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Thiswork investigated the influence of amulticomponent flux on the beadwidth and penetration depth of grade
316 L stainless steels subjected to gas tungsten arc welding (GTAW) and plasma arc welding (PAW). Powdered
oxide/fluoride mixture mixed with single or multicomponent solvent was used as the flux. This paper also
discusses the potential mechanism leading to the increase in joint-penetrating capability with use of the flux
during PAW, and it compares results obtained with flux-aided GTAW (F-GTAW). The results indicate that a
60% methanol/40% water or a 40% acetone/60% water is an appropriate solvent mixture for mixing with the
multicomponent powders. Compared with GTAW, which formed a shallow and wide profile, F-GTAW, PAW, or
flux-aided PAW (F-PAW) formed a deep and narrow profile. F-GTAW produced a weld cross-sectional profile
similar to that produced by PAW. The influence of theflux on the geometry of the PAweldwasnot as pronounced
as that on the geometry of the GTAweld. The results of our study suggest that a 30% SiO2, 25% TiO2, 20% ZnO, 12%
NiO, 5%MgO, 3% Cu2O and 5% FeF2 flux not only substantially improves the joint penetration of the GTAweld, but
it also produces a PA weld with a more uniform cross-sectional profile.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Arc welding is a type of fusion welding that uses a welding power
supply in order to create an electric arc between an electrode and the
workpiece. The arc welding is commonly used in both homeworkshops
and factories because of the low cost of its installation andmaintenance.
Arc welding can be divided into methods that use non-consumable
electrodes and consumable electrodes [1]. Arc welding that uses a
non-consumable electrode generally has an arc efficiency lower than
that of arc welding using a consumable electrode [2]. In the GTAW,
the heat required for welding is generated by a cone-shaped arc
established between the non-consumable electrode and theworkpiece.
The molten metal is shielded from atmospheric contamination by an
inert gas. The primary drawback of the GTAW is its productivity; both
its travel speed and deposition rate are relatively low. PAW is a variation
of GTAW in which the non-consumable electrode is positioned within
the body of the torch itself [3]. With such positioning, the plasma arc
is separated from the shielding gas envelope. A high-temperature plas-
ma is then forced through a small-bore orifice to produce a cylinder-
shaped arc. Compared with the cone-shaped arc formed in GTAW at
the same current level, the cylinder-shaped arc formed in PAW has a
lower divergence angle and a higher energy density.
ingtung 91201, Taiwan.
Developments in arc welding are stronglymotivated by the need for
increasing productivity without sacrificing the quality of the welded
joint. The use of a flux in arc welding is a notable innovation that can
significantly increase productivity [4,5]. Here, the flux is in the form of
compound powder that is mixed with a carrier solvent to form a
paste-like mixture [6,7]. Flux-aided arc welding (F-AW) is an advanced
welding technique in which a thin flux layer is painted onto the surface
of the base metal to be welded, and then a single-pass operation is
performed in order to increase the joint penetration of the weld [8,9].
The GTAW using a flux is the most common variant of F-AW technique.
The E.O. Paton Electric Welding Institute (Kiev, Ukraine) first proposed
the use of F-GTAW [4,10,11]. The advancement of F-GTAW in the former
Soviet Union has led to its use in a wide range of industries, including
aerospace, automotive, military, power generation and chemical
industries [12]. Furthermore, both the Edison Welding Institute
(Ohio, United States) and The Welding Institute (Cambridge, United
Kingdom) evaluated the technical feasibility of and set forth the
operating procedure for F-GTAW. F-GTAW can significantly enhance
productivity; therefore, there has been a great deal of interest in the
research and development of this technique [13].

In contrast to the substantial amount of research into F-GTAW
technique, studies on the F-PAW technique are limited. Fluxes for
these techniques in industrial applications have recently become
commercially available [14]. The flux ingredient is a critical factor in
increasing the penetration depth and reducing the bead width of the
weld [6,15]. Most research, however, remains focused on the use of
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Table 2
Welding conditions used in GTAW and PAW trials.

Welding conditions Welding trial

GTAW PAW

Welding current 120–190 A 90–130 A
Travel speed 150 mm/min 150 mm/min
Electrode diameter ϕ3.2 mm ϕ4.8 mm
Included angle of electrode tip 60° 30°
Electrode gap distance 3 mm 5 mm
Nozzle stand-off distance 8 mm 3 mm
Flow rate of shielding gas 15 l/min 15 l/min
Flow rate of orifice gas – 0.8 l/min

Table 1
Chemical composition of grade 316 L stainless steel (wt%).

