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Abstract This study investigated the influence of oxide with
a more negative Gibbs free energy (ΔG) on the surface ap-
pearance, geometry size, and delta-ferrite (δ-Fe) content of
AISI 316LN stainless steel subjected to flux-aided tungsten
inert gas (TIG)welding. Powdered ZrO2 of various particle sizes
mixed with 80 % water/20 % acetone solution was used as
flux. The potential advantages of ZrO2-aided TIG welding
were also demonstrated. The results show that nanoscale
ZrO2 flux produces a TIG weld with a slag-free surface, but
it did not significantly increase the depth-to-width ratio of the
weld. The present work also found that ZrO2 flux slag influ-
ences the δ-Fe content of AISI 316LN stainless steel weld.
ZrO2-aided TIG welding has low tendency to form undercut
ting and allows high-speed welding. The potential advantages
of the ceramic slag created by the ZrO2 flux are a small tem-
perature difference between the center and edges of welding
pool surface, a low solidified rate of liquid metal at the rear
of the welding pool, as well as alleviation of the arc pressure at
the front of the welding pool.
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1 Introduction

The penetration depth is an important quality characteristic of
metals that are to be welded in a single-pass operation [1], as it

determines the welding productivity. TIG welding is one of
the popular arc welding technologies. However, this technol-
ogy operates in melt-in (conduction limited) mode; thus, the
conduction of heat energy from an electric arc through the
metal strongly affects the shape and size of the resultant weld.
As a result, the penetration depth of TIG weld is limited. The
penetration depth achievable in a single-pass, autogenous op-
eration of TIG welding of stainless steel with no edge prepa-
ration is less than 3 mm [2, 3]; thus, the use of TIG welding to
join thick-section metals is not cost-efficient. The solution
to this issue is often increasing the welding current.
Unfortunately, the resultant weld becomes excessively wide
and slightly gains depth when the welding current increases
[4]. Coarse grains also form in the heat-affected zone. These
problems have therefore attracted considerable research into
and much industrial interest in the flux-aided TIG welding
since the late 1980s. In the flux-aided TIG welding technique,
a thin layer of flux is coated on the surface of metal plates or
tubes to be welded, and a single-pass welding with no filler
metal is subsequently performed to achieve a high-penetration
capability. The use of flux in TIG welding represents a sub-
stantial technique upgrade that saves time and reduces cost.

The ingredient of the flux plays a key role in improving the
penetration depth of TIG weld. It is selected according to the
metal to be welded [5]. For instance, a flux consisting of 6 %
Fe2O3, 60 % Cr2O3, 22 % TiO2, and 12 % TiO has been
reported for plain carbon steel [6]; a flux consisting of 30–
50% TiO2, 25–40% SiO2, 10–20% Cr2O3, 5–15% NiO, and
5–15 % CuO has been reported for austenitic stainless steel
[7]; a flux ingredient consisting of 40–80 % B2O3, 5–20 %
SiO2, 5–20 % Cr2O3, 1–15 % TiO2, 1–15 % KCl, and 1–5 %
Al2O3 has been reported for ferritic stainless steel [8]. When
fluxes were used in TIG welding of steels, oxides with less
negative ΔG, except Al2O3, were observed to result in a sig-
nificant increase in penetration depth of the welds [9].
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Empirical data on the influence of oxides with more negative
ΔG, in particular ZrO2, on the shape and size of TIGwelds are
limited. Therefore, much research is required to understand
fully the characteristics of ZrO2 flux that are used in TIG
welding of steels.

The productivity of conventional TIG welding can be im-
proved by increasing the travel speed [10]. However, this ap-
proach is limited by undercutting formation. Undercutting is
the most common shape imperfection in welding fabrication;
it creates a groove that melts into the basemetal adjacent to the
weld toe and remains unfilled by the liquid metal [11].
Undercutting thus causes a notch at the toe of the weld, which
significantly reduces the fatigue strength of the weldment by
increasing stress concentration at the tip of the notch. The
undercutting defect generated by high-speed fusion welding
ultimately compromises the weld soundness, thus imposing
an upper limit to the travel speed that can be used for fusion
welding [12]. An in-depth understanding of undercutting for-
mation is therefore needed to develop process modifications
that decrease the tendency for imperfect shape and to attain
higher welding productivity and quality levels.

