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ARTICLE INFO ABSTRACT
Keywords: The instantaneous change of polarity during the welding with square waveform alternative
Welding current (AC) creates two distinct but partially overlapping weld-pools. The conventional ellip-
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Weld-pool dimension
Transient temperature
Finite element method

soidal heat source model lacks the versatility to embody the overlapping weld-pools in the nu-
merical simulation. A new overlapping double ellipsoidal heat source model is proposed to
simulate the thermal behaviour of the AC square waveform welding process. The dimensions of
the overlapping heat source are determined first by solving the steady-state heat conduction
equation. The heat source so developed is then used in finite element analysis for the computation
of the transient temperature distribution. The numerical model is validated by comparison with
the experimentally measured thermal cycle. The effect of process parameters, namely welding
current, electrode negative ratio, current frequency, on the thermal behaviour and weld-pool
geometry is analyzed. The interplay between the process parameters and the thermal cycle due
to AC square waveform are the significant findings of the present work, e.g., increase in frequency
stabilizes the arc on the cost of lowering the peak temperature. The computationally affordable
welding heat transfer models, such as the present investigation, pave the way to resolve shop-
floor significant issues such as residual stress and distortion.

1. Introduction

Submerged arc welding (SAW) process, because of the high deposition rates, is the most common arc welding process used in the
pressure vessel and pipeline industry. The heat generation in the SAW occurs due to the arc between the consumable wire electrode and
the workpiece, which is submerged beneath a layer of fusible granular flux. Conventionally, direct current in positive or negative
polarities is used with SAW. The alternating current (AC) is used with one of the electrodes in multi-wire SAW. The use of sine or
triangular AC waveform in single-wire SAW risks the arc extinction at the time of polarity reversal. In recent years, the square AC is
successfully used with single-wire SAW. The AC square waveform power source provides uniform deposition and penetration because
of the instantaneous polarity reversal without extinguishing the arc [1]. The AC power also minimizes the arc blow. The shape of AC
square waveform weld-pool is considerably different from the regular semi-ellipsoidal weld-pool obtained with direct current (DC), as
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shown in Fig. 1. The instantaneous polarity reversal in the square AC produces two partially overlapping but distinct weld-pools. The
final weld cross-section shape depends on the proportion of time in a cycle for which the negative (and positive for the remaining)
currents remain active; vis-a-vis electrode negative (EN ratio), which is the proportion of the time in a cycle the electrode remains
negative.

The weld-pool shape change directly impacts the weld properties; for example, the hardness distribution in the weld cross-section
[2]. The thermal cycle produced by the moving heat source (i.e., welding arc) with a high heat generation rate is the cause of the
metallurgical changes in the weld. Understanding the physical phenomena of the arc is complex because of the complicated mech-
anism that occurs in the arc column, at the arc-electrode interface, and in the molten and solid region of the workpiece. However, the
weld thermal cycles in the body of the workpiece can be simulated by solving the transient heat conduction equation given as follows:

V.(KVT) -‘ng:pC,,%:% (€}
K is thermal conductivity, T is temperature, p is density, C, is specific heat, t is time, and H is enthalpy. The energy from the arc is

represented by a distributive heat source (Q,). Historically, different types of heat sources, such as the point, line, surface, and the

volumetric heat sources have been used in numerical simulation of the fusion welding processes. One of the most versatile heat sources

is given by Goldak et al. [3]. The Goldak’s heat source considers the heat source being double ellipsoidal in shape. The rear and front

halves of the heat source are quadrants of two ellipsoids with different lengths in the welding direction (x-axis), as shown in Fig. 2.
The arc energy is considered distributed in Gaussian fashion. The power density in each quadrant is given as follows:

In the front quadrant
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where, Q, is the arc heat, a, by, by, and c are the dimensions of the ellipsoid, as shown in Fig. 2. f; and f; are the fractions of heat supplied
to the front and rear of the arc.

