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Abstract The influence of pulse parameters of pulse current
gas metal arc welding (P-GMAW) on thermal behavior of
weld has been studied considering summarized influence of
pulse parameters defined by a dimensionless factor ϕ=[(Ib/
Ip)f.tb], mean current (Im), and heat input (Ω) duringweld bead
deposition on high-strength low-alloy steel plate using low-
alloy steel filler wire. The thermal behavior of the weld has
been estimated with the help of appropriate expressions. The
validity of those estimations has been confirmed by compar-
ing them with measured values and found that they are well in
agreement to each other with a deviation lying in the range of
7 to 8 %. It is observed that variation in thermal characteristics
of weld is maintaining good correlation with ϕ, Im, and Ω of
the welding process. The thermal characteristics of the weld
are correlated to microstructure.

Keywords P-GMAW . Pulse parameters .Weld pool . HSLA
steel .Weld isotherm, thermal cycle

1 Introduction

Service performance of weld joint is largely dictated by the
properties of weld, which is primarily governed by its chem-
ical composition and microstructure. In this regard, control of
weld characteristics especially becomes imperative in case of
high-strength materials. In this context, it is remembered that
growing demand of using high-strength low-alloy (HSLA)
steel in welded structure often requires a clear understanding
about the properties of weld metal resulting from its transfor-
mation of microstructure primarily depending upon thermal
characteristics governed by the welding parameters [1–4]. The
presence of coarse microstructure in weld is generally consid-
ered as one of the prime causes of its weakening [5]. Thus, to
achieve superior properties of a weld joint, a control over the
coarsening of microstructure of weld may be considered of
great importance. Various techniques are used for this purpose
which is largely known as vibration of solidifying weld pool,
alloying addition as grain refiner in filler metal, control of heat
input and thermal characteristics of weld [5], and lowering of
heat built up in weld pool introducing interruption in its
solidification using pulsed current [6]. The refining of micro-
structure of weld by minor alloying additions in filler wire of
gas metal arc welding (GMAW) has been found significantly
effective to improve the mechanical properties of weld joint.
However, the use of pulsed current GMAW (P-GMAW) pro-
cess has been found [7] to provide more improvement in
mechanical properties of a weld containing grain refiner pri-
marily by further refining its microstructure largely by the
interruption in metal deposition under the pulsed current.

The interruption in metal deposition affecting the solidifi-
cation of weld pool to refine its microstructure largely depends
upon the pulse parameters affecting the thermal characteris-
tics. Thus, a control over the thermal characteristics of the
weld dictated by pulse parameters may have a considerable
influence on microstructure of weld in P-GMAW process.
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But, the selection of welding parameters in P-GMAW process
is relatively more complicated than that found in case of
conventional GMAW process due to involvement of large
number of simultaneously interacting pulse parameters like
peak current (Ip), base current (Ib), peak current duration (tp),
base current duration (tb), and pulse frequency (f). However,
solution to the difficulties of controlling the P-GMAWprocess
has been successfully addressed [5–9] by introducing a sum-
marized influence of pulse parameters defined by a dimen-
sionless factor ϕ=[(Ib/Ip)f.tb] proposed earlier, where tb is

expressed as 1
f −tp
h i

. This hypothetical factor has been de-

rived from the energy balance concept of the process. The role
of ϕ in understanding the effect of mean current (Im), base
current (Ib), pulse current (Ip), pulse time (tp), and pulse
frequency (f) on various characteristics of weld has been
justified in earlier works [6, 10, 11]. But hardly any literature
is readily available about the role of simultaneously interactive
pulse parameters and their functions governing critically the
thermal behavior of weld and weld isotherm, in case of P-
GMAW of HSLA steel. The variation in thermal behavior of
weld and weld isotherm consequently affects microstructure
of the weld dictating the mechanical properties of the weld
joint [12, 13]. Thus, an estimation of thermal characteristics
defined by temperature of weld pool and weld isotherm prior
to carrying out welding may be very much useful in control-
ling the welding process and procedure in order to achieve the
desired quality of weld joint [8, 9, 14].

In view of the above, an effort has been made to
study the effect of pulse parameters on thermal behavior
of weld pool and weld isotherm as a function of ϕ
during deposition of weld bead on HSLA steel plate
using P-GMAW process. The thermal characteristics and
weld isotherm have been estimated with the help of
suitable expressions considering transfer of heat from
two sources as welding arc and super heated metal
droplets. The estimation of these thermal aspects has
been verified with the help of experimentally measured
values and further confirmed by their respective influ-
ence on microstructure of the weld and heat-affected
zone (HAZ). The factor ϕ has been correlated to the
thermal behavior of weld pool and weld isotherm.

2 Thermal characteristics

The heat input (Ω) of the welding process, total heat
transferred to the weld pool (QT), and weld pool tem-
perature (TWP) at different distances from the fusion line
as well as weld isotherm were estimated by using stan-
dard mathematical expressions as reported in various
literatures [15–19].

2.1 Estimation of heat input

The Ω of P-GMAW processes as a function of mean current
(Im), arc voltage (V), and welding speed (S) has been estimated
in consideration of arc efficiency (ηa) of the welding arc as
follows [14, 16, 18].

