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My research work and the present dissertation aimed at the analysis of the productivity increase
opportunities of the tungsten inert gas (TIG) welding. The conducted scientific research work was led
by the target to check the more and less popular options through extended experimental work and
to establish a professional reference system, which facilitates the comparison of the numerous TIG
process variants. Therefore, my experimental work focused on three major research areas. Two of
these areas – the mixture gas shielded and the pulsed TIG welding – are widely applied in the
industry. The third one, and my major research subject, is the activated TIG (ATIG) welding which is a
less known and rarely applied welding process.
The Foreword explains the reasons of the subject selection; which is essentially my personal story
how I encountered the ATIG welding. The Introduction explains the main characteristics of the
conventional TIG welding as basic process. The Main objectives were defined so that, on the one
hand, the answers deliver the most useful information for the industry – about the mixture gas
shielded and the pulsed TIG welding – and, on the other hand, the results deliver clarification for
unanswered questions concerning the ATIG welding. Accordingly, the following objectives were set:
•
•
•
•
•

•

Define the correlation between the weld penetration depth and the pulse frequency at pulsed
TIG welding process.
Compare the attainable weld penetration depth values with various shielding gases, and assess
if any of them may facilitate to achieve ATIG welding-like deep penetration.
Establish an overview on the special welding technology characteristics of the ATIG welding
and on the consequences in the weld pool of the welding parameters alteration.
Define whether if welding consumable may be fed in the weld pool and how does it influence
the properties of the weld joint.
Analyse the effect of the ATIG welding on the microstructure of various stainless steel types
(austenitic, ferritic, duplex) welded joints, and confer them with results published in the
literature from corrosion resistant and mechanical properties perspetive.
The most important objective is to clarify the major phenomenon in the weld pool of the ATIG
welding that ends up in the deep weld penetration. Through the analysis of the published
theoretical models, the most justifiable was selected for further amendment.

The title of chapter 4 is The boundary conditions of the research work. This chapter summarizes all
conditions and parameters related to the experimental work. The location and the device of the
welding experiments, the welding torch, the power sources, the selected tungsten electrode and its
tip preparation, the gas flow rates as a function of the weld current, the geometry and the base
material of the samples and the procedure of the welding experiments are all detailed in this
chapter. The procedure of the preparation for the sample analysis is also described here. Also the
evaluation process of the cross and longitudinal sections of the welds is introduced here including
the measured features like weld penetration depth (D), weld width (W) and the cross section area (A)
as well as the calculated features like cross section specific heat input (Q/A) and depth-to-width ratio
(D/W). Finally, the deviation control process of the measured values is explained in the chapter.
The chapter 5 (Experimental work and results using pulsed TIG welding) contains the description of
the work I carried out with pulsed TIG welding in order to provide answer for the first objective. For
beginning, a review of the main characteristics of the pulsed TIG welding, like major pulse
parameters, pulse-frequency intervals and the relevant, achievable weld metal properties in these
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pulse-intervals, is provided. Typical pulsed TIG welding research works present that pulse frequency
above 500 Hz provides deeper penetration than the steady current TIG welding but this pulse
frequency is hardly available at industrial welding machines. These equipment offer typically 0–500
Hz pulse frequency. Therefore, I examined this pulse frequency interval from weld penetration
perspective. The weld experiments were conducted on 5.0 mm thick, X5CrNi 18 10 (1.4301, 304) type
austenitic stainless steel plates using 50–500 Hz pulse frequency with the mean value 110 A welding
current and using pure Ar and Ar+30%He shielding gases. Then the weld penetration properties were
compared to the samples welded with steady current TIG welding in order to obtain a view on the
weld penetration depth increase in comparison with the base weld process. Based on the results I
concluded that pulsed TIG welding offers deeper penetration above 250 Hz pulse frequencies both
with Ar and Ar+30%He shielding gases, compared to the conventional steady current TIG welding,
when the mean welding current is 110 A. Therefore the following thesis was formulated.
THESIS 1
At high-frequency pulsed TIG welding, the weld penetration depth increases significantly above
250 Hz, both with pure argon and 70% Ar + 30% He gas mixture, compared to the conventional
steady current TIG welding.
Chapter 6 (Experimental work and results using shielding gas mixtures) is intended for the
reference system which enables the comparison of the various TIG welding variants from penetration
characteristic point of view, and where the ATIG welding weld profiles are placed later on. To create
the basic reference system, I investigated the achievable penetration profiles of the TIG (Ar+30%He)
and TIG (Ar+6,5%H2) welding processes beside the basic TIG (Ar 4.6) process. The weld experiments
were conducted on 2.0–8.0 mm thick, X5CrNi 18 10 (1.4301, 304) type austenitic stainless steel
plates. The welding current was increased bead by bead by minimum 10 A, and then the weld
penetration depth, the weld width and the weld cross section area were measured on the cut
samples of the welds. Hence, I could create diagrams that show the weld penetration depth in
correlation with the welding current for each plate thickness and shielding gas. The graphing of the
results (depth, width and area separately), achieved by the various shielding gases, in one diagram
for each plate thickness, facilitated the proper comparison of their effects on the weld profile. The
calculated values (Q/A and D/W) were all plotted in one diagram for each shielding gas. The 40–370
A welding current range covers the complete welding current interval that is typically used in
industrial applications. Therefore I could state that the established comparative reference system is
complete from real applications point of view and enables the integration of other TIG variants into
this system as well so that their cross comparison is conductible. The establishment of this
comparison reference system was the main objective of the chapter.
Chapter 7 (Experimental work and results using ATIG welding) begins the discussion of the results of
my ATIG welding experiments. At first, the main properties (1. Figure) and features (2. Figure) of the
ATIG welding were presented.

