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Rutile and anatase TiO2 fluxes were used to investigate the influence of the powdered oxides on the joint penetration ability (JPA) and

solidification cracking susceptibility (SCS) in the gas tungsten arc (GTA) welding of type 316L stainless steel (SS). The mechanisms under-

lying the increase in JPA of GTA welds made with various crystalline phases of TiO2 were also identified. The results indicate that GTA

welding with rutile TiO2 (R-TiO2) or anatase TiO2 (A-TiO2) forms a viscous slag over the surface of the weld. The R-TiO2 is more thermo-

dynamically stable than the A-TiO2, leading to a greater improvement in JPA of GTA weld made with A-TiO2. The welding arc action can

be ignored and only the convection of the molten pool should be considered in the underlying mechanism for the increase in JPA of GTA

weld made with R-TiO2 or A-TiO2. Moreover, the TiO2 assisted GTA welding of type 316L SS was effective in decreasing the SCS.
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INTRODUCTION

Gas tungsten arc (GTA) welding is extensively used
for joining thin sections of metals as it produces
high-quality welds. The limited depth of the GTA weld
necessitates the use of edge beveling preparations and
the addition of filler metals for joining metals more than
2.5 mm thick [1, 2]. The use of a flux that increases the
depth of the GTA welds was developed by the E. O.
Paton Electric Welding Institute in the mid-1960s, and
was termed flux assisted GTA welding. This process
was initially intended for welding titanium alloys, before
being applied to steels. The first publication describing
the flux assisted GTA welding of titanium alloys was
in 1965 [3], and the first paper describing the flux assisted
GTA welding of steels was in 1968 [4]. The main advan-
tage of using a flux is a reduction in the thermal energy
required for GTA welding of thick sections of metals [5].
The flux assisted GTA welding normally results in a
200–300% increase in the depth of the weld [6], thereby
increasing productive efficiency in GTA welding.

Tathgir et al. [7] reported that TiO2 increased the
depth of AISI 1020 carbon steel GTA weld. Modenesi
et al. [8] studied the influence of fluxes on the weld geo-
metry in GTA welding of AISI 304 stainless steel (SS),
and showed that TiO2, SiO2, Fe2O3, and AlF3 increased
the depth of the weld, whereas CaF2 and Al2O3 had no
effect on the depth, as compared to the conventional
GTA weld. Lin and Wu [9] reported that SiO2, NiO,

MoS2, MoO3, Cr2O3, TiO2, and ZnO produced a high
depth of 718 nickel-base alloy GTA weld. Qin et al.
[10] reported that the use of TiO2 led to a full joint pen-
etration in the 6013 aluminum alloy CO2 laser weld, and
that TiO2 gave the greatest improvement in the absorp-
tion of laser welding energy. Sun et al. [11] reported that
TiO2, SiO2, and Cr2O3 increased the depth of AZ31B
magnesium alloy Nd:YAG laser weld. It can be seen that
TiO2 is widely used for the flux assisted GTA welding of
ferrous and nonferrous metals. The two most common
and important crystalline phases of TiO2 are rutile and
anatase. Rutile TiO2 (R-TiO2) is the most thermodyna-
mically stable phase at all temperatures, while anatase
TiO2 (A-TiO2) is a metastable phase that can be trans-
formed to the rutile phase when heated [12].

