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Introduction

Plasma arc welding (PAW) introduced
by Gage in 1957 (Ref. 1) offers certain ad-
vantages. As an extension of gas tungsten
arc welding (GTAW), PAW uses a constrict-
ing nozzle/orifice to create a plasma arc that
has a higher heat density. This increased
heat density not only provides higher arc
temperatures, but also a much stronger arc
force. In general, its most widely used con-
figuration is the transferred arc PAW, in
which the plasma arc is formed between the
tungsten electrode and workpiece as shown
in Fig. 1. Its welding current is generally set
to be direct current electrode negative
(DCEN) in order to provide better control
of the energy release (Ref. 2). In addition,
since the plasma arc is highly constricted
compared with electrical arcs in GTAW
process, the arc length has an excellent lin-

ear relationship with the arc voltage under
the same welding current. As a result, a
measurement of arc voltage may indicate
the arc length more accurately to better re-
flect the penetration. In this paper, the
transferred arc PAW is studied for pipe
welding. 

The transferred arc PAW process typi-
cally operates in either keyhole or melt-in
(conduction) mode (Ref. 3). The special
torch used in PAW has a constraining ori-
fice (Ref. 4) designed to deliver a highly
constrained plasma jet. Keyhole mode can
obtain much deeper penetration com-
pared with other arc welding processes. In
this mode, the plasma jet melts the work-
piece and displaces the molten metal to

form a keyhole or deep narrow cavity
(Ref. 5). By doing this, the plasma jet is
able to heat the workpiece through the
whole thickness, giving keyhole PAW high
penetration capability (Ref. 6). On the
other hand, melt-in mode, with reduced
penetration capability, is suitable for join-
ing thin sections (0.025–1.5 mm or
0.001–0.060 in.), making fine welds at low
currents, and joining thicker sections (up
to 3 mm or 0.125 in.) at high currents. The
operation of melt-in mode is similar to
that of GTAW process.

Repeated experiments show that weld
beads made by keyhole PAW typically
have relatively large and irregular ID
(inner diameter) reinforcements associ-
ated with a considerable amount of spat-
ter. On the other hand, those made by
melt-in PAW show large ID weld beads
that may cause excessive convexity around
12 o’clock and concavity around 6 o’clock.
To resolve these issues, the authors pro-
pose the double-stage PAW process, which
combines keyhole and melt-in mode into
a single welding procedure. 

Experimental System

A controlled PAW system is illustrated
in Fig. 2. In the control system (left block
in Fig. 2), control/feedback signals are iso-
lated and filtered to avoid possible dam-
ages to the embedded control
system/computer and reduce noises. The
embedded controller is programmed to
obtain feedback signal measurements
from the welding process. The control al-
gorithm considers these measurements as
controller inputs and calculates to deter-
mine the output that is the welding cur-
rent. A Thermal Arc® PWH-3A plasma
welding torch was selected to conduct
PAW experiments. The torch was powered
by a constant current (CC) welding ma-
chine. The polarity of the power supply
was set to be DCEN. The torch was water-
cooled by the coolant recirculator inside
the power supply. Pure argon was used as
the shielding gas, plasma gas, as well as
backside purging gas for the pipe. Also, to
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ABSTRACT

