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ABSTRACT. Low heat input is typically
desired for welding high-strength steels to
ensure that the mechanical behavior of
material in the HAZ would not change
significantly after welding. However, a
high current, and thus a high heat input, is
required to melt more wire to achieve a
goal of increased productivity through in-
creased deposition rate. A novel process
referred to as Consumable Double-Elec-
trode GMAW or DE-GMAW has been
developed to increase the deposition rate
without increasing the heat input. This
work studies the characteristics of the
heat-affected zone (HAZ) including the
HAZ size, microstructure, and the hard-
ness of high-strength steel ASTM A514
welded by  DE-GMAW. It is found that, to
obtain the same deposition rate, the DE-
GMAW process can significantly decrease
the heat input using a low base metal cur-
rent, in comparison with conventional
GMAW, to achieve a small HAZ and low
joint penetration. The low heat input
caused a fast cooling rate and high hard-
ness in the HAZ.

Introduction

High heat input is often not preferred
because of possible adverse effects on the
heat-affected zone (HAZ) (Refs. 1, 2) in-
cluding degeneration of material proper-
ties in the HAZ such as microstructure,
microhardness, and grain size (Refs. 3–5).
Typically, the HAZ is desired to be small.
While the most effective way to minimize
the HAZ is to reduce the heat input (Ref.

6), the deposition rate in GMAW would
be proportionally reduced and the pro-
ductivity compromised. To resolve this
issue, a novel welding method named
Consumable DE-GMAW has been devel-
oped recently at the University of Ken-
tucky (Refs. 7–9). This process based on
conventional GMAW can improve the
welding productivity by increasing the
melting current but still controlling the
base metal current at a desired low level
using an added bypass GMAW gun. Ex-
periments have been performed to
demonstrate that this novel process can
achieve independent controls of the melt-
ing current and base metal current.
Hence, the Consumable DE-GMAW has
the potential to reduce the heat input
without compromising the welding 
productivity.

Consumable DE-GMAW Process

As illustrated in Fig. 1, Consumable
DE-GMAW is designed by adding an-
other GMAW gun and a constant current
(CC) power supply to the conventional
GMAW process. The CC power supply
provides the bypass current while the CV
(constant voltage) power supply provides
the base metal current. Two consumable
welding wires are fed in through two
GMAW guns, respectively. There are two

parallel welding arcs: the main arc estab-
lished between the main wire (positive)
and the workpiece (negative), and the by-
pass arc established between the main
wire (positive) and the bypass wire (nega-
tive). Thus the total melting current I is
decoupled into two parts: the bypass cur-
rent I1 and the base metal current I2, or
equally I = I1 + I2. It can be seen that the
bypass wire is primarily melted by the by-
pass current while the main wire and the
base metal are melted by the total melting
current. This makes it possible to obtain a
high deposition rate with the same heat
input while the base metal current is main-
tained at a low level.

In Consumable DE-GMAW, the main
welding arc needs to be ignited first, and
then the bypass welding arc is ignited be-
tween the bypass wire and the main wire
through the main arc. While the main arc
is fundamental in the Consumable DE-
GMAW, the bypass arc ensures this
process functions properly. Because an
unstable bypass arc may cause unexpected
serious problems such as damaging the
workpiece by melting through it, the by-
pass arc must be stable and always present
to obtain a practical process. Studies have
revealed that the bypass arc voltage can be
used to characterize the bypass arc stabil-
ity (Ref. 8). Furthermore, for a stable by-
pass arc, the optimal bypass arc voltage V2
is found to be 1–3 volts larger than the
main arc voltage V1 as illustrated in Fig. 1.
When the bypass wire feed speed (noted
as WFS2) is fixed, the adjustment in the
bypass current will affect the bypass arc
voltage. Thus, an interval-model-based
controller has been designed to output the
proper bypass current to maintain/control
the bypass arc voltage at its optimal value
such that a stable bypass arc is achieved
(Refs. 8, 9). 

