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Abstract This article evaluates the performance of the
cold-wire gas metal arc welding (CW-GMAW) process
for narrow gap girth welding. The CW-GMAW process
is characterized by the introduction of a continuously fed
non-energized wire (cold-wire) into the electric arc/weld
pool region. The cold-wire is melted by using the sur-
plus heat available at the arc and molten metal at the weld
pool. Narrow grooves 5mm wide were prepared in 16mm
thick ASTM A131 grade A steel plates and filled using the
CW-GMAW process. The feasibility of the process for nar-
row gap welding was assessed by analysing the joint cross
section, microstructure and Vickers hardness. The mech-
anism by which the cold-wire prevents groove sidewall
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erosion is identified by using high speed imaging. It was
found that for the CW-GMAW, the electric arc attaches to
the cold-wire instead of the weld pool leading to a more
stable arc, preventing the arc from attaching to the groove
sidewall. The additional weld metal deposited by the cold
wire, allowed complete filling of the groove with only
three passes, demonstrating the productivity potential of the
CW-GMAW process for narrow groove welding.
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1 Introduction

Narrow gap welding (NGW) aims to reduce the required
weld metal volume and welding heat input by a reduction
in groove width. Consequently, this technique decouples the
relationship between welding time and plate thickness that
is commonly found in standard welding techniques.

In terms of the applications of NGW by means of the
gas metal arc welding (GMAW) process, a low heat input
condition is used in order to avoid groove sidewall erosion.
To enhance groove sidewall fusion and wetting, at the low
heat input values used, a traditional approach is to apply
oscillation of the electric arc [1, 2].

There are many variations of the standard GMAW pro-
cess, which are used for narrow gap welding. Recently, Liu
et al. [3] proposed a process modification, in which three
wires are used, with two of them melted by the indirect arc;
Phanaim et al. [4] developed a hot wire hybrid laser pro-
cess that can successfully weld a 3 mm gap narrow groove
with adequate properties and consistent fusion of the side-
wall. Nakamura et al. [2] proposed an oscillated arc GMAW
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Fig. 1 a Narrow groove geometry; b CW-GMAW setup; c Cold-wire feeding angle and contact tip to workpiece distance

process, which was shown to improve the arc pressure dis-
tribution over the melt pool and consequently increased the
wetting of the groove sidewalls by the melt pool.

Despite all the developments of narrow gap welding, lack
of fusion resulting from the low heat input values used to
avoid groove sidewall erosion (excessive sidewall fusion)
still remains as a main challenge. This defect can play a role
in crack initiation when the weldment is under service, and
can be detrimental to its mechanical performance. Addition-
ally, the drawbacks associated with this technique such as
reliability of the equipment and costs associated with equip-
ment purchase and maintenance remains [5]. The sensitivity
of NGW to arc disturbances, which induces defects, and the
necessary repair frequently requires non-NGW techniques,
which also can increase the overall cost of the fabrica-
tion procedure. Another challenge in NGW techniques is
the productivity, which should improve by decreasing the
number of passes to weld intermediate and thick plates.

A simpler modification of the standard GMAW, com-
pared to hybrid-laser GMAW for example [6], is the cold-
wire gas metal arc welding (CW-GMAW) process. This
process was designed to overcome the sophistication and
cost of some techniques used in NGW. In the CW-GMAW
process, a non-energized wire is introduced into the electric
arc/weld pool, which then is melted by absorbing the heat
that would been lost to the surroundings or transferred into
the base metal. It was observed that the addition of the cold
wire promotes a slight increase in the welding current. How-

ever, according to prior work [7], it has been shown that this
increase in current does not increase penetration, and there-
fore it is speculated that the additional current is needed to
melt the additional cold-wire. Although the slight increase in
welding current, it is claimed a reduction in welding distor-
tion [8] which enables an increase in fatigue life of welds [9].

This article examines the feasibility of using CW-GMAW
for NGW, addressing the equipment cost drawbacks specif-
ically, since the CW-GMAW is rather an inexpensive modi-
fication of the original GMAW process without the inherent
complexity of the process modifications generally associ-
ated with NGW. This work presents high-speed videos of
the sidewall phenomena, macro and micrographs, and Vick-
ers hardness of the weld metal and heat affected zones for
the joints produced using the CW-GMAW process as com-
pared to standard GMAW. According to X-ray inspection,
the weld joints produced using the CW-GMAW process
were free of defects and the mechanism for that was identi-
fied by high-speed imaging.

