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Double-Sided Arc Welding

The welding industry is driven to improve productivity without sacrificing quality. For
thick material welding, the current practice is to use backing or multiple passes, The laser
welding process, capable of achieving deep narrow penetration, can significantly improve
welding productivity for such applications by reducing the number of passes. However, its
compelitiveness in comparison with traditional arc welding is weakened by its high cost,
strict fit-up requirement, and difficulty in welding large structures. In this work, a different
meihod, referred to as double-sided arc-welding (DSAW) is developed to improve the arc
concentration for arc welding. A sensing and control system is developed to achieve deep

narrow penetration under variations in welding conditions. Experiments verified that the
pulsed keyhole DSAW system developed is capable of achieving deep narrow penetration
on a 1/2 inch thick square butt joint in a single pass. [DOL 10.1115/1.1467603]

1 Introduction

Deep narrow. penetration offers higher productivity, lower
- heat input, less distortion, and better robustness against variations

in manufacturing conditions. Although the laser welding pro-
cess is characterized by deep narrow penetration {1], its com-
petitiveness in comparison with traditional arc welding is weak-
ened by its high cost, strict fit-up reguirement, and difficulty
in welding large structures. Hence, arc welding is still the domi-
nant joining method in heavy industry. If thé energy density in
arc welding can be irsproved to improve the penectration capa-
bility, the potential impact on the welding productivity will be
51gn1ﬁcant

Figure 1(a@) shows a plasma arc wcldmg (PAW) system, in
which the workpiece and the power supply are electrically con-
nected by the ground cable and the electric arc is- established
between the workpiece and the torch. A numerical analysis shows

-[2] that the majority of the current flows through the surface of the
workpiece in PAW. As a result, the distribution of the current and
the behavior of the arc depend to a significant degree on the geo-
metrical shape of the workpiece surface, which defines an equal
potential surface. For the cases of nonpenetrated and penetrated
keyholes shown in Figs. 2(a) and 3(z), the shapes of the keyholes
will define the equal potential surface. Because of the minimum
voltage principle, the current distribufion tends to reach the equal
potential surface by the shortest paths. Hence, the’ shape of the
keyhole will affect the distribution of the current flow. As a result,
the current flow diverges before reaching the keyhole surface as
illustrated in Figs. 2(5) and 3(b).

To improve arc energy density, the influence of the geometry of
the workpiece surface should- be eliminated. One way to realize
this is to disconnect the workpiece from the-power supply and
place a second torch to complete the loop as-shown in Fig. 1(b).
As a result, the current flows through the workpiece approxi-

mately along the arc axis direction. The electric arc is established -

between the workpiece and cach of the torches. The resultant pro-
cess is referred to as double-sided arc welding (DSAW) [3]. In
this study, both the development of the process and its control are
addressed.
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2 Arc Density Improvement

The DSAW system in Fig. 1(») uses 2 PAW torch and a gas
tungsten arc welding (GTAW) torch. The PAW torch has a con-
straining orifice so that electrons emitted from the tungsten elec-
trode flow through the ionized plasma gas and form a highly con-

Power
Supply
Electrode _I T
Torch -
)] Current
e/ 4 — Arc
Work [
o Plasma Jet
and Keyholg @
Power
Supply
Electrode _I' T
Torch
One & JJ
Y Arg
‘Work J : ¢
Aze Torch
Two
0

Fig. 1 Schematic diagrams of welding systems: (a) regular
welding system (&) double-sided arc welding system
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Fig. 2 Nonpenetrated keyhole and arc behavior: (a) nenpenetrated keyhole

(b) arc divergence

(&

Fig. 3 Penetrated keyhole and arc behavior: (a) penetrated keyhole (b) arc

divergence

strained plasma jet [1]. This plasma jet melts the workpiece and
can displace the molten metal to form a nonpenetrated keyhole or
penetrated keyhole as shown in Fig. 4. Therefore, the use of a
PAW/GTAW torch combination may generate a keyhole, as can be
observed in regular PAW, in DSAW. '

In the nonpenetrated keyhole mode as shown in Fig. 4(a), the
current has to flow through the workpiece. (The dashed lines in
the figure indicate the outlines of the current.) That is, the elec-
trons emitted from the tungsten electiode of the PAW torch must
enter the workpiece from one surface at the (workpiece) anode
and then re-emit from another surface of the workpiece at the
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Fig. 4 Nonpenetrated and penetrated keyhole in DSAW: (a)
nonpenetrated keyhole (b) penetrated keyhole ‘
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Fig.5 Arc behaviors during keyhole welding. Welding current:
120 A, diameter of the orifice: 2.4 mm,.flow rate of the orifice
gas (argon): 1.8 le_in. (a) PAW (b) DSAW
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Fig. 6 Welds made using DSAW process. Welding current: 70
A: Flow rate orifice gas {(argon): 1.84 L/min; Diameter of orifice:
2.4 mm; Filler metal: none. (a) On 10 mm thick stainless steel
plate at the flat position; Welding speed: 1.3 mnv/s. (b) On 12.7
mm thick stainless steel plate at vertical-up position; welding
speed: 0.83 mm/s.

