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1. Introduction

  Welding of thick steel plates is a challenging task in 
many industries such as shipbuilding, nuclear and pow-
er plants1,2). Different welding techniques are employed 
to join thick steel plates like laser beam welding, sub-
merged arc welding (SAW) and multi-pass gas metal 
arc welding (GMAW)3). The laser beam welding proc-
ess provide good penetration capabilities and low dis-
tortion but at the expense of high capital costs, precise 
fit-up requirements, extensive groove preparation and 
indoor welding limitations4-6). The SAW delivers high 
material deposition and good penetration capabilities 
but the amount of heat supplied to the base metal is 
quite high7). As a result, there is a large heat affected 
zone (HAZ) and a great post-weld distortion8,9). C. 
Shen10) reported the estimated cost of correcting the 
post weld distortion and it found to be as high as 30% 
of the total manufacturing cost. Moreover, welds pro-
duced by SAW are limited to flat and horizontal weld-
ing position11). The multi-pass GMAW process in direct 

current (DC) mode is employed to weld thick plates. 
However, high number of welding passes considerably 
increase the production time and cost. Compared to 
conventional GMAW, alternating current gas metal arc 
welding (AC-GMAW) is an advanced variant of GMAW 
process. It can be a better substitute for joining of thick 
plates owing to its low heat input to the workpiece and 
high material deposition rate capabilities12). AC-GMAW 
pulse works in two domains i.e. the electrode-positive 
(EP) and the electrode-negative (EN) domain. The arc 
stability is controlled by EP domain whereas high ma-
terial deposition is governed by EN domain of the 
pulse13). D.D. Harwig14) analyzed melting rates of the 
process for different current waveforms. They con-
cluded that the melting rate and the size of the metal 
droplet are influenced by the changing behavior of the 
current pulse. A.S. Nascimento et al.15) used four differ-
ent waveforms with varying EN ratios to determine the 
suitable pulsing parameters that can provide better arc 
and metal transfer stability. L.O. Vilarinho et al.16) de-
veloped a methodology for the selection of AC-GMAW 
process parameters to reduce the arc and metal transfer 
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instabilities. H.J. Park et al.17) analyzed the weld char-
acteristics of dissimilar metals. They concluded that 
AC-GMAW process provided the good gap-bridging 
ability for dissimilar weld joints. A. Scotti and L.S. 
Monteiro18) evaluated a methodology for the input pa-
rameters selection for AC-MIG/MAG process. N. Arif 
and H. Chung19) measured the drop sizes using both 
simulation and experimental techniques for different 
wires of steel. D.V. Kiran et al.20) analyzed the behavior 
of the molten metal droplet and the welding arc at dif-
ferent EN ratios. K. Kim and H. Chung21) calculated the 
wire melting rate coefficients and developed wire melting 
equation based on the arc physics principles. D.D. 
Harwig et al.22) carried out the welding of 1.8 mm steel 
lap joint with a gap of 1.8 mm using AC-GMAW and 
pulsed GMAW. He showed that AC-GMAW provided 
up to 300% higher welding speeds and up to 47% less 
heat input as compared to pulsed GMAW process. In 
the beginning, AC-GMAW was applied on thin steel 
plates but subsequently further research work was done 
to extend AC-GMAW applicability for welding of thick 
steel plates. Regarding thick steel plate welding, the 
process was firstly investigated by N. Arif and H. 
Chung23). They observed finger-like penetration at high 
values of current and EN ratio. A. Ikram and H. Chung24) 
further researched the work and conducted an ex-
perimental study on a 5 mm thickness of steel plate. 
They proposed a current setting of 250 A and EN ratio 
of 50% for welding of steel plates where the weld joints 
exhibited both deep penetration and sound weld quality. 
However, review of the available literature has revealed 
that the limited findings have been reported regarding 
the welding of thick steel plates with the AC-GMAW 
process. The selection of optimum welding parameters 
is quite essential in welding because it determines the 
quality of the welded joints. Therefore, the selection of 
optimal welding parameters for the thicker steel plate 
for AC-GMAW process needs to be sought. In this pa-
per, the work is carried out to weld 6 mm to 8 mm thick 
steel plates in a single pass welding. The influence of 

welding travel speed and joint gap on weld character-
istics is investigated experimentally. Based on the ex-
perimental findings, recommendations have been made 
on the selection of suitable welding parameters for weld-
ing of plates up to 8 mm using AC-GMAW process.

