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Activating fluxes to avoid thermal interference. The arc current was varied in the range of 80-250 A, while the welding speed was
Penetration depth kept constant at 100 mm/min. The welding voltage was set to 15-16 V. Heat input was calculated using the standard
Coating thickness expression, assuming a heat transfer efficiency of 0.8. High-purity, industrial-grade argon was used as the shielding

gas at a flow rate of 20 L/min. A standard optical microscope was used for metallographic examination, and a camera
was used to record the welding process. Results and Discussion. The studies have shown that penetration depth
primarily depends on such welding parameters as arc length (mm), welding current (A), and travel speed (mmy/s).
The depth-to-width (D/W) ratio is high for the FB-7/G method; moreover, surface appearance and slag detachability
are improved. The influence of the acidic or alkaline nature of the flux on weld geometry and surface appearance is
analyzed. Acid fluxes provide a smoother weld surface than alkaline oxide fluxes. Welding with activated FB-TIG
and FZ-TIG using SiO: flux increases the penetration depth and the depth-to-width ratio by factors of 1.5-1.7, re-
spectively, compared to conventional 4-77G welding.
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Introduction

Currently, arc welding has many variants. The most widely considered processes in the plasma science
literature are:

— Tungsten inert gas welding (77/G) — also known as gas tungsten arc welding (GTAW);

— Metal inert gas (MIG) and metal active gas (MAG) welding — both also referred to as gas metal arc
welding (GMAW).
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In 71G welding, the electrode is usually the cathode, which is a tungsten cylinder sharpened to a conical
tip. Tungsten is typically doped with a rare earth element (e.g., thorium or lanthanum) to reduce the work
function, thereby lowering the temperature at which thermionic electron emission can occur. 7/G welding
has been extensively studied by plasma researchers because it is a relatively simple process. As noted
above, cooling the workpiece with water makes it possible to obtain a free-burning arc that is stable for tens
of minutes (limited only by gradual erosion of the electrode tip) with minor contamination by metal vapors,
which simplifies both measurements and modeling. Standard shielding gases include argon, helium, and
their mixtures; sometimes small amounts of hydrogen are added.

With the development of industry, the requirements for welding efficiency are increasing. However, in
traditional GTAW and GMAW, there is a conflict between high deposition efficiency and low thermal impact
on the base metal, which limits overall process efficiency. The development of new and highly efficient
welding processes has become an urgent area of research. 7/G welding is known for its stability and ability
to produce high-quality welds [1, 2].

In TIG welding, a free-burning arc is used as a heat source. The arc energy is not concentrated [3—-5],
and penetration is low [5—15]. Complete penetration is achieved only in thin plates [5—7]. The welding
efficiency for thick plates is low. In addition, the current-carrying capacity of tungsten electrodes is limited
[5, 6]. At high currents, erosion or even damage occurs; this shortens the service life of the welding torch
and affects the quality of the weld [4—6]. Therefore, improving the penetration capability of the TIG welding
process is of great importance [5—15].

For example, narrowing the arc column to increase energy density is an effective method of increasing
welding efficiency [1-6]. In plasma arc welding (PAW), a small-diameter water-cooled nozzle is added to
the torch head [16]. The arc is transformed into a strongly constricted arc under the combined influence of
mechanical constriction [17], thermal constriction [18], and electromagnetic constriction [14, 15]. During
the welding process, the “keyhole” effect is easily formed, and the welding efficiency is significantly
increased [10—15].

The GF-PAW process was proposed in [19]; a focusing gas with a small flow rate is added between
the plasma gas and the shielding gas of the PAW torch to create an additional gas constriction effect on the
plasma arc. The diameter of the arc decreases, and the penetration increases. However, the focusing gas has
a very limited adjustment range for ensuring plasma arc stability due to the narrow channel, and it virtually
does not increase the arc pressure.

To constrict the K-TIG arc, a device with magnetic field tips and water-cooled permanent magnetic
poles was developed [20]. The threshold current for full penetration in the system has been reduced by 30
A, but the magnetic pole is easily damaged at high temperatures. This process can increase the penetration
depth by 2—3 times when welding 304 stainless steel, but the weld metal has a higher oxygen content.