C Si Mn P S Cr Ni Mo Fe

0.026 0.51 1.28 0.027 0.015 16.9 11.1 2.09 bal.
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the single-component fluxes. The open literature has limited data
on multicomponent fluxes, despite that this information is critical to
determinations of the joint-penetrating capability with use of the flux
in F-AW. The selection of a suitable carrier solvent for mixing with the
flux powder is very important to producing a high-quality coating.
The relationship between the carrier solvent and the flux powder
has thus been investigated. The present work used a multicomponent
flux developed by the National Pingtung University of Science and
Technology (NPUST), Taiwan, in order to investigate the effects of the
flux ingredient on the bead width and penetration depth of a stainless
steel weld. This paper also discusses the integrated mechanism behind
the increase in joint-penetrating capability in PAW using a flux, as
well as compares the results with those obtained using the F-GTAW.
Ultimately, knowledge of these sciencesmay contribute to the develop-
ment of new multicomponent fluxes that are suitable for both GTAW
and PAW of stainless steels.

2. Experimental details

An annealed grade 316 L stainless steel plate with 6 mm thickness
was the metal to be welded. Table 1 shows the chemical composition
of grade 316 L stainless steel as received for this study. Grade 316 L is
a molybdenum-containing austenitic stainless steel. Compared with
grade 304 L stainless steel, grade 316 L stainless steel has better overall
resistance to corrosion, especially pitting and crevice corrosion in
chloride-containing environments. The stainless steel plates were
machined into specimens with dimensions of 150 mm × 150 mm for
the welding trials.

A 30% SiO2, 25% TiO2, 20% ZnO, 12% NiO, 5% MgO, 3% Cu2O and
5% FeF2 flux was developed by the NPUST (Pingtung, Taiwan). The
powdered oxide/fluoride mixture has an average particle size of
74 μm. Prior to welding, 1000 mg of flux powder was mixed with
1.8 ml of carrier solvent, and the resulting mixture was stirred with a
glass rod in a beaker until a paste-like consistency was attained. The
paste-like flux was subsequently coated onto the specimen with a flat
brush. Upon evaporation of the carrier solvent, the flux layer remained
attached to the surface of the specimen. Fig. 1 shows the preparation
process of the paste-like flux. In the present work, the flux layer had a
width and length of 10 mm and 150 mm, respectively, and the weight
of flux layer per unit area was 2.3 ± 0.1 mg/cm2.

A constant-current power source together with a semi-automatic
operation system was used in all welding trials. A machine-mounted
torch having a 1.5% lanthanated tungsten electrode was moved along
a linear guideway perpendicular to the centerline of the specimen.
High-purity argon was used as shielding gas and orifice gas. An
autogenous single-pass welding operation was performed to produce
a bead-on-plate weld. Table 2 lists the welding conditions used in the
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Fig. 1. Preparation proce
GTAW and PAW trials. Prior to welding, the included angle of the
electrode tip was ground, and the electrode gap was measured for
each trial to ensure that all welding trials were performed under the
same conditions. During welding, a digital video recorder was used to
monitor the arc voltage values, and a charge-coupled device detector
was used to collect the welding arc images.

After the welding trials, the metallographic samples were cross-
sectioned perpendicular to the welding direction and mounted in a
resin, which was then ground to a size of 1200 grit with SiC sandpaper,
and then polished to a size of 0.05 μm with Al2O3 suspensions, and
electrolytic etched with a 10% aqueous oxalic acid. The profile of the
weld was photographed using a stereo microscope, and its dimension
was measured using a toolmaker's microscope. Moreover, an oxygen/
nitrogen/hydrogen elemental analyzerwas used tomeasure the oxygen
concentration in the weld.

3. Results and discussion

The aim of the present work was to investigate the effect of a multi-
component flux on the bead width and penetration depth of stainless
steels subjected to GTAW and PAW. The potential mechanisms leading
to the increase in joint-penetrating capability with use of the flux in
both GTAW and PAW are discussed here. The effects of carrier solvents
on the coverability and volatility of the flux layers were also
investigated.