In the past decade, the Goldak’s model has been modified and adapted for different processes, namely, plasma arc welding [4],
twin-wire welding [5], pulsed arc hybrid welding [6], laser—arc hybrid welding [7], micro electron beam welding [8], TIG-MIG hybrid
welding [9], and cold metal transfer welding [10]. The approach to determine the heat source parameters (a, b, c in Fig. 2) is also
modified from the predetermined values in the Goldak’s model to more realistic approaches, for example, use of static heat transfer
analysis [11], a determination based on actual bead shape [12], and application of partial least square method [13]. Besides, modi-
fications in Goldak’s model are reported for different purposes; for example, reducing the number of parameters [14], welding of
narrow-groove welds [15], and effect of electrode tilt [16].

The effects of the square waveform on weld bead geometry [17] and the chemical composition of weld bead [18] are known over a
decade. In the recent times, several new thermo-mechanical-metallurgical phenomena associated with the square waveform welding
have emerged vis-a-vis ability to weld at higher velocity without compromising the weld penetration [19], the effect on the grain size
and width of the partially melted zone [20], arc stability [21], and improved melting efficiency [22]. A better understanding of the
phenomenon, as mentioned above, necessities the capability of accurate thermal simulation, which in turn requires dedicated efforts
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Fig. 1. Weld-pool shape change with polarity.
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Fig. 2. Goldak’s double ellipsoidal heat source.

towards developing a heat source model. The available literature does not reveal the heat transfer analysis of the AC square waveform
welds produced under different process conditions. This investigation’s main objective is to develop a heat source model that can
further be used in finite element analysis for the AC square waveform process. This work’s specific investigation is to determine the
optimum parameters of heat sources for a candidate material (2.25Cr-1 Mo heat resistant steel) for predicting peak temperature at
different locations in the workpiece. In what follows, the experimental work followed by the development of the heat source model is
given. The model is then validated, and the effect of the various process conditions on the thermal cycle is discussed.

2. Experimentation

A rectangular 2.25 Cr-1 Mo heat resistant steel plate of 20 mm thickness was used as the workpiece material. US-521S wire of 4 mm
diameter was used as the electrode material. The combination of wire and flux materials was chosen based on the AWS classification
AWS A5.23 F9P2-EG-B-3 for AC power source. PF-200 bonded flux with mesh size 10 x 48 was the flux material. The dimension of the
workpiece was 300 mm X 80 mm X 20 mm, and the length of the weld run was 200 mm. The heating and cooling behavior of AC square
SAW affects the temperature profile in the different weld zone like weld metal zone (WM), heat affected zone (HAZ) and base metal
(BM) zone. The position of the thermocouple for temperature measurement was obtained by measuring the width (W), penetration (P),
heat affected zone (HAZ) width and depth from the weld macrograph in the trial experiment. The thermocouples’ position, on the
surface (W7 and W) and inside the workpiece at the longitudinal center plane (D7), are shown in Fig. 3. The numbers inscribed in the
circles in Fig. 3 represent thermocouples’ position in width and depth direction, i.e., number 1’ represents the location in the depth
direction and numbers 2 and 3’ represent the location in the width direction, as specified in Table 3.

R-type (Pt-Pt and 13% Rh) thermocouple wire was used at the locations nearer to the WM zone in both width and depth direction
(W3 and Dj, respectively), and K-type of thermocouple wire was used for the remaining locations. The bead-on-plate welding ex-
periments were conducted to identify the heat source parameters and subsequent validation, using different welding conditions, as
shown in Table 1. The welding speed for all the experiments was set at 30 cm/min. The location of the thermocouples at (W1, W5, and
D;) was not similar for different welds. The locations were independently chosen for each weld such that the tip remains in the HAZ.
The thermal cycles of different welding conditions are shown in Fig. 4. The corresponding locations of the thermocouples are given in
Table 1.
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Fig. 3. Schematic diagram showing the location of the thermocouple.
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Table 1
Thermal cycle measurement conditions and locations.
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Exp. No Process conditions Thermocouple location (x, y, z) Peak Temperature (°C)
F (Hz) EN 1(A) Dy w; W» Dy Wy W>
1 60 0.5 500 100, 0, 5.6 100, 12.93, 1 120, 13.5,1 743.3 522 436.4
2 60 0.5 600 100, 0, 6.96 100, 14.72,1 120, 15.34,1 706.3 884.9 807
3 60 0.75 500 100, 0, 6.0 100, 12.37,1 120, 13,1 660.7 594.6 478.8
4 20 0.5 500 100, 0, 5.8 100, 13.5, 1 120, 14.1, 1 827.8 998.3 861
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Fig. 4. Thermal cycle at different points at (a) I= 500 A, EN ratio=0.5, F=60 Hz, (b) I= 600 A, EN ratio=0.5, F=60 Hz, (c) I= 500 A, EN ratio=0.75,