Plasma arc welding (PAW) keyhole mode uses highly penetrating plasma jets to pro-
duce narrow inner diameter (ID) beads but causes bead irregularity, undesirable wetting
angles, and spatter. For the melt-in mode, plasma jets are less penetrating and greater
heat inputs are needed to achieve the needed penetration. As a result, wider weld beads
are produced similarly as gas tungsten arc welding (GTAW). For orbital pipe welding, re-
duced heat inputs and weld pools are needed to reduce the ID convexity around 12
o’clock and achieve the needed convexity around 6 o’clock. To this end, a novel PAW
mode, namely the double-stage PAW, is proposed that uses a keyhole stage to build a par-
tially penetrated keyhole and then a melt-in stage to finally reach complete joint pene-
tration. While the keyhole stage helps reduce the heat inputs and weld pools, the melt-in
stage finishes the complete penetration at reduced impacts from the plasma jets pro-
ducing the desired weld bead geometry and regularity. A closed-loop control system has
been developed to adaptively determine the duration of the melt-in stage using arc sig-
nals to assure the complete joint penetration. Extensive experiments have been con-
ducted on stainless steel pipes around the full circumferance producing smooth weld
beads of moderate width with no spatter. In comparison with keyhole PAW, bead geom-
etry and regularity are significantly improved with slightly increased net heat inputs. In
comparison with melt-in PAW and GTAW, the net heat input is reduced approximately
40% resulting in 40% reduction in ID weld bead width.
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avoid possible operation variations, all ex-
periments were conducted with an orbital
pipe welding system. 

To demonstrate the effectiveness of the
proposed double stage PAW process,
Schedule 10 Grade 304 stainless steel pipes
with 3.5-in. OD (outer diameter) was se-
lected to conduct the experiments. Its alloy
composition is listed in Table 1. Square butt
joints without an intentional root opening
were welded without filler metal.

Observation of Problems

The PAW process gives different per-
formances in keyhole and melt-in modes.
For keyhole mode, the highly constricted
arc is capable of reaching complete joint
penetration rapidly. However, due to the
high-penetration capability, the weld bead
produced with keyhole mode tends to have
large ID reinforcement (convexity on the
backside bead). At the same time, there
may be spatter blown out of the weld pool
by the strong plasma jet. On the other hand,
for melt-in mode, its moderate penetration
capability resembles that of the GTAW
process, which is capable of generating
smooth weld beads. However, the welding

current needs to be in-
creased considerably
in order to produce
complete  penetration
on same joints. The
melt-in mode thus can
only be used to weld
pipes with thicknesses
much less than those
that can be welded
with the keyhole mode. In addition, since
heat input is increased, the weld pool be-
comes large and sometimes collapses may
occur. Experimental results are presented
below to demonstrate these issues with
these two modes.

Welds Made in Keyhole Mode

The weld beads produced by keyhole
PAW are sensitive to a number of welding
parameters including welding speed, weld-
ing current, flow rate and composition of
plasma/shielding gas, electrode setback,
torch standoff distance, etc. (Refs. 7, 8).
Extensive studies have been conducted on
keyhole PAW at the University of Ken-
tucky Welding Research Laboratory. Ef-
fective methods have been proposed,

implemented, and tested for the control of
the keyhole PAW process (Refs. 9–12).
With the control system developed in Ref.
13, welding parameters can be adjusted to
generate a consistent weld bead in the
presence of various disturbances. Its prin-
ciple is to pulse the welding current to in-
tentionally produce a varying weld pool
and associated varying arc voltage and
then determine the weld penetration
depth from the arc voltage measurements
(Ref. 14). During the peak current period,
the welding torch stays at the same spot to
gain accurate measurement of arc length
from the arc voltage signal and to deter-
mine if the desired penetration has been
achieved. During the low-current base pe-
riod, the torch moves for a certain fixed
distance to the next spot and waits for the
next pulsing control period. 

Fig. 1 — Basic principle of the plasma arc welding process.

Fig. 2 — Structure of the controlled PAW experimental system.

Fig. 3 — Weld bead made by the keyhole PAW process. A — Front side of
the weld; B — back side of the weld.

Table 1 — Alloy Composition (%) of Grade
304 Stainless Steel Pipes

Carbon 0.08
Manganese 2.0
Silicon 0.75
Phosphorus 0.045
Sulfur 0.03
Chromium 18.0~20.0
Molybdenum 2.00~3.00
Nickel 8.0~12.0
Nitrogen 0.10

Table 2 — Major Welding Parameters for Keyhole PAW Specimen

Parameter Value Unit

Base period 800 ms
Base current 20 A
Peak period Adjusted ms
Peak current 110 A
Travel speed 1.22 mm/s
Shielding gas flow rate 15 ft3/h
Plasma gas flow rate 2.0 ft3/h
Electrode setback 2.0 mm
Orifice diameter 1.75 mm

A

B
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One of the specimens welded by con-
trolled keyhole PAW was produced with
major welding parameters listed in Table
2. Its weld bead is shown in Fig. 3.

