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Abstract
This work investigated the effect of cold wire gas metal arc welding (CW-GMAW) on the heat-affected zone (HAZ) and 
mechanical properties of structural steel designated as BS 970 Part 3:1991 080A15 steel. The study involved feeding cold 
ER70S-6 wire into the welding arc of energised hot wire (HW). Welds were produced at cold wire feed speeds (CWFS) of 
2, 4, and 6 m per min labelled CW2, CW4, and CW6, and were compared with conventional welds (CW0) and the parent 
metal (PM). Metallographic examination, hardness testing, and cross joint tensile evaluation were carried out. Cold wire 
(CW) addition resulted in a more gradual cooling profile which increased the width of heat-affected sub-zones particularly 
the grain refined zone (GRZ). Hardness decreased across all weld zones with increasing CWFS indicating improved ductil-
ity and reduced potential for brittle phase formation. Although the 0.2% proof stress reduced by about 16% relative to the 
parent metal (PM), the tensile strength at CW6 approached that of the base material. Ductility loss of 35% in CW0 reduced 
to 22% in CW welds representing a 13-point improvement. For CW6, the tensile fracture location shifted from the partially 
transformed zone (PTZ) to the PM close to PTZ region confirming improved mechanical performance. However, at higher 
CWFS, weld penetration decreased due to reduced arc energy density. The study demonstrates that CW addition can improve 
ductility and tensile performance in conventional GMA welds while increasing productivity when welding parameters and 
joint design are optimised.
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Abbreviations
%El	� Percentage elongation
α	� Ferrite
γ	� Austenite
CJT	� Cross joint test
CGHAZ/CGZ	� Coarse grain heat-affected zone
CTWD	� Contact tip to workpiece distance
CW	� Cold wire
CW-GMAW	� Cold wire gas metal arc welding
CW0	� Conventional GMAW without addition of 

external CW

CW2	� CW-GMAW with addition of CW at 2 m 
per minute

CW4	� CW-GMAW with addition of CW at 4 m 
per minute

CW6	� CW-GMAW with addition of CW at 6 m 
per minute

CWFS	� Cold wire feed speed
FL	� Fusion line
GMAW	� Gas metal arc (GMA) welding
GRZ	� Grain refined zone
HAZ	� Heat-affected zone
HW	� Hot wire
HWFS	� Hot wire feed speed
PM	� Parent material
PS	� 0.2% Proof stress
PTZ	� Partially transformed zone
Q	� Heat input
TZ	� Tempered zone
UTS	� Tensile stress or strength
WFS	� Wire feed speed
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WM	� Weld metal
θ	� Contact angle

1  Introduction

Heat input (Q) during welding plays a key role in the qual-
ity of a welded joint. The energy input is known to sig-
nificantly affect both the microstructure of the weld metal 
(WM) and heat-affected zone (HAZ) in the baseplate [1]. 
High Q is known to promote the formation of coarse grains 
in the HAZ adjacent to the fusion line [2]. Coarse grains, 
in turn, promote the development of hard or brittle phases, 
especially when rapid cooling occurs. These brittle phases 
reduce the toughness of the coarse grain HAZ (CGHAZ) 
[3], which affects the overall integrity of the weldment.

A welding process referred to here as cold wire gas 
metal arc welding (CW-GMAW) has been found to reduce 
the energy transferred to the base metal during welding 
and the residual stress developed [4, 5]. This process sim-
ply involved the addition of external non-energised cold 
wire (CW) into the welding arc of energised hot wire 
(HW) in the GMAW process as illustrated in Fig. 1. In 
Fig. 1, the CW is fed into the arc created by the HW at a 
pre-defined angle. The HW feed speed (HWFS) is kept 
constant, and the CW is added at a specified rate and TS. 
The CW addition and variation in TS influence the Q.

The aim of this study is to assess the effect of CW 
addition on the sub-zones of the HAZ and the mechani-
cal properties of BS970 Pt3 1991 080A15 structural steel 
weld. This information is important in evaluating the 
industrial applicability of CW-GMAW for the welding and 
repair of structural steel components. The specific objec-
tives are as follows:

1.	 To obtain a process window that provides weld beads 
with a low contact angle (θ) and reinforcement.

2.	 To assess the effect of CW addition on the WM and 
HAZ of the weld joint.

3.	 To investigate the mechanical properties of the weld-
ment.

4.	 To compare the mechanical performance of CW-GMA 
welded joints with those produced by conventional 
GMAW.

5.	 To assess the industrial applicability of CW-GMAW 
based on the results.

To qualify a butt weld in a procedure test, most specifica-
tions such as ISO 15614 and ASME IX require a cross joint 
tensile (CJT) test to be carried out. Hence, CJT was used to 
assess the weld integrity.