Ω ¼ ηa � V � Im
S

ð1Þ

The Im of P-GMAW process as a function of pulse param-
eters has been obtained [3, 14] as

Im ¼ Ibtb þ Iptp
� �

tb þ tp
� � ð2Þ

For AWS A5.18: ER 70S-6 grade filler metal under argon
gas shielding, the ηa of P-GMAWprocess has been considered
as 70 % [20].

2.2 Estimation of total heat transferred to the weld pool (QT)

The QT of P-GMAW processes has been estimated [15, 20] as
a function of the arc heat transferred to the weld pool (QAW),
heat transfer by deposition of superheated filler metal droplets
to the weld pool (Qf), and welding speed (S) as follows.

QT ¼ QAW þ Q fð Þ
S

ð3Þ

TheQAW has been estimated using the expressions [15, 20]
as

QAW ¼ V I eff − ψ I effð Þηa ð4Þ

Whereψ and Ieff are the effective melting potential at anode
and effective current (root mean square value of the pulsed
current wave form), respectively. The Ieff is estimated [18, 21]
using the following expression.

I eff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kp:I2p þ 1 − kp

� �
:I2b

h ir
ð5Þ

Where the pulse duty cycle,

kp ¼ tp=tpul ð6Þ

The Qf has been estimated [15, 20] as follows

Q f ¼ Qde mt f ð7Þ
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Where mt is mass of filler wire transferred per pulse
(kg), Qde is heat content per unit mass of the filler wire
(J kg−1) at the time of deposition, and f is pulse fre-
quency (Hz). The modeling part in detail for estimation
of Qf of P-GMAW process has been reported elsewhere
[15, 20].

2.3 Estimation of weld pool temperature (TWP) and weld
isotherm

The TWP of P-GMAW processes has been estimated
considering the temperature rise (Tarc) at the point
(x(ξ), y, z) due to arc heating (Fig. 1) to the weld pool
taking into account it as double ellipsoidal heat source
[22–24] and temperature rise (Tfiller) due to transfer of
heat by superheated droplets of filler metal to the weld
pool (Qf) [17] as follows.

TWP ¼ T arc þ T filler ð8Þ

The temperature rise (Tarc) arising out of arc heating can be
expressed as follows [22, 23].

T arc¼3
ffiffiffi
3

p
:QAW

ρ:c:π
ffiffiffiffi
π

p ∫
t

0

dt
0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

12a t − t0ð Þ þ a2h
� �q

:
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12a t− t0ð Þ þ b2h
� �q :

A
0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

12a t− t0ð Þ þ c2hf
� �q þ B

0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12a t− t0ð Þ þ c2hb
� �q

0
B@

1
CA

2
66666664

3
77777775
þ T0

ð9Þ

Where QAW, ρ, c, a, T0, and ah, bh, chf, chb are the arc heat
transferred to the weld pool, mass density of the base metal,
specific heat of the base metal, thermal diffusivity of the base

metal, initial preheated temperature of groovewall, and the rests
are ellipsoidal heat source parameters (Fig. 1), respectively.

A
0 ¼ r f :exp −

3 x− v:t
0� �2

12a t−t0ð Þ þ c2hf
−

3 a
.
2

� �2
12a t−t0ð Þ þ a2h

−
3d2

12a t−t0ð Þ þ b2h

0
B@

1
CA

ð10Þ

B
0 ¼ rb:exp −

3 x− v:t
0� �2

12a t− t0ð Þ þ c2hb
−

3 a
.
2

� �2
12a t− t0ð Þ þ a2h

−
3d2

12a t− t0ð Þ þ b2h

0
B@

1
CA

ð11Þ

Where rf and rb are the proportion coefficients in front and
behind the heat source, estimated as

r f ¼ 2:chf= chf þ chbð Þ ð12Þ

rb ¼ 2:chb= chf þ chbð Þ ð13Þ

The heat source parameter chf in front of the heat source and
chb behind the arc may be considered as chf=ah and chb=2 chf.

The arc heat transferred to the weld pool, QAW, can be
estimated as

QAW ¼ V :I eff − ψ:I effð Þ:ηa ð14Þ

whereψ is the effective melting potential at anode and ηa is the
arc heat transfer efficiency. The effective current, Ieff, is esti-
mated by considering the root mean square of the pulsed
current wave form as

I eff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kp:I2p þ 1− kp

� �
:I2b

h ir
ð15Þ

where kp is the pulse duty cycle defined as

kp ¼ tp=tpul ð16Þ

Where tpul is the pulse cycle time estimated as

tpul ¼ tp þ tb ð17Þ

Similarly, the temperature rise of weld pool (Tfiller) from
superheated filler metal [17] can be estimated by using the
expressions as follows

T filler ¼ Q f

2:π:k
e−λ:v:ξ:

e−λ:v:R

R1
þ
Xn¼∞

n¼1

e−λ:v:Rn

R1n
þ e−λ:v:R

0
n

R
0
1n

 !" #

ð18ÞFig. 1 Schematic diagram of double ellipsoidal heat source (volumetric
heat source)
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where R1, R1n, and R′1n are estimated as stated below.