2 Experimental procedures

Narrow grooves of 5mm gap were made with a C-Mn steel
plates (ASTM A131 grade A steel) of 5/8 inches (approx-
imately 16 mm) thickness, Fig. 1a. This steel is normally
used in the shipbuilding industry. The welding wires used
were AWSA5.18 ER70S-6 [10]. Table 1 presents the nominal

Table 1 Nominal chemical composition of the base metal and welding wire

Material Nominal chemical composition (wt.%)

C Si Mn P S Cr Fe

ASTM A131-A 0.126 0.215 0.779 0.015 0.005 0.018 Bal.

ER70S-6 0.15 1.15 1.85 0.025 0.035 0.05 Bal.
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Table 2 Welding parameters

Voltage (V) Current (A) Heat input (kJ/mm)

CW-GMAW Standard GMAW CW-GMAW Standard GMAW CW-GMAW Standard GMAW

Root pass 22.2 22.1 286.2 282.8 0.95 0.94

Fill pass 25.1 25.1 367.6 321.8 0.92 0.81

Cap pass 25.1 25.1 366.7 354.1 0.92 0.89

chemical composition of both base metal and welding wires.
The welding wires used in this study had different diam-
eters. The electrode (energized) wire had a diameter of
1.2mm and for the cold-wire (non-energized) the diameter
was of 0.9mm. The shielding gas was a mixture of 85%Ar-
15%CO2 at a flow rate of 17 L.min−1. In Fig. 1b the details
of cold wire feeding is shown. The electrode (energized) and
the cold-wire (non-energized) are fed relative to each other
with and angle of approximately 50◦, see Fig. 1c. The con-
tact tip to work distance (CTWD) was kept constant for all
weld passes and equal to 20mm.

The welds were performed in flat position (1G) using
a robotic arm for automatic manipulation and control of
the welding speed. No oscillation of the arc (weaving) was
used for the present experiments. The welding source used
in the experiments was was a Lincoln PowerWave R500 in
constant voltage mode. The cold wire feeder used was a
Lincoln LN-10 wire feeder. A 5mm thick AISI 1020 steel
bar was used as backing plate during welding. Once the
grooves were prepared, they were clamped to a welding
table using c-clamps. The dimensions of the joints welded
were 12 in (304.8mm) long, 4.75 in (120.65mm) wide, and
5/8 in (15.875mm) thick.

In order to evaluate the performance and productiv-
ity of the CW-GMAW process, different combinations of
welding parameters were used, such that the nominal heat
input remains constant, as shown in Table 2. For both pro-
cesses, the welding speed was 40.6 cm/min for the root
pass and 60.9 cm/min for the fill and cap passes. The
wire feeding speed for both processes are summarized
in Table 3. The increase in mass deposition rate for the

CW-GMAW process is relative to the standard GMAW
process.

To characterize the arc/groove sidewall phenomenon and
the metal transfer, a high speed camera, synchronized with
a data acquisition system (DAQ) operating at a sample
acquisition rate of 20 kHz, was used. The high-speed camera
was operated at a frame hate of 5000 frames per sec-
ond, with an aperture of f/22, shutter speed of 25μs. A
narrow band pass filter of 900±10 nm wavelength, used
to limit the amount of arc radiation reaching the camera
sensor.

After the welds were finished, the joints were sub-
mitted to x-ray examination. The samples were then cut
(cross-sectional specimens) and submitted to standard met-
allographic procedure: mounting, grinding, polishing and
etching with Nital 5%. Hardness measurements were per-
formed across the groove in four cross-sections in the cap
and in the root pass. The hardness measurements were taken
with a 0.5 kg load, dwell time of 15 s, and distance between
the indentations of 0.25mm. The reported hardness values
are the average of measurements performed with error
barsrepresenting themarginoferror of eachmeasurement location.

