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The purpose of this study is to investigate the effects of the specific fluxes used in the tungsten inert gas
(TIG) process on surface appearance, weld morphology, angular distortion, mechanical properties, and
microstructures when welding 6 mm thick duplex stainless steel. This study applies a novel variant of
the autogenous TIG welding, using oxide powders (TiO,, MnO,, SiO,, MoOs, and Cr,03), to grade 2205
stainless steel through a thin layer of the flux to produce a bead-on-plate joint. Experimental results indi-
cate that using SiO,, MoOs, and Cr,03 fluxes leads to a significant increase in the penetration capability of
TIG welds. The activated TIG process can increase the joint penetration and the weld depth-to-width
ratio, and tends to reduce the angular distortion of grade 2205 stainless steel weldment. The welded joint

also exhibited greater mechanical strength. These results suggest that the plasma column and the anode
root are a mechanism for determining the morphology of activated TIG welds.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Duplex stainless steel typically comprises microstructures con-
sisting of approximately equal proportions of body-centered cubic
ferrite and face-centered cubic austenite. These two phases possess
varying affinities for alloying elements in duplex stainless steels
[1-3]. Austenite stabilizers, such as nickel and nitrogen, concen-
trate in the austenite structure, while ferrite stabilizers, such as
chromium and molybdenum, concentrate in the ferrite structure.
Duplex stainless steel offers greater mechanical strength and high-
er corrosion resistance to chloride-induced stress corrosion crack-
ing than most types of stainless steel [4-6]. Duplex stainless steel
is a common structural material in the oil and gas industries, and
has special applications in chemical, wastewater, and marine engi-
neering fields as well.

The fabrication of metal structures requires the extensive use of
various metal welding processes, and welding technology is an
important part of materials development. TIG welding uses a
non-consumable tungsten electrode that creates an arc between
the electrode and the workpiece. This process is one of the most
popular technologies for welding thin materials in manufacturing
industries because it produces high quality welds. However, com-
pared with the metal inert gas welding, the TIG welding has poor
joint penetration when welding thick materials in a single pass
[7-9]. Generally, the single pass TIG welding with argon as shield-
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ing gas is limited to a 3 mm depth for the butt-joint of stainless
steels [10,11]. If the weld current increases or the travel speed de-
creases, the weld bead becomes excessively wide with relatively
little gain in the penetration capability.

Therefore, it is necessary to improve the penetration capability
and manufacturing productivity of TIG welding. One of the most
notable techniques is to use activating flux with TIG welding [7-
18]. To make an activating flux, powder ingredients such oxides,
chlorides, and fluorides, are typically added to a solvent of acetone
or ethanol. The Paton Welding Institute of Kiev (Ukraine) was the
first to develop this process [19], called the activated TIG welding.
Activated TIG welding improves upon conventional TIG welding,
increasing the single pass joining thickness from 6 to 10 mm for
stainless steel [7,12]. Using the activated TIG welding process typ-
ically results in a 200-300% increase in penetration capability
[17,20], thereby reducing weld time, reducing costs for manufac-
turers, and avoiding cast-to-cast variations in base material com-
positions when using a certain flux.

The activating flux may have two types of mechanisms: one
involving the Marangoni convection effect, and the other involving
arc plasma behavior. The current theory on the effect of the acti-
vating flux on Marangoni convection is that active surface ele-
ments such as oxygen or sulfur in the molten pool change the
fluid flow patterns by altering the surface tension gradient, result-
ing in a deep penetration [21-24]. However, there is little research
on the action of arc plasma [25-27], and the mechanisms sustain-
ing this effect remain unclear. Such data are very important for
determining the flux ability to actually improve the joint
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penetration of TIG welds. A major concern for duplex stainless steel
is that TIG welding can degrade the strength and corrosion resis-
tance of the microstructures by producing unbalanced ferrite/aus-
tenite content in the weld metal. The phase balance of the weld
metal is critical to maintaining the original chemical and physical
properties of duplex stainless steel. Therefore, techniques that con-
trol the ferrite/austenite content of the weld metal are very impor-
tant. This study uses five different kinds of oxide fluxes to
systematically investigate the effects of single component flux on
the appearance, morphology, and distortion of grade 2205 stainless
steel welds. This paper studies the mechanical properties and
microstructure of the weld metal and discusses the potential flux
and arc interactions.