R1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ξ2 þ y2 þ z2

q
ð19Þ

R1n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2:n:d− zð Þ2 þ ξ2 þ y2

q
ð20Þ

R
0
1n ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2:n:d þ zð Þ2 þ ξ2 þ y2

q
ð21Þ

The heat transfer to the weld pool by superheated filler
metal per pulse (Hfp) and per unit time (Qf) are expressed as
follows

H fp ¼ Hde:mtp ð22Þ

Q f ¼ Hde:mtp: f ð23Þ

where mtp and f are the mass of the filler wire transferred per
pulse [15] and pulse frequency, respectively.

The weld isotherm has been estimated using the expres-
sions of Eq. 8 and studied as a function of Im, ϕ, and Ω.

3 Experimentation

Bead on plate weld deposition was carried out by considering
Ω, Im, and ϕ as 8.2±0.3, 12.1±0.2, and 13.4±0.5 kJ/cm; 220±
3, 240±2, and 265±4 A; and 0.04, 0.08, 0.15, and 0.25,
respectively, whereas the arc voltage was kept as 28±1 V. A
relatively low arc voltage creates instability in shielding jacket
due to relatively low arc pressure [9]. A comparatively higher
arc voltage of 28±1 V has been considered in the present
investigation in order to maintain a relatively stable arc [8].

3.1 Weld bead deposition

Weld bead deposition using P-GMAwelding was carried out
with the help of 1.2-mm-diameter AWS A5.18: ER 70S filler
wire on 16-mm-thick control rolled micro-alloyed HSLA steel
plate of grade SAILMA-410HI/SA533 with welding power
source ESAB Aristo 2000–LUD 450 UW direct current
(D.C). The bead deposition was performed with the polarity
of direct current electrode positive (DCEP) wherein electrode
is connected to positive and workpiece to negative of the
output of power source. During bead deposition, the plate
was rigidly fixed in a fixture. The weld deposition was carried
out in flat position by a vertically placed welding torch, which
was moving on an automated trolley using different pulse
parameters. For each set of pulse parameters, three weld beads

were deposited. The characteristics of the weld bead are
studied on all three beads in order to minimize the effect of
random fluctuation in power supply. The chemical composi-
tions of the base plate and the filler wire according to the test
certificate and obtained using spark emission optical spectros-
copy are shown in Table 1.

During bead deposition, the stand of distance be-
tween the nozzle and workpiece was maintained within
16–17 mm. Weld deposition was carried out at different
pulse parameters by using commercial pure argon
(99.98 %) as shielding gas at a flow rate of 18 L per
minute. The pulse characteristics such as Ip, Ib, tp, tb,
and f were measured with the help of a transient re-
corder (maximum resolution 1 MHz) fitted with the
electrical circuit of the welding set up. The typical
behavior of pulse wave form captured by the transient
recorder during welding has been shown in Fig. 2.
From pulse wave form, the pulse characteristics are
obtained. The arc voltage and Im were noted on the
pulse characteristics recorded with the help of WMS
4000 software installed in a computer connected to the
circuit of the welding power source. The measured arc
voltage and the mean current Im at varied pulse param-
eters giving rise to different ϕ considered in this work
are presented in Table 2. The estimated Ω, QAW, and Qf

observed at different ϕ of varied pulse parameters have
also been shown in Table 2.

3.2 Measurement of weld thermal behavior

The temperatures of the molten weld pool was measured
during bead deposition by introducing Pt – (Pt-13 Rh) ther-
mocouple from the bottom of the plate in two different loca-
tions at distances of about 40 and 80 mm from the run on
position of weld deposition. It ensures stable weld pool tem-
perature at different depths of 2.5 and 3.5 mm, respectively,
from the weld surface along the weld center line as shown in
Fig. 3a, b. The temperature was measured by computerized
recording with a time interval of 0.01 s through a “Strain
Buster” (decentralized strain/temperature measuring module).
Prior to their use, the thermocouple and “strain buster” were
calibrated using known source of heating within the practical-
ly required range of temperature of the study.

3.3 Studies on microstructure

The microstructure of weld under different pulse parameters
was studied on the specimens collected from the stable part of
weld deposition ensuring true representation of bead charac-
teristics. The transverse section of bead on plate weld deposit
was prepared using standard metallographic technique and
etched with 2 % nital solution to reveal the microstructure.
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The microstructure of weld deposit was studied under optical
microscope.

The measurement of grain size of HAZ adjacent to
fusion line is done with the help of linear intercept
method (ASTM E112) [25]. The measurements were
made on at least 21 randomly selected locations and
the average was found to represent the grain size of
HAZ of a given weld.