2 � Review of recent studies on the CW‑GMAW 
process

In a recent CW-GMAW study by Musa et  al. [6], the 
ER70S-6 electrode was used as the CW and HW in welding 
S275JR structural steel grade. The CW was fed into the HW 
welding arc at rates of 0 m/min (CW0), 5 m/min (CW5), and 
10 m/min (CW10). The HWFS was fixed at 11 m/min, and 
the energy inputs were reported as 1.30 kJ/mm for CW0, 
1.0 kJ/mm for CW5, and 0.75 kJ/mm for CW10. Figure 2 
shows the result of the hardness test performed across the 
weldment [6].

The graph shows that generally, the addition of CW 
progressively reduced the hardness level in the weld metal 
(WM), fusion line (FL), and coarse grain HAZ (CGHAZ) 
area. The reduction persisted up to about 5 mm from the 
weld centreline across the CGHAZ (or CGZ) as shown in 
Fig. 2. In structural steel, under standard arc welding condi-
tions with energy input around 1–2 kJ/mm, the CGZ typi-
cally extends up to 1 mm or more from the fusion boundary 
[2]. Higher energy input can widen the CGZ up to 2 mm. In 
Fig. 2, therefore, it is reasonable to assert that CW addition 
reduced the hardness of the CGZ.

This result is important because most weld failures, par-
ticularly fatigue failures, start at the weld toe due to the high 
stress concentration at this point of geometrical discontinu-
ity as illustrated in Fig. 3a [7, 8]. This weld toe commonly 
lies directly above the CGZ as shown in Fig. 3b [9].

The CGZ often has poor toughness due to the formation 
of untampered bainitic and martensitic phases [9]. The con-
ditions of the WM and the HAZ are critical to the overall 
integrity of the weldment. The other zones within the HAZ 
are noted in Fig. 3b.

In Fig. 2, the hardness reduction of the CGZ extended up 
to 1 mm from the fusion line. It is expected that the addition Fig. 1   General CW-GMAW process setup
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of CW would improve the toughness of the WM and CGZ, 
which is desirable for the integrity of the welded joint. Musa 
et al. [6] also reported low penetration with the addition of 
CW.

Wang et al. [10] studied the behaviour of ER90S-G steel 
wire used as both HW and CW in the CW-GMAW process. 
HWFS of 11 m/min was used and the CWFS varied from 0 
to 14 m/min. They found that the CW-GMA process reduced 
the specific energy density, leading to smaller grain sizes and 
reduced anisotropy. These microstructural changes improved 
the mechanical properties and minimised anisotropy. They 
also reported that the addition of CW reduced the remelting 
of the previously deposited layer and dilution in the fusion 
area.

Ribeiro et al. [4] studied the feasibility of using CW-
GMA process to weld non-heat-treatable aluminium alloy 
(AA5052 H-32) baseplate with AWS ER5356 wires. They 
found that the addition of CW reduced porosity more 
than conventional GMAW. The tensile testing failure was 
reported to occur outside the HAZ.

Costa Assunção et al. [11] studied the viability of using 
CW-GMAW to weld a 5-mm-wide groove in 16-mm-thick 

ASTM A131 Grade A steel plates using ER70S-6 wires. 
They reported that the welding arc attached to the CW 
instead of the weld pool, which led to a more stable arc and 
prevented it from attaching to the groove sidewalls. This 
helped avoid sidewall grooving. Additionally, fewer passes 
were required to complete the weld. They observed that the 
hardness value reduced in the HAZ—particularly for the 
capping pass. This implies that high carbon structural steel 
may be welded or repaired without the need for post-weld 
heat treatment. A similar study [12] using 4-mm-wide nar-
row gaps machined from API X80 linepipe showed the same 
result but the decrease in the penetration led to incomplete 
fusion.

Jorge et al. [13] studied the CW-GMAW process using 
ASTM 1020 steel baseplate and AWS ER70S-6 wires. They 
found that the grain size of the CGZ could be reduced and 
refined, particularly if pulsed CW-GMAW is employed. This 
was attributed to lower energy input. Also, the CW feeding 
angle was found to influence this property.

Marques et al. [14] used the ER70S filler wires to weld 
ASTM A131 Grade A steel using the CW-GMAW. They 
reported that the addition of CW reduced the amount 

Fig. 2   Hardness profile of CW-
GMA welded samples: CW0, 
CW5, and CW10 [6]

Fig. 3   a Joint failure at the weld 
toe and b heat-affected zones
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of intergranular ferrite, while the hardness of the HAZ 
increased. The hardness increase is inconsistent with the 
findings in Refs [6, 11]. They also observed that joints pro-
duced with the CW-GMAW exhibited a longer fatigue life, 
particularly at higher stress amplitudes.

