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ABSTRACT. Double-sided arcing uses
two torches on the opposite sides of the
workpiece to force the welding current to
flow through the thickness. If a keyhole is
established through the thickness, part of
the welding current will flow through the
keyhole and maintain the electric arc in-
side the keyhole. It was found the through-
thickness direction of the welding current
and the establishment of a keyhole both
helped enhance the concentration of the
arc and the density of the arc energy. In
addition, the presence of the arc in the
keyhole provided a mechanism to directly
heat the workpiece through the thickness,
as well as a mechanism to compensate the
energy consumed during heating. In this
study, a double-sided arcing technique
was developed into a welding process for
deep, narrow joint penetration. Experi-
ments confirmed the characteristics of this
process.

Introduction

Productivity improvement is a major
focus for the welding industry and its as-
sociated research community, especially
in welding of thick materials. Improved
methods and processes are required to
weld thick materials in a single pass to op-
timize productivity. Currently the primary
processes used for this are electron beam
welding and laser beam welding. Both
processes require close-tolerance joint fit-
up and are expensive to operate. Electron
beam welding generally requires the use
of a vacuum chamber and is, therefore,
somewhat limited in application. Laser
systems require high capital investment
and have high operating and maintenance
costs.

High capital investment, maintenance
costs, and the positioning and fitup accu-

racy requirements (Ref. 1) are among the
factors that weaken the laser’s competi-
tiveness compared to traditional arc weld-
ing processes in certain heavy industry ap-
plications. However, if the material is not
so thick that the reduction in the number
of passes is dramatic, the time needed for
additional positioning and fitup adjust-
ment due to the high requirement may not
justify the high cost. Hence, for such ap-
plications, methods or processes that
achieve penetration up to 1⁄2 in. and that
leverage the advantages of conventional
arc welding in terms of reduced fitup tol-
erance, standard operating procedure,
personnel, and costs may provide compet-
itive solutions.

One method that improves penetra-
tion is to spray a fluxing agent on the work-
piece surface during gas tungsten arc
welding to modify the flow in the weld
pool (Ref. 2). Investigations have focused
on experiments for suitable fluxing agents,
which are typically mixtures of inorganic
powders suspended in a volatile medium,
for different materials. This method, re-
ferred to as flux-assisted gas tungten arc
welding (GTAW), has found successful ap-
plications in pipe welding.

Another method to improve penetra-
tion in arc welding is to improve the en-
ergy density of the arc because energy
density is the primary factor responsible
for the penetration difference between
laser/electron beam welding and arc weld-
ing. Research has been done to improve
arc concentration by using magnetic
means (Refs. 3, 4). However, in addition

to the configuration complexity, the effect
on arc concentration was found to be lim-
ited. Hence, this study explores another
method to improve arc concentration and
arc energy density to improve  penetration
with arc welding.

Double-Sided Arcing

The proposed arc concentration
method relies on a different arcing tech-
nique. As can be seen in Fig. 1A, a regular
arc welding system uses an electrical con-
nection (workpiece lead) between the
workpiece and the power supply to allow
the welding current to complete a loop.
The electric arc is established between the
workpiece and the torch. However, if the
workpiece is disconnected from the power
supply and a second torch is placed on the
opposite side of the workpiece to com-
plete the current loop, as can be seen in
Fig. 1B, the electric arc can be simultane-
ously established between the workpiece
and each of the torches, as shown in Fig.
2, where torch one and torch two are for
plasma arc welding (PAW) and gas tung-
sten arc welding (GTAW), respectively.
Because the arc is established on both
sides of the workpiece, this phenomenon
is referred to as double-sided arcing
(DSA), and the resultant welding process
is referred to as double-sided arc welding
(DSAW). Of course, the double-sided arc-
ing phenomenon can be explained by es-
tablished arc physics. However, it gener-
ates certain unique characteristics that are
not associated with regular arcing
processes.

An obvious characteristic is the direc-
tion of the current. Because of the con-
nection between the workpiece and the
power supply, the workpiece is an essen-
tial element of the current loop in regular
arc welding. The current travels in the
workpiece at directions approximately
parallel to the surface of the workpiece.
For example, in keyhole PAW, the major-
ity of the welding current flows from the
arc into the surface of the workpiece (Ref.
5). The keyhole is filled with an electrically
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neutral mix of ions and electrons, and the
welding current is absent in the keyhole.
However, in the double-sided arcing
process, the current has to flow through
the thickness of the workpiece.