3.1. Effect of single solvent on coverability and volatility of flux layer

Fig. 2 shows the coverability of the flux layer obtained with various
single solvents. In this trial, 1000 mg of multicomponent powder was
mixed with 1.8 ml of either pure water (100% W), pure methanol
(100% M), or pure acetone (100% A) solvent to form a paste-like flux.
Table 3 lists the physical properties of water, methanol and acetone
[4]. The results indicate that the flux layer formed by the powder
mixed with 100% W exhibited the best coverability, followed by the
layers formed using 100% M and 100% A. This trend is due to the higher
viscosity of water compared with that of methanol and acetone. For
F-AW, the volatility of the carrier solvent must also be taken into
consideration. Table 4 shows the volatility of the flux layer obtained
with various single solvents. The data show that the powder mixed
Stirring
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Fig. 2. Coverability of flux layer obtained with various single solvents.
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with 100% A exhibited the highest volatility among all of the flux layers,
followed by the volatilities observed with 100% M and 100% W. This
trend is due to the much higher vapor pressure of acetone compared
with that of methanol and water. According to the results of this trial,
a single solvent cannot provide a flux layer with good coatability.

3.2. Effect of multicomponent solvent on coverability and volatility of flux
layer

Fig. 3 shows the coverability of the flux layer obtained with various
multicomponent solvents. In this trial, 1000 mg of multicomponent
powder was mixed with 1.8 ml of either methanol/water (M/W),
acetone/water (A/W), or methanol/acetone (M/A) to form a paste-like
flux. The results indicate that the powder mixed with the M/W solvent
exhibited the best coverability among the fluxes, followed by the
coverabilities obtained with A/W and M/A solvents. The 40% A/60% W
or 20% A/80% W solvents could be used to obtain a flux layer with
good coverability. Table 5 shows the volatility of the flux layer obtained
with various multicomponent solvents. The data show that the powder
mixed with the M/A exhibited the highest volatility among the flux
layers, followed by the volatilities of the layers made with A/W
and M/W. On the basis of the relative coverabilities (major factor) and
volatilities (minor factor) of the flux layers, we conclude that a 60% M/
40% W or a 40% A/60% W is an appropriate solvent mixture for mixing
with the multicomponent powders. The advantage of 60% M/40% W or
40% A/60% W over 100% W is its potential to improve the volatility of
the flux layer. Moreover, 60% M/40% W or 40% A/60% W can enhance
the coverability of the flux layer in comparison with that achieved
using 100% A.

3.3. Research on bead width and penetration depth of F-GTA and F-PA
welds

The quality of the welded joint is largely determined by the weld
geometry. As both GTAW and PAW use a constant-current power
source, thewelding current is themost important parameter that affects
the geometry of the resultant weld. This is because the welding current
has significant effects on the induced Lorentz force, which is the driving
force for fluid flow in an electric arc. In the present work, the effects of
the welding current on the bead width and penetration depth were
determined by using currents between 120 A and 190 A for GTAW
and F-GTAW; currents between 90 A and 130 A were used for PAW
and F-PAW. Fig. 4 shows the effect of the welding current on the bead
width of the weld. A graph for the bead width of the GTA weld has a
steep slope, whereas the graphs for the bead width of the F-GTA, PA
Table 3
Physical properties of carrier solvent used in this study.

Physical properties Carrier solvent

Water Methanol Acetone

Dynamic viscosity (mPa s) 0.89 0.54 0.31
Vapor pressure (kPa) 3.2 16.9 30.8
and F-PA welds have gradual slopes. Fig. 5 shows the effect of the
welding current on the penetration depth of the weld. A graph for the
penetration depth of the GTAweld has a gradual slope. The highest pen-
etration depth of GTAWusing the 6mmthick stainless steel plate is lim-
ited to 1.6 mm because of the heat-transfer and energy-transport
characteristics of GTAW [16]. The graphs for the penetration depth of
the F-GTA, PA and F-PA welds have steep slopes.

Full penetration of the F-GTAW, PAW and F-PAW joints was
achieved by using welding currents greater than 185 A, 130 A and
115 A, respectively. The results of our study suggest that F-PAW offers
a substantial advantage over F-GTAW in industrial applications that
require high-current operations. Forming a welded joint using F-PAW
can result in full penetration at relatively low welding current in a
single-pass operation. Notably, a fully penetrated F-GTAW joint with a
surface depression (Fig. 6) and a fully penetrated F-PAW joint with an
undercut (Fig. 7) were generated using welding currents of 190 A and
130 A, respectively. The results signify that a high-current F-GTA weld
is more susceptible to surface depression formation, while a high-
current F-PA weld is more susceptible to undercut formation. The
surface depression formed in the F-GTA weld and the undercut formed
in the F-PAweld are respectively caused by the high arc pressure acting
on the free surface of the welding pool and by the slowing of the back-
ward flow of molten metal in the welding pool. Furthermore, surface
depression formation caused an abnormal increase in both the bead
width and penetration depth, while undercut formation caused an
abnormal increase in bead width and decrease in penetration depth.
Therefore, the joint penetration must be improved to maintain the
integrity and soundness of the weld and thus to obtain a high-
strength weldment through F-GTAW or F-PAW.