2. Experimental procedure

Grade 2205 stainless steel plate was selected as the test speci-
men. Table 1 lists the chemical compositions and mechanical prop-
erties of this steel. Plates measuring 6 mm thick were cut into
150 x 130 mm strips, roughly polished with 400 grit silicon car-
bide paper to remove surface contamination, and then cleaned
with acetone. Activating flux was prepared using five kinds of sin-
gle component oxides (TiO,, MnO,, SiO,, M00Os, and Cr,03) packed
in powdered form with about 30-60 pum particle size. These pow-
ders were mixed with acetone to produce a paint-like consistency.
Before welding, a thin layer of the flux was brushed onto the sur-
face of the joint to be welded. The coating density of flux was about
5-6 mg/cm?. Fig. 1 shows a schematic diagram of activated TIG
welding.

The autogenous TIG process was performed on the test speci-
men using an automatic welding machine to produce a bead-on-
plate joint. A machine-mounted torch with a standard 2% thoriated
tungsten electrode was used. The tip angle of the electrode was
ground and the electrode gap was measured for each weld before
welding to ensure that the weld was performed under the same
conditions. Table 2 lists the standard welding conditions used in
this study. During welding, a charge coupled device (CCD) detector
was used to observe and record images of the molten pool and
weld arc. To record the experimental conditions, a digital video re-
corder system continuously monitored the arc voltage data.

After welding, experiments were carried out to measure the
angular distortion in a bead-on-plate welded joint. The mean ver-
tical displacement method measured the distortion, as Fig. 2a sche-
matically illustrates. A hole was drilled at the back of points Py, P,
and Ps, and a pillar was inserted in each hole. Three pillars (one
fixed, two adjustable) were used to adjust the horizontal level,
and the distance from each point to the horizontal surface was
then recorded. Measurements were taken before and after welding.
The differences in measurements before and after welding re-
vealed the vertical displacement caused by welding, and the angu-
lar distortion value U can be determined as

where, A, B, C, and D represent the mean vertical displacement val-
ues of each point, as Fig. 2b shows.

A ferritoscope determined the ferrite content in the weld metal
and base material. This device detects phases such as ferrite
by their magnetic susceptibility, which differs from that of the

Table 1
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Fig. 1. Schematic diagram of activated TIG welding.

Table 2
Welding parameters for autogenous TIG welding experiments.

Weld current 200 A
Travel speed 150 mm/min

Diameter of electrode 3.2 mm
Tip angle of electrode 45°
Electrode gap 2 mm
Shielding gas Pure argon
Gas flowrate 10 I/min

Dimension in mm
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Fig. 2. Schematic diagram of distortion measurement.

paramagnetic austenite. To minimize measurement errors due to
weld metal inhomogeneity, the average value of seven measure-

Nominal chemical composition (wt.%, balance Fe) and mechanical properties of experimental duplex stainless steels.

C Si Mn B S Cr

Mo N Tensile strength, MPa Elongation, %

0.024 0.45 0.70 0.025 0.003 21.65

5.89 3.09 0.17 765 35
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ments from different locations along the welded surface was
recorded.

The transverse tensile test was used to determine the metallur-
gical properties of the grade 2205 stainless steel weldment. The
tensile tests of three specimens from each welding procedure com-
bination were used to determine the strength and ductility of the
weldment. The configuration and size of the tensile specimens
were in accordance with ASTM E8. The tensile fracture mode of
the weldment was also analyzed with scanning electron
microscopy.

An optical microscope was used to measure the weld depth and
bead width. All metallographic specimens were prepared using
standard procedures, including mechanical lapping, grinding, and
polishing to a 0.05 pm finish, followed by etching with a modified
reagent of Kalling’s solution.

3. Results and discussion
3.1. Effects of activated TIG welding on surface appearance

Fig. 3 depicts the surface appearance of grade 2205 stainless
steel TIG welds with and without flux under standard welding con-
ditions. Fig. 3a shows the results of TIG welding without flux,
which produced a smooth and clean surface. Fig. 3b shows that
the use of TiO, flux produced excessive residual slag. Fig. 3c shows
that the use of MnO, flux created excessive residual slag and small
spatters. Fig. 3d shows a satisfactory surface appearance for the
grade 2205 stainless steel welds obtained using SiO, flux. Fig. 3e
shows that MoOs flux produced litter residual slag and large spat-
ters. Fig. 3f shows that Cr,03 flux produced excessive residual slag

(a) Without flux

(e) With MoOj flux

and large spatters. These experimental results clearly indicate that
the TIG welded surface produced with oxide fluxes contributed to
the formation of residual slag and spatters. Moreover, the activated
TIG welding process produces a small amount of fume.