At the mean time, the base metal cur-
rent must be controllable or adjustable to
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adapt different applications. It also re-
quires that the base metal current be con-
trolled at a desired level despite possible
variations in manufacturing conditions.
Based on the above design, the base metal
current is controlled by adjusting the main
wire feed speed (noted as WFS1). Any
change in WFS1 will be reflected as a
change in the needed total melting current
when the main arc voltage is maintained at
a constant. Based on the relationship I =
I1 + I2 , a change in the base metal current
is possible considering that the bypass cur-
rent is roughly fixed with a constant WFS2.
Thus, another interval-model-based con-
troller is designed and implemented tak-
ing the base metal current as the input and
the main wire feed speed as the output.
The above two parallel controllers func-
tion together to make the process stable
and practical.

Experiments

A complete Consumable DE-GMAW
system was established in the lab. Two par-
allel interval-model-based controllers were
used to obtain a stable process and to con-
trol the base metal current at a desired level.

During experiments,
the two welding guns
were moved together
horizontally. Only the
main gun was
shielded with 90%
argon and 10% CO2
at a rate of 18.9 L/min
(40 ft3/h). No shield-
ing gas was used for

the bypass welding gun. Sensors for currents
and voltages were used for monitoring pur-
poses. An Olympus high-speed camera
equipped with a 940-nm narrow-banded
optical filter was adapted to observe the arc
behavior and metal transfer.

All experiments were performed with
1.2-mm- (0.045-in.-) diameter low-carbon
welding wire (ER70S-6) on the high-
strength steel ASTM A514, a quenched
and tempered (Q&T) steel widely used in
structural and pressure vessel applications
because of its good ductility and weldabil-
ity. The chemical compositions for the
base metal (ASTM A514) and filler metal
(ER70S-6) are presented in Table 1. For
the bead-on-plate experiments, the work-
piece had a thickness of 12.7 mm (0.5 in.)
with a dimension of 50.8 mm (2 in.) × 152.4
mm (6 in.). For the butt joint experiments,
each workpiece had a dimension of 76.2
cm (3 in.) × 152.4 mm (6 in.) with a thick-
ness of 25.4 mm (1 in.). A 90-deg V-groove
was prepared before the experiments. The
root pass was made by conventional
GMAW, and then multipass welds were
run to fill up the groove. For the root pass,
the wire feed speed was 7.62 m/min (300

in./min) and the welding voltage was 31 V,
resulting in a base metal current of about
230 A. The travel speed for the root pass
was 0.635 m/min (25 in./min).

Experiments were also performed with
conventional GMAW on the same work-
station without feeding in the bypass wire.
Currents and voltages were monitored if
applicable. These experiments are used as
a benchmark to compare with the results
from Consumable DE-GMAW. 

In Table 2, the welding conditions for
the two groups of bead-on-plate experi-
ments are presented. In the first group
(experiments 1-A and 1-B), the deposition
rate (or the total wire feed speed defined
as the sum of WFS1 and WFS2) was the
same, but the base metal current in 1-B
was lower. In the second group (experi-
ments 2-A and 2-B), the main wire feed
speed was 17.78 m/min (700 in./min) while
an extra wire was fed in at a fixed speed of
11.43 m/min (450 in./min) in 2-B. 

A group of butt joint experiments (3-A
and 3-B) were also designed and per-
formed (Table 3). Multipass welding was
used to fill the deep groove. The two ex-
periments have the same WFS1 approxi-
mately. The base metal current in 3-B was
controlled at 180 A. Due to the extra filler
metal from the bypass wire, a decrease in
the number of passes was achieved in 3-B.

For the notes of experiments (1-A, 1-B,
2-A, 2-B, 3-A, and 3-B), A represents the
conventional GMAW, B the Consumable
DE-GMAW, 1 for the same deposition
rate, and 2 for approximately the same heat
input, and 3 for the butt joint experiments.

Results and Analysis

Stability of Consumable DE-GMAW
Process

For a practical application, the DE-
GMAW process must be a stable process
first. That is to say, the bypass arc must be
stable and present all the time with ad-
justable base metal current. Figure 2
shows the data waveforms recorded in 2-
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Fig. 1 — The Consumable DE-GMAW process.

Fig. 3 — Workpiece with Consumable DE-GMAW (2-B).

Fig. 2 — Recorded waveforms in Consumable DE-GMAW (2-B).