2. Experimental procedure

2.1 Materials

  High-strength low-alloy (HSLA) material AH36 was 
used as a base metal. AH36 is largely used in ship-
building for ship’s hull structure. Three different thick-
nesses of plates i.e. 6 mm, 7 mm and 8 mm were used. 
The chemical composition of the base metal and filler 
wire (ER-70S) have been shown in Table 1 and Table 2 
respectively. A steel filler wire of diameter 1.2 mm was 
used in the experimentation.

2.2 Welding experimental set-up

  Before carrying out the actual welding tests, proper 
alignment of two steel plates was carried out to ensure 
an accurate gap between joints using the magnetic 
clampers. The dimensions of the steel plates were 250 mm 
× 125 mm × 6~8 mm (thickness). A fixed gap of 1 mm 
or 2 mm was maintained depending upon the welding 
conditions. The butt-joint was made in square groove 
configuration and ends of plates were connected with 
tack welding. The welding position used in our study 
was flat 1G. The yield strength (YS) of the workpiece 
was 290 MPa whereas it had tensile strength (TS) of 
485 MPa. The steel filler wire had the YS and TS of 
450 MPa and 540 MPa respectively.
  For conducting the welding tests, OTC-Daihen manu-
factured power supply DW-300 was used. The work-
piece was travelled relative to the welding torch with a 
specific welding travel speed. A constant contact to 
workpiece distance (CTWD) of 25 mm was used. An 
average electrode extension of 18 mm was kept in all 
experimental runs. A mixture of shielding gases i.e. ar-

C Si P Mn Cr S Mo Ni Cu V Fe

0.18 0.50 0.035 0.90 0.20 0.035 0.08 0.40 0.35 0.04 Balance

Table 2 Chemical composition of filler wire (ER-70S)

C Si P Mn Cr S Mo Ni Cu V Fe

0.06~0.15 0.450.75 0.025 1.401.85 0.15 0.035 0.15 0.15 0.50 0.03 Balance

Table 1 Chemical composition of AH-36
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gon (Ar) and carbon dioxide (CO2) with a ratio of 
80%Ar-20% CO2 was provided using a gas mixing 
unit. A controlled amount of flow-rate of 18 L/min was 
supplied. In order to visualize the molten metal droplet 
transfer and arc behavior, a Miro-eX4 Mono camera 
manufactured by Phantom was used. It recorded a vid-
eo with 10,000 fps. A CAVILUX pulsed diode laser 
light source manufactured by High Speed Imaging Inc. 
was used as a back-light system to clearly visualize the 
mode of transfer, droplet transfer behavior and gen-
eration of spatters if present.  
  The welding was performed at a constant current and 
EN ratio of 250 A and 50% respectively. These con-
stant parameters were selected based on the previously 
published literature24). However, the welding speed was 
varied from 4 mm/s to 16 mm/s. The joint gap of 1 mm 
to 2 mm was set depending on the experimental run.  
The experimental schematics of the process is repre-
sented in Fig. 1. It showed AC-GMAW current wave-
form and associated high-speed metal transfer and arc 
behavior. The high-speed video was synchronized with 
the current waveform at a different time interval to bet-
ter understand the flow of metal transfer.

