 600 mm.

A 3 mm titanium filler wire diameter of 2V grade,
recommended for PT-3V titanium alloy, was used as
an additive. Welding was performed with application
of external controlled magnetic field to deviate the
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Figure 1. Scheme of assembling specimens for welding: / — side
walls of a narrow gap; 2 — remaining backing plate; 3 — welds
for welding-on the backing plate to the side walls

arc. The work used EVI-2 tungsten electrodes with
a diameter of 5 mm. Welding was performed at di-
rect current with straight polarity. A VDU-501 weld-
ing current source was used. The welding current was
selected within the range of 420480 A, and the arc
voltage was maintained at 12 V by an automatic arc
voltage control system. The feed rate of the 2V filler
wire of 3 mm diameter into the weld pool varied be-
tween 64 and 82 m/h.

The parts were assembled for welding using a
remaining backing plate, which was manually weld-
ed-on to the back side of the part [17] (Figure 1). This
backing plate serves as the bottom wall of a narrow
gap when performing the first pass. After completing
the root pass, filling passes were performed. To weld
a butt with a thickness of 65 mm, 13 passes are re-
quired, i.e., a 5 mm thick layer of metal is deposited
when welding using the existing technology. If the
thickness of the metal layer deposited in a single pass
is increased, the overall efficiency of the welded joint
production process will be improved.

The scheme of multilayer welding process is
shown in Figure 2. Welding is performed with a tung-
sten electrode that is lowered into a narrow gap. At
the same time, the filler wire is fed perpendicular
to the electrode into the head part of the weld pool.
The controlled magnetic field is created by a special
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Figure 2. Scheme of the process of multilayer narrow-gap weld-
ing with a tungsten electrode: / — tungsten electrode; 2 — filler
wire; 3 — plates to be welded; 4 — remaining welded-on backing
plate
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Figure 3. Scheme of melting the side walls of a narrow gap and
location of the welding arc: a, b — extreme positions; 4, — height
of the weld metal layer being deposited

electromagnet with a narrow core located in a narrow
gap [17]. As a result of the interaction of the magnet-
ic field with the arc current, a Lorentz force arises,
which deviates the arc and causes displacement of the
anode spot to the side wall.

The scheme of melting the side walls of a narrow gap
during narrow-gap welding with a tungsten electrode
with an external controlled magnetic field is shown in
Figure 3. The value of the anode spot displacement to
the side wall is proportional to the magnetic induction
value of the controlled magnetic field. From the present-
ed scheme, it can be concluded that in order to ensure
guaranteed fusion of the weld metal layer with a height
h_with the side wall, it is necessary to deviate the weld-
ing arc so that the anode spot rises along the side wall to
the corresponding height /_and melts the metal.

Welding modes with different values of heat input
and magnetic induction of the controlled magnetic field,
which ensure high-quality formation of the deposited
bead surface and the absence of lacks of fusion of the
deposited metal of the weld with the side walls of weld-
ed joints of PT-3V titanium alloy are given in Table 1.
Macrosections of welded joints are shown in Figure 4.

Welding according to parameters of modes No. 1
and No. 3 ensures high-quality formation of the de-
posited bead surface of the PT-3V titanium alloy spec-
imen. Moreover, GTAW-NG with a controlled mag-
netic field and the highest feed rate of the filler wire
at 82 m/h (mode No. 3, Table 1) provides the highest
height of the deposited metal layer of 7 mm thick in
a single pass. It should be noted that when the feed
rate of the filler wire grows without increasing the
magnetic induction values of the controlled magnetic
field at mode No. 2, the formation of lacks of fusion
is observed in the weld metal. In order to improve the
efficiency of a single pass and deposit a 7 mm thick
layer of metal in a single pass, it is necessary to reduce
the welding speed and increase the welding current
to 480 A. This corresponds to mode No. 2 (Table 1),
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Table 1. Modes of narrow-gap welding with a tungsten electrode of PT-3V titanium alloy with an external controlled magnetic field

. I i f th . . . .
Mode Welding speed nduction of the Welding current Heat input (total), Filler wire feed rate,
controlled
number V ,m/h . 1,A kJ/m m/h
v magnetic field, mT v
1 8 8 420 2268 64
5 8 480 4147 64
3 8 11 450 2430 82

A

b

Figure 4. Cross-macrosections of welded joints of PT-3V titanium alloy made by GTAW-NG with a controlled magnetic field: a —
welded joint of 45 mm thickness, mode No. 1; b — welded joint of 65 mm thickness, mode No. 3

which is characterized by a high heat input of the
welding process (4147 kJ/m).

