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Abstract

The efficient application of any welding process depends on the understanding of associated process
parameters influence on the weld quality. The weld quality includes the weld bead dimensions, temperature
distribution, metallurgical phases and the mechanical properties. A detailed review on the experimental and
numerical approaches to understand the parametric influence of a single wire submerged arc welding
(SAW) and multi-wire SAW processes on the final weld quality is reported in two parts. The first part deals
with the experimental approaches which explain the parametric influence on the weld bead dimensions,
metallurgical phases and the mechanical properties of the SAW weldment. Furthermore, the studies related
to statistical modeling of the present welding process are also discussed. The second part deals with the
numerical approaches which focus on the conduction based, and heat transfer and fluid flow analysis based

studies in the present welding process. The present paper is the first part.

Key Words :
phases, Mechanical properties

1. Introduction

Demand of advanced joining methods with
high productivity is ever increasing in ship
building and other fabrication industries. Submerged
arc welding (SAW) is traditionally considered as
an efficient and highly productive joining technology
for medium to high thickness steels”. In SAW
process, the welding arc is always covered with
a layer of granular flux that protects the arc
(Fig. 1]). The flux melts by arc heating forming
a slag that protects the weld pool from the
atmosphere”. The final weld quality depends on
the proper selection of the welding conditions.
Weld quality includes the weld bead dimensions,
temperature distribution, metall- urgical phases
generated in the weld pool and the heat affected
zone (HAZ), and mechanical properties of the
weldment. The welding conditions involved in the

Submerged arc welding process, Statistical modeling, Weld bead dimensions, Metallurgical

SAW process include welding current and voltage,
polarity, electrode extension and diameter, welding
speed and type of the granular flux.

In pursuit towards enhancing the productivity
of the conventional SAW process, increase in
both welding current and welding speed are
considered as possible recourses. However, higher

in undercut,
1.2-6,7)

welding current often results
humped bead and severe joint distortion
Alternately, greater welding speed increases
the propensity for defects such as centerline
cracking and incomplete penetration"®*”. Multi-
wire SAW process can lead to a significant
enhancement in welding productivity in comparison
to the conventional SAW process, in particular,
towards joining of medium to high thickness
plates. However the increase of the number of
wires increases the associated process parameters
tremendously. This poses severe difficulty in
the proper selection of the welding conditions.
A quantitative understanding of the influence
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Fig. 1 Schematic representation of submerged arc
welding process"”

of the process variables on the weld quality is
challenging while essential for the successful
application of the SAW and multi-wire SAW
processes.

A detailed study on the influence of SAW
process parameters on the final weld quality by
various experimental techniques is performed
till date by many researchers. Similar kind of
studies in case of multi-wire SAW process is
recently evolving. In this paper, a comprehensive
literature review on the experimental routes to
understand the SAW and multi-wire SAW
process parameters influence on the weld bead
dimensions, weldment metallurgical phases and
mechanical properties are presented.

2. Experimental studies
2.1 Variants of SAW process

The multi-wire SAW variants include twin-wire
and multi-wire / multi-power SAW processes ™.
The twin-wire SAW process involves two small
diameter wires fed through a single contact tube
and controlled by a single power source. Hence
the current from a single power source splits
between the two wires equally. Increase in the

current density in small diameter electrode and
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the interaction between the arcs increases the
rate of deposition in a twin wire SAW process
over a single wire SAW process for a given set of
welding conditions®. The twin-wire SAW process
finds applications where higher deposition rates
without attendant deep penetration are advan-
tageous. These include surface depositions, heavy
corner welds and various butt and fillet welds
where avoidance of melt-through is crucial®.

The multi-wire SAW process consists of two or
more wires controlled by separate power sources
to produce a single elongated weld puddle.
Each electrode is fed into the workpiece by its
own separate feeder. However, the adjacent arcs
are affected by strong interacting electromagnetic
forces leading to deflection of the arc at high
current levels and arc blow"®. The arc interaction
can be controlled using DC-AC in place of DC-
DC power source configuration. In general, the
leading wire is set at higher currents to provide
greater penetration while the trailing wire is
set to lower current levels with an aim to control
the weld shape&g). Furthermore, replacing the conven-
tional AC power by pulsed AC power source for
the trailing arc facilitates precise control on
the arc heat input to achieve an improved bead

10 The high depositions associated with this

profile
process leads to its application in heavy industries
like marine industries, pipe and pressure vessel

manufacturing.