3. Results and Discussion

3.1 Effect of welding speed

  While maintaining a joint gap of 2 mm, welding ex-
periments were carried out. The welding travel speed 

was varied from 4 mm/s to 16 mm/s with an increment 
of 2 mm/s. The selective results are presented in Fig. 2. 
Fig. 2 (a) shows the optimum welding speeds at differ-
ent thicknesses of plate. The error bar represents the 
standard deviation. In Fig. 2 (b) the dotted line in-
dicates HAZ and the solid line indicates fusion line. It 
was found that for a 6 mm thick plate, there was a good 
gap bridging irrespective of the welding speed and the 
molten metal was penetrated deep into the root at a 
welding travel speed ranging from 4 mm/s to 14 mm/s. 
This is because of the sufficient heat input supplied to the 
workpiece. The HAZ was found to be 52 mm2, 47 mm2 
and 42 mm2 at a welding speeds of 10 mm/s, 12 mm/s 
and 14 mm/s respectively. It was found that the opti-
mum welding speed was obtained in the range between 
12 mm/s to 14 mm/s where the welding joints exhibited 
better gap bridging and complete penetration. For 7 
mm thick plate, the optimum welding speed was ob-
tained in the range between 8 mm/s to 10 mm/s where 
the joint exhibited the good side fusion and deep pene-
tration with suitable bead width, reinforcement height 
and gap bridging. However, when welding travel speed 
was increased above 10 mm/s, an incomplete filling of 
the molten metal and lower penetration depth was 
observed. This is because of the fact that less heat input 
was supplied owing to high welding speed. The HAZ 
was found to be 57 mm2 and 53 mm2 at a welding speeds 
of 8 mm/s and 10 mm/s respectively. For 8 mm plate, 
welding speed in the range between 6 mm/s to 8 mm/s 
provided optimum material transfer rate with complete 
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Fig. 1 Schematics of the welding process
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penetration depth. The HAZ was found to be 72 mm2 

and 64 mm2 for a welding speed of 6 mm/s and 8 mm/s 
respectively. 
 
3.2 Effect of joint gaps

  Based on the optimum welding speeds range de-
termined in section 3.1, joint gap was reduced to 1 mm 
and welding experiments were performed. At a joint 
gap of 1 mm, there was a good gap bridging but less 
penetration depth as shown in Fig. 3. In Fig. 3 (b) the 
dotted line indicates the HAZ and the solid line in-
dicates the fusion line. Fig. 3 (a) shows the penetration 
depth at different welding speed. It was found at a joint 
gap of 1 mm there was a lack of complete penetration 
of molten metal across the thickness irrespective of the 
thickness of the plate, resultant in under filing at the 
root side. This is because of the fact that reducing the 

joint gap from 2 mm to 1 mm, the molten metal could 
not penetrate deep into the root owing to the narrow 
gap between the two welded plates. The reduction in 
gap hindered the smooth flow of molten metal deep in-
to the root resulted in high reinforcement height and 
less penetration depth. The maximum penetration was 
measured 3.2 mm at a welding speed of 12 mm/s, 4.3 
mm at a welding speed of 8 mm/s and 5.9 mm at a 
welding speed of 6 mm/s for 6 mm, 7 mm and 8 mm 
thickness of plate respectively. Based on the research 
findings, it can be concluded that a joint gap of 2 mm 
should be maintained to fill the groove area with the 
molten metal otherwise reducing the joint gap may 
cause incomplete filling of molten metal.

3.3 Microstructure Analysis

  The microstructure analysis of three distinctive zones 
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including weld metal, HAZ, and base metal was per-
formed using scanning electron microscopy (SEM) 
SU5000 manufactured by HITACHI, Japan. The trans-
verse cross-section of the weld specimen was obtained 
through wire electrical discharge machining process. 
Fig. 4. shows the images obtained from the samples of 
6 mm thickness, and 12 mm/s welding speed at a joint 
gap of 2 mm. Fig. 4 (a) is an image taken from the 
cross section of the welded joint which is distinctively 
differentiating the weld metal from HAZ, and HAZ 
from base metal. Fig. 4 (b) is highlighting the micro-
structure of the weld metal, and the fine grain size dis-
tribution is evident in the image. The fine grain size 
was resultant from the high cooling rate. This is be-