4 Results and discussions

Properties of weld joint are primarily governed by the
microstructure of weld and HAZ at a prevailing thermal
exposure. The extent of thermal exposure largely de-
pends upon the nature of metal transfer and thermal

behavior of the weld dictating size and shape of the weld
isotherm and temperature of weld pool. The heat content
of weld pool is largely dictated by its mass per unit
length and temperature. Thus, they affect the weld ther-
mal cycle and phase transformation of any location of
weld joint and control properties of the weld and HAZ.
A highly precise control of all these thermal aspects of
welding can be addressed by using P-GMAW process
regulated by summarized influence of pulse parameters
defined by the factor ϕ because it may facilitates
governing the weld characteristics including its micro-
structure [15, 20]. Accordingly, the nature of variation in
thermal characteristics and weld isotherm as a function
of ϕ, Ω, and Im has been studied, an understanding of
which may be beneficial in using P-GMAW to produce
desired weld quality of preferred microstructure.

4.1 Thermal characteristics of metal transfer

At a given arc voltage of 28±1 V, the typical theoret-
ically estimated thermal behavior of metal transfer as
heat content per unit mass of droplet (Qde) and temper-
ature of droplet at the time of deposition (Tde) at dif-
ferent mean currents (Im) of about 220±3, 240±2, and
265±4 A, where ϕ lying within the range of 0.04 to
0.25 has been shown in panels a and b of Fig. 4,
respectively. It has been observed that the Qde and Tde
reduce with the increase of ϕ at a given Im and vice
versa. This is attributed to the heat gain by the droplet
from energy input at the time of detachment from the
electrode and heat loss by convection and radiation
during its flight from electrode tip to the weld pool.
For a given shielding gas and specific distance between
the electrode and the workpiece, the heat loss during its
flight from the electrode tip to the workpiece primarily
depends upon the temperature of the droplet at the time
of detachment from the electrode tip, surface area of the
droplet, and flight time. An increase in the surface area
of droplet enhances the heat loss whereas increment of
velocity reduces the heat loss and vice versa. The sur-
face area of droplet enhances with an increase of

Table 1 Chemical composition of base and filler materials used in weld bead on plate studies

Materials Grade Chemical composition (wt%)

C Si Mn Cr Cu Nb Ti V Al P S CE

Base plate 16 mm thick (TC) SAILMA-350HI/SA533 0.13 0.3 1.34 0.003 0.037 0.05 0.020 0.042 0.08 0.019 0.015 0.37

Base plate 16 mm thick (SEOS) SAILMA-350HI/SA533 0.12 0.28 1.51 0.04 0.024 0.048 0.02 0.04 0.06 0.016 0.014 0.39

Filler wire 1.2 mm, dia (TC) A5.18: ER 70S 0.1 0.9 1.6 – 0.2 – – – – 0.02 0.02 0.38

TC test certificate, SEOS spark emission optical spectroscopy

Fig. 2 Typical behavior of pulse current GMAwelding at Im=240 A, ϕ=
0.08 as observed in transient recorder
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diameter of the droplet and number of droplets trans-
ferred per pulse and vice versa [20]. The diameter of
droplets has been found to increase with increase of ϕ
at a given Im, and at a given ϕ, it reduces with the
increase of Im whereas, the number of droplets trans-
ferred per pulse reduces with the increase of ϕ at a
given Im or with the reduction of Im at a given ϕ as
shown in Fig. 5a, b. Thus, the surface area of droplets
is governed by relative enhancement of the diameter of
droplets and reduction in number of droplets transferred
per pulse. It has been found that total heat loss de-
creases with the increase of ϕ at a given mean current,
and at a given ϕ, it increases with an increase of mean
current [15, 20]. The heat content of the droplet at the
time of detachment has been found to reduce with an
increase of ϕ at a given Im and at a given ϕ with the
enhancement of Im [15, 20]. Considering all these facts,
the Qde and Tde depend upon the comparative rate of
reduction of the heat content of droplet at the time of
deposition and heat loss of the droplet during its flight
from the electrode tip to the weld pool. Due to these
reasons, the trend of Qde and Tde has been found as
shown in panels a and b of Fig. 4, respectively. Hence,
it can be concluded that the thermal behavior of metal
transfer can be controlled up to a certain extent by
varying ϕ and Im as stated in their empirical correlations
given below.

Qde ¼ 302:71−0:34 Im− 219:66ϕþ 0:46Imϕþ er1 ð24Þ

Tde ¼ 3934−4:26 Im− 2751ϕþ 5:75Imϕþ er2 ð25Þ

Table 2 Pulse parameters and corresponding thermal behavior used in weld bead on plate deposition by P-GMAW process

Arc voltage (V) Heat input
(Ω) (kJ/cm)

Welding speed
(S) (cm/min)

Mean current
(Im) (A)

Ieff (A) ϕ Pulse parameters Thermal behavior

Ip (A) Ib (A) f (Hz) tb (s) tp (s) Qf (J/s) QAW (J/s)