Mohammadijoo et al. [3] investigated the effect of CW 
addition in tandem submerged arc welding (SAW) of API X70 
microalloyed steel plates. Both the HW and CW were 4-mm 
diameter EA2 electrodes, and the CWFS was initially set at 
0.25 m/min. They reported that the CGZ decreased in size, 
the prior austenite grains (PAGs) were finer, and fewer brit-
tle phases formed. This led to an improvement in the impact 
fracture toughness of the HAZ. However, when the CWFS was 
increased to about 0.76 m/min, slender martensite-austenite 
(M-A) constituents formed due to the relatively faster cooling 
rate in the CGZ, which negatively affected the toughness.

Generally, CW-GMAW provided a low-energy, micro-
structural control, toughness improvement, residual stress 
reduction, arc stability, and bead quality. However, the pro-
cess requires precise control and risks such as low penetra-
tion. Data on the correlation of the CGZ produced as a result 
of CW addition and the mechanical property of the welded 
joint appears to be scarce. This gap in knowledge provides 
part of the motivation for this study.

3 � Methodology

This section outlines the experimental procedures used 
towards achieving the objectives of this study.

3.1 � Test Materials

The base material used in this study is a 200 mm by 12 mm 
steel plate designated in the Mill certificate as BS970 Pt3 
1991 080A15 (structural steel). S3NiMo1 (low alloy steel) 
and 316L (austenitic stainless steel) filler wires were also 
used for weld bead shape study only. The compositions of 
the materials are shown in Table 1.

From the composition, 080A15 is a carbon-manganese 
(C-Mn) steel with trace alloying elements. Due to the increase 
in Cr and Ni contents, its yield stress (YS) and ultimate tensile 
strength (UTS) are expected to be high. The plate was used 
for both the bead-on-plate study and to produce the cross joint 

test (CJT) samples used in this study. The electrode used for 
both HW and CW is AWS ER70S-6. It comes in the form of 
uncoated wire that is widely used for welding structural steels, 
particularly in MIG/MAG and TIG welding processes. The 
wire had a diameter of 1.2 mm, and its chemical composition 
is also listed in Table 1. Weld pool shielding was provided by 
M20 8% CO₂ in Argon (ISO 14175-M20-ArC-8) at a flow 
rate of 18 l/min.

3.2 � Experimental setup

The CW-GMAW system consists of a KUKA robot, a Fronius 
Transpulse Synergic 4000 power source, a CW feeding system, 
an electrical characteristics monitoring system, a welding arc 
monitoring camera, and a molten metal shielding system. A 
typical robotic welding setup is illustrated in Fig. 4a.

The whole welding process was automated to ensure con-
sistency and repeatability. Figure 4b is the HW, CW, and 
angle of inclination of the CW, α. The α was about 43° and 
contact tip to workpiece distance (CTWD) 17 mm. Figure 4c 
is a live capture of the welding process.

3.3 � Bead shape determination for the CW‑GMAW 
process

Earlier bead on plate studies [10, 13] have found that for 
high strength low alloy steel (ER90S-G) and ER70S-6 
wires, there was a transition from semicircular bead towards 
elliptical-shaped bead as the CW addition increases in the 
CW-GMAW process. The point of this transition was not 
reported. This observation is important because it aids in 
the selection of the process window for this study. Hence, 
as an initial study, the bead shape variation with increasing 
addition of CW was investigated to confirm these studies 
using the S3NiMo1 and 316L filler wires.

For the first bead shape study, the HW and CW wires 
were S3NiMo1 wire of 0.9-mm diameter, using shielding 
gas of 8% CO2 and 92% Ar and flow rate of 18 l/min. The 
energy input was kept constant by fixing the HWFS and TS 
at 21 m/min and 0.6 m/min respectively. The CWFS was 
then varied from 0 (CW0) to 8 (CW8) m/min. The effect on 
the bead shape is shown in Fig. 5.

It was found that the bead height increased gradually 
with the addition of CW, while the bead width remained 

Table 1   Chemical composition of test materials

Grade C Mn Si Cr Ni Mo Sn Al N P S

080A15 0.17 0.75 0.20 0.17 0.14 0.03 0.03 0.001 0.01 0.01 0.03
ER70S-6 0.08 1.46 0.85 - - - - - - - -
S3NiMo1 0.11–0.14 1.30–1.60 0.10–0.20  ≤ 0.1 0.9–1.00 0.5–0.60 -  ≤ 0.04 -  ≤ 0.008  ≤ 0.008
316L 0.01 1.80 0.40 18.3 11.7 2.6 - - - - -
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generally constant but noticeably decreased beyond a 
CWFS of 6 m/min as shown in Fig. 6. Additionally, the 
bead shape transitioned from semicircular to elliptical as 
can be seen in Fig. 5.