2.2 Influence of process parameters on weld
quality

Welding current and voltage, polarity, welding
speed, wire electrode diameter, electrode extension
and its inclination with the weld seam signi-
ficantly influence the electrode and flux melting
rate, the final weld bead dimensions and weld
joint properties in SAW process. Robinson et
al.? studied the influence of welding current
and its polarity on the melting rate of the electrode
and flux in single wire conventional SAW process.
The authors observed increase in melting rate
of the electrode and flux with increase in welding
current. Furthermore, the electrode melting rate
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is the highest in DCEN, followed by AC and DCEP
for a given welding current. The flux melting
rate is the highest in AC polarity followed by
DCEN and DCEP at higher levels of welding
current. The authors argued that greater electrode
tip surface temperature resulted in larger droplets
followed by higher melting rate of electrode and
flux in DCEN in comparison to DCEP. Decrease
in arc voltage has increased the electrode melting
rate but decreased the flux melting rate. Smaller arc
voltage reduces the arc length and thus, increases
the electrode extension and its resistive heating
resulting in greater rate of electrode melting.
The smaller arc length, however, reduces the
melting rate of flux.

Chande” investigated the influence of process
variables on the electrode melting rate during
SAW of 19 mm thick ASTM A36 steel plate.
The author has observed that the electrode
melting rate is inversely proportional to electrode
diameter while increased directly with the increase
in electrode extension. Smaller electrode diameter
has resulted in greater current density and hence,
higher electrode melting rate. In contrast, longer
extension of the electrode tends to increase the
preheating of the electrode due to joule effect
resulting in greater melting rate of electrode
and flux.

1.¥ investigated the influence of

Renwick et a
welding current and electrode diameter on weld
bead dimensions in SAW of 38 mm thick BS
4360 grade 43A mild steel plates. The authors
reported that the weld penetration and reinforce-
ment height increased with increase in welding
current and decrease in electrode wire diameter.
Murugan et al.” investigated the influence of
welding voltage, welding speed, electrode extension,
and wire feed rate on the weld bead dimensions
in SAW of 20 mm thick IS 2062 steel plate. It
was reported that the weld width, penetration
and reinforcement height increased inversely
with the welding speed and directly with the
wire feed rate. Increase in welding voltage has
decreased the reinforcement height and increased
the weld width while showed no effect on the
weld penetration. Increase in electrode extension

REEH: - A5t 3246 3%, 20144F 61

has resulted in larger weld width and smaller
penetration.

Tusek et al.'” reported the influence of welding
current, current polarity, electrode extension and
diameter on the melting rate of the electrode
in twin-wire SAW process and compared the
same with single wire SAW process. The authors
reported higher electrode melting rate in the
case of the twin-wire SAW process in comparison
to the same in single wire SAW process for a
given welding current. In a subsequent work,
greater electrode melting rate with a three-
wire SAW process could be achieved by the

same authors'?.

Konkol et al.'? reported an
extensive study on two-wire tandem SAW of
16.5 mm thick API Grade X-60 steel plates. At
smaller welding current and shorter electrode
extension length, increase in the inclination angle
of the trailing electrode wire has decreased the
weld penetration.

) presented a critical review on

Grong et al.'*
the classification of the weld microstructure
developed in mild and HSLA steels during
SAW processes. The authors reported that the
final weld microstructure would depend on the
cooling rate from 800 to 500C (ATgs), prior
austenite grain size, distribution of non-metallic
inclusions and chemical composition of the weld.
In particular, ATsss is envisaged to be an effective
indicator of the extent of austenite to ferrite
transformation in HSLA welds'. Babu et al.'”
presented an overview of the high temperature
phase changes that would be expected in steel
(Fig. 2)
solidification, gas dissolution, and solid-state