Table 1 — Chemical Composition (%) of Base Metal(a)

A514 ER70S-6 A514 ER70S-6

Carbon 0.15–0.21 0.06–0.15 Chromium 0.50–0.80 0.15
Manganese 0.80–1.10 1.40–1.85 Molybdenum 0.18–0.28 0.15

Phosphorus (max) 0.035 0.025 Nickel (max) — 0.15
Sulfur (max) 0.035 0.035 Copper (max) — 0.50

Silicon 0.40–0.80 0.80–1.15 Vanadium (max) — 0.03

(a) Remainder is iron.
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B. In this experiment, the bypass wire feed
speed (WFS2) was maintained at 11.43
m/min (450 in./min), and the bypass cur-
rent was controlled to keep a constant by-
pass arc voltage of 39 V. The main arc volt-
age was set to 36 V, and the main wire feed
speed (WFS1) was adjusted to obtain a
uniform base metal current. From the
waveforms it can be seen that the bypass
arc was present all the time, thus the weld-
ing process was stable. The stability is also
verified by the resultant weld bead as il-
lustrated in Fig. 3. The weld bead is uni-
form and no spatter was observed. 

Heat-Affected Zone and Heat Input

During welding, the HAZ is heated to
a high temperature (near the melting
point) but not melted. The HAZ size is
controlled by the heat input. The larger
the heat input is, the larger the HAZ.
After the workpiece cools down, the
grains in the HAZ will coarsen remark-
ably, although a fine-grained region may
also be observed in the outer HAZ region
depending on the cooling rate (Refs. 6,
10). In welded structures with many alloys,
the HAZ is the weaker region, thus, a
small HAZ is typically preferred. But for
high-strength Q&T steels, a minimum
heat input is desirable. If the heat input is
too small, the cooling rate will be high re-
sulting in the formation of untempered
martensite, which can cause unacceptably
high HAZ hardness and susceptibility to
hydrogen cracking. Thus, the heat input
must be controlled. 

Traditionally, the HAZ is measured with
its width in the cross section after the weld
bead is cut, polished, and etched. However,
this width varies significantly with the dis-
tance from the workpiece surface, and even
with the same distance, the width in one side
may be different from the other side. Thus,
the authors propose to use the cross-section
area of the HAZ to quantify the HAZ size.
Since the HAZ is the base metal affected by

the heat input, it is reasonable to expect that
large heat input will affect more base metal
in volume. In the cross section (2-D), the
HAZ area can denote the volume. The
HAZ area can be measured very easily by
counting the pixels it contains with image
processing tools, such as PhotoShop. The
accuracy can be verified by comparing the
measured filler metal area and the calcu-
lated filler metal area. Assuming no spatter,
the filler metal area can be calculated as 

(1)
where d (mm) is the diameter of the weld-
ing wire, WFS (in./min) is the total wire
feed speed, and vts (in./min) is the travel
speed. For the bead-on-plate experiments,
the filler metal area can be easily located
and measured as discussed later. 

For traditional arc welding, the heat
input is calculated as

(2)

where V (volt) is the welding voltage, I (A)
is the melting current, η is the efficiency
depending on the welding process used
(for GMAW, η = 0.9), and νts (in./min) is
the travel speed. It can be seen that the
smaller the melting current, the smaller
the heat input for the same welding volt-
age and the same travel speed. 

For the Consumable DE-GMAW, two
power supplies provide two currents. Even
though the bypass current does not flow
through the base metal, the bypass energy
will be transferred to the weld pool via the
bypass droplets. One thus needs to modify
the equation for calculating the heat input
in the Consumable DE-GMAW. Assum-
ing the same heat coefficient for the by-
pass arc and the main arc, the heat input
in Consumable DE-GMAW can be calcu-
lated as

(3)

Comparing Equation 3 to Equation 2,
conventional GMAW is a special case of
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Table 2 — Welding Conditions for Bead-on-Plate Experiments

No. Total Current Base Metal Current WFS1 WFS2 Total Wire Feed Speed Voltage Travel Speed
(A) (A) in./min in./min in./min V in./min

1-A 345 345 550 0 550 36 30
1-B 311 196 350 200 550 36 30
2-A 422 422 700 0 700 36 30
2-B 413 200 700 450 1150 36 30

A

B

Fig. 4 — Weld example with the same deposition rate. A — Experiment 1-A, GMAW; B — experiment
1-B, DE-GMAW.