In the second bead shape study, 316L wire of 1.2-mm 
diameter was used as the HW and CW. The intention was to 

understand the effect of increased alloying elements on the 
bead dimension and transition point in the additive welding. 
The 316L is a high alloy content wire compared to ER70S-6, 
ER90S-G, and S3NiMo1. The energy input was kept constant 
by fixing the HWFS and TS at 12 m/min and 0.6 m/min respec-
tively. The CWFS was from 0 to 15 m/min as noted in Fig. 7.

Considering the results in Fig. 5 and Fig. 7, it can be 
asserted that increasing CW addition leads to a transition 
from a semicircular to an elliptical bead shape, typically 
starting at about CWFS of 6 m/min. However, the exact 
point of this transition appears to be influenced by the 
alloying elements in the wire. The transition tends to set 
in earlier with increasing alloying element content.

It has been observed that an elliptical bead promotes 
slag entrapment, which in turn causes lack of fusion along 
the fusion line and is therefore undesirable. Consequently, 
to achieve a quality weld using CW-GMAW, the bead 
should remain semicircular. Based on this observation, the 
maximum CWFS of 6 m/min was selected for this study.

3.4 � Process study for HW parameters

To add CW, a suitable and stable HW needs to be estab-
lished for the ER70S-6 wire that is to be used for 080A15 

Fig. 4   a Robotic welding setup. b HW and CW feeding setup. c CW-GMAW live process

Fig. 5   Bead cross-sections 
showing effects of CW addition 
for ER80S-Ni1 wire

Fig. 6   Effect of increase in CWFS on bead dimensions at fixed 
energy input
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steel welding. Hence, a bead-on-plate technique as shown 
in Fig. 8 was employed. Before deposition, the substrates 
were cleaned using a wire brush and acetone.

The HWFS was selected to operate in the spray metal 
transfer mode in the range 10 to 13 m/min, and TS in the 
range of 0.2 to 1.9 m/min. A bead-on-plate of 100 mm in 
length was then made on 080A15 baseplate. Three read-
ings were taken at the start, middle, and end areas of the 
bead length and the average values of the width and height 
were plotted against the TS. The Q (or energy per unit 
length) was also plotted against TS. The Q was calculated 
using the following formula [15]:

where 0.8 = thermal efficiency of MIG/MAG welding pro-
cess, TS in mm/s (m/min*16.67 = mm/s).

Figure 9 shows the data trend for the Q vs. TS and bead 
dimensions vs. TS. It was observed that the tendency to 
produce defective or irregular beads increased from TS of 
1.0 m/min for all HWFS as indicated in the coloured box. 

(1)Q =
0.8 ∗ U ∗ I

1000 ∗ TS(mm∕s)

(in kJ∕mm)

Above 2.0 kJ/mm, the Q was considered to be high in this 
study.

It can be seen that the TS controls the Q and the bead dimen-
sions. A decrease in TS increased the Q (Fig. 9a), the bead 
width (Fig. 9b) and height (Fig. 9c). To select a desired weld 
profile, an optimal combination of the three parameters needs 
to be considered. However, it was observed that a HWFS of 
12 m/min, marked in Fig. 9d, and a CTWD of 17 mm produced 
a very stable, long arc that facilitated the addition of CW, with 
little or no spatter. This parameter was then selected for the 
CW-GMAW study. The average voltage at HWFS of 12 m/
min was 39 V, and the current of 305 A. These parameters were 
measured using the AMV 5000 instrument.

3.5 � Process study for CW addition

The next task was to determine the effect of the addition of the 
CW on the stability of the arc produced by the HWFS at 12 m/
min. The study has shown that the transition from a semicircular 
to an elliptical bead for ER70S-6 shape begins at about CWFS 
of 6 m/min. Therefore, the process window for this study was 
limited to CWFS values between 0 and 6 m/min. Other factors 
that affected the CW-GMAW were the CW feeding angle (θ), 
CTWD, and the arc length correction (AC). These factors were 
varied independently until a good, uniform bead and little or 
no spatter were obtained for the CWFS range of 0 to 6 m/min.

Figure 10a shows the bead on plate for the addition of the 
CW and Fig. 10b is the result of the process study with the 
addition of CW from 0 to 6 m/min for TS of 0.5, 0.6, 0.9, 
and 1.2 m/min—denoted as 0.5TS, 0.6TS, 0.9TS, and 1.2TS 
respectively. Figure 10b shows that the bead dimensions 
decreased with an increase in the TS. The figure also shows 
that the bead height increased gradually with the addition 
of the CW. However, the bead heights of 0.5TS and 0.6TS 
aligned. This tends to show that TS below 0.6TS affects only 
the bead width and not the height.