To operate in keyhole mode, a relatively
small orifice diameter is needed. A rela-
tively large plasma gas flow rate is also
needed to further enhance the penetration
capability of the plasma jet. Then, the com-
plete joint penetration can be obtained
through the strong penetration capability of
the plasma jet. The resultant weld beads on
both sides are narrow (compared with
GTAW). However, strong penetrating
plasma jets also cause problems for keyhole
mode. Complete joint penetration is ob-

tained by punching a hole with a strong
plasma jet inside the liquid weld pool such
that a small portion of the melted metal in-
side the weld pool may be blown away as
spatter. Immediately after welding, small
particles of spatter were found inside the

pipe. At the same time, solidified weld
beads on the ID of the pipe exhibited geo-
metrical irregularities and excessive con-
vexities (over 2 mm reinforcement).

Welds Made in Melt-in Mode

As comparison, experiments with melt-
in mode PAW were also conducted. The
equipment, controller, as well as control al-
gorithms remained the same. To consider-
ably reduce the penetration capability,
welding parameters were modified as listed
in Table 3. A typical specimen welded with
melt-in mode is shown in Fig. 4. 

To reduce the penetration capability,
the orifice diameter was increased and the
plasma gas flow rate was reduced. Due to
the weakened arc force, a larger heat input
had to be used by increasing the welding
current in order to achieve the desired
penetration. After these adjustments, the
process could operate in melt-in mode and
produce complete penetration, but it re-
sembled the behavior of the GTAW
process.

With fine-tuned welding parameters,
complete joint penetration welds were pro-
duced under melt-in mode. The weld bead
was smooth without undercut and large
convexity, similar to that made by the
GTAW process. The smooth weld bead met
visual inspection requirements. However,
due to the weak penetration capability,
complete penetration can only be guaran-
teed in a small welding speed range, which
makes it difficult for manual welding prac-
tice. Furthermore, the HAZ is large because
the weld penetration is achieved by conduc-
tion of heat under melt-in mode. The ex-
cessive heat input (compared with keyhole
mode) generates a large weld pool, which
may occasionally collapse. 

Double-Stage PAW Process

The double-stage PAW process is pro-
posed to avoid problems and combine ad-
vantages in keyhole and melt-in modes. 

Principles of Operation

In GTA pipe welding, a human welder
may adjust the welding current to com-
pensate for changes in welding conditions

Fig. 4 — Weld bead made by the melt-in PAW process. A — Front side of the weld; B — back side of the weld.

Fig. 5 — Principle of the double-stage PAW process.

Fig. 6 — Flowchart for the proposed double-stage
PAW procedure.

Table 3 — Welding Parameters for Melt-In PAW Process Test

Parameter Value Unit

Base time 600 ms
Base current 30 A
Peak time Adjusted ms
Peak current 125 A
Travel speed 1.22 mm/s
Shielding gas flow rate 15 ft3/h
Plasma gas flow rate 1.0 ft3/h
Electrode setback 2.0 mm
Orifice diameter 2.06 mm

A B
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(welding position, joint opening, etc.). For
PA pipe welding, due to the narrow range
of operable welding current, a pulsing
welding current is preferred. A pulsing
current also makes the weld pool dynamic
and the resultant dynamic weld pool pro-
vides the basis for the penetration control
method proposed in this paper. 