If the magnetic induction value of the controlled
magnetic field is increased from 8 to 11 mT, the height
of the anode spot displacement to the side wall of the
narrow gap and the height of the weld metal layer being
deposited /_ grows (see Figure 4). In this case, it is possi-
ble to increase the feed rate of the filler wire and deposit
a 7 mm thick metal layer probably without reducing the
welding speed and with a slight increase in the heat input
of the welding process, mode No. 3 (Table 1).

STUDY OF THE MICROSTRUCTURE

OF WELDED JOINTS OF PT-3V TITANIUM
ALLOY PRODUCED BY GTAW-NG

WITH A CONTROLLED MAGNETIC FIELD

PT-3V titanium alloy and filler welding wire of 2 V

alloy contains, by wt.%: Fe — up to 0.25; C — up
to 0.1; Si — up to 0.12; V— 1.2-2.5; N — up
to 0.04; Ti — 91.39-95; Al — 3.5-5.0; Zr — up
to 0.3; O — up to 0.15; N — up to 0.006, other
impurities — 0.3. At GTAW-NG with a controlled
magnetic field, no more than 10 % of the base metal
enters the weld metal [4].

The microstructure of the base metal of the
PT-3V alloy is shown in Figure 5. The structure of the
base metal consists of equilibrium primary -grains of
various sizes, framed by a continuous or intermittent
a-phase band (Figure 5, @) of up to 15 pm thick. The
intragranular structure consists of lamellar a-phase
(Figure 5, b) of up to 1.5 um thick (Figure 5, b). A
small amount of B-phase may be present in the spaces
between the a-plates, which is not always detectable
under an optical microscope.

Figure 5. Microstructure of the base metal of PT-3V titanium alloy




S.V. Akhonin et al.

¢ A0 22NN 20 um

d s 3 um

Figure 6. Microstructure of the weld metal of PT-3V titanium alloy made by GTAW-NG with a controlled magnetic field

The microstructure of the PT-3V alloy weld metal
produced by GTAW-NG at mode No. 3 in its middle
part is shown in Figure 6. Equilibrium and elongated
primary grains of various sizes are formed in the weld
metal. Despite the differences in the configuration and
size of the primary grains, the intragranular micro-
structure of the weld metal produced by GTAW-NG
using 2V wire (Figure 6, a, b) of the lamellar type is
very similar to the microstructure of the base metal.
The microstructures of the weld metal produced at
modes Nos 1 and 2 are similar (Figure 6, d).

The microstructure of the PT-3V alloy weld metal
produced by GTAW-NG at mode No. 3 in the fusion
zone is shown in Figure 7. In the fusion zone, the for-
mation of fine primary grains is observed (Figure 7,
a), while the intragranular structure is similar to that
of the base metal (Figure 7, b).
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The microstructure of the metal in the heat-affect-
ed zone (HAZ) immediately behind the fusion zone,
namely the coarse-grain region of the PT-3V alloy
produced by GTAW-NG at mode No. 3, is shown in
Figure 8. The metal in this zone consists of equilibri-
um primary grains (Figure 8, a) with a microstructure
similar to the internal microstructure in the grain vol-
ume of the weld metal (Figure 8, b, ¢). In Figure 8, d,
the distribution of dispersed particles of the second
phase, most probably the B-phase, along the boundar-
ies of the a-plates can be observed. The sizes of such
particles are 0.5 um and less (Figure 8, d).

The microstructure of the HAZ metal near the base
metal of the PT-3V alloy, produced by GTAW-NG at
mode No. 3, is shown in Figure 9. The microstructure
of the HAZ metal near the base metal (Figure 9, a, b)
is also very similar to other areas of the welded joint
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Figure 8. Microstructure of the HAZ metal of PT-3V alloy, produced by GTAW-NG with a controlled magnetic field
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Figure 9. Microstructure of the HAZ metal near the base metal of PT-3V alloy, produced by GTAW-NG with a controlled magnetic

field

of the PT-3V alloy, produced by GTAW-NG using 2V
filler wire.

Thus, the microstructure of the metal in the welds
produced at modes Nos 1, 2, and 3 is similar. The
microstructure of the HAZ metal produced at modes
Nos 1, 2, and 3 is also similar. However, the dimen-
sions of the HAZ of joints produced at mode No. 2
(Table 2) are the largest, which is associated with the
highest value of the heat input of the welding process
at mode No. 2.