28±1 8.20±0.3 31.7 220±3 278 0.04 388 35 102 3.88 4.03 5,376 1,927

12.1±0.2 21.4 259 0.08 357 67 104 3.87 4.01 4,981 1,835

13.4±0.5 19.3 247 0.15 332 125 107 3.97 3.66 4,725 1,786

234 0.24 295 164 106 4.07 3.51 4,576 1,760

8.20±0.3 34.6 240±2 298 0.04 410 37 123 3.16 3.51 5,765 2,137

12.1±0.2 23.3 288 0.08 377 84 125 2.73 3.55 5,372 2,042

13.4±0.5 21.1 257 0.15 350 121 124 3.47 3.17 5,122 1,989

242 0.25 316 164 126 3.84 3.01 4,989 1,966

8.20±0.3 38.2 265±4 323 0.04 421 47 144 2.38 3.35 6,214 2,400

12.1±0.2 25.8 296 0.08 393 75 142 2.66 3.27 5,811 2,298

13.4±0.5 23.2 275 0.15 360 146 143 2.97 2.98 5,590 2,249

268 0.25 322 190 145 2.55 2.88 5,509 2,234

Fig. 3 a Schematic diagram showing location of thermocouples in bead
on plate deposition. b Schematic diagram showing the depth of placement
of thermocouple (DT) and a typical corresponding macrograph of place-
ment of thermocouple in weld pool
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The thermal behavior of metal transfer being dictated
by ϕ and Im may affect the total heat transfer to weld
pool and its temperature. Thus, the thermal behavior of
weld pool has been studied considering total heat trans-
ferred to the weld pool (QT) and average weld pool
temperature (TWP) under different pulse parameters
(Table 2).

4.2 Thermal characteristics of weld pool

At a given arc voltage of 28±1 V, the influence of ϕ
on estimated QT at different mean currents (Im) of
about 220±3, 240±2, and 265±4 A has been depicted
in Fig. 6. The figure shows that QT reduces with
increment of ϕ at a given Im and enhances with Im
at a given ϕ. The QT is primarily dictated by the arc

heat transferred to weld pool largely depending upon
the effective mean current and heat of filler metal
transferred per unit time, which are having similar
trend of variation with ϕ at a given Im and with Im
at a given ϕ (Table 2). The empirical correlation of QT

with ϕ and Im at a given arc voltage has been worked
out as follows.

QT ¼ 1; 436:45þ 29:19Im− 5; 801:63ϕþ 0:04Imϕþ er3 ð26Þ

At a given arc voltage of 28±1 V, the effect of ϕ on
estimated weld pool temperature (TWP) at a depth of
about 2.1–3.5 mm from its surface and about 3.5 mm
from arc center under different Ω and Im have been
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Fig. 4 At a given arc voltage of 28±1 V, the effect ofϕ on a heat content per unit mass of droplet and b temperature of droplet at the time of deposition at
different Im of 220, 240, and 265 A
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Fig. 5 At a given arc voltage of 28±1 V, the effect of ϕ on a diameter of droplet and b number of droplet transferred per pulse at different Im of 220, 240,
and 265 A
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shown in Fig. 7a–c. It has been observed that at a given
Ω and Im, the TWP reduces significantly with the

increase of ϕ. The TWP enhances with the increase of
Ω at a given Im and ϕ and it also increases appreciably
with the enhancement of Im at a given Ω and ϕ. At a
given Ω and Im, the reduction of TWP with the increase
of ϕ may have primarily happened due to decrease of
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Fig. 6 At a given arc voltage of 28±1 V, the effect of ϕ on total heat
transfer to weld pool at different Im of 220, 240, and 265 A
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Fig. 7 At a given arc voltage of 28±1 V, the effect of ϕ and Ω on weld pool temperature under different mean current of a 220 A; b 240 A; and c 265 A
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Qde and Tde as shown in Fig. 4a and b. The enhance-
ment of TWP with the increase of Ω at a given Im and ϕ

is attributed to increase of total heat transferred to the
weld pool (QT) per unit length. However, the
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Fig. 9 At a given arc voltage of 28±1 V, the effect of ϕ and Ω on weld isotherm at mean current of 220±3 A
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Fig. 10 At a given arc voltage of 28±1 V, the effect of ϕ and Ω on weld isotherm at mean current of 240±2 A
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appreciable increment of TWP with the enhancement of
Im at a given Ω and ϕ has primarily happened due to

increase of number of droplets transferred per pulse
with the increase of Im. This is because the molten
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Fig. 11 At a given arc voltage of 28±1 V, the effect of ϕ and Ω on weld isotherm at mean current of 265±4 A
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Fig. 12 Typical microstructure of
weld deposits showing the effect
of ϕ and Ω at a given Im of 220 A
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Fig. 13 Typical microstructure of
weld deposits showing the effect
of ϕ and Ω at a given Im of 240 A
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Fig. 14 Typical microstructure of
weld deposits showing the effect
of ϕ and Ω at a given Im of 265 A
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metal droplets carry appreciable amount of heat while
getting transferred to weld pool. The empirical correla-
tions of TWP with respect to Ω and ϕ at different Im of
220, 240, and 265 A have been worked out as follows.