Although the through-thickness direc-
tion of the current is associated with dif-
ferent torch combinations (Ref. 6), the
specific approach in this study is to use a
combination of a PAW torch and a GTAW
torch, as shown in Fig. 3, to establish a key-
hole through the workpiece. A GTAW/
GTAW torch combination has been used
to AC weld aluminum in a nonkeyhole
mode. (Refs. 7, 8). It is known that the
PAW torch has a constricting orifice such
that electrons emitted from the tungsten
electrode flow through the ionized plasma
gas and form a highly constricted plasma
jet. This plasma jet melts the workpiece
and can displace the molten metal to form
a keyhole or deep narrow cavity. There-
fore, the PAW/GTAW torch combination
may generate the keyhole double-sided
arcing phenomenon.

When the keyhole is present, the ion-
ized plasma gas flows from the PAW torch
side to the GTAW torch side through the
keyhole. Because the ionized plasma gas is
an electric conductor, it provides a possi-
ble path for the current to flow through
the thickness, as shown in Fig. 3. Another
possible path of the current is through the
metal around the keyhole. For the current
to flow through the keyhole, the minimum
voltage principle (Ref. 9), i.e., the current
takes the path that minimizes the voltage
drop, must be satisfied as the necessary
condition.

Figure 4 shows the decomposition of
the voltage drops for the two paths. If the
current takes the metal path, the electrons
emitted from the PAW torch’s electrode
must enter the metal and then re-emit
from the bottom surface (the surface of
the workpiece on the GTAW torch side).
Therefore, the voltage drop will be

V = VEC +VC1+VWA+
VWC+VC2 +VEA (1)

where VEC = voltage of electrode cath-
ode; VC1 = voltage of arc column one; VWA
= voltage of work anode; VWC = voltage
of work cathode; VC2 = voltage of arc col-
umn two; and VEA = voltage of electrode
anode. However, if the keyhole is the cur-
rent path, the voltage drop will be

V = VEC +VC1 +VK + VC2+VEA (2)

where VK is the voltage of the keyhole arc
column. The minimum voltage principle
can only be satisfied if the following con-
dition is met:

VK <VWA +VWC (3)

When the thickness of the workpiece,
which is approximately the length of the
keyhole, is given, the voltage across the
keyhole column can be determined as

VK = ELK (4)

where E (V/mm) is the electric field and
LK (mm) is the length of the keyhole col-
umn. Although E depends on a number of
parameters, it is typically considered a
constant when the current and the com-
position of the shielding gas are given
(Ref. 9). For example, if the shielding gas
is argon and the current is 200 A, E ≈ 0.65
V/mm. Further, if the thickness is 1⁄2 in.
(12.5 mm), VK ≈ 8V. On the other hand,
when the current and the shielding gas are
200 A and argon, respectively, the sum of
the cathode and anode voltage drop is ap-
proximately 9 V. Hence, for materials 1⁄2  in.
thick or thinner, the minimum voltage
principle can be satisfied. As a result, it be-
comes possible for the keyhole to become
an element of the current loop and for the
electric arc to be present in the keyhole if
the thickness is not greater than 1⁄2 in.

Arc Concentration and 
Energy Compensation

Figures 5 and 6 show the arc behaviors
for regular PAW and DSAW before and
after the keyhole is established. Two phe-
nomena can be observed from these fig-
ures. First, in comparison with regular
plasma arc, the plasma arc in DSAW be-
comes much more concentrated despite
the use of similar welding parameters.
Second, after the keyhole is established,
the plasma arc in DSAW is further con-
centrated while the regular plasma arc re-
mains unchanged.

During DSAW, current has to flow
from one torch to another through the
workpiece, or the keyhole, as illustrated in
Fig. 4. If the current flows through the
workpiece instead of the keyhole, the elec-

Fig. 1 — Schematic diagrams of welding systems.
A — Regular welding system; B — double-sided
arc welding system.

A

B

Fig. 2 — Double-sided arcing phenomenon. The
workpiece is between the two arcs.

Fig. 3 — Proposed welding system for keyhole DSAW.
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trons must exit from the workpiece
through the cathode on the GTAW side
surface of the workpiece to the GTAW
electrode. Because of the large current
needed for welding, the electrons tend to
emit from the workpiece from an area
rather than a small spot. Hence, the work-
piece cathode is typically much less fo-
cused than the anode (Ref. 9). As a result,
the GTAW arc in DSAW is much broader
than the plasma arc.