The authors applied double-shielding 77G welding to weld ultrathin metal plates [21]. Thus, summarizing
the optimization described above, constricting the gas flow can increase the energy density of the arc and
ensure welding process stability. In double-shielding 77/G welding, the internal gas flow must be high enough
to enhance arc melting capability; otherwise, the external active gas will increase the oxygen content in the
weld metal. Further improvements are needed to make more efficient use of the internal gas flow.

Currently, many technical solutions have been proposed to increase the energy efficiency of TIG
welding. Based on the available literature [6-35], two directions for increasing arc energy density were
identified. The first is control and reduction of the arc space, i.e., compression and constriction of the
arc. The second is an increase in the number and energy of particles in the arc. The main methods for
achieving the above-mentioned goals include: adding energy to the arc, changing the ionization of the arc,
and increasing the heat transfer of the arc.

For example, multi-electrode 7/G welding (MT-TIG) includes two-electrode 7IG welding (7-TIG),
condensation 7/G welding (C-TIG), and MT-TIG [34, 35]. Typical characteristics of these methods are the
use of two, three, or more tungsten electrodes isolated from each other in an aligned array, instead of a single
traditional tungsten electrode. Several power sources are connected to the groups of tungsten electrodes,
and a connecting arc is formed between the electrodes. The required arc characteristics are achieved through
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logical control between multiple power sources to meet the requirements of high-efficiency surfacing and
high-speed welding.

The keyhole TIG welding method (K-TIG) [35] was proposed by the Commonwealth Scientific and
Industrial Research Organisation (CSIRO) in 1997. The principle of K-TIG is to use a special energy
source for arc welding with a unique welding torch design, namely, a large-diameter tungsten electrode
(usually more than 6 mm), high current (> 600-650 A), and high voltage (16-20 V). As a result, the arc is
constricted, the energy density increases significantly, and the penetration depth increases [35].

C-TIG 1s anew arc welding method [35] in which the arc is protected by two layers of shielding gas: inner
and outer. Three parallel tungsten electrodes are powered by three independent power sources. Properly
designed deflecting tungsten electrodes are used to guide the arc so that three parallel arcs converge into
one. The current of the coupled arc formed by three parallel arcs is equivalent to the sum of the currents of
the three tungsten electrodes; therefore, the total welding current can be extremely large.

At the same time, the high temperature generated by a strong current increases thermal ionization of
the gas in the arc center and thermionic emission at the electrode; in addition, the arc energy increases
significantly. In combination with thermal compression and the constraining effect of the outer shielding
gas, the energy density of the arc is further increased.

Another way to increase TIG welding efficiency is to use additional physicochemical effects on the
weld pool via activating fluxes [6—15]. The first work in this direction was carried out in the USSR [6—15].
Titanium was used as the material to be welded, and the penetration depth was significantly increased. The
disadvantage is that TIG welding only allows joining of thin titanium sheets in a single pass. Joining thick
plates requires machining grooves and feeding filler material. The deposition rate is low, and the grains in
the melting zone tend to coarsen, which leads to deterioration of the joint properties. Subsequently, this
positive experience was extended to structural and stainless steels. In this process, a thin layer of flux is
applied to the surface to be welded, after which TIG welding is performed. Oxides, chlorides, and fluorides
are commonly used as fluxes in this process. Fluxes are applied to the surface after mixing with a suitable
solvent such as acetone or ethanol, in an appropriate proportion using a brush or spray.

The primary effect of using flux during 7/G welding is a noticeable increase in arc voltage [6, 7].
Traditionally, during 7/G welding, the arc voltage increases with arc length. For example, at an arc length
of 2.5 mm, the voltage is 9.8—-10 V, while at an arc length of 10 mm, it reaches 14.5-14.8 V. However,
increasing the arc length during 7/G welding degrades weld pool shielding and increases shielding gas
consumption.

According to the results of a large number of published works [6-25], 4-TIG welding successfully
provides a large depth of penetration (DOP) for various materials, including carbon steel [6—8], titanium
alloys [6—10], and stainless steels [5—15], etc. In addition, new variants of FB-TIG and FZ-TIG have recently
been developed and experimentally investigated [22—24] by changing the geometric arrangement of fluxes
on the surface of the metal being welded.

In FB-TIG welding, two flux strips are applied on both sides of the weld centerline, leaving a small gap
in the center of the plate. In FZ-TIG welding, a flux layer with a high melting point, high boiling point, and
low electrical conductivity is applied to the side surfaces of the weld, while the central areas are coated with
a flux layer having a low melting point, low boiling point, and high electrical conductivity [22-28].