F=60 Hz and (d) I= 500 A, EN ratio=0.5, F=20 Hz.

+ve cycle

Fig. 5. Overlapping heat sources for AC square welding.
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3. Mathematical formulation
3.1. Heat source model for AC square arc welding

The shape of the penetration profile inspires the shape of the heat source. The double ellipsoidal heat source, because of its
generalization capabilities, is the most used heat sources for welding simulation. The double ellipsoidal heat source is characterized by
the dimensions in lateral, longitudinal (i.e., front, and rear), and depth directions, a, b; b, and c, respectively. The cross-section of the
AC square waveform weld is a composite profile of two individual penetrations because of polarity reversal (Fig. 1). The + ve cycle
produces a deep and narrow weld-pool. The -ve cycle, on the other hand, spreads the arc that leads to a shallow and wider weld-pool.
The + ve and -ve cycles have a time lag of (1/2f) that corresponds to a spatial difference of v/2f. The preliminary investigation
confirmed that the spatial difference and the time lag between the two cycles are too small to impact the thermal cycle. Therefore, two
overlapping heat sources with the same origin are considered, as shown in Fig. 5.

In the moving coordinate ¢ = x — vt, where v is the welding speed, and t is the time elapsed after the arc initiation, the power
density of both heat sources can be expressed as follows:

Power density for the -ve cycle heat source:

H 6\/51?Qp ¢ —1(x—\rr)2/bz 3 »2/ 2 ,3.2/ 2
f . ==L T L 7,3 [a 2 /¢
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where, Qq_y is the power density of the -ve cycle heat source and Q, denotes the arc heat. f; and f; are the fractions of heat supplied to
the front and rear of the arc, whose values are taken as 0.6 and 1.4, respectively, as recommended in the open literature [3]. ¢ is the
flux compensation factor, which signifies the amount of heat available for melting of the plate, excluding the heat used in melting the
flux [11].

Power density for the +ve cycle heat source:
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Fig. 6. Stretching transformation.
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where, Qg p is the power density of the +ve cycle heat source and aj, by, br1, and c; are the dimensions of the double ellipsoidal heat
source in lateral, longitudinal (i.e., front, and rear), and depth directions for the +ve cycle heat source, respectively.
The total power density can be given as

Qg(x,y;Z) :Qg_p(x7y7 Z) + Qg_w(xvyaz) (10)

The expression for arc heat is given as follows:
For the -ve cycle heat source:

Q,=nVIE (1)
For the +ve cycle heat source:

Q=1 —EnvI (12)

where E is the EN ratio, 7 is the arc efficiency, which is considered as 0.95, V is the voltage, and I is the welding current.

3.2. Estimation of dimensions of heat source

The heat source dimensions are obtained from the method suggested by Sharma et al. [11] wherein the peak temperature is
numerically obtained by solving the heat transfer equation in a steady state. The finite difference method is used to obtain the peak
temperature. The dimensions of heat source are varied, and the set that gives the most accurate prediction of peak temperatures for
several points (W3, Wy, and D;) is considered the heat source dimensions. The heat conduction equation (Eq. (1)) is solved for cuboid
geometry, as shown in Fig. 6. The discretization of the geometry leads to a different node in x, y, and z directions, which are designated
as i, j, k, respectively. The nodes in the moving heat source direction (x) are equally spaced. The mesh in the lateral and depth di-
rections are finer in the vicinity of the weld-pool but grows towards the edge and the bottom.