(workpiece) cathode in order to travel to the tungsten electrode of
the GTAW torch. Because of the good conductivity of the work-
piece, the paths of the electrons are primarily determined by-the
shape of the workpiece cathode which is much larger in diameter
-than the workpiece anode [4}. Hence, the electrons diverge in the
workpiece as schematically illustrated in Fig. 4{a), but at a small
angle. Such a divergent angle is not sufficient to significantly af-
fect the trajectory of the electrons before they reach the work-
piece. Hence, in nonpenetration keyliole mode, the density of the
plasma arc in DSAW is much higher than that in regular PAW;
however, the density of the gas tungsten arc in DSAW should be
similar to that in GTAW.

After the keyhole is established, part of the electrons emitted
from the PAW torch’s electrode can directly go through the key-
hole to reach the GTAW torch’s electrode. If all the electrons ‘can
go through the keyhole, a continuous arc will be established be-
tween the two electrodes with no workpiece anode and cathode.
The divergence caused by the workpiece cathode is eliminated.
Further, the self-induced inward magnetic force concentrates the
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electron beam [5]. Hence, the energy density of the arc on both
sides of the workpiece is significantly improved. Of course, some
of the electrons may go through the workpiece metal as indicated
by the outer dashed lines in Fig, 4(b): These electrons will re-emit
from the bottom surface of the weld pool and then flow to the
electrode of the GTAW torch. Hence, the arc on the GTAW torch
side consists of two parts, the part determined by the re-emitted
electrons with a lower energy density and larger diameter and the
part determined by the electrons directly from the keyhole with a
higher energy density and smaller diameter. The diameter of the
arc on the GTAW torch side is determined by the one with the
larger diameter but the penetration capability of the arc is prima-
rily determined by the part with the smaller diameter. Therefore,
despite the significant increase in the current and arc energy den-
sities, the arc on the GTAW torch side still looks like a regular gas
tungsten arc. For the significant increase in the plasma arc energy
density over regular PAW, Fig. 5 gives a clear demonsiration
where the plasma arc in PAW shown in (@) is much broader than

* that in DSAW shown in (b) despite the fact that the current is the

same in both cases.

Because of the improvement in the arc energy density, DSAW
is capable of penetrating plates up to 1/2 inch thick in a single
pass. As can be seen in Fig. 6, 10 mm {3/8 in.} and 12.7 mm (1/2
in.} thick stainless steel plates have been successfully DSAW
welded. However, for 12.7 mm (1/2 in.) thick plate, the weld zone
is much wider.

3 Controlled Pulse Keyhole

One method which appeared capable of reducing the weld pool
size was to use a large welding current and higher travel speed.
However, it was found that the high pressure associated with the
high current blew the melt metal away from the workpiece. It
became difficult to form a coniinzous weld.

To aid in the development of an effective method to dynami-
cally minimize the weld pocl, the pulsed keyhole method has been |
considered. Assume that the heat input and.the plasma pressure
are sufficiently large to establish a full penetration keyhole. Then
the large plasma pressure will displace the liquid metal so that the
plasma arc can directly heat the bottom of the nonpenetrated key-
hole and that the radial heat transfer is reduced. Hence, if the
welding. current is large enough to provide a sufficiently large
plasma pressure, which is proportional to the square of the current
[6], and heat input, the penetrated keyhole mode may be quickly
established at a-minimized average width of the weld pool. If the
current is then quickly decreased to a low level which cannot
provide a sufficient heat input and plasma pressure to maintain a
penetrated kevhole, the keyhole will close quickly and the molten
pool will shrink as illustrated in Fig. 7. In this way, the weld metal
can be prevented from being blown away from the workpiece.
Hence, the penetrated keyhole can be periodically established and

then closed to maintain the process at a dynamically stable mode

which guarantees full penetration with minimized heat input. The
resultant operating mode has been termed conirolled pulse key-
hole.