Researchers have diametrically various opinions as to
the mechanism leading to the increased the depth of the
flux assisted GTA welds [6, 13]. Some researchers are of
the opinion that the constriction of the welding arc
increases the electromagnetic force within the molten
pool, thus increasing the depth of the weld. Other re-
searchers have proposed that the main cause of the high
depth of the weld lies in the change in the tension tem-
perature gradient (Dc=DT) on the surface of the molten
pool of metal, from falling to rising, thus reversing the
direction of the induced thermocapillary force. The crys-
talline phase of TiO2 is a key factor in determining the
depth of the TiO2 assisted GTA weld, and is of much
interest in research [6]. The causes for the variation in
the depth of GTA welds when various crystalline phases
of TiO2 are used, as well as solidification cracks in the
GTA weld when a flux is used, have been studied less
frequently. The solidification cracking is one of the
major defects in the fusion welding of SS. More research
to understand the action of the TiO2 crystalline phase
used in the flux assisted GTA welding of austenitic SS
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is therefore required. In this study, two types of TiO2

crystalline phases are used to investigate the influence
of powdered oxides on the joint penetration ability
(JPA) and solidification cracking susceptibility (SCS) in
the TiO2 assisted GTA welding of type 316L SS. This
study also attempts to elucidate the integrated mecha-
nism that causes an improvement in the depth of GTA
welds made with various crystalline phases of TiO2,
through analyzing data from the current experiment.

MATERIALS AND METHODS

Type 316L SS with a chemical composition (in wt.%)
of 0.02% C, 0.86% Mn, 0.50% Si, 0.025% P, 0.003% S,
17.1% Cr, 12.1% Ni, 2.08% Mo, 0.05% N, 0.28% Cu,
and the remainder Fe was selected as the specimen.
The dimensional designation of the specimen was 150�
150� 6 mm. Two types of powdered oxides (R-TiO2 and
A-TiO2) were selected as the flux. Table 1 shows the
properties of powdered TiO2. Figure 1 shows the operat-
ing procedure of the TiO2 assisted GTA welding.
1000 mg of powdered TiO2 was mixed with 1.5 mL of
methanol and stirred with a rod until the mixture
formed a paste, which was subsequently coated onto
the surface of the specimen with a 12 mm-wide flat
brush. The weight per unit coated area of the TiO2 layer
was 2.32 mg=cm2 and the drying time of the coated layer
was 1 min.

The GTA bead-on-plate welding trial was performed
using a semi-automatic torch with a 3.2 mm diameter,
60� included angle, 1.5% lanthanated tungsten electrode
(AWS classification EWLa-1.5). To maintain consis-
tency in the TiO2 assisted GTA welding operation, a

special setup was designed to conduct the welding.
Two specimens were clamped next to each other with
a 2.5 mm gap, in order to prevent any thermal conduc-
tion between these two specimens. The first specimen
was a normal one without TiO2, while the second speci-
men was coated with TiO2. The torch ran from the first
specimen to the second specimen without interruption,
thus allowing GTA welding with and without TiO2 to
be performed under identical conditions. The travel
speed and welding current were 140 mm=min and 180
A, respectively. The arc length was fixed at 2 mm prior
to welding using a feeler gauge. Argon gas was supplied
through the torch at a flow rate of 12 L=min. A gas noz-
zle has an exit diameter of 12.8 mm. During welding, two
charge-coupled device (CCD) detectors were used to
monitor both the arc column and the anode spot (Fig. 2).

The spot-varestraint test (SVT) is a weldability testing
technique. The SVT was conducted on the GTA spot-
on-plate weld, allowing for the quantification of the
SCS. A stationary GTAW torch was used to produce
a spot weld in the center of the specimen. After the weld
was established for a predetermined time, the specimen
was forced around a curved die block and the arc was
extinguished. Solidification cracks formed radially
around the fusion zone. In this evaluation, the maximum
crack length (MCL), total crack length (TCL), and total
number of cracks (TNC) were quantified on the fusion
zone of a spot-on-plate weld. Figure 3 shows a schematic
of SVT for evaluating the SCS. The dimensional desig-
nation of the specimen was 250� 50� 3 mm. Each speci-
men was subjected to one spot weld at 110 A for 6 s, and
was subsequently conducted at an imposed strain of 5%.
The arc length was fixed at 2 mm. The flow rate of argon
gas was 12 L=min. After testing, the crack lengths were
measured using a Toolmaker’s microscope.