According to the experimental results described above, the dimen-
sions of the welds could be substantially varied with and without
usingfluxes by varying thewelding currents.When thewelding current
was increased from 120 A to 190 A, the bead width of the GTA weld
increased from 6.31 mm to 11.03 mm, and the resultant penetration
depth increased from 0.75 mm to 1.59 mm. The bead width of the
F-GTA weld increased from 4.91 mm to 7.19 mm under the same
current range, and the resultant penetration depth increased from
2.31 mm to 7.22 mm. Similarly, when the welding current was
increased from 90 A to 130 A, the bead width of the PA weld increased
from 6.58 mm to 7.53 mm, and the resultant penetration depth
increased from 2.82 mm to 6.08 mm. The bead width of the F-PA weld
increased from 5.42 mm to 6.08 mm under the same current range,
and the resultant penetration depth increased from 3.09 mm to
6.56 mm. Fig. 8 shows the cross-sectional views of the weld profiles
Table 4
Volatility of flux layer obtained with various single solvents
(operating temperature of 26 ± 1 °C).

Single solvent Evaporation time

100%W 1611 s
100%M 63 s
100%A 12 s



80%M/20%W 60%M/40%W 40%M/60%W 20%M/80%W

80%A/20%W 60%A/40%W 40%A/60%W 20%A/80%W

80%M/20%A 60%M/40%A 40%M/60%A 20%M/80%A

Fig. 3. Coverability of flux layer obtained with various multicomponent solvents.

517K.-H. Tseng, N.-S. Wang / Powder Technology 311 (2017) 514–521
madewith andwithout the flux. In contrast to the GTAweld, whichwas
wide and shallow (Fig. 8a), the F-GTA, PA and F-PAweldswere deep and
narrow (Fig. 8b–d). These observations indicate that F-GTAW produced
a weld cross-sectional profile similar to that produced by PAW.

Fig. 9 shows the effect of the welding current on the reduction in
bead width of the weld. Both the surface depression and undercut
have significant effects on the bead width and penetration depth
of the weld; therefore, experimental data for the surface depression
and undercut welds were not considered as part of this investigation.
Reduction in beadwidth (RW) expressed as a percentagewas calculated
as follows:

RW %ð Þ ¼ Ww=o−Ww=

Ww=o
� 100%

whereWw/o is the beadwidth of theweldmadewithout theflux;Ww/ is
the bead width of the weld made with the flux.

When the F-GTAW current was increased from 120 A to 180 A, the
reduction in bead width varied from 22.2% to 35.3%. The reduction in
bead width for the F-PA weld remained at an average of 17.2% as the
welding current was increased from 90 A to 120 A. This result implies
that use of the flux cannot significantly decrease the bead width of
both GTA and PA welds.

Fig. 10 shows the effect of the welding current on the increase in
penetration depth of the weld. Increment in penetration depth (ID)
expressed as a percentage was calculated as follows:

ID %ð Þ ¼ Dw=−Dw=o

Dw=o
� 100%
Table 5
Volatility of flux layer obtained with various multicomponent solvents (operating temperature

Multicomponent solvent Evaporation time Multicomponent solvent

80%M/20%W 206 s 80%A/20%W
60%M/40%W 343 s 60%A/40%W
40%M/60%W 645 s 40%A/60%W
20%M/80%W 1019 s 20%A/80%W
where Dw/o is the penetration depth of theweldmadewithout the flux;
Dw/ is the penetration depth of the weld made with the flux.

When the F-GTAW current was increased from 120 A to 180 A, the
increment in penetration depth increased from 208.0% to 304.8%. The
increment in penetration depth for the F-PA weld varied from 9.6% to
14.2% as the welding current was increased from 90 A to 120 A. This
result indicates that the use of the flux can significantly increase the
penetration depth of the GTA weld. The influence of the flux on the
geometry of the PA weld was not as pronounced as that on the geome-
try of the GTA weld. However, F-PAW produced a weld with a cross-
sectional profile that is more uniform than that produced by PAW at
the same current level.