Table 3 — Welding Conditions for Butt Joint Experiments

No. Total Current Base Metal Current Voltage WFS1 WFS2 Travel Speed Heat Input Number of
(A) (A) V in./min in./min kJ/in. Passes

3-A 365 365 36 650 0 20 35.48 13
3-B 400 180 36 645 450 20 40.66 7
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Consumable DE-GMAW where the by-
pass current is zero. 

To study the heat input, the HAZ was
evaluated after the specimens were pol-
ished with γ-alumina powders and etched
with 2% Nital (nitric and hydrochloric) so-
lutions. The measured macro dimensions
are listed for comparison in Table 4. In the
table, the item Filler Metal is the weld
metal over the workpiece surface; and the
Fused Metal refers to the weld metal under
the surface of the workpiece. In the bead-
on-plate experiments, the Filler Metal is
the filler metal deposited, which can be cal-
culated in Equation 1 for verification. The
Fused Metal is the base metal melted dur-
ing welding. The Filler Metal and Fused
Metal together form the weld metal.

In the conventional GMAW experi-
ments, the heat input (27.35 kJ/in.) in 2-A
is 1.2 times of the heat input (22.36 kJ/in.)
in 1-A after the wire feed speed was in-

creased from 14.0
m/min (550 in./min)
in 1-A to 17.8 m/min
(700 in./min) in 2-A.
Because of the
change of the heat
input, the HAZ area
was also changed
from 20.0 mm2 in 1-A
to 24.0 mm2 in 2-A re-

sulting in a ratio of 1.2, which is equal to
the heat input ratio (1.2). That is to say the
HAZ area depends on the heat input.
More importantly, the ratio of HAZ
area/heat input is about the same (0.88),
suggesting a linear proportional relation-
ship and any reduction in the HAZ area
must be due to the use of less heat.

The data in Table 4 also illustrate an-
other well-known conclusion that the pen-
etration depth in conventional GMAW is
proportional to the square of the base
metal current. The penetration depth in 2-
A is 1.6 times of that in 1-A, while the
square of the base metal current in 2-A is
1.5 times of the one in 1-A. That is because
the arc pressure is proportional to the
square of the base metal current.

In experiments 1-A and 1-B, the depo-
sition rates were the same because of the
same total wire feed speed. In 1-B, the

main wire feed speed was fixed at 8.89
m/min (350 in./min), and the base metal
current was not controlled at a specific
level. However, when the process became
stable, the bypass current stayed at a
proper level resulting in a stable base
metal current. To have the same deposi-
tion ratio, a bypass wire was fed in at a
speed of 5.08 m/min (200 in./min). As a re-
sult, the base metal current in 1-B was only
196 A, and the heat input in 1-B (20.77
kJ/in.) was smaller than that in 1-A (22.36
kJ/in.). The weld beads from these two ex-
periments are shown in Fig. 4, and the
cross-sectional areas are illustrated in Fig.
5. Both weld beads are uniform and
smooth, while they have different widths
(11.3 mm for 1-A, 9.6 mm for 1-B) and
similar reinforcements (3.6 mm for 1-A,
3.8 mm for 1-B) as given in Table 4. The
HAZ area in 1-B is 18.2 mm2, smaller than
that in 1-A (20.0 mm2). The ratio (0.93) of
these two HAZ areas is very close to the
ratio (0.91) of the heat inputs in 1-A and
1-B. This suggests that the proposed HAZ
area is a good measurement of the heat
input. More importantly, Consumable
DE-GMAW can have the same deposition
rate and produce a smaller HAZ area. 

The base metal current in 1-B (196 A)
was much smaller than the base metal cur-

A B

Fig. 5 — HAZ with different welding methods. A — Experiment 1-A, GMAW; B — Experiment 1-B, DE-GMAW.

Fig. 6 — HAZ with different welding methods. A — Experiment 2-A, GMAW; B — Experiment 2-B, DE-GMAW.

-s

Fig. 7 — Workpiece with GMAW (2-A).