The present study investigated the effect of ZrO2 flux of
various particle sizes on the surface appearance, geometry
size, and δ-Fe content of TIG welds, and the results were
compared. This investigation also examined the influence of
welding current and travel speed on the undercutting generated
by conventional TIG welding. The main purpose here is to
reveal that the undercutting defect can be effectively eliminated
by using ZrO2-aided TIG welding technique. Ultimately,
this knowledge in practice will contribute to the development
of a multicomponent ZrO2-based flux that is suitable for
high-speed TIG welding of steels, resulting in a higher
penetration depth of the weld with no undercutting.

2 Experimental details

AISI 316LN stainless steel was used as the base metal. It is a
nitrogen-alloyed ultralow-carbon austenitic stainless steel that
is a common material for main pipelines in nuclear power
plants. Larger specimen sizes generally result in high cooling
rates in the resultant weldment; size thus highlights the effect
of the flux on the shape and size of the resultant weld. In the
present work, the rectangular specimens (160-mm length,
150-mm width) were cut from stainless steel plates with
6-mm thickness. Prior to welding, all specimens were lightly
ground with 320-grit sandpaper.

Average particle sizes of powdered ZrO2 were differentiat-
ed into three discrete grades: 45 μm (microscale grade),
0.3 μm (submicroscale grade), and 25 nm (nanoscale grade).
Figure 1 shows the preparation process for obtaining flux
coating. A constant weight of ZrO2 powder was mixed with
a constant weight of 80 % water/20 % acetone solution in a

beaker, and then, the mixture was stirred with a spoon to form
a paint-like flux. The flux was then coated onto the surface of
the specimen by using a paintbrush. The solution immediately
volatilized, leaving a coating of ZrO2 flux on the surface of
AISI 316LN stainless steel plate.

A single-pass, autogenous TIG welding using semi-
automatic equipment was carried out. A direct current
welding machine with a constant current mode of power
supply was used to produce a bead-on-plate weld. A water-
cooledwelding torch was carried on a linear guideway andwas
moved perpendicularly along the centerline of the specimen.
A 1.5 % lanthanated tungsten electrode (AWS classification
EWLa-1.5) having a rod diameter of 3.2 mm and an included
grind angle of 60° was used to create an electric arc. The
distance between the electrode tip and the specimen surface
was kept at 2 mm. Commercial grade argon gas was used to
create a protective inert atmosphere during welding.

The Fischer feritscope was used to measure the δ-Fe con-
tent in the weld. This device detects phases such as ferrite
according to the magnetic susceptibility, which differs from

Fig. 1 Preparation process for obtaining flux coating
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that of paramagnetic austenite [2]. To minimize measurement
errors resulting from inhomogeneity in the weld, the average
value of seven measurements taken from various locations
along the welded surface was calculated. The Olympus stereo
microscope was used to photograph the surface appearance of
the weld. The weldment was cut at a section perpendicular to
the welding direction and then mounted. The mounted sam-
ples were ground with SiC abrasives, polished with Al2O3

suspensions, and then subjected to electrolytic etching. The
Mitutoyo toolmaker’s microscope was used to measure pene-
tration depth and bead width of the weld. The Leco elemental
analyzer was used to measure oxygen concentration in the
weld. In the present work, each datum represents the average
of two samples for a given weldment or three positions for a
given weld.