The stretching transformation is used to obtain the mesh in the width direction and depth direction given in Eqgs. (13) and (14),
respectively.

13)

y=(o/ ) [ A2 DB

where w is the bead width, f,, and B are the constants. The value B and y are calculated as B = ﬁi—fi and. y = ,m%
e

In this expression, j™* represents the maximum number of nodes in the width direction. Hence, the expression 1— y becomes i

The stretching transformation along depth direction (z) can be expressed as

(B +1)— (B, — 1B
=d|— 1
¢ [ 14 B+ a4
The thermal conductivity at the interface region is calculated using the following expression.
2
K(T,,T,)= (15)

1 1
(m*m)

where K(T;,T2) is the thermal conductivity at the interface of control volumes. The semi-discretized form of Eq. (1) with central
differencing is used to find the peak temperature. At the instance of the peak temperature, the rate of change of temperature so as the
enthalpy is zero, i.e., H; 7%=0, leads to the equation for the peak temperature (T,) at a given node (i, j, k).

The optimal heat source dimensions are obtained by solving the heat conduction equation through an in-house code in Matlab
2018. The values of by, by, c, by, b1, and c; are obtained by minimizing error in predicting the peak temperatures of three points for
each sample. The domain search method is used wherein the feasible ranges of the heat source parameters are searched by incre-

Table 2
Optimum dimensions of the heat source.
Effect Process Condition -ve cycle heat source dimensions +ve cycle heat source dimensions ~ Flux compensation Mean absolute %
factor Error
F EN I by b, a c b b a; c1 ¢
(Hz) (A)
Frequency 20 0.5 500 15.26 19.31 25.92 1.21 9 10.16 14.89 3.41 0.98 8.03
60 0.5 500 20.41 22.94 22.00 0.90 13.96 15.78 9.83 3.30 0.76 6.81
Current 60 0.5 500 20.41 22.94 22.00 0.90 13.96 15.78 9.83 3.30 0.76 6.81
60 0.5 600 23.20 26.14 27.50 1.21 20.87 25.05 16.00 3.82 0.95 8.77
EN ratio 60 0.5 500 20.41 22.94 22.00 0.90 13.96 15.78 9.83 3.30 0.76 6.81
60 0.75 500 18.08 20.34 12.43 0.64 17.80 19.85 11.03 3.38 0.78 18.18
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mentally changing the parameters’ values and mean absolute % error in peak temperatures of the three points is recorded. The op-
timum dimensions obtained through the domain search and the error in predicting the peak temperatures are given in Table 2. It is
quite evident that the predicted peak temperatures are in good agreement with the experimental peak temperatures for different
welding conditions, except for the 0.75 EN ratio. The higher % error is because of the low peak temperatures obtained from this
condition. The same absolute error results in higher % error because of the smaller reference value.

The change in the heat source dimension in Table 2 is the manifestation of the variation in heat transfer due to change in process
parameters. For example, the arcing and droplet transfer rate increase with an increase in the frequency. Concurrently, around 60 Hz,
arc cone shape starts becoming narrow because of lack of time to expand. As a result, the weld bead’s size and the heat transfer
phenomenon are also affected. The EN ratio represents the fraction of cycle time for which the electrode polarity is negative. It is well
known that the positive electrode in consumable arc welding increases the penetration (melting of the workpiece) because the droplet
emerging form the positive electrode has higher temperatures and thus, they impinge forcefully to the weld-pool [23]. With the same
reason, the negative electrode increases the melting rate on the cost of plate melting. The proportion of plate electrode melting and the
weld-pool size change with a change in the EN ratio. In Table 2, when the frequency of 500A welding current increases from 20hz to
60hz, the flux compensation factor decreases from 0.98 to 0.76. The flux compensation factor signifies the reduction in heat available
for the melting of the plate because of the consumption of heat in melting the submerged arc flux. Higher frequency agitates the molten
flux cavity and increases the flux melting, which eventually reduces the flux compensation factor.