Assume the radius of the workpiece
cathode is 3 mm and the thickness of the
workpiece is 10 mm. The radius of the
plasma jet is approximately 1 mm. That is,
the radius of the current flow increases by
2 mm through a 10-mm distance. The av-
erage diffusion angle of the current in the
workpiece is thus α = Tan–1 0.2 ≈ 10 deg.
Because this diffusion angle is so small,
the electrons can easily realize their tran-
sition in direction when they enter the
workpiece from the plasma arc column.
The trajectory of the electrons (current) in
the plasma arc column is not affected by
the workpiece. However, for regular PAW,
the electrons have a nearly 90-deg transi-
tion in direction when they enter the work-
piece. To realize such a large transition in
travel direction, the electrons must change
their direction prior to “landing” on the
workpiece. The arc column in regular
plasma arc welding, thus, must be subject
to a divergence. Hence, the plasma arc in
DSAW is much more concentrated than
the regular plasma arc, as seen in Figs. 5A
and 6A.

The establishment of the keyhole fur-
ther enhances the concentration of the
plasma arc in DSAW. After the keyhole is
established, the current may take the key-
hole as the path. In this case, the current

flows through the keyhole without being
affected by the workpiece cathode, the di-
ameter of which is much larger than that
of the keyhole. The plasma arc can thus be
further concentrated. As can be seen, the
diameter of the plasma arc in Fig. 6B is
less than 70% of that in Fig. 6A. Hence,
the density of the plasma arc is at least
doubled after the keyhole is established.

As can be seen in Fig. 6B, the GTAW
arc is still broad after the keyhole is estab-
lished. This indicates that, although the
electrons can flow through the keyhole to
minimize the voltage, part of them actu-
ally flow through the workpiece, causing a
cathode on the workpiece. Therefore,
during keyhole DSAW, only part of the
current goes through the keyhole. The rest
of the current flows through the work-
piece.

An interesting question is why part of
the current goes through the workpiece in-

stead of the keyhole, which minimizes the
voltage. Although detailed studies, which
are beyond the scope of this paper and
which first introduced keyhole DSAW, are
needed to answer this fundamental ques-
tion, the authors suspect the high-speed
impact of the electrons on the workpiece
may be the factor responsible. In fact, part
of the electrons may hit the workpiece
when they are traveling along the keyhole,
which is not perfectly straight. Because of
the high speed of the electrons in the
highly constricted plasma jet, the elec-
trons have sufficient energy to enter the
workpiece.

Another interesting question is what
percent of current flows through the work-
piece, rather than through the keyhole,
after the keyhole is established. It is un-
derstandable that an accurate estimate of
this percentage is difficult because it may
depend on many parameters, such as the

Fig. 4 — Voltage decomposition in DSAW. A — Nonkeyhole mode; B — keyhole mode.

Fig. 5 — Arc behaviors before and after the keyhole is established during regular PAW. The efflux plasma
indicates the establishment of the keyhole. Welding current: 120 A, diameter of the orifice: 2.4 mm, flow
rate of the orifice gas (argon): 1.8 L/min. A — Before; B — after.

A

A

B
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shape of the keyhole, the diameter of the
orifice, the flow rate of the orifice gas, and
the speed of the electrons, etc. However,
experimental results in Fig. 6 give us an
approximate estimate. In Fig. 6, the den-
sity of the arc, or current, is doubled after
the keyhole is established. If we assume
this concentration in the current flow is
caused by the establishment of the key-
hole, one may estimate at least 50% of the
current flows through the keyhole.

To verify the accuracy of the above es-
timate, the voltage signal when the process
changes from keyhole to nonkeyhole
mode is recorded for keyhole DSAW, as
seen in Fig. 7. In the experiment, the thick-
ness of the workpiece is 6.4 mm. The ratio
of the current p flowing through the key-
hole can be estimated by using the follow-
ing equation:

∆V = (VWC +VWA) – 
{VKp+(VWC +VWA)(1 – p)}= 
(VWC +VWA – VK)p (5)

where ∆V is the voltage decrease from

nonkeyhole to keyhole mode, which is ap-
proximately 3.5 V; VK is the voltage drop
of the keyhole column, which is approxi-
mately 4 V when the thickness is 6.4 mm;
VWC + VWA is the voltage drop if the cur-
rent fully flows through the workpiece;
and the weighted sum VKp + (VWC
+VWA)(1 – p) is used as an estimate of the
average voltage of the keyhole and the
workpiece. Equation 5 gives

(6)

Hence, analysis of the voltage decrease
suggests that more than 50% of the cur-
rent flows through the keyhole. This is
similar to the estimation made based on
the arc concentration.