3 Results and discussion

3.1 Surface appearance of TIG welds produced
with different ZrO2 particle sizes

Figure 2 shows the surface appearance of AISI 316LN stain-
less steel TIG welds produced with and without ZrO2 flux at a
welding current of 200 A and at a travel speed of 150mm/min.
No undercutting formed at the toe of the weld. Figure 2a
shows the results of TIG welding without ZrO2 flux, which
created a metallic surface of AISI 316LN stainless steel weld.
A large amount of slag was produced with the use of micro-
scale ZrO2 flux (Fig. 2b). In contrast, a small amount of slag

was produced with the use of submicroscale ZrO2 flux
(Fig. 2c). ZrO2 flux eventually reacted with impurities,
forming molten slag with density lower than that of molten
iron. The flux slag covered the welded surface after cooling.
Figure 2d shows the results of TIG welding with nanoscale
ZrO2 flux, which produced a slag-free welded surface.
Pawlow [13] reported that the melting temperature of the par-
ticle decreases with its size because of the high surface-area-
to-volume ratio of small particles and the low coordination
number of atoms at the particle surface. This attribute indi-
cates that the melting temperature of nanoscale particles is
lower than that of microscale or submicroscale particles.
Consequently, the arc heat of TIG welding is sufficient to fully
melt the flux coating of nanoscale ZrO2, resulting in a satis-
factory appearance of AISI 316LN stainless steel TIG welded
surface. Figure 3 shows a scanning electron microscope
(SEM) micrograph of incompletely melted flux located at
the sides of the welded surface. The image suggests that in-
completely melted ZrO2 flux with some particles accumulates
on both sides of the TIG welded surface. This pattern of ac-
cumulation is due to the temperature of the outer regions of the
TIG welding arc, which is far lower than the melting temper-
ature of the powdered ZrO2 and thus results in a large amount
of incompletely melted ZrO2 particles.

3.2 Geometry size of TIG welds produced with different
ZrO2 particle sizes

Figure 4 shows the geometry size of AISI 316LN stainless
steel TIG welds produced with and without ZrO2 flux at a

Fig. 2 Surface appearance of
TIG welds produced with and
without ZrO2 at a welding current
of 200 A and a travel speed of
150 mm/min
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welding current of 200 A and a travel speed of 150 mm/min.
In the TIG weld produced without ZrO2 flux, the penetration
depth and bead width were 1.26 and 9.51 mm, respectively.
Compared with the TIG weld produced without ZrO2 flux,
TIG welds produced with microscale and submicroscale
ZrO2 fluxes exhibited a shallower depth and wider width.
TIG weld produced with nanoscale ZrO2 flux exhibited a
greater depth and narrower width. These results thus imply
that nanoscale ZrO2 flux does not contribute to an increase
in the depth-to-width ratio of AISI 316LN stainless steel TIG
weld. The flow of liquid metal in the welding pool, in partic-
ular, thermocapillary force (Ftc) and electromagnetic force
(Fem), affects the shape and size of the weld. Tseng and
Chen [14] reported that Ftc dominates the inward or outward
liquid metal convection along the welding pool surface,

whereas Fem dominates the downward liquidmetal convection
in the welding pool.

There were substantial temperature differences across
the free surface of the welding pool. The variation of
the surface tension gradient caused liquid metal to flow
along the welding pool surface from the low-tension re-
gion to the high-tension region. In the absence of oxygen
in the welding pool of the iron-based alloys, the tension in
the welding pool surface decreased with increasing tem-
perature. In this case, the surface tension was highest at
the edges of the welding pool surface and lowest at the
center of the welding pool surface, resulting in a radially
outward Ftc. At low concentrations of oxygen in the
welding pool of the iron-based alloys, the tension in the
welding pool surface increased with increasing tempera-
ture. In this case, the surface tension was highest at the
center of the welding pool surface and lowest at the edges
of the welding pool surface, resulting in a radially inward
Ftc. Lu et al. [15] reported that when the effective oxygen
concentration in austenitic stainless steel TIG weld is
within 70–300 ppm, the surface tension of liquid iron
increases with increasing temperature; otherwise, the sur-
face tension of liquid iron decreases with increasing tem-
perature. Figure 5 shows the average oxygen concentra-
tion in AISI 316LN stainless steel TIG welds produced
with and without ZrO2 flux. The results show that average
oxygen concentration in the weld produced without ZrO2

flux was 44 ppm. The average oxygen concentration did
not substantially increase in AISI 316LN stainless steel
TIG welds produced with different ZrO2 particle sizes;
thus, the direction of Ftc in the welding pool was still
radially outward. These results clearly suggest that ZrO2

flux has very weak activating potency.