TWPð Þ220 A ¼ 1; 868:97þ 32:80Ω−965:55ϕþ 5:84Ωϕþ er4

ð27Þ

TWPð Þ240 A ¼ 2; 038:62þ 32:01Ω−1; 057:02ϕþ 13:94Ωϕþ er5

ð28Þ

TWPð Þ265 A ¼ −2; 217:71þ 32:62Ω−1; 023:02ϕþ 10:12Ωϕþ er6

ð29Þ

The mathematical expression (Eq. 8) used for estima-
tion of weld pool temperature has been verified for
certain cases by comparing the theoretically estimated
values with the experimental measured values. At a
given arc voltage of 28±1 V, a comparison of the
theoretically estimated and measured values of TWP at
depths of about 2.5–3.0 mm from molten pool surface
at different pulse parameters has been shown in Fig. 8.

It has been observed that estimated values of TWP are in
good agreement with their corresponding measured
values with a maximum deviation of about ±7–8 %.
The limitation of the expression is that it is unable to
estimate weld pool temperature correctly close to the arc
center within a radius of 2 mm to avoid significant
influence of arc heating [15].

The QT and TWP as a function of pulse parameters conse-
quently affect the weld isotherm. Thus, it is interesting to
study the effect of pulse parameters on weld isotherm in order
to critically understand, predict, and control the weld pool up
to a maximum extent for its desired performance.

4.3 Weld isotherm

At a given arc voltage of 28±1 V, the effect of ϕ on
weld isotherm at different Im and Ω lying in the range
of 220–265 A and 8.2±0.3 to 13.4±0.5 kJ/cm, respec-
tively, have been shown in Figs. 9, 10, and 11. It is
observed that the width and length of isotherm de-
creases with the increase of ϕ at a given Im and Ω.
This is attributed to the reduction in total heat trans-
ferred to the weld pool with the increase of ϕ. It has
also been observed that the increase of Ω at a given Im
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(a)

Fig. 15 Typical microstructure of HAZ showing the effect of ϕ and Ω at a given Im of 220 A at comparatively a low and b high magnification
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Fig. 15 (continued)
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Fig. 16 Typical microstructure of HAZ showing the effect of ϕ and Ω at a given Im of 240 A at comparatively a low and b high magnification
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and ϕ and the increase of Im at a given Ω and ϕ
enhance the width of the isotherm. This is attributed
to the enhancement of the QT and TWP with the incre-
ment of Ω and Im. It is further observed that increase of
Ω at a given Im and ϕ, which is achieved through the
reduction of welding speed, decreases the length of the
weld pool. This may have primarily happened because
of its ability to cool the molten weld pool to relatively
higher extent due to availability of comparatively more
time at lower welding speed leading to higher Ω. The
size of weld isotherm in welding process may affect the
microstructure of weld and heat-affected zone resulting
into different properties of the weld.

4.4 Microstructure of weld

It is intended to study the effect of welding parameters
on microstructure of weld and HAZ in order to realize
desired properties of weld through proper control of
welding parameters. At a given arc voltage of 28±
1 V, the typical variation in microstructure of weld
deposit with respect to ϕ at different Im of 220±3,
240±2, and 265±4 A has been shown in Figs. 12, 13,

and 14, respectively, where the Ω lies in the range of
8.2±0.3 to 13.4±0.5 kJ/cm. The weld has been found
to consist of dendrite microstructure which is produced
under prevailing positive condition of solidification of
weld pool at a relatively slow cooling favoring dendritic
growth of primary solids. It has been observed that with
the increase of ϕ at a given Im and Ω, the microstruc-
ture of weld becomes relatively finer. This is largely
attributed to decrease of TWP and application of com-
paratively milder weld isotherm with the increase of ϕ
(Figs. 7, 9, 10, and 11) resulting in enhancement of
cooling rate due to increase of conduction and convec-
tion heat losses from the weld pool [5]. The figures
also reveal that at a given ϕ and arc voltage, the
microstructure of weld becomes comparatively coarser
with the increase of Ω irrespective of variation of Im
due to the enhancement of TWP. The enhancement of
TWP gives rise to development of coarser microstructure
due to reduction in the conduction within the weld
pool. The figure also shows that at a given ϕ, Ω, and
arc voltage, the increase of Im comparatively coarsens
the microstructure of weld due to increase of TWP and
application of relatively stronger weld isotherm. This
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Fig. 16 (continued)
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has again happened because of association of lower
cooling rate with higher TWP and stronger weld
isotherm.

The microstructure of weld deposit at any ϕ, Ω, and
Im have been found to have dendrites consisting of dark
pearlite with pro-eutectoid ferrite at the boundary. How-
ever, at a given Im and Ω, the production of compara-
tively finer microstructure of weld deposit with the
increase of ϕ may have caused an enhancement of the
area of dendrite boundary resulting into larger amount
of pro-eutectoid ferrite in the matrix. This has happened
due to association of relatively larger area of dendrite
boundary with finer microstructure.

4.5 Microstructure of heat-affected zone

The variation in microstructure of HAZ, such as grain
coarsening adjacent to fusion line and width of HAZ,
with respect to welding parameters has been studied. In
case of weld deposition at a given arc voltage of 28±
1 V, the typical variation in microstructure of HAZ
adjacent to fusion line with respect to varied ϕ and Ω
at different Im of 220±3, 240±2, and 265±4 A has
been shown in Figs. 15, 16, and 17, respectively, at

relatively low and high magnifications. The Figs. 15,
16, and 17 qualitatively reveal the extent of variation of
grain coarsening in HAZ adjacent to fusion line with
respect to welding parameters. The figures also depict
that the width of grain coarsening adjacent to the fusion
line changes considerably with the change in ϕ, Ω, and
Im. It has been found that the microstructure close to
fusion line primarily consists of bainite and acicular
ferrite as confirmed by their morphology and matrix
hardness lying in the range of 219 and 338 VHN,
respectively.