In [25], a comparative study of the effect of single-component fluxes (MoO, and MgO) on the depth-to-
width ratio (DWR) of oxygen-free copper was conducted using new A-T/G welding options. An increase in
penetration depth was observed.

Recently, new methods, FB-TIG and FZ-TIG (A-TIG welding variants), have also been studied in the
context of improving DWR and overall weld properties. The authors of [25] showed that FB-TIG welding of
AA 2219-T87 aluminum alloy using SiO, flux produces aesthetically better welds without cracks and with
the formation of liquid slag compared to traditional TIG methods. In addition, the tensile strength and yield
strength of the weld improved significantly, by 50-54%.

A study of FB-TIG [26] on commercially pure aluminum using fluxes with different particle sizes (SiO.,,

Ti0,, AL,0,, Fe,O,, and Cr,0,) showed that a flux with a small particle size increases penetration by 30%
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compared to a flux with large particles. In addition, the gap between the flux strips plays a crucial role in
achieving high weld quality. When the gap between the flux strips was maintained in the range of 4-5 mm,
the depth-to-width ratio (DWR) of the weld increased at least 5-fold compared to conventional 7/G welding
[6-15].

The authors of [28] consider FZ-TIG to be the most advanced technology, as it reportedly combines the
advantages of both 4-71G and FB-TIG. They applied this new technology to aluminum alloy 43003 using a
specially made flux, FZ108, which contained a mixture of several halides and elements as the central flux,
with SiO, selected as the side flux. The results unexpectedly showed that the weld penetration achieved
with FZ-TIG was more than three times higher than that of conventional TIG welding and almost twice as
high as that of 4-T1G. Other authors [29] also reported a threefold increase in penetration depth compared
to conventional 7/G welding, with a noticeable improvement in the mechanical properties of the aluminum
alloy.

Alarge number of authors have noted that oxide-based fluxes such as 5i0., MoO,, MoS,, CrO,, and TiO,
significantly increase the depth of penetration (DOP) for various materials and, in many cases, provide full
penetration (i.e., penetration through the entire plate thickness) in conventional 7/G welding. A noticeable
increase in penetration is observed when /), is added to the shielding gas. The addition of helium also
contributes to an increase in DOP. The arc column narrows during activated 7/G welding, and an inward
flow caused by surface tension is observed.

Various types of welding operations and their measurement technologies have been proposed in the
analyzed literature [6—49]. Some studies have described aspects of 4-7/G weld quality measurement
methods and recommendations. However, from our brief analysis of the results reported by various authors
[6—49] and other scientific papers in this area, we have found no studies on new methods for welding low-
carbon steel. In our previous work [50], we presented the test results of oxide fluxes during A-7/G welding.
With this in mind, it is of scientific interest to consider the effect of activating flux placement using FB-TIG
and FZ-TIG methods on the surface of the workpieces being welded.

The purpose of this work is to evaluate the penetration capability during FB-7/G and FZ-TIG welding
(using FeO, TiO,, and SiO, oxide fluxes) on carbon and low-alloy steels. To achieve this goal, the following
tasks were addressed in the research process:

— to determine the technological parameters (current, flux coating thickness, welding speed) affecting
penetration capability during FB-TIG and FZ-TIG welding using FeO, TiO,, and SiO, oxide fluxes;

—to conduct a metallographic study of the structure formed in welds during FB-TIG and FZ-TIG
welding using FeO, TiO,, and SiO, oxide fluxes;

— to perform visual studies of the process using photographic recording of individual stages to establish
the features of welding arc interaction with activating fluxes in FB-TIG and FZ-TIG.

Research methods and materials

In our previous work [50], we described the research methodology in detail.

Materials for the experiments

Rectangular plates with dimensions of 20 x 50 mm were cut from sheets with thicknesses of 3, 5, and
10 mm. Sixty samples were prepared for each thickness. Additional studies were carried out when weld
surface formation was unsatisfactory (due to lack of fusion or poor bead formation).

The following steels were used:

— commercial quality Steel 3 (GOST 380-2005) — see Table 1.

—0.09 C-2 Mn-Si steel (GOST 19281-2014) — see Table 2.

— 0.1 C-Cr-Ni-Cu steel (GOST 19281-2014) — see Table3.