It should be pointed out that, with re-
gard to the estimate for arc concentration
after the establishment of the keyhole, the
voltage decrease associated with the es-
tablishment of the keyhole is only ob-
served during DSAW, not during regular
PAW. Figure 8 plots the voltage signal dur-

ing nonkeyhole and keyhole mode for reg-
ular PAW. No difference in the voltage sig-
nal can be found. Of course, it is under-
standable because the majority of the
current during regular plasma arc welding
is “earthed” through the surface of the
workpiece (Ref. 5). The establishment of
the keyhole plays no noticeable role in
changing the arc behavior (current flow
distribution) and the voltage.

In addition to the arc concentration as
analyzed above, another unique character-
istic associated with DSAW — energy com-
pensation along the thickness — is caused
by the presence of the arc in the keyhole.
That is, in regular keyhole PAW, the current
does not flow through the keyhole (Ref. 5).
The ionized gas jet thus loses its initial en-
ergy, gained before it enters into the key-
hole from the arc, to heat the wall of the
keyhole without energy compensation.
However, in the keyhole DSAW process,
the current flowing in the ionized gas jet
generates the arc in the keyhole. As a re-
sult, the energy consumed to heat the wall
of the keyhole can be at least partially com-
pensated. For 3⁄8-in.- (9.5-mm-) thick mate-
rial, VK ≈ 6 V, which is approximately 1⁄7 of
the welding voltage, and the compensated
arc energy is approximately 1⁄7 of the total
arc energy. More importantly, this part of
energy directly heats the workpiece
through the thickness direction radially. Its
contribution to the penetration is thus
much more effective than the arc energy in
other parts of the arc. Hence, although an
accurate estimate of its contribution to
penetration improvement requires de-
tailed studies beyond the scope of this in-
troductory work, it is certain this contribu-
tion is quite significant.

Experiments and Results

The keyhole double-sided arcing tech-
nique may be used to develop an effective
keyhole DSAW process to achieve nar-
row,  deep penetration. To this end, an ex-
perimental setup, shown in Fig. 3, was de-
veloped. It uses a DC constant-current
power source. This DC power supply is
capable of providing a constant current
from 50  to 200 A with voltage up to 50 V.
A regular PAW torch and a GTAW torch
are connected to the negative terminal
and positive terminal of the power supply,
respectively.
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Fig. 6 — Arc behaviors before and after the keyhole is established during DSAW. Welding current: 120
A, diameter of the orifice: 2.4 mm, flow rate of the orifice gas (argon): 1.8 L/min. A — Before; B —
after.

Table 1 — Invariant Welding Parameters

Orifice diameter 1.57 mm (0.062 in.)
Electrode diameter: PAW torch 4.8 mm (3/16 in.)
Electrode diameter: GTAW torch 4.8 mm (3/16 in.)
Flow rate of orifice gas 1.15 L/min (2.5 ft3/h)
Flow rate of shielding gas (plasma torch) 13.8 L/min (30 ft3/h)
Flow rate of shielding gas (GTAW torch) 23 L/min (50 ft3/h)
Standoff (PAW electrode) 6 mm (0.24 in.)
Standoff (GTAW electrode) 10 mm (0.38 in.)

Table 2 — Variable Welding Parameters

Sample Process Thickness Type of Root Filler Welding Welding Travel             Welding
No. (mm) Joint Opening Metal Voltage Current Speed           Position

Use (V) (A) (mm/min)

1 PAW 6.4 Sq. Butt Zero None 30 70 40 Flat
2 DSAW 9.5 Sq. Butt Zero None 45 70 80 Flat
3 DSAW 12.7 Sq. Butt Zero None 45 70 50 Uphill