An important note is that for each TS, the bead width 
remains relatively constant as the CW increased from 0 
to 6 m/min, and this helps in comparative analysis of the 

Fig. 7   Effect of increase in 
CWFS on bead shape for 316L

Fig. 8   Bead-on-plate for process selection using S355 baseplate
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joint filling characteristics of the CW addition. Within the 
whole range, the CW-GMAW process maintained a stable 
arc and produced a consistent bead quality.

Figure 11 shows a bead-on-plate for 0.5TS and 0.6TS, 
showing bead uniformity and stable process. A suitable TS, 

sufficient to ensure effective melting of the baseplate, is 
desirable. The TS should maintain the weld arc ahead of the 
molten weld pool to allow direct heating of the baseplate.

For the CJT test piece production, TS of 0.5 and 0.6 m/
min, with Q values of 1.14 and 0.94 kJ/mm respectively (as 

Fig. 9   The effect of TS on the EPUL and weld bead dimensions

Fig. 10   a The bead-on-plate of CW addition; b the effect of addition of CW on the bead dimensions
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indicated in Fig. 9d), was selected for trials due to their bead 
uniformity and stable CW-GMAW process. Note that lower 
TS was not desired to avoid excessive Q to the weld joint and 
to maintain the welding arc ahead of the weld pool.

3.6 � Test material preparation

To select the final parameters for the CJT test, the param-
eters in Table 2 were tried on a grooved baseplate shown 
schematically in Fig. 12a. CW0, CW2, CW4, and CW6 
represent CWFS of 0, 2, 4, and 6 m/min respectively. Two 
weld passes were used, and no grinding of previous weld 
was performed. The first layer was brushed clean before the 
deposition of the second layer. Figure 12b shows the com-
parison of the filling characteristics of CW2 and CW4 for 
0.5 and 0.6TS. It was observed that 0.5TS had better groove 
filling characteristics across the three CWFSs. The welded 
plate was then sectioned and examined for defects. It was 
again observed that 0.5TS produced a better quality weld.

The final parameters HWFS 12 m/min and TS 0.5 m/min 
were then used to weld the baseplate shown schematically in 
Fig. 13a. There was consistency in the start and finish points 
during the welding. Figure 13b is the welding and welded 
samples from which the tensile samples were extracted. Dur-
ing welding, the test piece was held rigidly to prevent distor-
tion. Two weld passes were used to fill the joint.

In Fig. 13, narrow butt joint welding was employed to 
reduce the volume of molten metal required to fill the joint. 
This approach helps minimise residual stresses and distor-
tion. The joint configuration helps to promote heat flow into 
the baseplate in a transverse direction or to achieve two-
dimensional heat-flow conditions, rather than radially or 
three-dimensional heat flow, as is typically the case with 
a V-butt joint. Additionally, the second pass to fill the joint 
would not significantly alter the HAZ from the initial pass, 
as the second bead would essentially be deposited on top 
of the first. The configuration would also help to assess the 
defect tendencies of the CW-GMAW.

3.7 � Metallography and hardness survey

Standard metallography procedures (ISO 17639 [16]) were used 
to characterise the microstructure of the weldment, particularly 
the WM and HAZ. Polishing was performed using a mechanical 
polisher with a 3-µm diamond suspension, followed by etch-
ing with 2% Nital for 3 to 4 s. All macro-sections were exam-
ined, measured, and hardness tested using standard laboratory 
equipment equipped with digital imaging and analysis software. 
The average hardness across the weldment was evaluated using 
standard Vickers hardness testing (HV10), applying a 10 kg load 
with a dwell time of 10 s in accordance with ISO 9015-1 [17], 
ISO 6507‑1 [18]. And root and sidewall penetrations were also 
assessed. Figure 14 shows the measurement scheme employed 
in the hardness survey. The indentations were taken at 2 mm 
below the surface of the PM and the spacing was 1 mm.