To be specific, the proposed pulsing
PAW process has two periods: peak and
base. Each peak period has two stages. The
first stage is to use a keyhole mode type of
operation to penetrate rapidly. However,
this stage stops before the keyhole fully pen-
etrates to the backside of the workpiece in
order to prevent the problems in a normal
keyhole mode aforementioned. Then, a
melt-in mode type of operation follows as
the second stage to continue and finish the
establishment of complete joint penetration
but in a smoother and slower manner with a
much lower penetration capability. The
weaker penetration capability similar as in
GTAW can produce smooth complete joint
penetration welds eliminating the geomet-
rical irregularities. That is, the first stage
achieves a penetration depth with a minimal
heat input and the second stage finishes the
complete penetration establishment process
using an arc similar to a GTA weld. Smooth
and relative narrow welds may be produced
in the second peak stage. The base period
further reduces the heat input to freeze the
liquid metal before the next peak period be-
gins. The proposed method is illustrated in
Fig. 5.

A preliminary control scheme with ref-
erence to Fig. 5 is proposed as follows: 

1) Initialization of process, including

welding parameters and control parame-
ters;

2) Output the base current Ib for the
base period Tb;

3) Output the first peak current Ip1 for
the first peak period of Tp1. Both Ip1 and
Tp1 are empirically determined;

4) Switch to the second peak current
Ip2 and then wait for a short period (typi-
cally less than 50 ms);

5) Sample the arc voltage and calculate
an average each 10 ms as the voltage
measurement Vp;

6) For each four consecutive Vp meas-
urements (e.g., at t1, t2, t3, t4, as in Fig. 5),
a linear model (or high order models in fu-

ture studies) is fitted by the least square
method;

7) The slope of the fitted curve is then
compared with a predetermined criterion.
If the slope is larger than the criterion (de-
sired penetration is not reached), go to
Step 5. Otherwise, jump to Step 2 to start
the next control pulse period.

The flowchart in Fig. 6 further illus-
trates the above control scheme. 

The period and parameters for the first
stage determine how deeply the penetra-
tion is established. A deeper first-stage
penetration reduces the heat input of the
proposed process and width of the result-
ant weld beads but increases the chance
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Fig. 7 — Top position weld bead made by the double-stage PAW process. A — Front side of the weld; B — back side of the weld. 

Fig. 8 — Side position weld bead made by the  double-stage PAW process. A — Front side of the weld; B — back side of the weld.

Table 4 — Welding Parameters for Double Stage PAW Process

Parameter Value Unit

Base period 800 ms
Base current 20 A

First stage period 200 ms
First stage current 110 A

Second stage period Adjusted ms
Second stage current 60 A
Penetration criterion 0.0 for side position

0.2 for top position V/s 
0.4 for bottom position

Travel speed 1.22 mm/s
Shielding gas 100% Argon

Shielding gas flow rate 15 ft3/h
Plasma gas 100% Argon

Plasma gas flow rate 2.0 ft3/h
Purging gas 100% Argon

Standoff distance 3.0 mm
Electrode setback 2.0 mm
Orifice diameter 1.75 mm

A B

A B
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for the occurrence of normal keyholes and
corresponding problems. A less deep first-
stage penetration increases the heat input
and width of the weld beads but reduces
the chance for the occurrence of normal
keyholes and corresponding problems.
They need to be experimentally deter-
mined based on the requirements on weld

bead widths and heat inputs and the toler-
ance to possible keyhole occurrences. 
In the second stage, the welding current is
reduced from that in the first stage, resulting
in a smaller arc force and less penetration
capability. However, although the weld pool
depression is reduced, it is still pronounced
and greater than that in GTAW. This still
pronounced local depression of the weld
pool under the plasma jet relates the devel-
opment of the weld pool depression to arc
length. As a result, the arc voltage may
measure the dynamic development of the
weld pool in the second stage and be used to
control and achieve smooth weld beads with
acceptable bead widths on both sides of the
pipe. From the beginning of the second
stage, the second peak current continues to
supply heat input into the weld pool. As a
result, the ID width of the weld pool may
still increase such that the weld pool de-