A B
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rent in 1-A (345 A), thus the digging action
from the base metal current in 1-B was
much smaller than that in 1-A. In Consum-
able DE-GMAW, the bypass current may
also have a small digging action, but the heat
from the bypass droplets will definitely melt
more metal to broaden and deepen the weld
pool. As a result, the penetration depth (2.3
mm) in 1-B is smaller than that in 1-A (3.7
mm), and the bottom of the weld pool in 1-
B is flatter than that in 1-A. 

Figure 6 shows the cross-sectional area
of the specimens 2-A and 2-B. Experiment
2-A was performed using traditional
GMAW with a welding voltage of 36 V,
and the obtained weld bead is illustrated
in Fig. 7. The base metal current in 2-A
was about 422 A when the wire was fed at
a speed of 17.78 m/min (700 in./min). In
experiment 2-B, the main wire feed speed
was about 17.78 m/min (700 in./min) and
the total wire feed speed (WFS1 + WFS2)
about 29.21 m/min (1150 in./min) when
the process was stable. The total melting
current was 413 A, close to the total melt-
ing current of 422 A in 2-A. The increase
in welding productivity is obvious. Al-
though the base metal current in 2-B was
only about 200 A, the heat input in 2-A
and 2-B was approximately the same
(27.35 kJ/in. for 2-A, 27.91 kJ/in. for 2-B)
considering the heat transferred from the
bypass droplets. But the stronger digging
action from a larger base metal current in
2-A resulted in a deeper penetration (5.9

mm for 2-A, 4.7 mm for 2-B). As it has been
observed in Nonconsumable DE-GMAW
(Ref. 11), the weld bead in consumable
DE-GMAW also tends to be narrow. In Ex-
periment 2-B, even though the heat input
was almost the same as 2-A, the weld bead
in 2-B (11.5 mm) is narrower than that in 2-
A (13.3 mm). But the HAZ area in 2-A at
24.0 mm2 is smaller than the HAZ area
(24.6 mm2) in 2-B. The ratio of the heat in-
puts in 2-A and 2-B is 1.02, which is roughly
equal to the ratio (1.03) of the correspond-
ing HAZ areas. Therefore, the HAZ area
can truly reflect the heat input. 

It should be pointed out that the weld
beads in the above experiments are not
symmetrical because the welding gun
plane formed by the two guns was not per-
pendicular to the workpiece. As shown in
Fig. 6B, a small subpenetration is ob-
served. This is likely because the trajectory
of the bypass droplets was not on the lon-
gitudinal axis of the weld bead and the
heat transferred from the bypass droplets
changed the shape of the weld pool.

Indentation Test in the HAZ

During welding, the base metal in the
HAZ experiences a heating-cooling cycle
with nonuniform heating away from the
weld joint. This leads to the variation of mi-
crostructure and creates thermal residual
stresses over the HAZ. It is expected that
the material in the HAZ will have different

mechanical behavior from the base metal
and the weld metal. 

To evaluate the deformation behavior
of the material over the HAZ, microin-
dentation tests were performed on a
Micro-Combi tester (CSM Instruments),
using a Vickers indenter and an indenta-
tion load of 1000 mN. The specimens were
polished with γ-alumina powders and
etched with 2% Nital (nitric and hy-
drochloric) solutions. A marker line was
drawn from the center of the weld bead to-
ward and passing the HAZ. The indenta-
tion hardness was measured on each point
every 150 nm on the marker line. For each
specimen, about 40 points were tested and
measured. In each point, the Vickers
tester increased the load slowly up to 1000
mN. Then the load was slowly decreased.
Both the loading rate and the unloading
rate were  2000 mN/min. During the load-
ing-unloading course, the indentation
depth was measured and recorded as
shown in Fig. 8, where the three indenta-
tion loading-unloading curves represent
the typical data from base metal, HAZ, and
weld metal. The Vickers hardness is calcu-
lated as

(4)
where F is the indentation load, and D1
and D2 are the diagonals of the impression
mark. The indentation hardness is in the

H
F

D D
= 1 854

1 2

.