3.2. Effects of activated TIG welding on weld morphology

Fig. 4 shows the cross-sections of the TIG welds in 6 mm thick
grade 2205 stainless steels with and without flux. The TIG welds
exhibit a significant variation in weld depth and bead width; TIG
welds without flux exhibited a wide and shallow morphology
(Fig. 4a), while the TIG welds with oxide flux exhibited a narrow
and deep morphology (Fig. 4b-f). This study shows that the great-
est improvement in TIG penetration capability occurred with the
use of SiO; flux. This flux achieved a 295% improvement compared
with the conventional TIG process. Fig. 4 shows that TIG welding
with flux can significantly increase the weld depth-to-width ratio.
According to investigations by Tseng and Chou [28,29], a deep joint
weld with a high depth-to-width ratio is characteristic of the in-
creased the input energy density of the heat source, which pro-
duces a high degree of heat energy concentration during
activated TIG welding. The SiO, flux can facilitate full joint pene-
tration and achieve a satisfactory surface appearance for grade
2205 stainless steel activated TIG welds.

3.3. Mechanism for increased activated TIG penetration capability

Heiple and Roper proposed that the direction of fluid flow in a
molten pool can affect the weld morphology, and that surface ten-
sion gradient is the major factor driving fluid flow [21-23]. In TIG

bbb TR

(f) With Cr,05 flux

Fig. 3. Effect of oxide flux on surface appearance.
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Fig. 4. Effect of oxide flux on weld morphology.

molten pools, there is always a temperature gradient on the mol-
ten pool surface, with high temperatures in the pool center under
the arc and low temperatures at the pool edge. For TIG welding
without flux, the surface tension decreases as the temperature in-
creases. In this condition, the surface tension is highest at the edge
of the pool and lowest at the center of the pool. This surface ten-
sion gradient do/dT produces an outward surface fluid flow, as
Fig. 5a indicates, and generates a wide and shallow weld geometry,
as Fig. 4a shows. For TIG welding with oxide fluxes, adding surface
active element oxygen to the molten pool can drastically change
the temperature dependence of surface tension. In this condition,
the surface tension will be highest at the pool center, creating an
inward surface fluid flow result, as Fig. 5b illustrates. Fig. 4b-f
shows that this surface fluid flow pattern produces a narrow and
deep weld geometry.

Fig. 4 also shows that the increase in the weld depth-to-width
ratio with oxide fluxes was either weak or strong, depending on
the chemical composition of the flux. The SiO,;, M00Os, and Cr,03

fluxes produced relatively deep TIG penetration, while the TiO,
and MnO, fluxes produced relatively shallow TIG penetration. At
present, there is no consensus on the mechanism through which
the activating flux increases TIG joint penetration. Heiple et al. sug-
gested that the inward fluid flow is a major mechanism for increas-
ing the joint penetration of activated TIG welds [21-24]. However,
they did not account for the potential interactions between the flux
and arc. Arc constriction may play a major role in determining the
joint penetration. Although its exact mechanism remains unclear,
researchers have used arc constriction to create TIG welds with a
deep joint penetration [25-27].

An arc consists of a sustained electrical discharge through a
high temperature conducting plasma that produces heat energy.
Fig. 6 indicates that a direct-current TIG arc consists of three re-
gions, according to its voltage distribution. These regions are the
cathode space (the region adjacent to the electrode), anode space
(the region adjacent to the base material), and plasma column
(the central region). The cooling effects of the electrode and base
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Fig. 5. Schematic diagram of surface fluid flow pattern.
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Fig. 6. Schematic diagram of the direct-current TIG arc.

material cause a rapid drop in voltage at the end regions. In plasma
column, a circular magnetic field surrounds the arc, and the ther-
mal ionization of the gas produces a current carried by the ions
and electrons. The electrons are the major charge carriers.

The role of an arc during TIG welding with and without flux was
investigated using a CCD detector. The arc images in Fig. 7 provides
a clear experimental verification of the effect of the fluxes on an

arc. The activated TIG arc constricts the diameter of the plasma col-
umn and reduces the area of the anode root compared with the
conventional TIG arc at the same current level. In the central region
of the TIG arc, the arc plasma temperature is higher than the disso-
ciation temperature of the ionic flux and shielding gas, and the ion-
ized atoms and molecules generate positive ions and electrons. In
the peripheral regions of the plasma column, however, the dis-
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(a) Without flux

(b) With TiO, flux

(c) With MnO, flux

(d) With SiO, flux

(e) With MoOj flux

(f) With Cr,05 flux

Plasma column

Anode root

Fig. 7. Effect of oxide flux on plasma column and anode root.