A B
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The austenitic stainless steel used in the
experiments is commercial plate Type 304
(wt-% 0.08 C, 2.00 Mn, 1.0 Si, 18.0-20.0 Cr,
8.0–10.5 Ni, 0.045 P, 0.03 S and Bal. Fe).
Since keyhole PAW achieves deeper pene-
tration than all existing arc welding
processes, comparison will be made be-
tween PAW and DASW. Because of the im-
proved arc concentration, DSAW is capa-
ble of penetrating 12.7 mm (1⁄2 in.) in a single
pass. On the other hand, it is not  easy to
keyhole plasma arc weld stainless or other
steel plates as thick as 9.7 mm (3⁄8 in.) in a
single pass without producing a  gap (Ref.
10). Hence, 6.4-mm- (1⁄4-in.-) thick plate was
welded using keyhole PAW, and 9.5-mm-
(3⁄8 -in.-) and 12.7-mm- (1⁄2 -in.-) thick plates
were welded using keyhole DSAW, respec-
tively, for comparison.

Because no previous data is available,
experiments have been done to determine
the welding parameters for keyhole DSAW.
The criterion is that the selected welding
parameters produce the desired full pene-
tration without melt-through. Because of
the impact of the plasma, underfill typically
results in the plasma arc side. However, de-
sired reinforcement can be easily achieved
by a standard follow-up cover pass. To ease
the comparison, filler metal is not used in
this study for both PAW and DSAW. Tables
1 and 2 list the experimentally determined
welding parameters.

Narrow, Deep Joint Penetration

Figure 9 shows a keyhole double-sided
arc weld, Sample 2 in Table 2, on 9.7-mm-
(3⁄8-in.-) thick stainless steel plate. The
welding speed was 80 mm/min. The width
of the weld zone in the middle portion
along the thickness direction remains
below 2.5 mm. For the same thickness, a
10-kW laser beam achieves full penetra-

tion with a narrower weld of 2 mm (Ref.
1). Of course, the speeds achieved with
lasers are much faster.

Figure 10 gives a keyhole double-sided
arc weld (Sample 3 in Table 2) on 12.7-
mm- (3⁄8-in.-) thick stainless steel plate.
The welding speed was 50 mm/min. The
width of the weld zone in the middle por-
tion along the thickness direction remains
below 3.5 mm. For the same thickness, a
9.1-kW laser beam achieves full penetra-
tion at the width of 3 mm (Ref. 11).

It can be seen that deep, narrow pene-
tration has been achieved by the keyhole
DSAW process. Such deep penetration
significantly reduces the weld pool and
makes it possible to weld thicker materials
in a single pass without melt-through. For
example, in typical applications, 1⁄2-in.-
thick steel plates require machined bevels
and five to six passes (Ref. 12). As can be
seen, keyhole DSAW achieved full pene-
tration without bevel in a single pass. The
resultant productivity improvement and
filler metal reduction are substantial.

Heat Input

The power of an arc can be calculated as

Parc = IV (7)

Where I and V are the welding current and
welding voltage, respectively. However,
the actual heat input into the workpiece is
not exactly given by the power of the arc.

For regular PAW, the voltage can be de-
composed into

V = VEC + VC + VWA (8)

where VEC = voltage of the electrode
cathode, VC = voltage of the plasma arc
column, and VWA = the voltage of the
workpiece anode. Among the three volt-
age components, VEC, VC, and VWA, the
heat input into the workpiece is primarily
determined by the latter two. Therefore,
the effective power of the arc, which will
be converted as the workpiece heat input
during keyhole PAW, can be expressed as 

Fig. 7 — Voltage signal in keyhole and nonkeyhole mode during DSAW. Fig. 8 — Voltage signal in keyhole and nonkeyhole mode during regular PAW.
The efflux plasma signal indicates the establishment of the keyhole.

Fig. 10 — Keyhole double-sided arc butt weld on
12.7-mm (1⁄2-in.) plate (Sample 3). Position: up-
hill, welding current: 70 A, travel speed: 50
mm/min, filler metal: none.

Fig. 9 — Keyhole double-sided arc butt joint weld
on 9.5-mm (3⁄8-in.) plate (Sample 2). Position:
flat, welding current: 70 A, travel speed: 80
mm/min, filler metal: none.
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Pe,r = ηI(VC+VWA) = ηI(V – VEC) (9)

whereη<1 is a constant, which accounts for
the heat loss of the arc due to radiation, and
is referred to as the arc efficiency.