Table 4 — Macro Measurements of Bead-on-Plate Welds

No. Heat Input Filler Metal Fused Metal HAZ Area Weld Bead (mm)
kJ/in. (mm2) (mm2) (mm2) Width Penetration Reinforcement

1-A 23.36 20.7 21.0 20.0 11.3 3.7 3.6
1-B 20.77 21.3 10.8 18.2 9.6 2.3 3.8
2-A 27.35 26.7 34.9 24.0 13.3 5.9 4.0
2-B 27.91 43.9 26.7 24.6 11.5 4.7 5.5

Fig. 8 — Microhardness curves. Fig. 9 — Variation of indentation hardness (Vickers).

Table 5 — Vickers Hardness

No. Weld Metal HAZ (HV) Base Metal
(HV) (HV)

1-A 261.06 368.6 249.32
1-B 256.27 410.2 254.00
2-A 256.24 334.8 247.19
2-B 248.60 339.1 267.55
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unit of HV when the indentation load is in
the unit of kg force and the diagonals D1
and D2 are in the unit of mm. One HV is
equal to 9.8 MPa. Figure 9 shows the in-
dentation hardness of the four specimens
(1-A, 1-B, 2-A, and 2-B) across the HAZ,
and Table 5 lists the mean indentation
hardness of the weld metal, the HAZ, and
the base metal.

In all four specimens, the base metal
has the indentation hardness of about 250
HV, roughly the same as the weld metal,
while the material in the HAZ has higher

indentation hardness than both the base
metal and the weld metal. It’s likely that
the relatively low heat inputs caused a
faster cooling rate resulting in the propen-
sity to form untempered martensite
(maybe some other lower temperature
transformation products) and their con-
comitant. The increase in untempered
martensite would also increase the hard-
ness. The hardness increase is also likely
due to the residual stresses created over
the HAZ in the solidification process,
since the indentation hardness increases
with the increase in the residual stress (Ref.
12). The thermal gradient at the solidifica-
tion front introduced local thermal stresses,
which altered local mechanical response.

It is known that the evolution of thermal
stresses depends on the cooling rate, which
is controlled by the heat input. Fast cooling
rate will create high residual stresses in the
HAZ, which results in high indentation
hardness (Refs. 13–17). As discussed in the
previous section, the heat input to the spec-

imen 1-B was the smallest. The specimen 1-
B experienced the fastest cooling rate. This
is consistent with the highest indentation
hardness in the HAZ of the specimen 1-B.
Comparing the indentation hardness in the
HAZ of the specimen 1-A to the specimen
2-A, one can conclude that the heat input
to specimen 2-A is larger than to the speci-
men in 1-A. In general, the less the heat
input is, the higher is the indentation hard-
ness. And the indentation hardness pro-
vides a useful approach to qualitatively
evaluate the relative heat input during the
welding process. The change in the hard-
ness can also be verified by the microstates.
Figure 10 demonstrates the HAZ mi-
crostructures of the four specimens. It can
be seen that the grains in the HAZ of 1-A
are much larger than those in 1-B where the
heat input was lower. It is also true that
specimens 2-A and 2-B have almost the
same grain size. Hence, the microstructure
supports the findings in microhardness.

The plastic energy is the energy dissi-

Table 6 — Plastic Energy Dissipated in the 
Indentation Tests

No. Weld Metal HAZ Base Metal 
(uJ) (uJ) (uJ)

1-A 1.47 1.21 1.41
1-B 1.58 1.22 1.50
2-A 1.45 1.34 1.48
2-B 1.69 1.48 1.63

Fig. 10 — Microstructures in HAZ. A — experiment 1-A, GMAW; B — experiment 1-B, DE-GMAW; C — experiment 2-A, GMAW; D) experiment 2-B, DE-
GMAW. 