welds as function of melting and
transformations. At high peak temperature, the
liquid
cooling of the weld in the temperature range of
2000 to 1700TC, the
deoxidizing elements in liquid steel would react

steel would dissolve oxygen. During

dissolved oxygen and

to form complex oxide inclusions in the range
of 0.1 to 1.0 m (Fig. 2(a)). Solidification of &
—ferrite would start in the temperature range
1700 to 1600TC with &-ferrite transforming to
austenite (Fig. 2(b)]). In the temperature range
1600 to 8007TC, austenite grain growth might
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Fig. 2 Schematic illustrations of a weld metal cooling curve and a hypothetical continuous cooling transformation
(CCT) diagrams showing different phase transformation that may occur as weld metal cools to room

temperaturemm

occur [Fig. 2(c)). The austenite would further
decompose to different ferrite morphologies in
the temperature range 800 to 500C forming
allotriomorphic ferrite (a..) at the prior y-y
boundaries and eventual coverage of these
boundaries [(Figs. 2(d) and (e)). With further
cooling, the Widmanstatten (ays) ferrite would
nucleate at the a/y boundaries and extend into
the untransformed austenite grain interiors
(Fig. 2(f)). Subsequently, the acicular ferrite
(aae) would nucleate on the inclusion. If there
are no potent inclusions, bainitic (ap) ferrite
might form instead of acicular ferrite from the
remaining austenite. On further cooling to tem-
peratures close to room temperature, any remaining
austenite might completely or partially transform
to martensite. This mixture of martensite-
austenite phases is referred to as M-A constituent.
Figure 2(g) depicts a typical weld microstructure
having all the above mentioned phases.

Farrar et al.'® reported a critical review on
the influence of cooling rate ATs/s on the volume
fraction of acicular ferrite phase in carbon-
manganese weld metals. The authors opined
that the weld metal tensile strength and toughness
would improve with greater volume fraction of
acicular ferrite due to its fine grains, interlocking
nature and high angle boundaries that could

218

act as obstacles to cleavage crack propagation
19 Tt was reported that the acicular ferrite would
form in the intermediate transformation tem-—
perature range (650 to 500C). The author also
noted that increase in the cooling rate ATgs
would lower the transformation temperature
and increases the volume fraction of the acicular
ferrite. Motohashi et al.'” reported the influence
of heat input on the final microstructure and
the mechanical properties of C-Mn steel welds.
The authors reported that the increase in the
heat input has reduced hardness, yield strength
and the ultimate tensile strength while enhanced
the percentage elongation. The authors opined
that increase in the heat input would decrease
the volume fraction of acicular ferrite phase and
increase the allotriomorphic and Widmanstatten
ferrites leading to the degradation of weld me-
chanical properties. Bhadeshia et al.1® studied
the influence of acicular ferrite on the Charpy
impact toughness of SAW joints. It is reported
that the increase in acicular ferrite phase in
the weld pool would enhance the weld joint
Charpy impact toughness.

1. investigated the influence of

Prasad et a
the SAW process parameters on the mechanical
properties of HSLA steel welds. The weld joints

were prepared at different heat inputs between
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3.0 to 6.3 kJ/mm by varying welding currents
and speeds from 500 to 700 A and from 200 to
300 mm/min, respectively. With the increase in
heat input, the Charpy impact toughness has
reached a peak value and then decreased with
further increase in the heat input. Hashemi et
al.?’ investigated the microstructure and mechanical
properties of fusion zone, HAZ and base metal
regions in SAW of C-Mn steel. The authors
have observed greater hardness in the weld
fusion zone in comparison to the same in the
HAZ. However, the Charpy impact toughness
was the highest in the base metal and the
lowest in the fusion zone. The author attributed
the greater fusion zone hardness to the presence
of bainite and widmanstatten ferrite in the
fusion zone microstructure. The lesser Charpy
impact toughness value of fusion zone was attributed
to the presence of the cast microstructure and
of the allotriomorphic ferrite phases in the

fusion zone microstructure. Hall?V

investigated
the influence of welding speed on the mechanical
properties of ASME SA516 Grade 70 steel SAW
joints. The author has reported that increase
in welding speed has increased the hardness
and Charpy impact toughness values in both
HAZ and weld metal. Increase in welding speed
reduced the grain size in HAZ and fusion zone
and the amount of allotriomorphic ferrite in
the weld microstructure while increased the
proportion of acicular ferrite.