Fig. 3 SEM micrograph of incomplete melted flux located at sides of
welded surface
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In arc welding, the Fem is an important driving force for
liquidmetal flow in thewelding pool. In TIGweldingwith a direct
current electrode negative, the electric current in the specimen
converges toward the tungsten electrode and, hence, near the
center of the welding pool surface. This converging current
field, together with the magnetic field it induces, causes down-
ward and inward Fem in the welding pool. The liquid metal
thus flows downward along the center of the welding pool and
then upward along the boundary of the welding pool. As men-
tioned above, the use of microscale or submicroscale ZrO2

flux formed ceramic slag, which indicates the screening action
of electric current flowing through the welding pool surface.
The ZrO2 flux slag decreases the magnitude of the resultant
Fem in the welding pool by reducing the density of electric
current near the center of the welding pool surface, resulting in
a shallow penetration depth.

Tseng and Lin [5] reported that the use of oxide with a less
negative ΔG (such as SiO2) and a small particle size can
significantly increase the penetration depth compared with
that achieved with the use of the same oxide with a large
particle size. Tseng and Shiu [9] reported that the use of oxide
with a more negative ΔG (such as Al2O3, MgO, or CaO)
cannot increase the penetration depth of TIG weld. This study
further showed that the use of oxide with a more negativeΔG
(such as ZrO2) and a small particle size cannot effectively
increase the penetration depth and that the same oxide with a
large particle size reduces the penetration depth. This trend is
due to the thermodynamic stability of the oxide with more
negative ΔG. It thus explains the radially outward direction
of Ftc maintained in the welding pool. Moreover, the use of
such oxide flux formed a heavy slag that floated on the
welding pool surface, resulting in a weaker downward Fem
in the welding pool.

3.3 Delta-ferrite content in TIG welds produced
with different ZrO2 particle sizes

Figure 6 shows the average δ-Fe content in AISI 316LN stain-
less steel TIG welds produced with and without ZrO2 flux at a
welding current of 200 A and a travel speed of 150 mm/min.
The δ-Fe content is expressed in terms of ferrite number (FN).
AISI 316LN stainless steel had an initial value of 0.1 FN. In
the TIG weld produced without ZrO2 flux, the average δ-Fe
content in AISI 316LN stainless steel weld increased to 3.5
FN. This observation suggests that AISI 316LN stainless steel
used in the present study solidifies as the primary δ-Fe phase
and thus exhibits excellent weldability. The cooling rate sub-
stantially affected the δ-Fe content in austenitic stainless steel
weld. When the cooling rate of austenitic stainless steel weld
metal increased, transformation of the δ-Fe phase to the
austenite (γ-Fe) phase had little time to occur, causing
retention of more δ-Fe phase in the γ-Fe matrix after solidifi-
cation. Compared with the TIG weld produced without ZrO2