It can be seen that controlled pulse keyhele couid be an effec-
tive mode for DSAW of thick materials. Moreover, experiments
have shown that it provides the process a unique controllability.
This controllability allows the process to be controlled to ensure
the full penetration despite process uncertainties. It may also al-
low a control system to adaptively determine the welding param-
eters, primarily the duration of the peak current, in different ap-
plications with no trials or little trials if the peak current and the
base current can be appropriately set such that the peak current
can quickly establish the keyhole and the keyhole rapidly closes
under the base current. Such controllablllty and robustness are
needed for practical applications.
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Fig. 7 Weld pool transition after current decrease: (a) tran-
sient state 1: keyhole {b) transient state 2: complete weld pools
(€) incomplete weld pools

4 Keyhole Detection and Control

It is apparent that successful implementation of controlied pulse
keyhole DSAW relies on reliable detection of the penetrated key-

hole. After the penetrated keyhole is established, the efftux plasma -
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jet may be observed at the GTAW torch side. Also, as discussed
previously and experimentally observed, the establishment of the
penetrated keyhole immediately changes the concentration of the
plasma arc. Hence; various sensors may be developed to detect the
establishment of the penetraied keyhole. However, it is preferred
that the sensing and control system can be simple and reliable in
the manufacturing environment.

Figure 8 illustrates the proposed sensing and control system. In_
this system, a controlled current shunt is used. When the system is
ready to detect the-establishment of the kevhole, the two switches
are simuitaneously closed. This causes the current to pass com-
pletely through switch 1 so that I ;=1. The secondary arc on the
GTAW torch side thus extinguishes immediately while the pri-
mary arc on the PAW torch side remains due to the aliernative
current path. Then switch 1 is opened. After switch 1.is opened, if
the keyhole has been established, the efflux plasma jet provides a
current path between the workpiece and the GTAW torch’s tung-
sten elecirode such that the secondary arc reignites immediately;
as. a result, a non-zero current is detected by the current sensor.
However, if the keyhole is not present, the secondary arc will not
be established and the current will enly flow through switch 2 and
the resistor; the output of the current sensor is thus zero. If this is
the case, the control system immediately commands the high-
Trequency -arc starter to re-ignite the secondary arc; the double-
sided arcing process is reestablished.” As a result, the controlled
pulse keyhole DSAW can be realized by the proposed simple
systemt.

Figure 9 illustrates current waveforms during the controtled
keyhole DSAW. In this particular case, the peak current was 90 A
and the base current was 50 A. In Fig. %a), the DSAW current
Ipgaw ., the current through the switches I, =7+, and the
command signal of the DSAW current are shown. As can be seen
in the figure, the DSAW current command is first switched to zero
and then switched to the base current after a short period. During
this period, the actual DSAW current Ipgaw rapidly reduces to
zero and I, -ie., the current through the switches, quickly in-
creases. In the case shown in Fig. 9{a), the keyhole was present.
Hence, an efflux plasina existed between the workpiece and the
electrode of the GTAW torch. As’a result, after the command
current is switched back to the non-zero base current level, the
actual DSAW current Jngxw quickly reaches to the command cur-
rent. In Fig. 9(b), a typical waveform of the actual DSAW current
is shown. In this particular case, the duty c¢ycle of the actual
DSAW current -is approximately 25 percent and the pulse fre-
quency is approximately 5 Hz,

1t should be pointed out that the most important characteristics
of the proposed keyhole -detection method are the reliability and
simplicity. Except for the current sensor, installed in most com-

" mercial power supplies, no additional sensors are required. Fur-

thermore, a mechanism is introduced to adjust the heat input bai-
ance on the two sides of the workpiece to further minimize
thermal distortion. As can be seen in Fig. 6(b), because of the high
penetration capability, the plasma arc side of the workpiece typi-
cally has narrower weld width. For the proposed keyhole detec-
tion method, the plasma arc remains unchanged during detection.
This provides a mechanism to increase the heat input on the
plasma arc side of the workpiece. The heat input balance thus
becomes adjustable to control thermal distortion. If further heat
input balance adjustment is needed, switch 2 can be opened with
a.delay after the keyhole is detected.

5 Experiments and Re_sults.

An experimental setup as shown in Fig. 8 was developed to
implement the proposed control for the pulsed kevhole DASW
process. A DC welding power supply was used to provide the
welding current. Primary tests were done on stainless steel plates
and additional tests on carbon steel plates were added to verify the
robustness- of the developed control system. Argon was used as
shielding gas for both torches as well as the plasma gas. The
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thickness of the materials included 10 mm (3/8 in.) and 12.7 mm
(1/2 in.). Two current leyeéls—peak and base current—were used.
‘Wshielding gas for both torches as well as the plasma gas. The
shielding gas for both torches as well as the plasma gas. The hile
the duration of the base current was fixed at an experimentally
determined value (150 ms), the duration of the peak current was
automatically determined by the control system to control the
pulsed keyhole mode. Table 1 lists the welding parameters used.