pression increases further. The develop-
ment of the weld pool in the second stage
may finally reach an equilibrium due to the
reduced heat input and arc pressure, in
which the desired weld pool widths on both
sides of the pipe are achieved, correspon-
ding to the second stage peak welding cur-
rent setting. Also, with the reduced arc force
in the second stage, the weld bead is also
smooth at this equilibrium. In order to stop
the second peak period at the equilibrium, a
closed-loop control is needed to determine
the weld pool development by sampling and
analyzing the arc voltage signal in real-time.
The penetration criterion defined in the
control algorithm reflects the desired arc
voltage slope near the equilibrium. By
changing the criterion in a small range, the
heat input in each pulse can be adjusted to
compensate the influence from different
welding positions.
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Fig. 9 — Bottom position weld bead made by the double-stage PAW process. A — Front side of the weld; B — back side of the weld.

Table 5 — Measurements of Weld Bead Geometry for Three Positions

Welding Position Top Side Bottom

OD bead width (mm) 9 8 9
OD reinforcement (mm) 0.5~0.8 –0.2~0 0.5~0.8
ID bead width (mm) 4~5 4~5 4~5
ID reinforcement (mm) 0.3~0.8 0~0.2 0.3~0.7

Fig. 10 — Measured variables from the double-stage welding process on
the  top position sample pulse No. 1.

Fig. 11 — Measured variables from double-stage welding process on top position
sample pulse No. 2.

Fig. 12 — Comparison of overall peak period for
all three welding positions.

A B

Weaving torch orbital welding test Weaving torch orbital welding test
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Switching PAW Mode

For experiments conducted with a sin-
gle (either keyhole or melt-in) mode, the
plasma torch configuration and welding
conditions can be set up in advance and
then be kept unchanged during the entire
welding process. However, for the pro-
posed double-stage PAW method, the
PAW process needs to switch from keyhole
to melt-in mode in real-time. For pipe
welding, complete joint penetration is the
first priority, and the plasma torch should
be configured to assure it. The challenge
is how to switch from keyhole to melt-in
mode with a torch configured for keyhole
mode. This question can be simplified as
how to reduce the penetration capability
of plasma arc during welding operation. To
find an acceptable solution, several key
factors affecting penetration capability
should be considered.

The physical configuration of the
plasma torch is one of the most important
factors in determining penetration capa-
bility. A smaller orifice diameter can pro-
vide better mechanical constriction.
Larger electrode setback can achieve sim-
ilar effects. However, during welding op-
eration, it is not practical to change any of
them. Hence, the torch configuration is so
determined that the penetration capabil-
ity is just sufficient for keyhole operation. 

The plasma gas flow rate is another key
factor determining the penetration capa-
bility. The PAW process is sensitive to this
parameter. A simple adjustment of plasma
gas flow rate from 2.0 to 1.0 ft3/h can con-
siderably reduce the penetration capability
and change the operation mode from key-
hole to melt-in. It is technically possible to
use an adjustable flow control valve, and
the gas flow rate can be controlled by ex-
ternal electrical signals. However, this flow
rate control mechanism has a relatively

large time delay compared with the
needed pulse period of welding current.
The valve reaction to the control signal
and the flow rate change from the gas sup-
ply to the torch end both take time. There-
fore, similar to torch configuration, the
plasma gas flow rate is set to a level that is
just sufficient for keyhole operation.

The welding current controls the pene-
tration capability and heat input of the
plasma arc. With a reduced welding current,
the heat input may become insufficient to
achieve complete joint penetration if a sin-
gle melt-in mode is used. However, since
the complete penetration penetration is al-
most achieved in the first stage, the estab-
lishment process for complete joint
penetration penetration may still be able to
continue and finish with the reduced heat
input. This operation status is considered a
quasi-melt-in mode. As an electrical pa-
rameter, the welding current can be easily
adjusted by the control system in real-time.
Therefore, the transition from keyhole to
quasi-melt-in mode is switched by adjusting
the welding current.