Farhat et al.?? investigated the effect of the
process parameters during SAW of X80 steel.
The welding was performed using single and
two wires at different welding speeds (16.93,
19.69, 25.4, 29.63 and 33.87 mm/s). The authors
have observed that increase in welding speed
has resulted in excellent mechanical properties
within the ranges considered in the experimental
study. The tensile strength was improved and
DBTT (ductile to brittle transition temperature)
for the weld metal was shifted to lower tem-
peratures. Viano et al.?? investigated the influence
of welding speed and the overall heat input on
the weld profile, microstructure and mechanical
properties in two-wire tandem submerged arc

REEH: - A5t 3246 3%, 20144F 61

welds of HSLA steel. Increase in the welding
speed at all heat inputs has produced weld
profiles without any undercuts. Increase in the
heat input has decreased the density of the
inclusion and increased the average inclusion
size. For a given welding speed, increase in heat
input has decreased the acicular ferrite volume
fraction, hardness and the Charpy impact tough-
ness of the weld.

1.24%) studied the influence of

Moeinifar et a
thermal cycles on the microstructure and the
mechanical properties of the coarse grained heat
affected zone (CGHAZ) in X80 microalloyed
steel through simulated weld thermal cycles using
Gleeble apparatus. The martensite-austenite
constituents were observed in the HAZ for all
the specimens along the prior-austenite grain
boundaries. The hardness and toughness of
CGHAZ increased with decrease in prior austenitic
grain size and increase in the cooling rate (ATgs).

Kiran et al.?®

performed a detailed experimen-
tal investigation on the effect of five significant
welding conditions on the weld bead quality in
single-pass two wire tandem submerged arc
welding (SAW-T) process of a typical HSLA
steel. These welding conditions include leading
arc current (Iyg), trailing arc positive current

pulse (I?R), trailing arc negative current pulse
(Itg), trailing arc negative current pulse duration

(trg) and welding speed (v). Figures 3(a-f)
show the effect of SAW-T welding conditions on
the measured weld bead profile. A comparison

Fig. 3 Influence of SAW-T process parameters on
weld bead dimensions®
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of Figs. 3(a) and (b) depict a decrease in the
weld bead dimensions with increase in welding
speed (v) from 10.0 to 14.45 mm/s for a
constant other parameters. Increase in welding
speed reduces the rate of heat input leading to
smaller weld bead dimensions. In contrast,

increase in either trailing wire negative current
pulse (I7x) from 563 to 797 A (Figs. 3(c) and

(d)) or in leading wire current (I g) from 384
to 507 A [(Figs. 3(e) and (f)] for a constant
other parameter results in higher weld bead
dimensions. Increase in trailing wire current
pulses and leading wire current results in higher
rate of heat input and greater weld bead dimensions.

% also observed that the leading and

Kiran et al
trailing arc currents have negative influence
while the trailing wire negative pulse time and
welding speed have positive influence on the
acicular ferrite volume fraction and the weld
mechanical properties. Similar trend of volume
fractions were also observed in some other works
(14, 16, 27, 28). In typical tandem submerged
arc welding of HSLA steel, welding speed from
9.0 to 11.5 mm/s, leading wire current from
530 to 580 A, and trailing wire negative current
from 680 to 910 A are found to be the most
suitable? .

The leading and trailing arcs attract during a
like-polarity condition of the welding current
and repel under unlike polarities, referred to as

. Trailing arc Leading arc
) i ;

Q"QO' (Base plate)

arc interaction. Arc interaction has a significant
influence on the stability of the arc, and there
is a possibility that it can also influence the
leading and trailing arc root dimensions. The
arc root dimensions include the effective front
and rear arc length from its center in the welding
direction as well as the effective transverse
1ength35). This variation in the arc interaction
and root dimensions with the welding condition
can affect the arc energy distribution on the work
plate and subsequently the final weld quality.
Hence, the successful application of the SAW-T
process strongly requires a detailed investigation
of the effect of the welding condition on the arc
interaction, and the leading and trailing arc
root dimensions.