The as-welded appearance was photographed using a
stereoscopic microscope, and the weldment was subse-
quently cross-sectioned, mounted, ground, and polished,
followed by etching with 10 g H2C2O4þ 100 mL H2O
solution to reveal the weld profile, in accordance to stan-
dard metallographic procedures. The weld profile was
photographed using an optical microscope, and the weld
depth (D) and bead width (W) were measured using a
Toolmaker’s microscope. The readings were measured
at three sections of the weld and the average value was
calculated. In addition, the ferrite content (FC) of the
weld metal was measured using a feritscope. The oxygen
concentration (OC) in the weld metal was measured
using an oxygen=nitrogen=hydrogen analyzer.

TABLE 1.—Properties of powdered TiO2 used in this study.

Properties

Powdered oxide

R-TiO2 A-TiO2

Crystal

structure

Tetragonal (a: 0.4584 nm; c:

0.2953 nm)

Tetragonal (a: 0.3733 nm; c:

0.9370 nm)

Particle size 73� 5 mm 74� 4mm

Mass

density

4.23 g=cm3 3.78 g=cm3

Refractive

index

2.75 2.54

Melting

point

1843�C converts to rutile

Band-gap 3.03 eV 3.20 eV

FIGURE 1.—Operating procedure of TiO2 assisted GTA welding.
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RESULTS AND DISCUSSION

Appearance and shape of the welds are quality
indicators of the flux assisted GTA welding. Figure 4
shows the surface appearance of GTA welds made with
and without TiO2. GTA weld made without TiO2 pro-
duced a clean, spatter-free surface with a metallic luster.
The use of R-TiO2 produced approximately 13.5� 0.2%
as-welded surface coverage of slag and a few spatters,
while the use of A-TiO2 produced a relatively small
quantity of slag (approximately as-welded surface cover-
age of 8.4� 0.1%) and was spatter-free. It was concluded
that for this case observed in this work, GTA weld made
with R-TiO2 or A-TiO2 tends to form a viscous slag over
the as-welded surface.

It is also evident from Fig. 4 that GTA weld made
without TiO2 has a shallow, wide shape, while GTA
welds made with R-TiO2 and A-TiO2 have a deep, nar-
row shape. The shape of the weld is often described
in terms of a weld D=W. GTA welding without TiO2

produced a weld D=W of 0.14. GTA welding with
R-TiO2 or A-TiO2 is capable of increasing the weld
D=W, with the magnitude of the increase depending
on the crystalline phase of TiO2. In this case, the use
of R-TiO2 produced a weld D=W of 0.68, while the
use of A-TiO2 produced a weld D=W of 0.74.

Compared to GTA weld made without TiO2, there is a
dramatic increase in the depth of GTA weld made with
TiO2. The constricted column of the welding arc or
reversed convection in the molten pool has been pro-
posed as the underlying mechanism for the increased
depth of the flux assisted GTA weld. However, these
explanations have divided scientific opinion, and have
been discussed individually in other papers. This study
provides an interpretation of the integrated mechanism
that causes an increase in depth of the flux assisted
GTA welds.

Figure 5 shows the arc column and anode spot for
GTA welding with and without TiO2. This photograph
is a combination of the arc column (welding arc part)
and the anode spot (molten pool part). It was created
using image synthesis hardware. The results indicated
that the arc column and anode spot for GTA welding
with TiO2 are constricted compared to GTA welding
without TiO2. TiO2 is a wide band-gap insulator with
high dielectric constant [14]. Although the electrical res-
istivity of the oxides decreases rapidly as the heating
temperature increases [15], the electrical resistivity of
TiO2 (1.2� 107 X � cm) is significantly higher than that
of molten iron (1.4� 10�4 X � cm). During GTA welding,
the heating temperature in the inner core of the welding
arc is high enough to melt TiO2, such that the arc heat
can be transferred to the molten pool. At the same time,
under the action of the plasma jet, the unmelted TiO2

particles will be forced out to the peripheral region of
the molten pool surface and to the adjoining region of
the base metal. During the TiO2 assisted GTA welding,
an insulating bond is formed at the peripheral regions of
the molten pool surface, due to the large difference in

FIGURE 2.—CCD detectors for monitoring arc column and anode spot.