3.4. Potential mechanism leading to the increase in joint-penetrating
capability with use of the flux

Results of our study suggest that the joint penetration of grade 316 L
stainless steel welds substantially changed because of the multicompo-
nent flux. The joint-penetrating capability increase in F-AW could be
explained in terms of mechanisms in the welding arc and the welding
pool. In F-AW, the welding arc and the welding pool are characterized
by the constricted plasma arc column and by the reversed molten
metal convection, respectively [4]. Since the increments in the joint
penetration of the weld occurring in the welding arc and the welding
pool are coupled, they comprise a single integrated mechanism in
F-AW.

Several mechanisms have been proposed to account for the
observed increase in the joint penetration of the F-GTA weld. Each
mechanism depends on the chemical composition of the flux and base
metal, as well as the welding parameters [17]. Heiple and Roper [18]
of 26 ± 1 °C).

Evaporation time Multicomponent solvent Evaporation time

117 s 80%M/20%A 104 s
211 s 60%M/40%A 79 s
469 s 40%M/60%A 43 s
763 s 20%M/80%A 21 s
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Fig. 6. F-GTA weld cross-sectional profile with surface depression (190 A/150 mm/min).
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stated that the presence of a certain amount of oxygen changes the sign
of the surface tension temperature coefficient from negative to positive.
This drives the convection of the molten metal from the edges toward
the central region along the welding pool surface. Furthermore, Lu
et al. [19] found that when the effective oxygen concentration in the
austenitic stainless steel weld is between 70 ppm and 300 ppm, the
surface tension of molten iron increases with increasing temperature;
otherwise, the surface tension of decreases with increasing tempera-
ture. Lucas and Howse [12] stated that the vaporized flux molecules
capture conduction electrons in the peripheral regions of the welding
arc, thereby decreasing the number of conduction electrons in the
peripheral regions of the welding arc. This decrease forces the welding
arc to generate a higher energy state in the plasma arc column and
produces a higher current density at the anode hotspot.

Fig. 11 shows the oxygen concentration in grade 316 L stainless steel
welds made with and without the flux. The results indicate that the
oxygen concentrations in grade 316 L stainless steel GTA and PA
welds made without the flux were 37 ppm and 39 ppm, respectively.
These concentrations suggest that insufficient dissolved oxygen was
present in both grade 316 L stainless steel GTA and PA welds, resulting
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in an unchanged direction of the molten metal convection in the
welding pool. Oxygen concentrations in grade 316 L stainless steel
F-GTA and F-PA welds made with the flux were 87 ppm and 92 ppm,
respectively. The increase in dissolved oxygen concentration in these
welds was produced by the thermal decomposition of the multicompo-
nent oxides. Therefore, both grade 316 L stainless steel F-GTA and F-PA
welds had sufficient dissolved oxygen, which thus reversed the
direction of the molten metal convection in the welding pool. Cross-
sectional views of the welding arc contours made with and without
the flux (Fig. 12) clearly show that the arc contour of the F-GTAW is
smaller than that of the GTAW. This difference means that the plasma
arc column of the F-GTAW is significantly constricted. However, the
arc contours of both PAW and F-PAW were not markedly different;
hence, the plasma arc column in PAW cannot be constricted more by
using a flux.

The effect of the constricted plasma arc column coupled with the
reversed molten metal convection led to an inward and downward
fluid flow toward the bottom of the F-GTAW pool. This flow resulted
in an effective heat energy transfer from the edges of the welding pool
surface toward its center and subsequent downward transfer toward
the bottom of the welding pool [20]. Consequently, F-GTAW substan-
tially increased the joint-penetrating capability. In contrast, the use of
the flux in PAWdid not contribute to an increased physical constriction
of the plasma arc column. This result implies that the action of the
welding arc in the mechanism of the joint-penetrating capability
increase in F-PAW is negligible. Thus, F-PAW did not produce a greater
Fig. 7. F-PA weld cross-sectional profile with undercut (130 A/150 mm/min).



a) GTAW (180 A / 150 mm/min) b) F-GTAW (180 A / 150 mm/min)

c) PAW (120 A / 150 mm/min) d) F-PAW (120 A / 150 mm/min)

Fig. 8. Weld cross-sectional profiles made with and without flux.
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increment in penetration depth. However, the use of the flux in PAW
could contribute to anoptimal geometry of theweld by reversing the di-
rection of the molten metal convection in the welding pool, resulting in
amore uniform cross-sectional profile of grade 316 L stainless steel F-PA
weld compared with that of grade 316 L stainless steel PA weld.