flux, TIG weld produced with microscale or submicroscale
ZrO2 flux retained less δ-Fe content. TIG welds produced
with nanoscale ZrO2 flux retained more δ-Fe. This study
observed a slight increase in the δ-Fe content in TIG weld
produced with nanoscale ZrO2 flux as compared with that
in TIG weld produced with microscale or submicroscale
ZrO2 flux. TIG welding with microscale or submicroscale
ZrO2 flux created a thermal barrier slag that floated on the
welding pool surface, which trapped heat in the weld metal
during solidification. The above results thus imply that
the cooling rate of TIG weld produced with microscale or
submicroscale ZrO2 flux is lower than that of TIG weld
producedwithout ZrO2 flux. As a result, AISI 316LN stainless
steel TIG weld produced with microscale or submicroscale
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ZrO2 flux had δ-Fe content that is less than that of weld pro-
duced without ZrO2 flux. In contrast to TIG welding with
microscale or submicroscale ZrO2 flux, TIG welding with
nanoscale ZrO2 flux produced a slag-free welded surface
and thus a higher cooling rate, which resulted in greater δ-Fe
content in AISI 316LN stainless steel TIG weld.

3.4 Potential advantages of ZrO2-aided TIG welding

It is well known that travel speeds in fusion welding that
exceed a certain limit result in an undercutting weld. That
is, the maximum travel speed of fusion welding is restricted
by the occurrence of undercutting defect. Figure 7 shows the
effect of travel speed limit (TSL) on the soundness of
AISI 316LN stainless steel conventional TIG welds. In
this experiment, all bead-on-plate welds exhibited partial
penetration. The weight per unit coated area of the micro-
scale ZrO2 flux was 3.23 mg/cm2. The welding current
(100–500 A range) and travel speed used (100–900 mm/
min range) were increased in increments of 50 A and
50 mm/min, respectively. From this experiment, three
ranges of current for conventional TIG welding could be
identified: (i) at welding currents below 250 A, the TSL
curve exhibited a positive slope, and undercutting welds
formed at higher travel speeds; (ii) in the range of 250–
350 A, the TSL curve exhibited a gradual negative slope.
This current range represents a transition of weld geometry
with respect to the effect of the arc pressure; (iii) at
welding currents above 350 A, the TSL curve exhibited a

steep negative slope, and undercutting welds formed at
lower travel speeds. These results thus imply that under-
cutting defects were formed by high-speed, lower current
fusion welding or by high-current, lower speed fusion welding.
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Figure 8 shows the appearance of TIGwelds producedwith
and without ZrO2 flux at a welding current of 200 A and a
travel speed of 600 mm/min. The results show that a high-
speed TIG weld produced without ZrO2 flux at a welding
current of 200 A results in a slight undercutting (Fig. 8a). The
temperature difference across the welding pool surface was a
key factor affecting undercutting formation [16]. When the
travel speed of conventional TIG welding was too high, rip-
ples at the surface of the solidified welds were very sharp
(Fig. 9), resulting in a large difference in temperature between
the center and edges of the welding pool surface. This result
indicates that liquid metal near the center of the welding pool
cannot promptly fill the welding pool edges before solidifica-
tion. Thus, conventional TIG welding at a current below
250 A causes a large temperature difference across the free
surface of the welding pool, resulting in a slight undercutting
at the weld toe.

Development of high-speed welding process largely an-
swers the need for increasing welding productivity without
losing soundness of the welds. In this welding process, elimi-
nation of undercutting defect is a very important issue because
it allows an increase in the maximum travel speed. Figure 8b
shows the absence of undercutting when ZrO2-aided high-
speed TIG welding was done at a current of 200 A. As men-
tioned above, TIG welding with ZrO2 flux created a ceramic
slag that floated on the welding pool surface and trapped heat
in the weld metal. As a result, the temperature difference
between the center and edges of the welding pool surface
decreased. This reduced the solidified rate of liquid metal at
the welding pool edges and contributed to improvement of
wetting of the liquid metal/solid metal interface, resulting in
the elimination of undercutting defect.

The relationship between the welding current and TSL
(Fig. 7) suggests that as the welding current exceeds 250 A,
the slope of the TSL curve changes from positive to negative,
resulting in a serious undercutting weld. This change indicates
that travel speeds of high-current TIG welding beyond a cer-
tain limit lead to serious undercutting formation related to arc
pressure. Notably, the arc pressure is the main function of the
welding current and is independent of the travel speed.