FIGURE 3.—Spot-varestraint test for evaluating solidification cracking

susceptibility.
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electrical resistivity between the TiO2 particles and liquid
iron, thus restricting the arc current only through the
central region of the molten pool. The restriction in
the electrically conducting channel of the welding arc
results in an increase in current density at the anode spot
[15], leading to an increase in the electromagnetic force
within the molten pool. The electromagnetic force dom-
inates a downward flow of liquid metal within the mol-
ten pool. The results promote an effective energy of arc
heat transfer from the surface of the molten pool to its
bottom.

The dissolved oxygen within the molten pool arising
from the decomposition of the oxide is a key factor in
determining the convection circulation of the thermoca-
pillary force. The thermocapillary force dominates an
inward or outward convection of liquid metal along
the surface of the pool of molten metal. Based on a pre-
vious study [16], when the OC in the 304 SS weld metal
was greater than 70 ppm, the value of Dc=DT was posi-
tive. In this case, an inward convection of liquid metal
along the surface of the molten pool (called the reversed
thermocapillary force) occurs. The influence of the criti-
cal OC on the value of Dc=DT may differ depending on
the method of welding process and the composition of
base metal to be welded. Figure 6 shows the average
OC in type 316L SS GTA welds made with and without
TiO2. The results indicated that the average OC in type
316L SS weld metal made with TiO2 is in the range of
57–68 ppm. Under these conditions, this study surmised
that there exists sufficient dissolved oxygen within type
316L SS molten pool, such that the direction of the

thermocapillary force is reversed to go inward along
the pool surface of molten metal.

It was concluded that for this case examined in the
present work, the combination of an increased electro-
magnetic force caused by a dramatic increase in current
density at the anode spot together with a reversed ther-
mocapillary force within the molten pool led to a stron-
ger inward and downward flow of liquid metal toward
the bottom of the molten pool. This results in an effec-
tive energy of arc heat transfer from the edge of the mol-
ten pool surface to its center, and then downward to the
bottom of the molten pool. Consequently, a weld with a
deep depth, narrow width is expected in the TiO2

assisted GTA welding of type 316L SS.
Under the same welding parameters, the JPA of GTA

welding with R-TiO2 or A-TiO2 was approximately
220% and 240%, respectively. The results indicated that
the use of A-TiO2 exhibits a greater improvement in JPA
of GTA welding of type 316L SS compared to the ability
achieved with R-TiO2. By comparing Figs. 5(b) and 5(c),
it can be observed that there was no major difference in
both the arc column and the anode spot for GTA weld-
ing with R-TiO2 or A-TiO2. The action of the welding
arc could therefore be dismissed as the underlying mech-
anism for the increased depth of GTA weld made with
A-TiO2 compared to R-TiO2, and consideration was
given only to the convection of the molten pool. In
Fig. 6, the average OC in type 316L SS GTA weld made
with A-TiO2 was higher than that for R-TiO2. Ogden
et al. [17] reported that standard free energy of forma-
tion for R-TiO2 was less than that of A-TiO2; thus,

FIGURE 4.—Surface appearance and geometric morphology of GTA welds made with and without TiO2.
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R-TiO2 was more thermodynamically stable than
A-TiO2 at all examined temperatures. This leads to dif-
ficult decomposition of R-TiO2, resulting in the dis-
solved oxygen within the molten pool made with
R-TiO2 to be relatively low at the same amount of net
heat. Consequently, the depth of GTA weld made with
A-TiO2 was higher than that of GTA weld made with
R-TiO2.