DISCUSSION OF RESULTS

The determination of the mechanical properties of weld-
ed joints of PT-3V titanium pseudo-a alloy, produced by
GTAW-NG with an external controlled magnetic field,

allowed concluding that the lowest strength values in the
post-weld state at a level of 617 MPa are found in joints
made at mode No. 2, with values of welding heat input of
4147 kJ/m (Table 3), which is 82 % of the strength of the
base metal. The highest strength values in the post-weld
state at a level of 643 MPa were found in welded joints
Table 2. Dimensions of the weld and HAZ of welded joints of PT-

3V titanium alloy made by narrow-gap welding with a tungsten
electrode under an external controlled magnetic field

Mode |Heightofthelayer) o1y o | HAZ widih,
deposited in a
number . mm mm
single pass, mm
1 5 11.6 2.85
7.1 12.4 4.95
3 7.0 11.5 2.75
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Table 3. Mechanical properties of the base metal and welded joints of PT-3V titanium alloy, produced by GTAW-NG with an external

controlled magnetic field”

KCV, J/lem?

Specimen type, mode No. 6, MPa G,, MPa 3, % v, %

' Weld HAZ

Base metal of PT-3V 6 = 65 mm 746.6 677.5 12.7 30.8 95.3
Welded joint, mode No. 1 643.2 603.5 12.7 41.2 107.4 77.9
Welded joint, mode No. 2 617.4 559.7 9.0 38.7 112.2 71.7
Welded joint, mode No. 3 636.5 583.4 14.0 46.2 104.7 79.0
2V filler wire.

made at mode No. 1, with the lowest values of welding
heat input of 2268 kJ/m (Table 3), which is 86 % of the
strength of the base metal. The strength values of weld-
ed joints made at mode No. 3 with the highest values
of magnetic induction of the controlled magnetic field
(11 mT, see Table 1) are at a level of 636 MPa, which is
85 % of the strength of the base metal. The mechanical
properties of welded joints made at modes Nos 1 and 3
are similar. To find the reasons for the decrease in the
strength of welded joints made at modes No. 2 with the
highest values of welding heat input and weld and HAZ
sizes, additional studies of the microstructure of welded
joints are necessary [17, 18].

The impact toughness values of specimens with a
sharp notch in the weld metal for welded joints made
at modes Nos 1, 2, and 3 exceed the impact toughness
values for the base metal. This is associated with a
lower content of alloying elements in the weld met-
al, which consists of 90 % filler metal of 2V welding
wire. The impact toughness values of the HAZ for
welded joints made at modes Nos 1, 2, and 3 are lower
than the impact toughness values for the base metal.

Thus, it was found that it is possible to increase
the thickness of the weld metal layer deposited in a
single pass from 5 to 7 mm and to increase the over-
all efficiency of the welding process in a narrow gap
of PT-3V titanium alloy by increasing the magnetic
induction of the controlled magnetic field to 11 mT.
This made it possible to ensure reliable melting of the
side walls of the narrow gap and produce a high-qual-
ity welded joint. The mechanical properties of welded
joints made at a mode with magnetic induction values
of the controlled magnetic field of 11 mT are similar
to the properties of welded joints made using the ex-
isting argon arc welding technology.

The application of the obtained results made it
possible to propose a technology for welding PT-
3V titanium alloy of variable thickness, namely of
45-65 mm thick, with the same number of passes.

CONCLUSIONS

1. The parameters of the GTAW-NG mode with an
external controlled magnetic field of PT-3V titanium
alloy were determined, allowing a 7 mm thick layer of

8

metal to be deposited in a narrow gap of 10 mm wide
in a single pass.

2. The strength of welded joints made of PT-3V
alloy, produced by GTAW-NG with 2V filler wire at a
magnetic induction values of the controlled magnetic
field of 11 mT, is 636 MPa or 85 % of the strength of
the base metal and is similar to the properties of weld-
ed joints made using the existing argon arc welding
technology.

3. The microstructure of the metal in the welds and
HAZ of PT-3V alloy, produced by GTAW-NG using
2V filler wire at modes with elevated magnetic field in-
duction of the controlled magnetic field values, is simi-
lar to the microstructure of the metal in welds produced
using existing argon arc welding technology.

4. The application of the obtained results made it
possible to propose a technology for welding PT-3V ti-
tanium alloy of variable thickness, namely 45—-65 mm
thick, using the same number of passes.
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