There are other welding conditions and
parameters that also affect the penetration
capability, such as coolant recirculation
rate, overall torch size and rating, and dis-
tribution of plasma gas. However, in com-
parison with the parameters/variables
aforementioned, their real-time adjust-
ments are even more difficult. 

Experiment Results and Analysis

With the algorithm proposed above,
extensive tests were conducted with dif-
ferent welding and control parameter
combinations to find optimal parameters.  

Experimental Condition and Setup

For 304 stainless steel pipe described

previously, two pieces of 3.5-in. OD
Schedule 10 pipes were fitted without root
opening. A set of optimal welding param-
eters as listed in Table 4 were obtained
based on repeated experiments. The weld-
ing current was reduced from 110 A in the
first stage to 60 A in the second stage in
the peak period. With longer time dura-
tion than the first stage, the quasi-melt-in
second stage can provide sufficient heat
input to finish with a smooth full penetra-
tion weld bead. 

The penetration criterion indicates the
slope of arc voltage used to determine if
the second stage period needs to continue
or stop. Once the increase on the arc volt-
age starts to decrease or stop, an equilib-
rium status may have been established for
the given second stage current such that
the second stage needs to stop to start the
base period to cool the liquid metal down.
The criterion is changed according to
welding position because the equilibrium
is the balance among the penetration
state, arc pressure, and welding position
dependent gravitational force. The change
in this criterion achieved weld bead con-
sistence with the welding position.

At the beginning of each experiment, the
plasma torch rested at the starting point,
and welding current increased gradually
from zero to the initial welding current (e.g.,
60 A) in a period called initialization period,
typically around 5 to 10 s. This period was
performed as pre-heating, and routine pe-
riods for the proposed double-stage process
start after the end of the initialization pe-
riod. For pulsing operation, the plasma
torch movement also changed in different
welding current level. In the first and sec-
ond stage peak period, the torch rested to
gain penetration and accurate arc voltage
measurements. In the base period, the torch
moved along the pipe joint at a constant
speed to the next spot.
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Table 6 — Comparison of Net Heat Input in Unit Weld Bead Length

Welding Process Keyhole PAW Melt-in PAW Double Stage PAW GTAW

Base period time (ms) 800 600 800 N/A
Base period current (A) 20 30 20 N/A
Base period voltage (V) 18 19 18 N/A
First stage peak period time (ms) 250 350 200 N/A
First stage peak period current (A) 110 125 110 N/A
First stage peak period voltage (V) 25 26 25 N/A
Second stage peak period time (ms) N/A N/A 300 N/A
Second stage peak period current (A) N/A N/A 60 N/A
Second stage peak period voltage (V) N/A N/A 21 N/A
GTAW current (A) N/A N/A N/A 120
GTAW arc voltage (V) N/A N/A N/A 17
Travel speed (mm/s) 1.22 1.22 1.22 1.22
Total heat input (J/mm) 999 2021 1246 1672
Arc efficiency (%) ~47 ~47 ~47 ~67
Net heat input (J/mm) 470 950 586 1120
Typical backside bead width (mm) 3~4 ~10 5~6 9~11
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The ultimate goal is to use the double-
stage process for the 5G fixed position, in
which the pipe joint is fixed and the plasma
torch moves around the joint circumfer-
ence. In the beginning, only the top position
was tested to prove the feasibility of the
method. Then, side and bottom/overhead
positions were tested. It was found that al-
though the same penetration criterion can
still produce complete joint penetration in
all positions. By changing the penetration
criterion according to the welding position,
more consistent weld beads around the pipe
joint circumference were achieved. Typical
experiment results for these three positions
are demonstrated in next section. In the fu-
ture, an accelerometer will be installed on a
manual plasma welding torch. In this way,
penetration criterion can be adjusted auto-
matically with the changing welding posi-
tion.