As in our previous work [50], single-component fluxes in the form of oxide powders (7iO,, SiO,, FeO)
with a particle size of 40-80 pm, manufactured by Real-Dzerzhinsk LLC (Russia), were used. Additionally,
silicon and ferrosilicon production waste — namely, FeSi gas purification dust — was used. The gas purifica-
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Table 1
Chemical composition (wt.%) of Steel 3 according to GOST 380-2005
C Si Mn Ni S P Cr As Cu
0.14-0.22 0.5-1.5 0.4-0.65 <03 <0.04 <0.04 <03 <0.08 <03
Table 2
Chemical composition (wt.%) of 0.09 C-2 Mn-Si steel according to GOST 19281-2014
C Si Mn Ni S P Cr V Cu
<0.12 0.5-0.8 1.3-1.7 <03 <0.035 <0.03 <03 <0.12 <03
Table 3
Chemical composition (wt.%) of 0.1 C-Cr-Ni-Cu steel according to GOST 19281-2014
C Si Mn Ni S P Cr 14 Cu
<0.12 0.8-1.1 0.5-0.8 0.5-0.8 <0.035 <0.03 0.6-0.9 <0.12 0.4-0.6

tion dust from silicon and ferrosilicon production consists of the following oxides: SiO, — 85.4%, AL,0, —
10.46%, Fe,0,—0.30%, CaO — 1.50%, MgO — 1.24% [14]. Before welding, the samples were cleaned with
a belt grinder and then wiped with acetone to prevent surface contamination.

Welding procedure

The welding experiments were conducted as follows: the welding current was varied in the range of
80-250 A, while the welding speed was kept constant at 100 mm/min. The welding voltage was set at
15 V. A MasterTig 300 AC/DC welding power source (Finland) was used. Thermal energy was calculated
using a standard formula, assuming a heat transfer efficiency of 0.8 [6—8]. High-purity argon was used as
a shielding gas in accordance with GOST 10157-2016. The gas flow rate was set at 20 L/min. The flux
components were optimized in an earlier study [50].

The finely dispersed flux powders were dispersed in acetone; the resulting solution, which resembled
paint in consistency, was subsequently applied to the sample surfaces using a stencil template. The coating
thickness varied from 0.5 to 2 mm.

Metallographic examination

After welding, the samples were sectioned along the entire length of each weld using a STRUERS
SECOTOM-15 cutting machine (Denmark) for metallographic examination. Hot pressing was carried out
using FlexPRESS-600 equipment. The samples were carefully polished using a semi-automatic machine
(Struers Labopol, Denmark). Fine polishing was carried out sequentially using a suspension of aluminum
oxide and diamond to obtain a mirror surface. The surface was etched with a 4 vol.% nitric acid solution.

Micrographs of the weld zone were obtained using an optical microscope (Micromed MET 2, China). A
general macroscopic view of the weld zone and the heat-affected zone (HAZ) was obtained using a stereo
microscope (Olympus SZX16). All measurements concerning weld geometry were carried out using /mageJ
software.

The methodology adopted for the experimental work is shown in Fig. 1.

To obtain information about microstructural characteristics during the welding process, various
additional measurement methods were used, such as high-speed photography using a Nikon Z3(0 camera
(capable of shooting 4K video at up to 30 fps) and recording of current and voltage parameters using a
welding parameter recorder (RSP-102D).

Vol. 26 No. 2 2026 %
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Fig. 1. (a) Procedure for preparing activated flux [50] and (b)
schematic representation of variants of new 4-7/G welding
methods with activated flux

The variants of FB-TIG and FZ-TIG welding were experimentally investigated by changing the geo-
metric arrangement of the fluxes. In FB-TIG welding, two flux strips were applied on both sides of the weld
centerline, leaving a small gap in the center of the plate (Fig. 1, a). In FZ-TIG welding, a flux layer with a
high melting point, high boiling point, and low electrical conductivity (e.g., SiO,) was applied to the lateral
and central sections of the weld surface, while a flux layer with a low melting point, low boiling point, and
high electrical conductivity (e.g., CaO, A1,0,) was applied to other areas (Fig. 1, b).

For each current value and welding method, at least three samples were tested. Next, the average value
of the geometric parameters was determined.