Ogawa and Tsunetomi [18] reported that phosphorus
and sulfur combine with iron to form low-melting point
compounds such as Fe3P (1166�C) and FeS (1190�C),
which in turn could form low-melting point eutectics
such as Fe3P–Fe (1050�C) and FeS–Fe (988�C). When
the thermal or mechanical strain exceeds the inherent
ductility of the solidifying metal or low-melting eutectics
persist along the interdendritic regions or dendrite grain
boundaries, this leads to the formation of solidification
cracks. Figure 7 shows the location of the solidification
cracks in the GTA spot-on-plate weld. The results indi-
cated that most of the cracks discovered were located in
the peripheral regions of a spot weld due to bending
induced strain. In addition, the cracks were oriented
along the direction of solidification and the majority
was in the region that was perpendicular to the direction
of the maximum imposed strain.

The index of the SCS is described as MCL, TCL, and
TNC in a spot weld. Table 2 shows the SCS in the GTA
spot welds made with and without TiO2. The results
indicated a reduction in MCL, TCL, and TNC with
the TiO2 assisted GTA welding of type 316L SS.
Goodwin [19] reported that an increased heat input
increased the SCS in the GTA welding of type 316 SS.
Compared to GTA welding without TiO2, GTA welding
with TiO2 produces a higher D=W of the weld and has a
higher power density of the heat source. As the power
density of the welding heat source increases, the amount
of thermal energy from the arc is transferred to the
workpiece that required welding decreases [20]. Table 2
also shows type 316L SS GTA weld made with TiO2

had a higher ferrite number (FN) compared to the weld
without TiO2. The delta-ferrite (d) phase within the
austenite (c) matrix increased the weld solidification

FIGURE 7.—Location of solidification cracks in GTA spot-on-plate weld.

FIGURE 5.—Arc column and anode spot of GTA welding with and without

TiO2.

FIGURE 6.—Average oxygen concentration in GTA welds made with and

without TiO2.
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cracking resistance. The reason for this is d phase exhib-
ited higher solubility of impurity elements than the c
phase. Thus, it has a beneficial effect to reduce the seg-
regation of harmful impurities in the interdendritic
regions. In addition, the d phase embedded in the c
matrix (d=c interface) exhibited better wettability of
grain boundaries than the d=d or c=c interface. Thus, it
has a beneficial effect in reducing the concentration of
harmful impurities at the dendrite grain boundaries.
Consequently, the TiO2 assisted GTA welding of type
316L SS has a remarkable effect in decreasing the
SCS. The study also found that the use of R-TiO2 or
A-TiO2 does not lead to a significant difference in SCS
in the TiO2 assisted GTA welding of type 316L SS.

CONCLUSIONS

The influences of R-TiO2 and A-TiO2 on the JPA and
SCS in the GTA welding of type 316L SS were investi-
gated. This study has also identified the underlying
mechanisms for the increased the JPA of GTA welds
made with various crystalline phases of TiO2. The find-
ings are summarized as follows:

1. GTA welding with R-TiO2 or A-TiO2 forms a vis-
cous slag over the surface of type 316L SS weld.
Compared to GTA welding with R-TiO2, GTA weld-
ing with A-TiO2 produced a higher D=W of the weld.

2. GTA weld made with A-TiO2 has improved the JPA
compared to GTA weld made with A-TiO2. The rea-
son for this is the R-TiO2 is more thermodynamically
stable than the A-TiO2.

3. The welding arc action can be ignored and only the
convection of the molten pool should be considered
in the underlying mechanism for the increase in
JPA of GTA weld made with R-TiO2 or A-TiO2.

4. The TiO2 assisted GTA welding increases the power
density of the heat source, and is thus advantageous
for decreasing the solidification cracks in type 316L
SS weld metal. The use of R-TiO2 or A-TiO2 does
not lead to a significant difference in SCS.
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