1.°Y made an attempt to determine

Kiran et a
the arc behavior in the SAW-T process for a
wide range of leading and trailing arc welding
conditions. It was observed that the magnitude
of the leading arc center displacement is less
when compared to the trailing arc for same
current values. Next, based on the Biot-Savart
law and the spring model (Fig. 4] the leading and

trailing arc physical models are formulated as

o~ 40 [IT] [12} sinfo ! ) sinfy? |

I M
o275 1)1 bt bt o

} Welding

direction

Fig. 4 Schematic representation of theoretical interaction between leading and trailing arcs
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The estimated arc center displacements were
compared with the corresponding experimental
results at different welding conditions and the
results were found to be in good agreement.

Furthermore, it was observed that the arc root
dimensions increase with the instantaneous
welding current and voltage. Further, at an app-
roximately constant instantaneous current, a
reduction in the arc root dimensions is noted
with the arc interaction. Next it is observed
that the arc interaction has a significant influence
on the droplet transfer direction. The detached
droplet follows the axis of the arc at the time
of detachment irrespective of the direction of

the present arc axis.

2.3 Statistical predictive models

Empirical prediction models based on multiple
regression analysis have become a useful tool
in estimating several weld joint characteristics
as function of welding conditions. Chande proposed
three different relations of electrode melting rate
for DCEP, DCEN and AC single wire SAW processes
as function of welding current, electrode diameter

and electrode extension as follows:

MR, =[0.01037 1]+ [2.2426 %10 * (I*/*' / $*)] - 0.462
MR, =[0.0161781%1]+[2.087 10 * (I*¢' / $>)]— 0.643
MR , . =[0.015231%T]+[1.6882%10°° * (I*¢*' / $>)]- 2.396

(35

where MRgp, MReny and MRac refer to melting
rate (kg/h) during DCEP, DCEN and AC modes,
respectively, I is the welding current (A), ¢ is
the electrode diameter (mm), and [ is the electrode
extension (mm). In egs. (3)-(5), the coefficients

of the resistance heating term (I2¢°/¢%) is
smaller than that of the arc heating term (I)
indicating the former to be less dominant.
Furthermore, the coefficient of the arc heating
term in DCEN is higher than in the case of
DCEP depicting that the electrode melting due
to arc heating is of greater significance in DCEN.
The effect of arc heating on the electrode melting
rate during AC is intermediate between DCEP

REEH: - A5t 3246 3%, 20144F 61

and DCEN. Chandel et al. (32) also performed
similar studies to realize the influence of welding
conditions on the flux consumption rate during
SAW of ASTM A36 mild steel plate of 19 mm
thickness.

Murugan et al.” presented the weld bead
dimensions and dilution as function of welding
conditions in single wire SAW process as follows:

d =2.6107+0.4536%w, —0.2964%v—0.1307 * (*
—0.1242 = w, kY

h=2.6268—-0.1375%V +0.2417*w, —0.3188*y
+0.0969 %V #v+0.1527 %v°

w=37.857-1.933%V +0.775%w, —4.542 %y
—0.8268 * w} (811)

D =43.821+2.358*w, —1.0625%V —1.83V *v

where w, d, h, and D refer to the weld width
(mm), penetration (mm), reinforcement height
(mm) and % dilution, respectively. The terms
V. wr, v and ¥ refer to welding voltage (V), wire
feed rate (mm/s), welding speed (mm/s) and
electrode extension (mm), respectively. Equations
(8), (9) and (11) indicate that the interaction
of the welding conditions also influences the
weld bead dimensions and percent dilution. A
similar study was also reported by Gunraj et
al.? on single wire SAW process of IS 2062
carbon steels and Kim et al.*® in case o f{GMAW
process.