Research results

A macrographic view of the melting zone with and without activating flux is shown in Figs. 2—5. The
boundary of the melting zone is clearly visible in all images. The etched surface on some samples was
so bright that it reflected light from a portable lamp used with a stereo microscope. Therefore, it was
difficult to create sufficient contrast between the various microscopic areas in the macro images. The
macro images confirm the absence of common welding defects such as porosity, undercuts, or cracks on
the welds.
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il

e f

Fig. 2. Cross-sections of the weld zone after FB-TIG processing:
a — width parameter (without flux, with surface melting, penetration depth at 100 A); b — penetration depth parameter (without
flux, with surface melting, width at 100 A); ¢ — silicon oxide — weld width at 100 A; d — silicon oxide — penetration depth at

100 A; e — ron oxide — penetration depth at 120 A; f'— iron oxide — weld width at 120 A; g — iron oxide — penetration depth at
150 A; h — iron oxide — weld width at 150 A

a b
Fig. 3. Cross-section of samples after /B-T/G treatment (current 100 A):
a — FeSi gas cleaning dust — penetration depth; b — FeSi gas cleaning dust — width

a b

Fig. 4. Photographs of the interaction process between the welding arc column and flux par-
ticles during welding with activated SiO, flux:
a—A-TIG; b — FB-TIG (current 100 A)
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Fig. 5. Variation of width and depth in FB-TIG welding in the fusion zone (FZ2),
heat-affected zone (HAZ), and total depth

The results of penetration depth and weld width measurements during FB-TIG and FZ-TIG welding are
shown in Tables 4 and 5. It can be seen that the activating flux application method significantly affects weld
geometry. Typical macrostructures and micrographs of 71G, A-TIG, FB-TIG, and FZ-TIG samples include
various zones — namely, the melting zone, the base metal, and the heat-affected zone (HAZ) — with different
grain morphologies (Figs. 6, 7 and 8).

Variation of width and depth during FB-TIG welding

Table 4

Current, A | Flux applied to Steel 3 (center gap of 2 mm) | Penetration depth (mm) | Penetration width (mm)
100 Without flux 1.15 5.31
100 Si0o, 2.64 5.37
100 FeO 0.32 4.98
120 FeO 0.90 5.31
100 Tio, 1.96 4.96
Current, A Flux applied to Steel 3 (center gap) Penetration depth (mm) | Penetration width (mm)
100 Si0,, gap 4 (mm) 2.84 5.27
100 Si0,, gap 6 (mm) 2.44 5.67
100 Si0,, gap 8 (mm) 1.96. 6.17
Table 5
Variation of width and depth during FZ-TIG welding
Current, A | Flux applied to Steel 3 (center gap of 2 mm) | Penetration depth (mm) | Penetration width (mm)
100 Without flux 1.15 5.31
100 Si0o, 2.94 5.31
100 FeO 0.82 4.53
120 FeO 1.40 5.11
100 Tio, 2.76 5.00

% Vol. 28 No. 2 2026
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c d

Fig. 6. Transverse sections of a weld seam of a 5 mm plate without edge preparation after FB-TIG
welding at 100 A:

a —welding without flux; b — welding with SiO,; ¢ —iron oxide; d — FSi gas cleaning dust

) H"f“‘:f‘”

Y2y s%'ég.éf i

ey
5 AT 2t

Fig. 7. Microstructure in the coarse grain zone. Transverse sections of a weld seam of a 5 mm plate without
edge preparation after welding with SiO, flux:

a — A-TIG method; b — FB-TIG method (current 100 A)

Table 6 shows the results of FB-TIG welding with flux coating thicknesses varying from 0.5 to 3 mm.
It can be seen that the largest coating thickness (3 mm) does not allow high-quality penetration at a current
of 100 A. With a coating thickness of 1 mm, the weld width is larger than with other options. With a coating
thickness of 1 mm, the largest weld depth is 2.64 mm. The next largest weld depth values were obtained
with an active flux coating thickness of 3 mm at a current of 140 A.