3.3. Transient temperature analysis

In this section, a three-dimensional transient heat transfer model is developed to analyze the AC square SAW’s temperature dis-
tribution using Simufact software. The finite element discretized workpiece, filler, bearing, and clamping material are shown in Fig. 7.
The number of nodes in length, width, and penetration directions are taken as 15, 80, and 40 by 2.5D meshing option available in MSC
Apex software for the workpiece material to achieve the coarse meshing and fine meshing. As the heat-spread in a moving coordinate
system is quasi-static in the welding direction, the analysis is made with 2.5 D meshing. The grid size in the welding direction is larger
than the other two directions. The grid size in welding, width, and depth directions are 20 mm, 1 mm and 0.5 mm, respectively. The
clamp is considered as the cylindrical geometry with length 10 mm and a diameter of 16 mm. The bearing materials are 450 mm, 120
mm, and 10 mm in length, width, and depth directions, respectively.

The thermal properties (i.e., specific heat, and thermal conductivity) of both workpiece and electrode material, except density, are
considered temperature-dependent, as shown in Fig. 8. The arc efficiency that accounts for the heat consumed to melt flux, electrode,
and workpiece material after heat loss due to conduction, convection, and radiation, is taken as 0.95. The ambient temperature of the
plate and workpiece material is considered as 27 °C. The density, latent heat of fusion, and melting point temperature are considered
7750 kg/mm?, 232170 J/kg, and 1511.88 °C, respectively.

Two types of heat loss take place due to convection. The first type is due to the heat loss from the workpiece to the surroundings,
and the second type is due to the heat loss from the contacting surface of the workpiece. The mathematical representation of convective
heat loss and contact heat loss per unit area is given as follows.

q.=h(T —Ty) (18)
gp=a(T, —T) (19)

where h and a are the convective heat transfer coefficient and contact heat transfer coefficient whose values are taken as 20 W/m? °C
and 500 W/m?°C, respectively.
The radiation boundary condition can be expressed as the function of emissivity:

g, =¢ec(T* —Ty) (20)
where the value of emissivity (¢) is considered as 0.6 and Stafen Boltzmann constant (o) is 5.67 x 10~8 W/m?K*. Four clamps are used

to constrain the motion of the workpiece. The torsional stiffness and rotational stiffness for each clamping element are 1000 N/m and
100 Nm/rad, respectively.

Table 3

Comparison of weld-pool attributes and peak temperature.
Exp. Width (mm) Penetration (mm) Peak temperature (° C)
No. Measured Predicted Measured Predicted Measured Predicted

Dy Wi Wa Dy Wy Wy

1 24.15 23.5 4.19 4.43 743.3 522 436.4 870.55 601.07 557.88
2 26.4 25.64 5.88 6.11 706.3 884.9 807 828.03 921.24 869.37
3 22.6 22.06 4.2 4.45 660.7 594.6 478.8 845.84 617.47 580.65
4 24.92 25.8 4.54 4.9 827.8 998.3 861 860.85 1097.22 925.05
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Fig. 7. Finite element discretization of the geometry of the workpiece.
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Fig. 9. Comparison between measured and simulated weld-pool at I=600 A, F=60 Hz, EN ratio= 0.5, s=30 cm/min.
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4. Results and discussion
4.1. Validation of the developed model

The double ellipsoidal heat source dimensions can predict the dimension of the weld-pool. The deviation between the measured
and predicted weld-pool dimensions does not exceed by 1 mm, as shown in Table 3. In addition to that, the percentage prediction error
for both width and depth are also not exceeding 10%.