For keyhole DSAW, the parts of the
welding current flowing through the key-
hole and the metal surrounding the key-
hole are pI and (1 – p)I, respectively. For
the convenience of discussion, assume the
arc consists of two parallel arcs corre-
sponding to the two parts of the current.
For both arcs, the anode and cathode volt-
age on both tungsten electrodes should be
removed from the total voltage during
computing the effective power. This im-
plies the effective power during keyhole
DSAW can be estimated as

Pe,d = η1pI (VC1+VK+VC2) +
η2(1 – p)I(VC1 +VWA + VWC + VC2)
= η1pI(V1 – VEC – VEA)+
η2(1 – p)I(V2 – VEC – VEA) (10)

where V1 is the voltage of the arc corre-
sponding to the part of the current flow-
ing through the keyhole, and V2 is the
voltage of the arc corresponding to the
part of the current flowing through the
metal surrounding the keyhole, and con-
stants η1 < 1 and η2 <1 are their effi-
ciency. Because the heat generated by the
cathode and anode spots is almost totally
put into the workpiece, the arc efficiency
for three arc columns is not higher than
that for two arc columns and a anode and

cathode pair, i.e., η1 ≤ η2. When p = 0.5,

Pe,d ≤ 0.5η2I(V1 – VEC – VEA + V2 – 
VEC – VEA) = η2I{0.5(V1 +V2) –
VEC – VEA)}= η2I(V – VEC – VEA) (11)

where V is the average voltage measured.
Further, because VWA >> VWC, the arc ef-
ficiency for two arc columns and an anode
and cathode pair is not higher than that for
one arc column and an anode. That is, η2
≤ η. As a result,

Pe,d ≤ ηI(V – VEC – VEA) (12)

Equations 9 and 12 provide a way to esti-
mate the heat input into the workpiece for
the welded samples in the experiments. In
the first comparison, the ratio of  heat
input of the keyhole DSAW to the regular
keyhole PAW is computed. As seen below,
the computed ratio of heat input between
these two processes is independent of the
arc efficiency in Equations 9 and 12.
Hence, in the following discussion, a typi-
cal value 0.7 is assumed for the arc effi-
ciency. Hence, for Samples 2 and 3 where
current and voltage are 70 A and 40 V

Pe,d ≤ η70(45 – VEC – VEA) ≈
0.7 x 70(45 – 9) = 1764 W (13)

For Sample 1 (1⁄4 in. thick),

Pe,r = hI(V–VEC) = η70(30–VEC) ≈
0.7 x 70(30–2) = 1372 W (14)

To penetrate 1⁄4-in.-thick plate, regular key-
hole PAW uses a 1372-W effective heat
source at the travel speed of 40 mm/min.
For keyhole DSAW, 3⁄8-in.-thick plate can
be penetrated using a 1764-W effective
heat source at the travel speed of 80
mm/min. The heat input of keyhole
DSAW for 3⁄8-in.-thick plate is thus only ap-
proximately 60% the heat input of regular
keyhole PAW for 1⁄4-in.-thick plate. If key-
hole PAW is used to penetrate 3⁄8-in.-thick
plate, the heat input would be at least dou-
ble the heat input used for 1⁄4-in. plate.
Hence, the heat input required to weld 3⁄8-
in.-thick plate by keyhole DSAW is at most
30% of that needed by keyhole PAW.

The heat input comparison can also be
made between DSAW and laser beam
welding. For 9.5-mm- (3⁄8-in.-) thick plate,
a 10-kW laser beam can achieve full pen-
etration at the travel speed of 80 in./min,
or 2032 mm/min (Ref. 1). The heat input
is thus approximately 20% as the heat
input of keyhole DSAW. For 12.7-mm- (1⁄2-
in.-) thick plate, a 9.1-kW laser beam
achieves the full penetration at the travel
speed 900 mm/min. The heat input into
the workpiece is again approximately 20%
of the heat input associated with keyhole
DSAW for the same thickness.

Fig. 13 — Micrographs in the center of the weld boundaries. A — Sample 1: PAW, 6.4 mm, butt joint,
no filler metal; B — Sample 3: DSAW, 12.7 mm, butt joint, no filler metal.

Fig. 11 — Solidification structures of the weld metal zones. A — Sample 1: PAW, 6.4 mm, butt joint,
no filler metal; B — Sample 2: DSAW, 9.5 mm, butt joint, no filler metal.