Figure 10 shows the appearance of TIG welds produced with
and without ZrO2 flux at a welding current of 350 A and a
travel speed of 600 mm/min. The results show that a high-
speed TIG weld produced without ZrO2 flux at a welding
current of 350 A results in a serious undercutting (Fig. 10a).
When the welding current was below 250 A, the arc heat
and liquid metal flow determined the weld geometry, with
arc pressure apparently having little effect [11]. Upon increase
of the welding current to above 250 A, the arc pressure in-
creased gradually. The large arc pressure created a large
gouged region at the front of the welding pool and forced
the liquid metal to flow backward over the welding pool cen-
ter. This increased the solidified rate of liquid metal at the
rear of the welding pool, giving the backward-flowing liquid
metal insufficient time to move back toward the welding pool
edges. Thus, conventional TIG welding at a current above
250 A causes a large temperature difference across the
welding pool surface and a large arc pressure at the front of
the welding pool, resulting in a serious undercutting at the toe
of the weld.

Figure 10b shows the absence of undercutting when ZrO2-
aided high-speed TIG welding was done at a current of 350 A.
ZrO2 fluxwas used to create a ceramic slag, which reduced the
solidified rate of liquid metal at the rear of the welding
pool and alleviated the arc pressure in front of the welding
pool. This slag thus contributed to the liquid metal at the rear
of the welding pool, which flowed into and filled the small
gouged region because of the small arc pressure at the front of

Fig. 9 Typical high-speed TIG welded surface with very sharp ripples
Fig. 10 Appearance of TIG welds produced with and without ZrO2 at a
welding current of 350 A and a travel speed of 600 mm/min
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the welding pool. At the front of the welding pool, liquidmetal
flowing from the center to the edges had enough time to be-
come smooth before solidification, thus eliminating the under-
cutting defect.

The results from this study show that ZrO2 flux did not
significantly contribute to an increase in the depth-to-
width ratio of the weld, but it has low tendency to form
undercutting and allows high-speed fusion welding. On
the basis of the present results, high-speed TIG welding
with a multicomponent ZrO2-based flux (such as ZrO2

+ MoO3 + Cr2O3 + SiO2 + TiO2) may be used to obtain
a higher penetration depth of the weld with no undercutting.
Although further investigation is necessary to understand
the mechanism, the author hopes that the present study
contributes to greater understanding of how ZrO2 flux can
be used to eliminate the undercutting defect of high-speed fusion
weld.

4 Conclusions

TIG welding with different ZrO2 particle sizes was performed
to investigate the surface appearance, geometry size, and δ-Fe
content of AISI 316LN stainless steel. The potential advan-
tages of TIG welding with ZrO2 flux were also demonstrated.
The present work can contribute to better understanding of
ZrO2-aided high-speed TIG welding of stainless steel. The
following conclusions based on our results have been reached:

1. Ceramic slag forms over the welded surface when using
microscale or submicroscale ZrO2 flux. Nanoscale ZrO2

flux produces a slag-free surface of AISI 316LN stainless
steel TIG weld.

2. Nanoscale ZrO2 flux does not significantly contribute to
an increase in the depth-to-width ratio of AISI 316LN
stainless steel TIG weld.

3. Compared with the TIG weld produced without
ZrO2 flux, TIG weld produced with microscale or
submicroscale ZrO2 flux retains less δ-Fe content. This
study observed a slight increase in the δ-Fe content
in TIG weld produced with nanoscale ZrO2 flux as
compared with that in TIG weld produced with micro-
scale or submicroscale ZrO2 flux.

4. ZrO2 flux may be used to create a ceramic slag that re-
duces the solidified rate of liquid metal and alleviates
the arc pressure in the welding pool. This slag thus gives
the liquid metal flowing in the center and edges of the

welding pool enough time to become smooth before so-
lidification, resulting in the elimination of undercutting
defect.
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