The optimal thickness of the active SiO, flux coating for 3—5 mm thick metal is in the range of
0.5-1 mm. Therefore, an increase or decrease in the specified thickness of the active flux coating has a

Vol. 26 No. 2 2026 %
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Fig. 8. Grain sizes of transverse sections of a weld seam of a 5 mm
plate without edge preparation after welding with SO, flux:
a — A-TIG method; b — FB-TIG method (current 100 A)
Table 6
Changing the width and depth during FB-TIG welding
Flux applied to Steel 3 Coating thickness Penetration depth Penetration width
Current, A
(center gap of 2 mm) (mm) (mm) (mm)
100 Si0, 0.5 1.75 5.31
100 SiO, 1.0 2.64 5.47
100 SiO, 2.0 2.32 4.98
100 SiO, 3.0 - -
120 Si0, 3.0 2.58 5.40
140 Si0, 3.0 2.70 6.12

significant effect on the depth and width of the weld. When the active flux coating thickness exceeds the
optimal value (> 1 mm), arc ignition becomes difficult, leading to shallower penetration and deterioration of
surface quality. If the active flux coating thickness is less than the optimal value, no significant improvement

in weld depth is observed.

Fig. 9. Shows the results of samples processed using the FZ-TI/G method (current 100 A).
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Fig. 9. Cross-sections of samples processed by the FZ-T/G method (current 100 A):

a — silicon oxide; b — titanium oxide; ¢ — gas cleaning dust; d — iron oxide

Due to the varying physical properties of the fluxes, different voltage values were recorded during
A-TIG and FB-TIG welding. FB-TIG and FZ-TIG welding produce the highest arc voltage. The heating
intensity at the arc center increases with voltage and decreases exponentially with radial distance from the
center. This leads to constriction of the arc column and an increase in heat flux density, which significantly
affects penetration (Fig. 9).

A comparative assessment of the different methods is given in Fig. 10.

Discussion of the results

Our research has allowed us to identify some new features of activating fluxes. For example, a large
penetration depth was observed when using silicon oxide (Fig. 2). SiO, flux has the highest electronegativity
among all oxide fluxes. As a result, the dissociation of oxide fluxes attracts more electrons to the outer
region of the arc column than to the center. The electrons gather on the outer periphery of the arc, leading to
increased arc constriction. In addition, metal oxides are more basic and strongly bound to oxygen, making
the decomposition of basic oxides difficult. In contrast, acidic compounds decompose easily, releasing more
free energy and achieving greater penetration depth.

The greater penetration depth achieved using oxide fluxes can be explained by two possible mechanisms:
arc column constriction and the Marangoni effect. In general, as our previous studies [50] have shown,
penetration depth in traditional 7/G welding depends on the fluid flow mode in the weld pool. This, in turn,
strongly depends on factors such as electromagnetic forces and the surface tension gradient. Fig. 4 shows
the change in arc column shape during 4-7/G and FB-TIG welding. The A-TIG and FB-TIG visualizations
are shown in the photograph. It can be seen that when the arc burns through the flux layer, it is in continuous
contact with the flux particles. In the FB-TIG method, the arc is constricted by the side walls of the flux,
which are not electrically conductive.
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Fig. 10. Penetration depth as a function of steel chemical composition
(plate thickness 10 mm, current 200 A) for various activated flux 7IG
welding methods
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Fig. 5 shows the variation in weld width and penetration depth for different fluxes. SiO, and TiO, fluxes
have a stronger effect on these weld parameters than others. The authors [6-8, 12—19] reported that activated
flux ionizes during welding and constricts the arc, trapping electrons in the outer and central regions of the
arc. Subsequently, the anode current density increases, which leads to an increase in the heat flow in the spot
and to a narrower and deeper weld.

However, many researchers believe that the main reason for the increase in weld depth is reverse
(centripetal) Marangoni convection. The addition of activating flux increases the surface tension gradient
in the central part compared to the outer edges, causing the molten metal to flow toward the center and
increasing penetration depth.

The TIG welding sample without flux showed a columnar grain structure in the weld area (Fig. 7,a). It
1s worth noting that the samples treated with 4-7/G and FZ-TIG showed long needle-like grains, while the
samples treated with FB-TIG showed cellular grains in the weld area. This is important because the weld
area undergoes cyclic rapid heating during 4-71G and FZ-TIG, as the weld is covered with flux, which
leads to a high current density and strong Marangoni convection. However, the presence of a constricted arc
created by lateral flow, but with a current density limited to almost that of 7/G welding, leads to moderate
heating of the melting zone followed by slow cooling, which allows the grains to grow into a cellular
structure.