Tusek et al. [11]) developed prediction models
of electrode melting rates as function of welding
conditions in twin-wire SAW process as:

MR, =0.02393*1+3.6093 %107 = (1*¢*' /$*)—0.739
MREN:0.03193*I+3.0984*10’6(sz51/4)2)—0.876 12-13)
Equations (12) and (13) indicate that the melting
of electrodes consumes greater arc energy in
the case of DCEN polarity and thus higher
welding speeds can be used. Tusek et al.’?
also proposed empirical relations to predict the
rate of melting in three-wire SAW process for

both DCEP and DCEN polarity as

MR, =0.0474 *1+4.0168+10°° *(I°£*' /$*)—1.996
MR, =0.0571%1+3.693%10°° *(I*¢* /$*)—1.219
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A comparison of equations (12) to (15) indicates
an increase in both the resistance and the arc
heating with the increase in number of welding
wires for a given welding current.Sharma et al.
(33) estimated the melting rate in twin-wire
SAW process for both DCEN and DCEP with
equal and different wire diameters. Sharma et
al.* also proposed empirical relations for the
estimation of the rate of flux consumption in
twin-wire SAW process. Kiran et al.?® designed
the experiments using central composite rotatable
design to study the influence of leading and
trailing wire process parameters on the weld
quality in SAW-T process. Furthermore, second
order response surface models of the weld bead
dimensions and the weld mechanical properties
as a function of process parameters are developed.

3. Conclusions

A brief review of the experimental studies on
the single wire and multi-wire SAW processes
is the focus of the present paper. The influence
of various process parameters involved in the
SAW processes on the weld bead dimensions,
metallurgical phases and mechanical properties
are discussed. Some of the salient points in
the present review are summarized as below.

* Increase in welding current enhances the
melting rate of the electrode and flux, weld
width, penetration and reinforcement height.
For a given welding current electrode melting
rate and flux melting rate is the highest in
DCEN, followed by AC and DCEP.

Decrease in arc voltage has increased the electrode

melting rate and reinforcement height but
decreased the flux melting rate and the weld
width while showed no effect on the weld
penetration.

For a given current, increase in the electrode
diameter decrease the electrode melting rate,
reinforcement height and weld penetration,
while increase the weld width. On the other
hand, increase in the electrode extension enhance
the electrode melting rate and weld width
with smaller penetration.

222

* The weld width, penetration and reinforcement
height increased inversely with the welding
speed.

* Higher electrode melting rate in the case of
the twin-wire SAW process is observed in
comparison to the single wire SAW process
for a given welding current.

Increase in either trailing wire current or the
leading wire current results in higher weld bead
dimensions in SAW-T process. At smaller
welding current and shorter electrode extension
length, increase in the inclination angle of
the trailing electrode wire has decreased the
weld penetration in SAW-T process.

The final weld microstructure in submerged
arc weldment depend on the cooling rate from
800 to 5007C (ATgss), prior austenite grain size,
distribution of non—metallic inclusions and chemical
composition of the weld. In particular, ATgs
is envisaged to be an effective indicator of the
extent of austenite to ferrite transformation in
HSLA welds. The weld metal tensile strength
and toughness would improve with greater
volume fraction of acicular ferrite due to its
fine grains, interlocking nature and high
angle boundaries that could act as obstacles
to cleavage crack propagation.

With the increase in heat input, the Charpy
impact toughness has reached a peak value
and then decreased with further increase in
the heat input. Increase in welding speed has
increased the hardness and Charpy impact
toughness values in both HAZ and weld metal.

In SAW-T process, the increase in leading wire
current or trailing wire current pulses enhance
allotriomorphic ferrite phase and reduces acicular
ferrite. On the other hand, allotriomorphic
ferrite phase reduces with increase in trailing
wire negative cycle time for a given frequency
or welding speed (v), while acicular ferrite
increases.

The leading and trailing wire currents have
negative influence on the weld strength and
toughness while the trailing wire negative
pulse time and welding speed have positive
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* Arc interaction has a significant influence on
the stability of the arc, and the leading and
trailing arc root dimensions. The physical models 12.
for the prediction of arc center displacement
are developed and validated with the corresponding
experimental values at different welding condi- 13.
tions. Furthermore, significant influence of the
arc interaction on the molten droplet transfer
direction is reported.
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