3 Results and discussion

3.1 Welding productivity

The welding parameters were changed such that the nom-
inal heat input remains the same. This was done in order
to test the ability of the processes to increase deposition

Table 3 Wire feeding speed for electrode and cold wire

Standard GMAW CW-GMAW

Electrode (m/min) Electrode (m/min) Cold wire (m/min) Increase in mass deposition rate (%)

Root pass 9.0 9.0 3.2 20

Fill pass 12.0 12.0 10.6 50

Cap pass 12.0 12.0 10.6 50
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Table 4 Melting rate and energy to mass deposition rate

Electrode melting rate (kg/h) Energy to mass ratio (kJ/kg)

CW-GMAW Standard GMAW CW-GMAW Standard GMAW

Root pass 5.8 4.9 3.9 4.6

Fill pass 9.7 6.5 3.4 4.5

Cap pass 9.7 6.5 3.3 5.1

rate, while keeping the welding heat input constant.
In Table 2 one can note a higher variation in the
heat input values between the different welding passes
for standard GMAW compared to CW-GMAW process.
This is a consequence of the greater instability of the
former process when the voltage is raised from 22 to
25V, for this groove width. At the same time, the smaller
variation in the heat input value for the CW-GMAW
points to the stability of the process and its capability to
increase deposition ratewithout altering thewelding heat input.

In Table 4, the wire melting rate and ratio between heat
input and meting rate are shown. It can be seen that, by using
the CW-GMAW process, it is possible to increase melting
rate from 4.9 kg/h the to 9.7 kg/h, leading to complete fill-
ing of the 5mm gap with only three passes, while for the
standard GMAW, the melting rate was limited 6.5 kg/h, and
consequently not being able to completely fill the groove
with only three passes. This is shown of Fig. 2, where one
can see the difference in productivity regarding the two pro-
cesses. The CW-GMAW fully fills the groove leaving the

cap pass with a concave appearance, Fig. 2d, while this does
not happen with standard GMAW, Fig. 2h.

Although the melting rate for standard GMAW increases
from 4.9 kg/h to 6.5 kg/h, the final bead was not sat-
isfactory as shown on Fig. 2e. It can be seen on the
groove filled using the CW-GMAW process, Fig. 2a, the
bead appearance has a regular shape without signs of
superficial bead imperfections. On the other hand, when
standard GMAW process is used for the same welding
parameters, Fig. 2e, weld imperfections such as convex bead
profile (arrow 1) and excessive groove sidewall melting
(arrow 2) is observed. It is evident that standard GMAW
arc excavates the sidewall of the groove while this does not
occur in the CW-GMAW specimen.

3.2 Groove sidewall phenomenon

The high-speed videos produced were able to clearly reveal
arcing phenomenon. This is shown in Fig. 3 for both pro-
cesses for the fill pass with a voltage value of 25V. The

Fig. 2 Bead appearance and cross-section for the welds a CW-GMAW and b Standard GMAW. On e the arrow 1 indicates a convex bead from
the fill pass, and arrow 2 indicates sidewall erosion due to excessive melting caused by arc attachment to the sidewalls
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Fig. 3 High speed frames showing the behaviour of arc and metal transfer in the groove for the a CW-GMAW and b standard GMAW

frames on the top row of this figure show the arc behaviour
for the CW-GMAW process, while the bottom row depicts
events that occur when the standard GMAW process is
used. It can be seen that for the CW-GMAW process, the
weld pool shows a concave profile, with a wetting angle
φ greater than 90◦, assuring good wetting of groove side-
walls. On the other hand, for standard GMAW the wetting
angle can be smaller than 90◦ and produces convex bead
profile as shown in Fig. 2e by arrow 1. Additionally, it
can be seen that for standard GMAW the arc attaches to
the sidewall causing sidewall erosion and leading to weld
discontinuities shown in Fig. 2e, while for CW-GMAW this
is not observed. Indeed, for the CW-GMAW the electric arc
is always attached to the weld pool and little arc disturbance
is observed. This brings a inevitable question: why is the
electric arc more regular in the CW-GMAW process, when
compared to standard GMAW?

In order to understand the mechanism, bead on plates
welds were performed with increasing amounts of cold-wire

being added, and this is shown in Fig. 4. It was found that
as the amount of cold-wire added increases, the arc attach-
ment position shifts from the weld pool to the cold-wire. A
similar arc deflection and arc stabilizing effect mechanism
due to a cold-wire centrally supplied in tandem GMA was
reported reported by Häßler et al. [11]. In fact, for higher
amounts of cold wire (when an additional 140% of mass is
added through the cold wire, relative to the electrode feed-
ing rate) the cathode spot moves to the cold wire being fed,
and this is shown in Fig. 4c. This change in cathode spot
to the cold wire provides a more stable cathode spot than
that in the weld pool, leading to a more stable arc [12], and
hence this prevents a change in the arc attachment position
from the weld pool to the groove sidewall. This pins the arc
into the position at the cold wire contact, allowing the CW-
GMAW process to be more stable and avoid arc attachment
to the groove sidewall.