3.8 � Tensile test specimen

Figure 15a shows the dimensions of the CJT specimens used 
in this study with Gauge length = 50 ± 0.1 mm. This dimen-
sion was chosen to enable comparison with vast tensile data 
in the public domain. The dog-bones were extracted from the 
welded plates shown in Fig. 13b and from the area bounded 
by the red lines in Fig. 14. For statistical control, three sam-
ples were prepared for each welding condition—CW0, CW2, 

Fig. 11   Bead-on-plate for TS of 
a 0.5 m/min and b 0.6 m/min 
for the CW-GMAW process

Table 2   Parameters used for test sample preparation

Parameter Value

HWFS 12 m/min
Uave 39 V
Iave 305 A
CW feeding angle 43°
CTWD 17 mm
Travel speeds (TS) 0.5 m/min, 0.6 m/min
CWFS (for each TS) 0, 2, 4, 6 m/min
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Fig. 12   a Grooved baseplate for 
trial welds; b groove filling trial 
for TS of 0.5 and 0.6 m/min

Fig. 13   a Schematic of butt joint; b welded plates for tensile samples’ extraction
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CW4, CW6, and CS (control sample). Figure 15b shows 
the extracted test specimens, and the testing was conducted 
in accordance with ASTM E8/E8M − 15a [19]. Figure 15c 
shows the Instron 68 FM-100 testing machine with a laser 
extensometer used for testing of all the samples.

4 � Experimental results and discussion

The effects of CW addition at 2, 4, and 6 m/min on weld 
quality, compared with the conventional weld (CW0) and 
PM, have been evaluated using metallography, hardness, and 

tensile testing. This section presents the results obtained in 
this study and the discussions on the results.

4.1 � Metallographic survey

Figure 16 shows the macrographs of the welded sections of 
CW0, CW2, CW4, and CW6. The welds showed complete 
fusion and no defects within the tensile sample extraction 
area highlighted by the yellow box on CW0 in Fig. 16. The 
same area applies to CW2, CW4, and CW6. Figure 17a 
shows the microstructure of the weldments, which typically 

Fig. 14   Location of the indenta-
tions in hardness survey

Fig. 15   Rectangular tension test specimens
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consists of the WM and the HAZ. Figure 17b–e shows the 
sub-regions within the HAZ of the weldment. Figure 17b 
is the weld metal (WM), Fig. 17c is the coarse grain zone 
(CGZ), Fig. 17d is the grain refined zone (GRZ), Fig. 17e is 
the partially transformed zone (PTZ), and Fig. 17f is the par-
ent metal (PM). The tempered zone (TZ) is also present but 
could not be distinguished from the PM. Apart from vari-
ation in the width of the sub-regions in the HAZ, a similar 
microstructure was obtained for all the weld samples.

To characterise the HAZ, the width of each sub-region 
within the HAZ was measured as shown in Fig. 18. The 
4 samples were cut at exact positions in the middle of the 
weld length. To quantify the width, a horizontal reference 
line was drawn passing through the weld toe. The corre-
sponding micrographs were then imported into image analy-
sis software, and measurements were conducted based on 
the embedded scale. The scale bar on the micrograph was 
first calibrated to a known length (200 units), establishing a 
consistent measurement basis. Subsequently, the distances 
between specific points were estimated: the span from point 
1 to point 2 was used to determine the width of the CGZ; 
point 2 to point 3 corresponded to the GRZ; and point 3 to 
point 4 is that of PTZ, as illustrated using the micrograph of 
sample CW0 in Fig. 18. The width of the TZ was not quan-
tified, as the boundaries of this region cannot be virtually 
defined due to the absence of observable microstructural 
transformations.

Figure 19 shows the measured microstructures of CW0, 
CW2, CW4, and CW6 welds and the results of these meas-
urements (in microns, µm) in Fig. 19 are plotted in Fig. 20.

From the plot, a slight increase in the widths of both 
the CGZ and the PTZ is observed. However, a substantial 
increase in the GRZ is evident, with the increment reach-
ing at least 157 µm compared to CW0. In other words, the 
percentage increase from CW0 to CW6 is approximately 
36%. It is clear that all the three sub-regions of the HAZ 
expanded in width with the addition of CW. Therefore, it 
can be asserted that CW addition leads to a corresponding 
increase in the size of the HAZ sub-regions.

The microstructural evolution across the HAZ, as usual, 
varied with peak temperatures experienced during the 
welding. In the GRZ, peak temperature was insufficient to 
cause grain growth, resulting in fine microstructures with 
potentially superior mechanical properties compared to 
the CGZ [20].

The thermal profile across the weld is governed by the 
balance between Q and conduction. The addition of CW 
in this study resulted in less intense heating and a more 
gradual thermal gradient. In other words, a slower change 
in temperature over distance was obtained. This leads to a 
more uniform heat distribution and, consequently, a wider 
HAZ, particularly in the GRZ as seen in Fig. 20.

4.2 � Hardness survey

Vickers hardness measurements were taken 2 mm below 
the surface, with a spacing of 1 mm between indentations, 
as shown in Fig. 21. A 10 kg load was applied for 10 s in 
accordance with ISO 9015–1 [17]. Figure 22 presents exam-
ples of indentations in the PM, PTZ, GRZ, and CGZ and 

Fig. 16   Typical macrographs of the welded test plates
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regions of the CW6 samples. The average HV10 values 
across the HAZ and WM for all test samples are plotted in 
Fig. 23. The average hardness of the PM, based on 20 data 
points, is 201 HV.