Fig. 12 — Micrographs around the weld boundaries. A — Sample 1: PAW, 6.4 mm, butt joint, no filler
metal; B — Sample 3: DSAW, 12.7 mm, butt joint, no filler metal.
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Weld Shape

As can be seen in Figs. 9 and 10, the
cross sections of double-sided arc welds
are approximately symmetrical and hour-
glass shaped. Although detailed studies
are needed to determine the effectiveness
of this shape in thermal distortion and
residual stress reduction, it is certain the
thermal distortion and residual stress
must be reduced.

Grain Structure

Specimens cut from the weld samples
are mechanically polished and chemically
etched with a solution of 340 g FeCl3

.

6H2O + 125mL HCl + 40 mL HNO3 +
250 mL  H2O to reveal the macrostructure
and electrolytically etched with a solution
of 10 g oxalic acid + 100 mL water to de-
termine the microstructure. The
macrostructures are examined using a
Nikon SMZ800 stereoscopic zoom micro-
scope. The microstructures are observed
by using a Nikon Epiphot 300 optical met-
allurgical microscope and a Hitachi S-
3200 scanning electron microscope
(SEM), operated at 20 kV.

Figure 11 shows the morphologies of
solidification macrostructures in the
welded joint in comparison with keyhole
PAW joints. Figure 12 shows the micro-
structures around the weld boundary, and
Fig. 13 shows the microstructures in the
center of the weld metal zone. Compared
to regular plasma arc welded joint (Figs.
11A, 12A, and 13A), fine equiaxed solidi-
fication grains were formed in the bulk of
the weld metal zone of DSAW, with only a
very narrow columnar region along the
weld boundary, as shown in Figs. 11B,
12B, and 13B.

Generally, the solidification structure
is controlled by the solidification parame-
ters — the solidification growth rate R and
the thermal gradient in the liquid GL. The
ratio of the two parameters GL/R nor-
mally changes from a maximum value at
the fusion boundary to a minimum along
the center of the weld. These changing so-
lidification conditions result in a weld so-
lidification structure changing from pla-
nar at the weld boundary to columnar
dendrite and then to equiaxed dendrite
grain along the weld center (Ref. 13). For
DSAW process, it was found the fraction
and width of the fine equiaxed grain re-
gion gradually increases in the weld metal
zone along with an increase in the depth
of penetration. It is known that when the
penetration increases, the amount of
molten metal increases. Such an increase
in the amount of molten material helps
heat the workpiece before cooling; hence,
the thermal gradient during cooling is re-
duced. This tends to allow an increase in

the amount of fine equiaxed grains pro-
duced.

Conclusions

Double-sided arcing phenomenon and
technique have been used to develop the
keyhole DSAW process. Observation and
analysis show the through-thickness direc-
tion of the current and the establishment
of the keyhole both play significant roles
in enhancing arc concentration.

Experimental data and analysis suggest
at least part of the current flows through
the keyhole if the keyhole provides a min-
imum voltage path. The presence of the
current in the keyhole generates an energy
compensation not found in other arc weld-
ing processes.

The keyhole DSAW process has
proven capable of achieving deep, narrow
joint penetration on square-groove, thick
stainless steel plates up to 1⁄2-in. in a single
pass.

Keyhole DSAW reduces heat input
into the workpiece by at least 70% in com-
parison with regular keyhole PAW, which
achieves the deepest and narrowest pene-
tration at the least heat input of all exist-
ing arc welding processes. In other words,
keyhole DSAW requires only 30% of the
heat input needed by keyhole PAW.

Welds produced by keyhole DSAW are
less than 1 mm wider than those produced
by the laser process. To penetrate the same
thickness of stainless steel plates up to 1⁄2
in. thick, the heat input into the workpiece
by the keyhole DSAW process is approxi-
mately five times as much as that input by
a high-power (approximately 10-kW)
laser.

Welds produced by keyhole DSAW are
approximately symmetrical and hour-
glass shaped.

Keyhole DSAW tends to increase the
amount of the desirable equiaxed grains in
the solidified welds.

Detailed studies are needed to fully
disclose the metallurgical implications
and mechanical properties for keyhole
DSAW of different materials, including
the impact of heat input reduction and
symmetrical shape on thermal distortion
and residual stress, and to quantitatively
analyze the phenomena during double-
sided arcing and the keyhole double-sided
arc welding process.
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