solved flux still exists as atoms or molecules large enough for the
electrons to attach and form the negative charges. The process of
electron attachment occurs only in the peripheral region of the
plasma column, where there is a weak electric field and arc tem-
perature is lower. Consequently, a reduction in the number of elec-
trons in the peripheral plasma region, which are major charge
carriers, constricts the diameter of the plasma column. At the same
time, the area of the anode root also decreases. Fig. 7 shows that
the anode root is clearly visible. Constriction of the plasma column
increases the energy density in the anode root, achieving a more
focused arc in the penetration capability of activated TIG welds
compared with conventional TIG welds. These results suggest that
the plasma column and the anode root is a mechanism that deter-
mines TIG penetration capability with use of the certain fluxes.

Physically constricting the plasma column and reducing the anode
root not only increased the weld depth, but also decreased the
bead width when using the activated TIG process.

The fact that flux composition determines the degree of plasma
column constriction is a notable finding. When using SiO,, Mo0Os,
and Cr,03 fluxes in TIG welding, the heat of the arc plasma melts
and ionizes a part of the oxide flux. Fig. 7d-f shows that the inter-
action of oxygen ions with arc electrons redistributes the charger
carriers, and constricts the plasma column by capturing electrons
in the outer regions of weld arc. This effect can create a significant
increase in energy density and arc temperature acting on the anode
root. In turn, an increased electromagnetic force (Lorentz force) can
lead to a strong downward flow in the liquid metal along the pool
center. This creates a significant increase in the weld depth-to-
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width ratio (Fig. 4d-f) compared with the TIG welding with the use
of TiO, and MnO, fluxes (Fig. 4b and c). Future research should
investigate the physical mechanisms involved in this process.
These findings may support the present study, which potentially
demonstrates the effect of specific fluxes on activated TIG penetra-
tion capability.

Fig. 8 shows the effect of TIG welding on arc voltage with and
without flux. The weld current and travel speed were maintained
at a constant value, and the arc voltage increased when the acti-
vated TIG welding was used. As the energy density of the activated
TIG weld arc increases, the arc voltage must also increase to devel-
op the proper current continuity with the arc plasma, which is at a
higher temperature and has greater energy density. In addition, the
arc contains many free electrons. The decomposed flux additives
attract electrons, causing the arc to constrict and result in an in-
crease in arc voltage. Fig. 8 clearly shows that the five fluxes can
simultaneously increase the arc voltage, whereas the increase
caused by the oxides can be weak or strong depending on the flux
compositions. There is a clear correlation between the measured
arc voltage and the observed arc constriction in TIG welding with
and without flux, i.e., the higher the arc voltage value, the greater
weld arc constriction will be.

3.4. Effects of activated TIG welding on angular distortion

During welding, a joint plate is locally heated by the arc, and the
temperature distributions in the weldment are not uniform. Heat-
ing and cooling cycles induce non-uniform thermal strains in both
the weld metal and the adjacent base metal, and plastic upsetting
accompanies the thermal strains produced during heating. The
non-uniform thermal stresses resulting from these strains combine
and react to produce internal forces that cause shrinkage and dis-
tortion. Angular distortion often occurs in a welded plate when
transverse shrinkage is not uniform in the thickness direction.
Fig. 9 shows the effects of TIG welding on the angular distortion
of the grade 2205 stainless steel weldment with and without flux.
Activated TIG welding increases both the joint penetration and the
weld depth-to-width ratio. This is characteristic of a high degree of
energy concentration during welding, and reduces the quantity of
supplied heat. This in turn prevents overheating of the base mate-
rial, and reduces the incidence of thermal strains and incompatible
strain caused by shrinkage in thickness. Therefore, this approach
reduces the angular distortion of the grade 2205 stainless steel
activated TIG weldment. Note that the variations in angular distor-
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Fig. 9. Effect of oxide flux on angular distortion.

tion values are associated with a weld depth relative to plate thick-
ness and the shape and dimensions of welds [28,30,31]. Therefore,
a full joint penetration and the greatest weld depth-to-width ratio
resulted in the lowest angular distortion. A reduction of shrinkage
and distortion is critical to improving the weld quality of finished
structures. In this study, the grade 2205 stainless steel TIG welding
with SiO, flux produced a significant increase in the joint penetra-
tion and the weld depth-to-width ratio were about 7.1 mm and
1.07, respectively. Consequently, the angular distortion of the
weldment value was almost zero.