As shown in Fig. 23, hardness generally decreased with 
increasing CW addition across all weld zones. For CW2 
and CW4, CGZ hardness was nearly equal to WM, while 

in CW6, CGZ dropped below PM. In other words, WM 
and CGZ showed the highest hardness at lower CW levels 
(CW0–CW4), but at CW6, PM hardness exceeded the WM 
and all the HAZ sub-regions. Across all CW-added sam-
ples, GRZ and PTZ consistently showed the lowest hardness 
values, falling below that of the PM. Hardness is generally 
lowest in PTZ.

Fig. 17   Microstructures 
of the weldment and sub-
regions within the HAZ of 
BS970 Pt3 1991 080A15 
steel (HWFS = 12 m/min, 
TS = 0.5 m/min, U = 39 V, 
I = 305 A)

Fig. 18   Method for the meas-
urement of width of the sub-
regions of HAZ
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Fig. 19   Microstructures of CW0, CW2, CW4, and CW6 welds
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These results indicate that CW addition reduced the forma-
tion of hard phases across the weldment, suggesting a poten-
tial improvement in ductility compared to conventional weld. 
However, the consistent decrease in hardness within the PTZ 
across all CW samples, with values significantly lower than 
the PM, implies the dominance of soft ferrite. This softening, 
while beneficial for ductility, may coexist with some brittle 
microstructural constituents that could act as sites for stress 
concentration, crack initiation, and reduced toughness.

4.3 � Tensile test results

The CJT specimen consists of six distinct zones: WM, 
CGZ, GRZ, PTZ, TZ, and PM. These zones have different 

mechanical properties, which can make the measurement of 
the 0.2% proof stress (PS) and percentage elongation (%El) 
inaccurate and unreliable. However, these parameters were 
still assessed to understand how they compared to CW0. The 
key properties investigated in this test include the PS, UTS, 
%El, and the location of fracture.

Figure 24a shows the plotted graphs of PS, UTS, and %El 
results. The control sample (CS) is the mechanical properties 
of the PM. The graph clearly shows that the PS and ductility 
of the CW samples are lower than that of the CS. However, 
the UTS of the CW samples improved and approached that 
of the CS in sample CW6. Also, the conventional weld CW0 
has the lowest ductility and UTS. This trend is clearly pre-
sented in Fig. 24b and c.

Figure 24b shows a reduction in PS from 549 MPa in the 
CS to 482 MPa in the CW0. With the addition of CW, PS 
further decreased to 464 MPa in sample CW2, a value that 
remained roughly consistent in CW4 and CW6. The aver-
age PS across all CW samples is about 463 MPa, indicating 
that CW addition did not significantly alter PS; however, the 
value is lower than both values of PM and CW0. A similar 
trend was observed in TS. The TS decreased from 611 MPa 
in the CS to 598 MPa in CW0. Subsequent addition of CW 
increased the TS from CW0 to CW6. In fact, the TS of sam-
ple CW6 approached that of the baseplate, suggesting that 
CW addition can enhance TS of the weldment. Figure 24c 
shows a clear reduction in ductility from approximately 23% 
in the PM to 15% in the CW0. However, the addition of 
CW significantly improved the ductility compared to CW0. 
The average ductility recorded across all CW samples was 
18.2%.

The ductility loss in CW0 compared to baseplate can be 
stated thus

Fig. 20   Plots of CGZ, GRZ, and PTZ width dimensions

Fig. 21   Hardness measurements method

Fig. 22   Hardness indentations at different sub-regions within HAZ
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Ductility loss in CW-added samples compared to 
baseplate:

Recovery as a percentage of the original loss (from 
CW0):

a.	 Conventional loss = 8
b.	 CW-added loss = 5

(2)Percentage loss =
23 − 15

23
× 100 ≅ 35%

(3)Percentage loss =
23 − 18

23
× 100 ≅ 22%

(4)Recovery % =
8 − 3

8
× 100 ≅ 38%

Thus, the CW-added samples recovered approximately 
38% of the ductility that was lost in the conventional weld. 
This means that CW addition significantly improved ductil-
ity performance over conventional welding without the use 
of preheat or post-weld heat treatment.