These results suggest that the CW-GMAW can overcome
poor sidewall wetting due to the use of low welding current

Fig. 4 Influence of cold-wire
addition on arc cathode spot: a
standard GMAW; b and c,
represents when an additional of
60% and 140% of mass is added
respectively through the cold
wire, relative to the electrode
feeding rate
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Fig. 5 Base metal microstructure

Fig. 6 Cold-wire GMAW HAZ microstructure: a overall; b CGHAZ; c FGHAZ and d ICHAZ

Fig. 7 Standard GMAW HAZ microstructure: a overall; b CGHAZ; c FGHAZ and d ICHAZ
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Fig. 8 Hardness profile a cap
pass and b root pass

in narrow groove welding, which leads to lack of fusion of
sidewall, provided that a high volume of cold-wire is added
to keep the arc attached to it, rather than to the groove side-
wall. This is not possible for the standard GMAW process,
since such high values of current can not be used without
causing excessive groove side wall deterioration, leading to
welding defects, Fig. 2e. Additionally, for the CW-GMAW
process, the high values of arc current increases deposition
rate and consequently process productivity.

3.3 Microstructure and hardness

Thebase metal used in this investigation has a ferrite-pearlite
microstructure as shown in Fig. 5. Figures 6 and 7 shows
the heat affect zone (HAZ) microstructure for the joints pro-
duced using CW-GMAW and standard GMAW processes,
respectively. Comparing Figs. 6a to 7a, it can be noted that
the extent of the inter-critically heat affected zone (ICHAZ)
of the CW-GMAW is narrower compared to that of stan-
dard GMAW process, pointing out that the amount of heat
given to the base metal differs for the process, even though
the same nominal heat input was used. In Figs. 6b and 7b
the coarse grained heat affected zone (CGHAZ) for both
joints are compared. One can see that the CGHAZ of joints
produced using the standard GMAW process have a larger
amount of grain boundary ferrite at the prior austenite grain
boundaries, which is poss ibly due to a slower cooling rate
associated with greater heat input to the base metal.

The Vickers hardness variation in the weld metal and
HAZ are shown in Fig. 8. For the cap pass, Fig. 8a, there
is a large difference between the average hardness in the
CGHAZ between the processes, the hardness of the standard
GMAW being higher. Keeping in mind that the nominal
welding heat input is the same for both processes, this dif-
ference in average hardness is in turn due to changes in heat
transfer to the base metal due to the addition of the cold-
wire. For the CW-GMAW, an increase in 50% in mass was

deposited compared to standard GMAW. On the other hand,
for the root pass, the amount of cold wire added is only 20%
and hence the difference in average HAZ hardness between
both processes is not as noticeable.

4 Conclusion

Narrow gap welding was performed on joints with a 5mm
wide gap, in 16mm thick ASTM A131 steel plates using
the CW-GMAW and standard GMAW processes. The weld-
ing phenomena was monitored using high-speed imaging
and the joint produced were characterized in terms of
microstructure and Vickers hardness.

Based on the results, it is concluded that the CW-GMAW
process allows an increase in electrode melting rate, with-
out the need for increased heat input to achieve successful
filling of the 5mm wide gap. This was not possible when
using the standard GMAW process for the same weld-
ing conditions, where weld discontinuities such as lack of
fusion, convex bead profiles and excessive sidewall melt-
ing were present. The high productivity capabilities of the
CW-GMAW process are also apparent.

The mechanism by which CW-GMAW process allows
the successful groove filling without the formation of weld-
ing discontinuities was identified by high-speed imaging. It
was found that the cold wire tends to attach to the weld-
ing arc, thus stabilizing it, and preventing excessive erosion
of the groove sidewall. The addition of cold-wire leads to
changes in the heat transfer to the base metal, which can
improve the HAZ microstructure and hardness.
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