2

Tamás Sándor

Booklet of Theses

1. Figure

Cross section
of a TIG
welded joint

Cross section of
an ATIG welded
joint

2. Figure

Then the activating flux – the most important consumable of the ATIG welding – is introduced
through the developments stages, the portioning including the difficulties of the manual brushing,
and the possible suspension making modes. I introduce the activating fluxes used and published in
the literature including the weld penetration characteristics. I also describe the reason of selecting
the SiO2 for my ATIG weld experiments. Then a compilation of the technological experiences of the
ATIG welding, collected through numerous weld tests, is presented. This section touches the next
ATIG welding specific features: the deep weld penetration of the ATIG welding can be utilized for
welding speed increase; option for manual application; tungsten electrode and proper shielding gas
selection. Following the technical experiences, a literature overview of international and domestic
publications is provided regarding the mechanical and the corrosion resistance properties of the ATIG
welded joints:
The critical pitting temperature of the ATIG welded joints presented higher value than that of the TIG
welding but lower than the base material for all X5CrNiMo 17 12 2 (1.4401; 316) type austenitic, 254
SMO (X1CrNiMoCuN 20 18 7 (1.4547; S31254)) type superaustenitic and SAF 2507 (X2CrNiMoN 25 7
4 (1.4410; 2507)) type superduplex stainless steels. The yield strength values showed the same
tendency: the strengths of the ATIG weld joints were between that of the base material and the TIG
welding. At the same time, it is emphasized that ATIG welding reduces the nitrogen loss of the weld
metal, which contributes to the conservation of the beneficial 50-50% austenite-ferrite ratio in the
duplex steels.
ATIG welding experiments show that using both pure Ar and Ar+5%N2 shielding gases, the ATIG
process provides complete penetration on the butt welds of 3.0 mm thick X2CrNiMoN 22 5 3 (1.4462;
318LN) type duplex stainless steel plates, while TIG process does not. The continuation of this
experiment investigated the effect of the activating flux on the ferrite content. The conclusion was
3
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that the 5% nitrogen addition to argon increases more efficiently the austenite content in the weld
pool when used with ATIG welding than the same gas with TIG welding.
In case of austenitic stainless steels, the ATIG welding did not provide as positive effects on the
microstructure as in the duplex steels visually. This was confirmed by my results beside the
international literature. Nevertheless the tensile strength values of the ATIG welded joints were just
8–9% below the base material (X5CrNi 18 10 (1.4301; 304)) compared to the TIG joints being 10–20%
below that. ATIG welds also seem more advantageous than TIG welds from the ferrite content
perspective having the average of 5–6 F%, which is 2–2,5 F% below than TIG welds.
The complete revealing of the effect of the weld pool’s internal cooling rate on the weld
microstructure was aimed during the experiment which was carried out on one and double-sided
butt welds of 8.0 mm thick, X6Cr 17 (1.4016; 430) type ferritic stainless steel plates. In general, this
steel is deemed not weld able. The experiments, carried out on this steel grade, confirmed the theory
that the ATIG welding joint have higher cooling rate in the weld pool. This characteristic definitely
plays a part in the superior weld metal properties of the austenitic welds made by ATIG welding.
The weldability of the novel LDX 2101 (X3CrMnNiN 21 5 1 (1.4162; - )) lean duplex stainless steel was
investigated both by TIG and ATIG welding. The results showed up that the ATIG welding results
lower ferrite content (with the average of 12.8%) in the weld than the TIG welding. This result
complies with the published results of the international literature where the phenomenon is