Double-Stage PAW Experiment Results
and Analysis

Closed-loop controlled experiments
were conducted for top, side, and bottom
positions. By changing penetration crite-
rion in a small range, smooth and consis-
tent welds with similar backside weld
beads were obtained for all three posi-
tions. The produced weld beads are illus-
trated in Figs. 7–9. The measured weld
bead geometry is listed in Table 5.

By visual inspection, the backside weld
bead widths for all three positions are be-
tween those produced by keyhole and melt-
in mode alone. Compared with keyhole
mode, the weld bead made by double-stage
PAW has less reinforcement on the backside
and no spatter. This indicates that complete
penetration is guaranteed by the first peak
period, but there is no over penetration
(large reinforcement) due to the quasi-melt-
in second peak period. On the other hand,
compared with melt-in mode, the backside
weld bead width made by double-stage
PAW is narrower, which means reduced
heat input and less chance to get melt
through. In addition, due to automatically
controlled heat input/second peak period,
the weld beads produced in all three posi-
tions have similar bead width on both sides
of the pipe joint, which in turn verified the
control effect. Therefore, by visual inspec-
tion alone, the double-stage PAW process
not only successfully combined the advan-
tages of keyhole and melt-in mode
processes, but also successfully eliminated
the problems with those two processes.

During double-stage PAW experi-
ments, welding current and arc voltage sig-
nals were also measured and recorded by
data acquisition system. Figures 10 and 11
illustrate two typical pulses selected from
a welding experiment on top position.

At the beginning of each pulse, the first
peak period applied 110 A of welding cur-

rent to achieve the keyhole and penetration
rapidly. It can be observed from both Figs.
10 and 11, after a short transitional stage
(around 50 ms), arc voltage starts to in-
crease, which means that the plasma arc is
making penetration pushing the weld pool
surface toward the backside of the pipe
joint. At the end of the first peak period, the
arc voltage tends to continue to increase. If
the keyhole stage continues after this point,
complete joint penetration would be
achieved at keyhole mode, but the associ-
ated problems would also occur. Instead of
continued strong arc force, welding current
is switched to a lower level into the quasi-
melt-in second stage. With reduced pene-
tration capability and heat input, the weld
pool first bounces back from deep keyhole
and then the complete joint penetration es-
tablishment is finished under the weaker arc
force resulting in smooth weld beads. 

From Figs. 10 and 11, it is noticed that
the arc voltage reduced considerably after
the switching from first to second peak pe-
riod. This reduction is caused by the
bouncing back of the weld pool and also
the reduction in the welding current. Dur-
ing the quasi-melt-in second stage, extra
heat input is added to the weld pool and
the arc length tends to increase. This trend
is reflected by the slow increase of the arc
voltage, since the arc length and arc volt-
age have a linear relationship under a con-
stant welding current. By the end of
second peak period, the weld pool has
reached an equilibrium status, in which
the heat input cannot make any further
weld pool development (arc length in-
crease). The process then switches to the
base period for the weld pool to solidify
while preparing for the next control cycle.
By repeating this process, consistent com-
plete joint penetration weld beads can be
produced.

It can be observed that the second peak
period in Fig. 11 lasts 100 ms longer than
in Fig. 10. This increase of duration was
automatically determined by the control
algorithm. It might have been caused by a
less deep penetration established during
the first stage. More heat input was
needed from the second peak period in
order to reach the equilibrium status.
Therefore, longer time was needed for the
arc voltage slope to become flat (arc volt-
age stop increasing). Similar adjustments
in the second peak period time were typi-
cal in welding experiments for all three po-
sitions. Therefore, the proposed control
algorithm can effectively adjust the heat
input in each pulse to ensure the estab-
lishment of smooth complete joint pene-
tration weld beads. 

For different welding positions around
the circumference, different penetration
criteria were set to reflect different re-
quirements for heat input. The average
peak period time (including both first and

second stages) of all pulses under three
different welding positions are compared
and illustrated in Fig. 12.