3.5. Effects of activated TIG welding on ferrite and austenite content

The experiments in this study used grade 2205 hot rolled stain-
less steel plate as the base material. The microstructures of this
material consisted of 54.1% austenite and 45.9% ferrite. Fig. 10 pre-
sents the measured content of ferrite and austenite in the duplex
stainless steel TIG weld metal produced with and without flux. In
the grade 2205 stainless steel TIG weld metal produced without
flux, the measured ferrite content increased from its initial value
of 45.9-63.4%. This is because the weld metal of duplex stainless
steel solidifies primarily as delta ferrite. During welding, weld me-
tal cools so rapidly that the transformation of delta ferrite to aus-
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Fig. 8. Effect of oxide flux on arc voltage.
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Fig. 11. Effect of oxide flux on mechanical properties.

tenite is not complete, and consequently, more ferrite forms in the
TIG weld metal after solidification. Using oxide fluxes increased the
measured ferrite content in activated TIG weld metal to 52.3-
57.5%. The ferrite content of the grade 2205 stainless steel TIG weld
metal produced with flux was lower than that of the weld metal
without flux. This result is due to the weld heat input. Heat input
is a relative measure of the heat energy transferred per unit length
of weld. Since the calculated heat input is proportional to the mea-
sured arc voltage, the applied flux increases the heat input. There-
fore, there is an increase in the peak temperature of the weld metal
and a reduction in the cooling rate. In this case, the transformation
of delta ferrite to austenite is complete or ceases to attain the equi-
librium phases, resulting in a lower ferrite content in grade 2205
stainless steel activated TIG weld metal. In this study, the grade
2205 stainless steel TIG weld metal produced using SiO, flux pos-
sessed microstructures consisting of approximately equal propor-
tions of ferrite (52.3%) and austenite (47.7%) at room temperature.

3.6. Effects of activated TIG welding on mechanical properties

The grade 2205 duplex stainless steel base material used in this
study has a tensile strength and elongation of 765 MPa and 35%,
respectively. Fig. 11 presents the experimental results for the
mechanical properties of TIG weldment with and without flux.
The base material used in this present study is wrought alloys,
which have better mechanical properties than as-welded alloys be-
cause of work hardening. Fig. 11 shows that the grade 2205 stain-

(a) Without flux

less steel joints obtained using TIG process with flux presented
equal or better tensile strength than that of TIG weldment made
without flux. However, the dependence of ductility, as a percent-
age of elongation, shows a slight reduction with the use of flux
for grade 2205 stainless steel TIG joint. Ordinarily, strengthening
an alloy decreases its ductility.

In the tensile test, all weldments failed on the weld metals.
Technically, a fracture is a single body separated into pieces by im-
posed stress. For engineering materials, there are only two possible
modes of fracture: ductile and brittle. Fig. 12 shows the secondary
electron micrographs of the fracture surface of the grade 2205
stainless steel TIG weldment with and without SiO, flux. In all
cases, the microstructures exhibited ductile fractures in the form
of dimples or microvoids.

4. Conclusions

This study systematically investigates the effects of TiO,, MnO,,
SiO,, MoOs, and Cr,03 fluxes on surface appearance, weld mor-
phology, angular distortion, ferrite/austenite content, and mechan-
ical properties obtained with the TIG process applied to 6 mm thick
grade 2205 stainless steels. The experimental results in this study
provide the following conclusions:

1. The surface of TIG welds produced with flux formed residual
slag and spatters. Using TIG welding with flux produced a small
amount of fume.

2. Using SiO,, Mo0Os, and Cr,0O3 fluxes not only significantly
increased penetration capability, but also improved mechanical
strength of the grade 2205 stainless steel welds compared with
conventional TIG welds.

3. The plasma column and the anode root mechanisms can deter-
mine TIG penetration capability using certain fluxes. Physically
constricting the plasma column and reducing the anode root
increased the weld depth and decreased the bead width for
the activated TIG process.

4. Using activated TIG welding increased both the joint penetra-
tion and the weld depth-to-width ratio. This in turn reduced
the angular distortion of the grade 2205 stainless steel activated
TIG weldment. In this study, grade 2205 stainless steel TIG
welding with SiO, flux produced a full joint penetration and
the greatest weld depth-to-width ratio. As a result, the angular
distortion value was almost zero.

5. Activated TIG welding increased the arc voltage, and the
amount of heat input level can therefore be increased. As a
result, the ferrite content of the grade 2205 stainless steel acti-
vated TIG weld metal is decreased.

;

00 04m WD 10 6mm

NTUST SEI

(b) With SiO, flux

Fig. 12. Scanning electron micrograph of fracture surface.
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