explained by the nitrogen loss reduction taking place at ATIG welding. Consequently, the austenite
content was always higher in the ATIG welds than in the TIG welds.
THESIS 2 [6], [7], [8], [9], [10], [13]
The LDX 2101 (X3CrMnNiN 21 5 1 (1.4162; - )) type lean duplex corrosion resistant steel is
adequately weldable by the ATIG welding process, even with as low heat input values as 0,4–0,5
kJ/mm, in contrary with the 1.5–2.5 kJ/mm value recommended by manufacturers. The weld metal
of the ATIG welded joints contain approximately 30% ferrite using 95% Ar + 5% N2 shielding gas,
and approximately 50% ferrite using pure argon shielding gas.
During my dissimilar TIG and ATIG welding experiments I-type butt welds were made between
X5CrNi 18 10 (1.4301; 304) and LDX 2101 (X3CrMnNiN 21 5 1 (1.4162; - )) type stainless steels with
various fitting gaps and cold wire addition. These experiments included two novel features. The first
is the application of fitting gap (0, 1.0 and 2.5 mm). The second is the addition of cold wire (309L,
316LSi, 2209, AVESTA MIG LDX 2101) to the weld pool. None of these circumstances were published
before in connection with the ATIG welding. I defined the necessary welding current for complete
penetration and the dilution rate in correlation with the fitting gap for both welding processes.
Thereafter the ferrite content of the weld metal was presumed and justified with all the four cold
wire addition, again, for both the TIG and the ATIG welding. The SEM-EDS line analysis proved that
the weld pool flow is more intense in the weld pool of the ATIG welding.
THESIS 3 [11]
The ATIG welding process may be efficiently applied for the dissimilar joint welding of LDX 2101
(1.4162) and 1.4301 type stainless steels applying 0–2.5 mm fitting gap and cold wire addition to
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the weld pool, which does not disturb the weld penetration depth enhancing effect of the
activating flux.
The chapter 7.6 presents the results of the bead-on-plate experiments conducted on 2.0–8.0 mm
thick X5CrNi 18 10 (1.4301; 304) type austenitic stainless steel plates. Here, the trends and the
special characteristics of the ATIG weld joints are discussed from weld penetration depth, width,
cross section area, Q/A and D/W point of view. Thereafter these results are put in the reference
system created in chapter 6 and the comparison is executed between the ATIG and the TIG welding.
The comparison of the four mentioned process variants (TIG (Ar 4.6), TIG (Ar+30%He), TIG
(Ar+6,5%H2) and ATIG) brought several new observations in connection with the Q/A, the arc
tension, the weld bead width, the penetration depth, the D/W values, the arc pressure and the
limitation of the ATIG welding. Based on these observations I formulated the following thesises.
THESIS 4 [2], [3], [4], [5], [12]
The ATIG welding process is a current-wise limited welding process from minimum welding current
perspective, and the minimum value is 40 A when using SiO2 activating flux.
THESIS 5 [1], [2], [3], [4], [5], [12]
The ATIG welding process, above 40 A welding current, provides 2.5–3 times deeper weld
penetration compared to the TIG welding using pure argon gas shielding, and approximately 2
times deeper weld penetration compared to the TIG welding using 70% Ar + 30% He gas shielding,
at given weld parameters and plate thickness.
THESIS 6 [12]
The 93,5% Ar + 6,5% H2 gas shielded TIG welding provides deeper penetration than the ATIG
welding, below 100 A welding current. However the ATIG welding provides deeper penetration
above 100 A welding current. When increasing the welding current further, the difference between
the weld penetration depth values increases constantly for the benefit of the ATIG welding
compared to the 93,5% Ar + 6,5%H2 gas shielded TIG welding.
The practical experiences of the ATIG welding is followed by the discussion of the theoretical models
however this section is overtaken by the introduction of the factors that provide influence on the
welding arc and the weld pool.
•
•
•
•
•
•
•
•
•