In TIG welding, in the absence of such mechanisms, the melting zone undergoes slow heating and
cooling cycles, leading to the formation of a columnar structure (Fig. 7,a). In addition to the melting zone,
the heat-affected zone (HAZ) mainly consists of a very fine-grained morphology due to faster cooling
caused by heat flow to the cold base metal. Microstructural analysis of the samples revealed defects such as
porosity in varying degrees of severity in the weld area.

Reference [15] suggests that during 4-77G welding, oxygen released during the decomposition of the
oxide flux dissolves in the molten metal and can escape into the environment after solidification. It can
be argued that the amount of porosity depends on the oxide present in the flux. In many cases during FB-
TIG welding, the arc is not confined solely by its natural radius, especially when the lateral flux layer has
limited electrical resistance. This increases the flow of liquid into the weld pool, transferring activating flux
particles to the central area. This influx of particles helps to increase penetration depth but simultaneously
leaves behind voids formed by oxygen released from the flux, as described earlier. The samples welded
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without flux also showed porosity and larger voids in the weld area. Therefore, it can be assumed that there
are several reasons for the formation of porosity during 7/G welding. It is known [6—8] that the absorption
of nitrogen and oxygen in the weld pool is usually caused by poor gas shielding.

From the works of various authors [6—49], it is evident that the phenomenon of increased penetration
depth using activating fluxes is complex. No complete analysis has yet been presented; only individual
studies have investigated specific cases, offering various explanatory mechanisms. These mechanisms
include arc constriction, the reverse Marangoni effect [15], electromagnetic forces [6—9], and buoyancy
and aerodynamic forces [6, 12, 21-22].

From the experimental results of this study, it is clear that each flux has unique chemical, thermal, and
electrical properties, leading to different weld geometries due to one or more of these mechanisms. Fig.
10 shows a comparative assessment of various methods. It can be seen that, compared to conventional
TIG welding, the use of activating fluxes increases penetration depth regardless of the application method.
The geometric dimensions of the bead-on-plate samples made of carbon and low-alloy steel confirmed a
significant increase in penetration depth, which correlates with the work of other authors [6—19].

Continuous linear spatter was observed on the upper surface of samples welded by the 4-71G method
using fluxes such as SiO,, TiO,, and FeO. Such excessive spatter when using these fluxes could be caused
by strong arc constriction due to a higher peak temperature during processing.

During 4-TIG welding, electron movement is hindered by the flux deposited on the weld centerline
[6-8], since most fluxes are good electrical insulators. Since electrons take the path of least resistance (i.e.,
along the sides), this leads to arc wandering and consequent spatter. Consequently, A-7/G welding creates
more surface inhomogeneities compared to 7/G welding, which is explained by the inevitable formation
of residual slag spatter [6—8]. Fewer spattering was observed when using fluxes, which is explained by the
formation of a slag layer from the flux applied before welding.

In FB-TIG welding, the opposite situation occurs: the central area remains uncoated, while the lateral
areas are covered. This leads to better arc control and its constriction in the center. Therefore, comparatively
less spatter was observed in the FB-TIG welding samples.

During FZ-TIG welding, a significant amount of spatter was observed on the weld surface, which is
explained by strong arc constriction and high arc energy density. During FZ-TIG welding, a flux with high
electrical conductivity is applied in the center of the seam, which provides a path of minimal electrical
resistance for the arc column. The side parts, in contrast, contain flux particles with low electrical conductivity
and are exposed to the convective thermal action of the arc column.

It was reported in [6—8] that the electronegativity of flux components plays a key role in arc characteristics
and heat generation. During A-T1G and FZ-TIG welding, decomposition of the oxide flux leads to the release
of the metallic element and oxygen. The properties of the oxide can be described by the electronegativity
of a given element in combination with oxygen. Negative ions formed by electron aggregation at the arc
periphery can lead to arc constriction. The addition of activating fluxes with a high melting point to the weld
center causes higher surface tension there [15]. A higher surface tension in the center and a lower one at
the edges directs molten metal flow toward the center rather than outward, as in conventional 7/G welding.
This mechanism — the reverse surface tension gradient leading to narrow and deep penetration — is called the
reverse Marangoni convection effect and is well explained in [15]. Therefore, more than one mechanism
likely contributes to increased weld penetration.