The figures also show that at a given Ω, the mi-
crostructure of HAZ adjacent to the fusion line be-
comes comparatively finer with the increase of ϕ
irrespective of variation of Im. This might have hap-
pened because the increase of ϕ reduces the heat
transfer to the weld pool as well as the size of weld
isotherm and thus enhances the cooling rate of HAZ.
The figure further reveals that at a given ϕ and Im, the
increase of Ω relatively coarsens the microstructure of
HAZ adjacent to the fusion line. This has been pri-
marily happened because a higher Ω enhances the QT

and results in application of stronger weld isotherm,
which may increase the temperature of HAZ and
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Fig. 17 Typical microstructure of HAZ showing the effect of ϕ and Ω at a given Im of 265 A at comparatively a low and b high magnification
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reduce the cooling rate resulting in development of
comparatively coarser microstructure. In addition to
this, it is also observed that at a given ϕ and Ω, the
increase of Im comparatively coarsens the microstruc-
ture of HAZ adjacent to the fusion line because a
higher Im enhances the temperature of the droplets
transferred to the weld pool finally attributing to in-
crease of temperature of the HAZ. The microstructure
close to fusion line primarily consists of bainite within
the prior austenite grains having grain boundary fer-
rite. The amount of grain boundary ferrite has been
found to reduce with the enhancement of ϕ as the
microstructure becomes relatively finer.

The change in characteristics of HAZ has been stud-
ied by measuring the width of HAZ and grain coars-
ening adjacent to fusion line. At a given arc voltage of
28±1 V, the variation of measured width of HAZ
adjacent to the fusion line with respect to ϕ, at differ-
ent Im of 220±3, 240±2, and 265±4 A, has been
shown in Fig. 18a–c, respectively, where the Ω has
been varied within 8.2±0.3 to 13.4±0.5 kJ/cm. The
figures show that at a given Ω and Im, the width of

HAZ decreases with the increase of ϕ. It has been
further observed that at a given ϕ and Im, the increase
in Ω, and at a given ϕ and Ω, the increase in Im,
enhance the width of HAZ. Such a variation in the
width of HAZ with change of ϕ, Ω, and Im might have
happened largely due to the variation in QT and weld
isotherm resulting in change of temperature of HAZ.
The empirical correlations of width of HAZ with Ω
and ϕ at different Im are as follows.

WHAZð Þ220 ¼ 1; 679:185þ 47:657Ω − 616:063ϕ− 17:309Ωϕþ er7

ð30Þ

WHAZð Þ240 ¼ 1; 701:182þ 54:652Ω− 288:217ϕ− 44:146Ωϕþ er8

ð31Þ

WHAZð Þ265 ¼ 1; 849:573þ 53:921Ω− 93:995ϕ−63:959Ωϕþ er9

ð32Þ
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Fig. 17 (continued)
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At a given arc voltage of 28±1 V, the variation of
measured average grain size of HAZ adjacent to fu-
sion line lying within the range of 0.3−1 mm with
respect to ϕ at different Im of 220±3, 240±2, and 265
±4 A, under varying Ω of 8.2±0.3 to 13.4±0.5 kJ/cm,
has been shown in Fig. 19a–c, respectively. The fig-
ures illustrate that at a given Ω and Im, the grain size
of HAZ adjacent to fusion line decreases with the
increase of ϕ. The figures also depict that at a given
ϕ and Im, the increase in Ω, and at a given ϕ and Ω,
the increase in Im, considerably enhance the grain size
of HAZ. The variation in grain size with the change
in ϕ, Ω, and Im is attributed to the changes in QT,
cooling rate of HAZ, and application of weld iso-
therm. The variation in microstructure of weld and
HAZ with respect to pulse parameters significantly
affects their properties as it is noted during studies
on their hardness.

4.6 Hardness of weld and heat-affected zone

The effect of variation in ϕ, Ω, and Im on hardness of
weld pool (HWP) as well as coarse grain region of
HAZ (HCGHAZ) near fusion line lying within the range
of 0.7–0.8 mm is shown in Figs. 20 and 21, respec-
tively. The figures reveal that the hardness of the weld
pool at any ϕ, Ω, and Im is relatively more than that of
the base metal (178±6 VHN), which might have large-
ly happened due to change in the microstructure and
chemical composition of the weld pool. The variation
in microstructure of weld might have taken place due
to change of its chemical composition owing to dilu-
tion of weld deposit by the fusion of base metal and
variation in rate of solidification primarily governed by
the rate of cooling as a function of the geometry of
base plate fusion and amount of weld deposit with its
extent of super heating at different pulse parameters. It
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Fig. 18 At a given arc voltage of 28±1 V, the effect of ϕ and Ω on width of HAZ under different mean current of a 220 A; b 240 A; and c 265 A
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is also observed that hardness of the HAZ at any ϕ, Ω,
and Im is comparatively more than that of the base
metal (178±6 VHN) as well as weld pool. This has
been primarily happened because of re-crystallization
and changes in phases which are the function of chem-
ical composition and cooling rate depending upon QT