4.3.1 � Position of fracture

For conventional welding, the WM commonly has higher 
strength than the PM, so failure generally occurs in the 
parent. The location of failure is of interest in this study 
as it defines the weakest point in the weldment under 
static loading. Figure 25 shows the failure locations for 
the samples. The CS represents the failure scenario of 
the baseplate. In sample CW0, failure initiated in the 
PTZ. In samples CW2 and CW4, failure occurred either 
in the PTZ or in the region between the PTZ and the PM. 
Failures in the PTZ suggest the presence of detrimental 
brittle phases in this area, making it the weakest link in 
the weldment.

In sample CW6, failure is observed in the PM, but close 
to the PTZ. This indicates that the weldment in CW6 can 
have tensile properties close to the PM, although its ductil-
ity is reduced from 23% in the parent to 18%, representing 
about a 22% reduction. However, without preheating or 
post-weld heat treatment, CW-added samples recovered 
about 38% of the ductility that was lost in the CW0. The 
reason why the strength of CW6 approached that of PM, 
with failure occurring in the PM close to the PTZ, might 
be attributed to factors, such as the broader zone of refined 
grain size in the HAZ (see Fig. 17), and tempering of the 
coarse grain region caused by the shallow temperature gra-
dient introduced by the CW addition. Note that the refined 
grains are smaller than those of the PM. These two factors 
can increase the toughness of the weld zone. Fracture is not 
expected in the WM because of the presence of acicular 
ferrite which offers very high toughness.

Fig. 23   The plot of hardness survey data

Fig. 24   The plots of mechanical properties of CS, CW0, CW2, CW4, and CW6
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5 � Comparison of GMAW and CW‑GMAW 
productivity

If deposition rate (DR) is given as

The material per unit length (MPUL) becomes

where density (ρ) = 7860  kg/m3 and π = 3.142. Table  3 
shows that the DR for GMAW would be about 6.4 kg/h and 
the MPUL 0.21 kg/m. The values for CW4 and CW6 are 
8.5 kg/h and 9.6 kg/h, and 0.28 kg/m and 0.32 kg/m respec-
tively. This shows that the CW6 has 50% higher DR and 

(5)DR = ��r2(HWFS + CWFS)
[

in kg∕h
]

(6)MPUL =
DR(kg∕h)

TSm∕h

[

(kg∕m) or (g∕mm)
]

about 52% higher MPUL than CW0. Thus, additive weld 
can have better joint property and productivity as high as 
1.5 times that of conventional weld.

6 � Conclusion

The CW-GMAW process is a high-productivity welding tech-
nique with the potential to produce exceptional weld quality due 
to its ability to reduce thermal gradients. In this study, its influ-
ence on the HAZ and on the mechanical properties of structural 
steel designated as BS 970 Part 3:1991 080A15 was evaluated 
with the aim of applying the process to medium thickness con-
structions. The investigation examined the effect of cold wire 
additions at feed rates of 2, 4, and 6 m/min on weld quality, and 
compared the results with those from conventional welding and 

Fig. 25   Position of fracture during tensile testing

Table 3   Comparison of SAW and CW-GMAW

Process HWFS m/min CWFS 
m/min

TS m/min Wire dia. mm DR kg/hr MPUL kg/m V I Q kJ/mm

GMAW (CW0) 12 0 0.5 1.2 6.4 0.21 39 305 1.14
CW-GMAW (CW4) 12 4 0.5 1.2 8.5 0.28 39 305 1.14
CW-GMAW (CW6) 12 6 0.5 1.2 9.6 0.32 39 305 1.14
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with the properties of the base plate. The welded joints were 
evaluated using metallographic analysis, hardness measure-
ments, and tensile testing. The study found that

1.	 Cold wire addition led to increased widths of all sub-
zones within the HAZ, particularly the GRZ which is 
generally associated with more favourable mechanical 
properties compared to the CGZ.

2.	 Hardness values decreased consistently across all weld 
zones with increasing CW addition. This reduction, par-
ticularly in the CGZ, suggests an overall improved weld 
ductility, which is associated with toughness.

3.	 0.2% PS reduced with addition of CW by about 16% 
from the baseplate. However, UTS generally improved 
with CW additions, and at 6 m/min achieving a value 
close to the baseplate.

4.	 Compared to the baseplate, ductility dropped by 35% 
in the conventional weld (CW0), while the CW-added 
samples showed a reduced loss of 22% which represents 
a 37% recovery in ductility loss in CW0.

5.	 Failure occurred in the PTZ for CW0 to CW4, confirm-
ing it as the weakest zone. For CW6, the fracture loca-
tion is in the PM close to the PTZ indicating improved 
mechanical properties of the weld zone, though ductility 
remained about 22% reduced from the base metal.

6.	 The addition of CW expanded all HAZ sub-regions, 
especially the GRZ, indicating a broader thermal influ-
ence. However, mechanical test results show no negative 
impact on weld quality as compared to CW0.
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