cause that the temperature of the weld pool was rela-
tively high compared to the base metal close to the 
weld. Furthermore, Fig. 4 (c) is exhibiting an image 
taken from the HAZ. The HAZ is showing slightly 
larger grain size than from the weld metal but still finer 
than base metal. The decrease in grain size of HAZ has 
happened due to the phase transformation during the 
heating cycle and then cooling of the molten weld pool 
under ambient condition during the reverse phase trans-
formation cycle. The microstructure of the base metal 
is shown in Fig. 4 (d), which is displaying significantly 
larger grains as compared to the HAZ, which is primar-
ily due to prior welding larger grain size and no heat ef-
fect on the base metal during the welding. The similar 
trend was observed with the other thicknesses of plates 
at their optimum parameters condition. The different 
phase constituents of the welded joint were identified 
using optical microscopy as shown in Fig. 5. The mi-
crostructures after polishing and macro-etching (3 % 
Nital), the cross sections of the joints were examined. 
In the weld metal, the phase constituents were con-
sisted of Widmanstätten ferrite and grain boundary 
ferrite. Small pits were also observed in the weld metal 
area. The HAZ showed fine grains. It was found that 
the HAZ had an average grain size of 14 µm. The de-
crease of the grain size was due to the high cooling 
rates. The microstructure of the base metal was cosns-
ited of the layer laminated distribution of bright ferrite 
and dark pearlite with grains oriented in rolling direction.

(a) (b)

(c) (d)

Fig. 4 (a) Cross-section of weld specimen (plate thick-
ness: 6 mm, welding speed: 12 mm/s, joint gap: 
mm) (b) microstructure of weld metal, (c) micro-
structure of HAZ, and (d) microstructure of base 
metal

Fig. 5 Exhibiting various zones like base metal, HAZ and weld metal 
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3.4 Hardness testing

  Microhardness testing has been employed and the re-
sults are displayed in Fig. 6. A Micro Vickers hardness 
tester (Mitutoyo, Aurora, IL, USA) was used to meas-
ure the hardness of the welded samples. The dotted line 
in Fig. 4 (a) shows the hardness measurement line. The 
hardness distribution was measured at a centerline 
passing between the top and bottom of the base plate. 
To exhibit the variation in hardness relative to the in-
dentation area, each curve has three distinct regions 
where the HAZ is highlighted by the shaded region. By 
evaluating the data obtained from the 6 mm plates at 
welding speeds of 10 mm/s, 12 mm/s and 14 mm/s, it is 
evident that the hardness is showing an increasing trend 
from base metal to HAZ and fusion zone. The increase 
in grain size is quite understandable with the grain sizes 
of various regions. As the base metal has a coarse grain 
size, it is showing lower hardnesheetsss value i.e. 160 
HV. Similarly, the decrease in grain size from base met-
al to HAZ, and HAZ to weld metal caused the sub-
stantial enhancement in the hardness value of the vari-
ous region. Given the finer grain size in the weld metal, 

it is showing the highest values of the hardness i.e. 225 
HV. It is clearly evident that the weld metal area at a 
lower speed of 10 mm/s is substantially larger than the 
weld metal area at a higher speed of 14 mm/s. Likewise, 
the HAZ is also inversely varying with the welding 
speed. Although the weld speeds are lower in the weld-
ing of other plates, a similar trend can be observed in 
both other plates with a thickness of 7 mm and 8 mm. 
Based on hardness data, it can be concluded that the 
higher the speed is better for the grain size and hard-
ness distribution according to the distnace from the 
center. Moreover, the hardness of the welded specimen 
depends on number of parameters such as width of the 
weld metal and HAZ. 