Thermal characteristic of the welding arc
Lorentz-force
Arc pressure
Metal vapour content of the arc
Drag force
Surface tension of the weld pool
Lorentz-force in the weld pool
Archimedean force
Gravity

The theoretical models of the ATIG welding are introduced in the view of these factors.
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The ‘electron enchainment’ theory of A. G. Simonik (1976) proposed that the atomic oxygen and/or
flour gas, coming from the activating flux, enchains the electrons. Therefore the mobility of the
formed oxygen and/or fluoride ions decreases and they are pushed out to the edge of the arc plasma
where they obstruct the electron movement. As a consequence the ions increase the arc density in
the center of the arc plasma which ends up in deeper penetration.
The ‘surface tension reduction’ theory of M. M. Savitskii and G. I. Leskov (1980) proposed that the
activating flux decreases the surface tension of the weld pool on which the arc pressure can cause
deeper depression that results in deeper penetration. This theory was confuted by my welding
experiments carried out in horizontal position beside T. W. Eager results concerning the arc pressure
change. My horizontal ATIG welds did not confirm that the surface tension of the ATIG weld’s pool is
reduced because no surface distortion was observed on the welds in question.
The ‘arc constriction’ theory of J. J. Lowke, M. Tanaka and M. Ushio (2002) suggested the next
mechanism. The electrically insulator activating flux layer obstructs the arc and it just can strike
through the flux on a smaller area. This results in the constricted arc which therefore has higher
current density that causes the deeper penetration. Based on Y. X. Lu et al. simulations and my
practical weld experiments this theory cannot be accepted as fundamental mechanism of the ATIG
welding. My observation comes from the results of chapter 7.6 where the previously mentioned four
TIG process variants were compared from weld profile perspective. Based on those results the arc
constriction theory can be confuted with the following thesis.
THESIS 7 [11], [12]
The penetration depths of the ATIG welded joints are significantly deeper, when welding current is
above 40 A, compared to the pure argon gas shielded TIG welds but the width of the welds become
only narrower above 150 A welding current. The similar comparison between the ATIG and the
70% Ar + 30% He gas shielded TIG welding shows that the weld penetration depth of the ATIG
welding is deeper, above 40 A welding current, but the welds become just narrower above 100 A
welding currents.
The ’reversed Marangoni flow’ theory of C. R. Heiple and J. R. Roper (1982) suggested that the deep
penetration depends on value and the sense of the surface tension gradient of the weld pool. When
Δσ/ΔT < 0 the Marangoni flow occurs, which is typical in the weld pool of the TIG welding. Here, the
weld metal flows outward to the edge of the weld pool from the hot centre. However, in case of the
ATIG welding, the surface active element content of the activating flux alters the surface tension
gradient and it becomes positive Δσ/ΔT > 0 which generates the reversed Marangoni flow. In the
reversed Marangoni flow, the weld metal flows towards the hot center from the relatively cold edge.
The inward flowing weld metal is heated up at the anode spot and turn downward while it transports
the hot weld metal towards the bottom where it melts up the base material with its heat content
and results in the deep penetration. This theory was published on the substantial base of numerous
pre-study. A number of surface active elements were identified during these pre-experimental work.
One of the surface active elements is oxygen with which H. Fuji et al. conducted several experiments
and established the Advanced Activated TIG (AA-TIG) welding process. This experiment series
supported further the reversed Marangoni flow theory but the most important result is that they
recognised the correlation between the reversed Marangoni flow and the presence of a nano-thin
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layer FeO on the surface of the weld pool. However, the reason of the reversal movement is not
identified yet.
Chapter 8 (Refinement of the reversed Marangoni flow theory) is dedicated to fill up the missing link
between the FeO layer and the reversal of the Marangoni flow. In order to enable the mathematical
calculations I carried out an ATIG welding experiment on Armco steel plates. Afterwards the
temperature distribution of the weld pool of the ATIG process was presumed as well as the oxygen
absorption of the weld pool from the activating flux. A theoretical calculation was created for the
latter which was proven precise based on the oxygen measurements. Then the relation between the
weld metal oxygen content and the surface tension gradient with the surface phase transition (SPT)
is described. The SPT line is located on the Fe-FeO phase diagram (3. Figure) and it is not a
continuous function due to the abrupt change of the surface tension gradient at a given temperature
and oxygen content.