and TWP governed by the welding parameters [9]. This
has primarily happened as a result of a combined
influence of re-crystallization and phase transformation
in HAZ primarily dictated by its thermal cycle depend-
ing upon QT and TWP as a function of the welding
parameters [9]. The figures further show that at a given
Im and Ω, the hardness of weld pool as well as HAZ
increases significantly with the increase of ϕ. The
increase of hardness of weld pool with the enhance-
ment of ϕ may be primarily attributed to reduction of

QT and enhancement of cooling rate resulting in pro-
duction of comparatively harder phases and finer mi-
crostructure. This is primarily realized from the matrix
morphology and its hardness, which is well in agree-
ment to the earlier observation on HSLA steel [26],
wherein it was found that there is formation of rela-
tively harder phases in the weld, the extent of which
depends upon carbon content and cooling rate. The
formation of such phase is further enhanced by favor-
able heat sink provided by the base metal. While the
increase of hardness of HAZ with the enhancement of
ϕ may be governed by relatively lower temperature of
HAZ because of lower QT and relatively higher carbon
content of base metal with production of relatively
finer microstructure due to enhanced cooling rate as
shown by lower average grain size adjacent to the
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Fig. 19 At a given arc voltage of 28±1 V, the effect of ϕ and Ω on average grain size of HAZ near to fusion line within the range of 0.3–1 mm under
different mean current of a 220 A; b 240 A; and c 265 A
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fusion line of HAZ (Fig. 19). Accordingly, the micro-
structure of the HAZ may contain some amount of
martensite leading to comparatively higher hardness
[26]. The figure further depicts that at a given ϕ and
Im, the increase of Ω, and at a given ϕ and Ω, the
increase of Im, decrease the hardness of weld pool as
well as HAZ. The reduction in hardness of weld pool
and HAZ with the increase of Ω and Im may be largely
attributed to the production of relatively coarser micro-
structure of weld pool and HAZ, respectively, as shown
by the average grain size of HAZ. This has occurred
due to relatively lower heat transfer to the weld pool
and application of weaker weld isotherm giving rise to
lower cooling rate with enhancement of Im, or Ω,
keeping other pulse parameters same. The changes in
heat transfer to weld pool also affect the peak temper-
ature of HAZ affecting accordingly its cooling rate.

The empirical correlations of hardness of weld pool
and HAZ with respect to ϕ and Ω at different Im have
been worked out as follows.

HWPð Þ220 ¼ 316:692− 8:399Ω þ 71:454ϕþ 13:476Ωϕþ er10

ð33Þ

HWPð Þ240 ¼ 274:504− 5:478Ω þ 192:265ϕþ 0:831Ωϕþ er11

ð34Þ

HWPð Þ265 ¼ 250:760− 4:682Ω þ 212:359ϕþ 0:912Ωϕþ er12

ð35Þ
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Fig. 20 At a given arc voltage of 28±1 V, the effect of ϕ andΩ on hardness of weld pool under different mean current of a 220 A; b 240 A; and c 265 A
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HCGHAZð Þ220 ¼ 445:221− 16:528Ω−101:848ϕþ 26:749Ωϕþ er13

ð36Þ

HCGHAZð Þ240 ¼ 399:808− 13:555Ω þ 84:068ϕþ 8:349Ωϕþ er14

ð37Þ

HCGHAZð Þ265 ¼ 371:767− 12:101Ω þ 143:424ϕþ 1:358Ωϕþ er15

ð38Þ

The last terms of er in Eqs. 24–38 are the experimental
error.

5 Conclusions

The effect of summarized influence of pulse parameters, de-
fined by a dimensionless factorϕ, on thermal characteristics of

weld using bead on plate weld deposition of HSLA steel at
varied pulse parameters of P-GMAWprocess has been studied
with some interesting observations which may be primarily
concluded as follows.

1. At a given heat input Ω, the heat transferred to the weld
pool (QT) and weld isotherm significantly vary with a
change in the factor ϕ and mean current Im due to its
appreciable influence on varying mass, velocity, and heat
content of the droplet at the time of deposition.

2. The analytically estimated weld pool temperature
(TWP) of the P-GMA weld deposit of HSLA steel
lies well within a range of 7 to 8 % variation from
the measured value.

3. The microstructures of the weld and HAZ are significant-
ly administered by the factor ϕ and Im, and it affects their
properties. A relatively higher value of ϕ and compara-
tively lower values of Im and Ω as well as application of
milder weld isotherm result into comparatively finer mi-
crostructure and hardness of the weld and HAZ.
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Fig. 21 At a given arc voltage of 28±1 V, the effect of ϕ andΩ on hardness of CGHAZ under different mean current of a 220 A; b 240 A; and c 265 A
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