It can be seen, although there is varia-
tions in the peak period for each given
welding position, their average values re-
flect the different settings of the penetra-
tion criteria. The penetration criteria for
all three positions are 0.0 for side position,
0.2 for top position, and 0.4 for bottom po-
sition. The averaged peak period exactly
reflected the penetration criterion setting.
The variation of peak period during each
pulse in a given welding position reflects
the weld pool condition, weld joint varia-
tion, and specific welding position.

Heat Input Analysis

With previous experimental results,
comparisons were made for heat inputs de-
livered to the workpiece (net heat input)
among GTAW process and three PAW
process operation modes, i.e., keyhole,
melt-in, and double-stage modes. A number
of studies have been conducted to investi-
gate the heat input and arc efficiency in arc
welding processes (Refs. 15–18). For the
proposed double-stage PAW process, the
primary objective was to produce complete
joint penetration with reduced net heat
input. Arc efficiency gives a quantitative
measurement of the fraction of total arc en-
ergy delivered to the workpiece. The total
energy generated by the power supply can
be easily calculated based on the arc voltage
and welding current measurement. Refer-
ring to the arc efficiency results from  (Ref.
16), a general comparison is possible for
PAW and GTAW processes.

As introduced earlier, all three modes of
PAW process were operated in a pulsing
manner. Not only welding current, the
travel of the plasma torch was also pulsing
(staying still in the base period while move
during the peak period). In order to com-
pare with continuously moving GTAW
process, net heat input in unit length was
used. The calculated total energy input and
arc efficiency from Ref. 6 were used first to
determine the energy delivered into the
workpiece. Travel speed and manner were
then taken into consideration to calculate
the net heat input in unit length. A compar-
ison is made and listed in Table 6.

In Table 6, all the period times and weld-
ing currents were records from the embed-
ded controller. For the arc voltage,
variations existed under a constant welding
current, and only the average value was
used to determine total energy input. Travel
speed was set to constant on the orbital pipe
welding system and can be considered ac-
curate. Although a range is needed for pre-
cise calculation with arc efficiency, it is
sufficient to compare using only average arc
efficiency for each process because their net
heat inputs differ significantly.
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For the PAW process, plasma arc col-
umn generates considerably more heat
compared with the GTAW process. Using
the same welding current, the arc voltage
for the PAW process is much larger than
that of GTAW, which can be seen in Table 6.
However, the majority of the arc column
heat is not transferred into the workpiece. 

From net heat input data in Table 6, it
can be clearly observed that the four
processes under comparison can be divided
into two groups. The one with the net heat
input around 1000 J/mm includes melt-in
PAW and the GTAW processes. This ex-
plains why the melt-in PAW produces welds
similar to those using the GTAW process.
Although the plasma arc voltage is larger
under the same welding current, its net heat
input delivered to the work-piece is compa-
rable to that of the GTAW. Keyhole and
double-stage PAW processes are in the
group with a net heat input around 500
J/mm. As a result, the weld beads with
smaller backside width were produced.
Compared with keyhole PAW mode, the
double-stage PAW does not increase the net
heat input delivered in to the workpiece.
The combination of two modes of PAW not
only reduced net heat input (compared with
melt-in mode), but also significantly im-
proved the weld bead (compared with key-
hole mode), with smaller backside
reinforcement, moderate backside width,
and no spatter.

Conclusions

The double-stage PAW process has
been proposed, designed, and imple-
mented as a novel welding process.

The innovative double-stage PAW
process successfully combines the advan-
tages and eliminates the problems associ-

ated with keyhole PAW and melt-in PAW
to produce the desired complete joint pen-
etration welds. 

The double-stage PAW process reduces
the weld pool width and heat input ap-
proximately 50% from the GTAW. 

The feedback control of the second
stage period helps achieve the desired con-
sistence of welds despite the difference in
the weld position.

The voltage-based control of the sec-
ond stage period is suitable for implemen-
tation at manufacturing sites.  

Experiments confirmed the effective-
ness of the proposed double-stage PAW
process and its feedback control method.  
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