3.5 Tensile testing

  Based on the selection of optimum parameters, the 
tensile tests were performed and the results are repre-
sented in Fig. 7. The samples were prepared according 
to the ASTM E8/E8M standard25). INSTRON universal 
testing machine 5583 with maximum 150 kN load cell 
capacity was used. The crosshead speed was kept at 2.8 
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mm/min during the test. From the findings, it can be 
concluded that for 6 mm steel plate, the TS i.e. 465 
MPa was achieved at a welding speed of 12 mm/s 
which is very close to the TS i.e. 485 MPa of base 
metal. The TS of the welded sample was found to be 
96.87 % of the base metal. However, a decrease in TS 
i.e. 445 MPa was measured at a welding speed of 14 
mm/s with the same thickness of the plate. The percent-
age elongation was found to be 4.5 % and 4.1 % at a 
welding speed of 12 mm/s ad 14 mm/s respectively. 
Similarly, for 7 mm plate, a TS of 349 MPa and 337 
MPa were recorded at a welding speed of 8 mm/s and 
10 mm/s respectively which is 72.70 % and 70.20 % re-
spectively of the base metal. The percentage elongation 
was found to be 3.1 % and 2.8 % at a welding speed of 
8 mm/s ad 10 mm/s respectively. Similarly, in the case 
of 8 mm plate, TS of the 338 MPa was measured at a 
welding speed of 6 mm/s which is 70.41 % of the base 
metal. The percentage elongation was measured as 3.2 
%. At a welding speed of 8 mm/s, TS was found to be 
322 MPa which is 67.08 % of the base metal. The per-
centage elongation was found to be 3.1%. From the 
above research findings, it can be concluded that the 
weld joints exhibited sound weld quality. However, 
with the increase in thickness, the TS of the weld joints 
decreases. Moreover, it was found that all the welded 
samples were fractured at the fusion line as shown in 
Fig. 7 (b). 

3.6 Fracture behavior

  The typical morphology of the fractured surface sam-
ples obtained from tensile tests was examined by SEM. 
In Fig. 8 (a), fractured surface of base metal showed a 
complete ductile fracture having small and uniform 
spherical dimples since it underwent an appreciable 
amount of plastic deformation. This is because of the 

large grain size of the base metal. As slip lines are con-
fined to the grain boundaries, the larger amount of slip 
can occur thus providing the greater ductility. Fig. 8 (b) 
shows the fractured surface for a 6 mm plate welded 
joint at a travel speed of 14 mm/s. The sample surface 
showed a ductile fracture. However, ductility of the 
sample was decreased compared to the base metal. This 
can be attributed to the relatively fine grain size of the 
welded joint in the fusion zone and HAZ. The finer 
grain size, the lesser is the ductility because the slip is 
restricted. Fig. 8 (c) and Fig. 8 (d) show the fractured 
surface for 7 mm and 8 mm and thick plate at a welding 
speed of 10 mm/s and 8 mm/s respectively. The fracto-
graphic examination revealed both the dimples and flat 
surfaces. The ductility of both the samples was de-
creased compared to the base metal. All the specimen 
underwent plastic deformation before fracture. 

4. Conclusions

  The following conclusions were drawn from the study; 
  1) It is recommended that for welding of thick plates, 
the welding travel speed should be maintained in be-
tween the range of 12 mm/s to 14 mm/s for 6 mm plate, 
8 mm/s to 10 mm/s for 7 mm plate and 6 mm/s to 8 
mm/s for 8 mm thick steel plate. A joint gap of 2 mm 
should be used for welding of plates with average 
welding current of 250 A and 50% EN ratio. 
  2) The microstructure of the weld metal showed the 
fine grain size distribution. The weld metal was con-
sisted of Widmanstätten ferrite and grain boundary 
ferrite. However, the HAZ showed the slightly large 
grain size than from the weld metal but still finer than 
the base metal. 
  3) The hardness of welded metal and HAZ was higher 
than the hardness of the base metal due to the local 
hardening phenomenon happened in the weld metal and 
in the HAZ.
  4) The welded joint exhibited good tensile properties 
for all thicknesses of plates. 
  5) The fractured surface analysis of the welded speci-
men showed a decrease in ductility compared to the base 
metal. This can be attributed to the relatively fine grain 
size of the welded joint in the fusion zone and HAZ. 
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Fig. 8 SEM micrographs of tensile fractured surfaces 
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