Figure 10 shows two bead-on-plate welds on 10 mm (3/8 in.)
thick stainless steel (type 304) made in the flat position and the
vertical-down position, respectively. If a 10 KW laser beam is
used, the weld width is approximately 2 mm [7]. As can be seen in
the figure, deep narrow penetration has also béen achieved by the
controlled pulse keyhole DSAW for both pesitions. The width of
the weld zone in the middie portion along the thickness direction
is approximately 3 mm.

Tabie 1 Welding parameters

‘Welding Parameter

Value
Orifice diameter - 2.4 mm
Electrode diameter: PAW 4.8.mm (3/16 inch)
Electrode diameter: GTAW 6.4 mm (1/4 inch)

Plasma gas
Shielding gas: PAW
Shielding gas: GTAW .

1.84 L/min (4 ft*/h)
13.8 L/min (30 ft°/h)
" 23 L/min (50 ft*/h)

Stand-off (PAW electrode) 6 mm (0.24 inch)

Stand-off (GTAW electrode) 10 mm (0.38 inch)

Peak current 120 A

Base current 60 A

Duration of peak current * Adaptive

Duration of base current 150 ms

Welding Speed 100 mm/min
Approx, 45V

Welding voltage

AUGUST 2002, Vol. 124 / 699



- (b}

Fig. 10 Bead-on-plates welds made using controlled- pulse
keyhole DSAW process: thickness: 10 mm, material: stainless
steel (type 304); filler metal: none. (a) flat position (b} vertical-
down position

Figure 11 shows a butt weld made on a square butt joint on 13
mm (1/2 in.) stainless sieel”(type 304) plates at the vertical-

down position. The root opening was 1 mm. As can be observed,
the width of the weld zone in the middle portion is still approxi-

_mately 3 mm. Thus, high depth-to-width (DTW) ratio was still
achieved. N
In the tests described above, adjustment of the duration of the

peak current was automatically made by the control system when.

the thickness and the welding position changed. In addition, the
automatic adjustment can also be done when the material change
or mismatch occurs. For the weld shown in Fig. 12, the mismatch
was approximately 2 mm and the root opening is negligible The

Fig. 11 Butt weld made using controlled pulse keyhole DSAW
process: thickness: 13 mm, material: stainless steel (type 304),
welding position: vertical-down, filler metal: none

700 / Vol 124, AUGUST 2002

Fig. 12 Buit weld made using controlled pulse keyhole DSAW
process: thickness: 10 mm, material: DH36, mismatch: 2 mm,
welding position: vertical-down, filler metal: none.

material was DH36 (carbon manganese steel). As can be seen,

despite the large mismatch, basic geometrical characteristics of
the weld zone remain unchanged as compared to the welds made
under different conditions in Figs. 10 and 11,

Experimental results shown in Figs. 1012 demonstrate the
strong robustness and adaptiveness of the developed control sys-
fem with respect to manufacturing condition variations and
changes in thickness, welding position, material, and mismatch. In
this system, the heat input is automatically adjusted by the dura-
tion of the peak to achieve full penetration by switching the peak
current to the base current after the keyhole is detected. Further, as
has been shown, basic characteristics of the weld, which include
the symmetrical geometry, high DTW ratio, and narrow weld
zone, remain unchanged despite variations in the welding condi-
tions. Of course, the symmetrical heating, the concentrated arc,
the pulsed keyhole mode, and the reliable sensing and control
system are responsible for these observed attributes.

1t should be pointed out that all the welds were made without
filler metal. Hence, underfill can be observed in most of the welds.
However, filler metal or a cover pass can be introdaced to obtain
the required reinforcement.

In addition to laboratoty experiments, a shipyard’s preliminary
assessment, including material properties, has been done for the
controlled pulse keyhole DSAW [8]. It was concluded that “The
DSAW process can produce full penetration butt welds on various
materials up to 1/2” in thickness. The testing done by University
of Kentucky demonstrates that this process has potential use in
making butt welds. Further development of this process is war-
ranted.” [8] The research team is currently conducting a study on
the feasibility of DSAW in ship structure manufacturing with
shipyard industry. :

6 Conclusions

* The I>SAW system described in this paper provides a method

to improve the arc energy density.

The controlled pulse keyhole DSAW process is capable of

achieving deep narrow penetration in a single pass on a

square butt joint up to 1/2 in. thick.

The controlled pulse keyhole DSAW process is robust with

respect to various variations in the welding conditions includ-

ing thickness, root-opening, mismatch, and material.

The principle and design simplicity of the sensing and control

system plays an-important role in determining the system’s

reliability.

« Experiments verified the effectiveness of the controlled pulse
keyhole DSAW process and the developed sensing and con-
trol system.
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