Tseng and Hsu [21] found that changes in the arc voltage of F-AW
reveal differences in the arc contour during welding. In arc welding
using a constant-current power source, any variation in the arc length
greatly affects the arc voltage. In the present work, an arc length
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controller was used to maintain a constant arc length during welding
in order to prevent variations in the arc length from affecting the arc
voltage. Fig. 13 shows the arc voltages of the welding processes with
and without the flux. The results indicate that the arc voltages of both
PAW and F-PAW are higher than those of both GTAW and F-GTAW,
and that PAW and F-PAW therefore have greater arc energy concentra-
tion and arc stability in comparison with GTAW or F-GTAW. Compared
with the arc voltage of GTAW at the same current level, that of F-GTAW
washigher. However, the arc voltages of both PAWand F-PAWwere not
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markedly different. The measured arc voltage is strong evidence that
the observed arc contour of F-GTAW is smaller than that of GTAW at
the same current level and that the observed arc contours of both
PAW and F-PAW are not very different from each other.

In F-AW, the ingredients of theflux are crucial to the geometry of the
resultant weld. At present, very little information about the ingredients
of the flux can be found in the open literature because of commercial
reasons. The NPUST is currently carrying out empirical investigations
on the use of the fluxes in arc welding as part of its core research
a) GTAW (180 A / 150 mm/min) b

c) PAW (120 A / 150 mm/min) d

Fig. 12.Welding arc contours m
program. The results of our study suggest that a 30% SiO2, 25% TiO2,
20% ZnO, 12% NiO, 5% MgO, 3% Cu2O and 5% FeF2 flux not only signifi-
cantly improves the joint penetration of a GTA weld, but it also leads
to a more uniform cross-sectional profile of the PA weld. Our study
also increased understanding of the characteristics of multicomponent
fluxes in terms of their effects on the joint penetration of both GTA
and PA welds. It may therefore contribute to the development of new
multicomponent fluxes used in stainless steel arc welding for a wide
range of industrial applications.
) F-GTAW (180 A / 150 mm/min)

) F-PAW (120 A / 150 mm/min)

ade with and without flux.
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4. Conclusions

This study has clearly demonstrated the potential benefits of GTAW
and PAW of grade 316 L stainless steel assisted by a multicomponent
flux developed by the NPUST. The integrated mechanisms behind the
increase in joint-penetrating capability in F-GTAW and F-PAW are
discussed. The effects of carrier solvents on the coverability and volatil-
ity of the flux layers were also investigated. The main conclusions from
this study are as follows:

1. A single solvent cannot be used to produce a flux layer with
good coatability. A 60% methanol/40% water or a 40% acetone/60%
water is an appropriate solvent mixture for mixing with the multi-
component powders.

2. High-current F-GTA and F-PA welds are more susceptible to surface
depression formation and undercut formation, respectively. The
joint penetration must therefore be improved to maintain the
integrity and soundness of the weld and to obtain a high-strength
weldment through F-GTAW or F-PAW.

3. In contrast to theGTAweld,which is shallow andwide, the F-GTA, PA
and F-PAwelds are deep and narrow. F-GTAW produces a weld with
a cross-sectional profile similar to that produced by PAW.

4. In F-GTAW, the effect of the constricted plasma arc column coupled
with the reversed molten metal convection leads to a significant
increase in joint-penetrating capability.

5. The use of the flux in PAW does not contribute to a significant
physical constriction of the plasma arc column. Thus, F-PAW does
not produce a greater improve in joint-penetrating capability.
However, the use of the flux in PAW may contribute to an optimal
geometry of the weld by reversing the direction of the molten
metal convection in the welding pool. This reversal results in a
more uniform cross-sectional profile of the F-PA weld compared
with that of the PA weld.

6. A 30% SiO2, 25% TiO2, 20% ZnO, 12% NiO, 5% MgO, 3% Cu2O and 5%
FeF2 flux not only significantly improves the joint penetration of
the GTA weld, but it also produces a PA weld with a more uniform
cross-sectional profile.
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