It should be noted that the mechanism described above is slightly different for FB-TIG welding, as the
flux application location changes. When the arc is ignited, in addition to the central region, it also interacts
with flux particles in the lateral regions. Intense heating dissociates the flux particles, leading to evaporation
and the formation of a vapor cloud outside the arc column. The interaction between the vapor cloud particles
and adjacent electrons — which have lower energy than those in the central region — prevents further arc
expansion. Thus, with such a constricted arc, higher penetration depth is observed in our experiments.

The samples obtained using the FZ-TIG method exhibited a combination of the mechanisms discussed
earlier, since this is a combined approach incorporating characteristics of both 4-7/G and FB-TIG welding.
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Consequently, these samples showed a narrower weld with a higher penetration depth-to-width ratio
compared to both of the above approaches.

When welding using the FB-TIG method, the gap between the fluxes has a significant effect on increas-
ing penetration depth and reducing weld width, as shown in Table 4. During the experiments, it was found
that as the gap between the fluxes decreases, the penetration depth increases, leading to a greater depth-to-
width ratio compared to conventional 7/G welding.

This observation can be explained by the fact that in 7/G welding, the energy required to melt the base
metal is obtained from kinetic energy transferred to charged particles (electrons or positively charged ions).
The resistance of the silica flux coating is significantly higher than that of the base metal. Consequently,
electron flow is confined to the flux-free area — i.e., inside the gap between the fluxes [15]. This phenom-
enon is known as the isolation effect.

The depth and shape of the weld significantly depend on the molten metal flow and liquid flow mode in
the welding zone. For pure metals and alloys, surface tension (o) decreases with increasing temperature (7).
Thus, the center of the weld pool, which receives maximum heat from the welding torch, has minimal sur-
face tension compared to the outer edges, creating a significant surface tension gradient. This causes molten
metal to flow from the center (lower surface tension) to the periphery (higher surface tension) [6—14].

As the flux gap gradually decreases, the concentration of the activating element (oxygen) in the molten
weld pool increases. The silicon dioxide particles adjacent to the weld pool melt due to intense heating,
causing the temperature coefficient of surface tension to change from negative to positive. This leads to an
increase in surface tension (6) with temperature at the weld pool center, where the maximum temperature
occurs. As a result, the molten metal flow direction is reversed — a phenomenon known as reverse Maran-
goni flow or reverse Marangoni convection — leading to greater weld penetration and reduced weld width
[6—8]. Thus, the weld pool becomes deep and narrow rather than wide and shallow.

In conclusion, the spatial distribution of arc current density and the interaction of thermal, electrical, and
other physical parameters significantly impact the geometric dimensions and metallurgical quality of the
weld. In our studies, arc heat flux density can be characterized by current density distribution. We adjusted
these parameters by applying activating fluxes to the surface using various methods. Considering these
features of the welding process, we have outlined further studies to evaluate the penetration capability of
new methods for using activating fluxes in 7/G welding.

Conclusions

The main results can be summarized as follows:

1. In the course of research on new FB-TIG and FZ-TIG methods, it has been shown that SiO, and TiO,
fluxes not only increase weld penetration depth but also improve weld pool control. The complex flux made
from gas purification dust (consisting of oxides: SiO, — 85.4 %, 41,0, —10.46 %, Fe,0, - 0.30 %, CaO —
1.50 %, MgO —1.24 % ) increases penetration depth but is less efficient than simple fluxes such as SiO, and
TiO,. The penetration depth during FB-TIG welding increases with flux coating thickness up to 1 mm, after
which it remains constant over a wide range of welding currents.

2. A difference in the heat-affected zone (HAZ) microstructure has been established: A-TI/G welding
produces a larger grain structure (65—76 um), whereas FB-TIG welding produces a smaller one (35—45 pum).
The grain size in the weld area during F'B-TIG welding is half that observed during A-TIG welding.

3. For welding 10 mm thick metal, the following parameters were found to achieve maximum penetra-
tion depth: welding current — 200 A, welding speed — 100 mm/min, and shielding gas flow rate — 20 L/min.

4. Visualization of FZ-TIG and FB-TIG qualitatively showed that when the arc burns through a layer of
electrically conductive flux, it remains in continuous intimate contact with the flux particles and is addition-
ally constricted by the side walls of the flux (which are not electrically conductive). As a result, the heat flux
density is higher. In FB-TIG welding, the arc is constricted only by the side walls of the flux (not along the
weld axis), so the degree of constriction is lower.
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