3. Figure

The breaking points of the Δσ/ΔT functions were projected onto the Fe-FeO phase diagram in order
to get the position of the SPT line (4. Figure).
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4. Figure

The SPT line reflects the preconditions of the formulation of the nano-thin FeO layer in terms of weld
metal temperature and oxygen content. Based on the temperature distribution of the weld pool and
the SPT line position I could state that the hot spot of the weld pool promotes the Marangoni flow,
while the boundary conditions of the edge of the weld pool serves the reversed Marangoni flow.
Consequently, the resultant flow of the confronting Marangoni and reversed Marangoni flow became
necessary in order to evaluate the model if it really represented the weld pool flow pattern of the
ATIG welding and to decide which flow was dominant. Based on the SPT line position and the driving
force equation of the Marangoni and the reversed Marangoni flow, I stated that the reversed
8
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Marangoni flow is the dominant flow in the weld pool of the ATIG welding process and this results in
the typical deep weld penetration. Therefore, the reversed Marangoni flow theory was successfully
refined and the following theses were formulated.
THESIS 8 [14]
A nano-thin FeO layer is formed on the surface of the weld pool when the weld pool temperature
and oxygen-content, of the ATIG welding weld pool, is located within a specific area of the Fe-FeO
phase diagram that is defined by the surface phase transition (SPT) line and the undissolvability
line. I established the procedure of the experimental determination of the SPT line, and applied it
successfully on Armco steel.
TÉZIS 9 [14] [15]
The occurring, surface tension gradient dependent, weld flows within the weld pool of the ATIG
welding process can be assessed based on their position on the Fe-FeO phase diagram in relation
with the SPT line. The flow pattern of the weld pool flows in question is obverse, and the reversed
Marangoni flow is the dominant due to its approximately 3 times higher surface tension gradient
(Δσ/ΔT) value.
In the conclusion of the chapter, I suggested theoretical explanations for the rarely experienced
asymmetric weld cross sections of ATIG welds, the weld pool formation at the moment of arc ignition
at ATIG welding and the root side formation in case of completely penetrated ATIG welds. These
three theoretical explanations are supposed thus their confirmation or confutation requires
experimental work.
The dissertation is closed by chapter 9 (Industrial applications of the ATIG welding) which introduces
some real, foreign and domestic industrial ATIG welding applications.
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