A B

C D
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pated during a loading-unloading cycle. It
can be calculated from the area under the
indentation curve shown in Fig. 8 as (Refs.
12, 18)

(5)
where δmax is the maximum indentation
depth at the maximum indentation load
and δr is the residual indentation depth
after totally removing the load. The first
term on the right side of Equation 5 rep-
resents the total energy input to the mate-
rial and the second term is the elastic re-
covery energy during an indentation. The
plastic energy is equal to the area enclosed
in an indentation loading-unloading curve
in Fig. 8. Figure 11 shows the plastic en-
ergy dissipated in the indentations over
the HAZ, and Table 6 lists the average en-
ergy dissipation in the base metal, the
HAZ, and the weld metal. Less energy was
dissipated in the HAZ, suggesting that less
plastic deformation occurred during the
indentation. This is consistent with the
high indentation hardness in the HAZ.
Under the same indentation load, the
residual stresses in the HAZ caused the
increase in the resistance to the indenta-

tion deformation. The specimens of 1-A
and 1-B have the least energy dissipation
due to the highest residual stresses created
during the solidification.

Multipass Welding

The GMAW has a high deposition rate
in comparison with other welding meth-
ods. It still requires multipass welding to
avoid the overheating to the base metal
for thick-plate applications. From the
above discussion, it can be seen that the
Consumable DE-GMAW process has the
ability to deposit more metal without in-
creasing the heat input. Thus it is possible
for the Consumable DE-GMAW to fill the
same groove with less passes without de-
teriorating the mechanical properties.

Figure 12 shows the cross section of a
workpiece welded by the traditional
GMAW process (experiment 3-A). In this
experiment, the wire feed speed was 16.51
m/min (650 in./min) and the welding cur-
rent was about 365 A. To fill up the groove,
a total of 13 passes were required in 3-A.
However, when the Consumable DE-
GMAW process was used in 3-B as shown
in Fig. 13, only seven passes were needed

to fill  the same groove because of the
extra deposition from the bypass wire. As
a result, the DE-GMAW process can sig-
nificantly improve welding productivity. 

In experiment 3-B, the base metal cur-
rent was controlled at 180 A in each pass,
but the heat input in 3-B was larger than that
in 3-A considering the heat input from the
bypass droplets. Due to the higher deposi-
tion rate, the weld bead in each pass in 3-B
was larger than that in 3-A. The columnar
grains formed in the former pass were not
totally destroyed as can be seen in Fig. 13.
From Fig. 12, the column grains are only ob-
served in the last two passes because the col-
umn grains created in other passes were re-
fined as the heat from each pass tempered
the weld metal below it. Such a refinement
may improve the mechanical behavior of
the weld bead.

Conclusions

Experiments on high-strength steel
ASTM A514 plates verified the following:

• Consumable DE-GMAW can achieve
the same deposition rate with a reduced
heat input as conventional GMAW. It can
also increase the deposition rate without in-

E Fd Fd
plastic

r

= − ∫∫ δ δ
δ

δδ
maxmax

0

Fig. 11 — Plastic energy dissipated in indentations.
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creasing the heat input. 
• For the high-strength steel ASTM

A514, Consumable DE-GMAW is able to
reduce HAZ size and penetration depth
without decreasing the welding productivity
even though the indentation hardness in the
HAZ is increased. Consumable DE-
GMAW can also increase the welding pro-
ductivity and reduce the penetration depth
without significantly affecting the HAZ size
and the indentation hardness. 

• Consumable DE-GMAW can be
used in thick ASTM 514 plate welding to
significantly reduce the number of passes
with slightly higher heat input.

• The HAZ area in the cross section was
proposed to denote the HAZ size. It is
shown that the HAZ area is proportional to
the heat input both in conventional GMAW
and Consumable DE-GMAW.
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Nominees Solicited for Prof. Koichi Masubuchi Award

November 3, 2008, is the deadline for submiting nominations for the 2009 Prof. Koichi Masubuchi Award, sponsored by the Dept.
of Ocean Engineering at Massacuusetts Institute of Technology. It is presented each year to one person who has made signifi-
cant contributions to the advancement of materials joining through research and development. The candidate must be 40 years

old or younger, may live anywhere in the world, and need not be an AWS member. The nominations should be prepared by someone
familar with the research background of the candidate. Include a résumé listing background, experience, publications, honors, awards,
plus a least three letters of recommendation from researchers.

This award was established to recognize Prof. Koichi Masubuchi for his numerous contributions to the advancement of the science
and technoogy of welding, especially in the fields of fabricating marine and outer space structures. 

Submit your nominations to Prof. John DuPont at jnd@lehigh.edu.
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