The predicted peak temperatures are also in agreement with the actual (measured) peak temperatures. The general agreement on
weld penetration and the thermal cycle is shown in Fig. 9a and 9b, respectively. The heat source parameters are genuine representative
of the heat source as the thermal cycles at the surface (W; and W3) and the inner (D;) locations are predicted with reasonably good
accuracy, as shown in Fig. 9b. Fig. 9a shows the comparison between the simulated and actual weld-pool shape. The actual weld shape
is in good agreement with the simulated weld-pool shape. The shape of the heat-affected zone resembles with the predicted isotherms.
The simulated weld profile does not fully capture the convex shape weld metal profile. In the thermal simulation of welds, these effects,
up to some extent, are addressed by considering fine meshing pattern in the weld region [24]. However, the convex shape is primarily
because of the fluid flow effects. Fluid flow inside the weld-pool is related to the surface tension effect, which impacts the temperature
field and changes the weld-pool’s morphological appearance [25]. The action of surface tension force during the fluid flow causes two
effects — surface tension generates a normal on to the free surface of the fluid related to the surface’s curvature. It generates an
additional tangential force through a temperature gradient on the free surface.

4.2. The relation between process conditions and the dimensions of heat source

The relation between optimized heat source dimensions and process condition are shown in Fig. 10. The expansion of the weld-pool
in front and rear direction (b and b;) increases with an increase in the frequency (Fig. 10). This increment is observed for 4 ve and -ve
cycles. The increment is at the cost of a reduction in the weld width (a). The depth direction dimension does not change with change in
the frequency. The spreading of the centre core of the arc is restricted because of the frequent polarity reversal at higher frequencies.
The lower frequency allows + ve and -ve cycles to act for a longer duration, which is a kind of anti-phasing (time lagging) in the twin-
wire welding system that influences the heat transfer pattern and changes the weld microstructure [26].

At higher frequency, the current direction changes more frequently. The arc deflects along the longitudinal direction; in the
welding direction and opposite the welding direction, while the torch moves from starting to the endpoint, as observed earlier [27].
The reversal of current breaks the sheath of charged particles at the anode and cathode surfaces, which improves the stability of the arc
at higher frequencies, as observed in Ref. [28]. The reversal also agitates the weld-pool and thereby reduces the weld porosity at higher
frequency [29]. Higher frequency accelerates the influence of the arc deflection. A quick reversal of the current direction at higher
frequency keeps the peak temperature low (20 and 60 Hz, Table 1), creating a more considerable difference between the arc and the
workpiece temperature. The combined effect of deflection of the arc and the temperature difference helps spread arc in the longi-
tudinal direction.

Interestingly, despite the difference in duration for + ve and -ve cycles at EN =0.75, both the heat sources are equally spread in the
width and longitudinal direction. On the other hand, EN=0.5, i.e., equal active time for + ve and -ve cycles results in a difference in the
size of heat sources in width and longitudinal direction. In a way, the square waveform acts as a combination of two heat sources that
are different in time and space. Such differences impact the arc stability in the processes where multiple heat sources are used [30].
Understanding the arc stability and EN ratio relationship requires separation of current and voltage signals for + ve and-ve cycles that
merits further investigation.

4.3. Parametric effects on thermal cycle

The thermal cycle of the AC square waveform welds is influenced by the heat input (welding current), current frequency, and the
EN ratio, as shown in Fig. 11. The increase in the welding heat causes the rise in peak temperature because of the current increase
(Fig. 11a). The cooling rate at 600 A is around 10.7 °C/sec. An increase in frequency causes a dip in the peak temperature (Fig. 11b).
The change in frequency does not change in the heat input, but changes the heat spread pattern, as discussed earlier. Due to the in-
crease in heat spreading, the peak temperature slightly reduces at a higher frequency. The cooling rate does not alter with a change in
the frequency. The EN ratio increase from 0.5 to 0.75 causes a small dip in the peak temperature and the cooling rate (Fig. 11C). The
increase in the melting rate and the shallow weld-pool without a change in total heat input causes the dip in the peak temperature and
the cooling rates.

The modelling of the welding process based on pure heat transfer analysis is vital to understand the residual stress and distortion
phenomenon. The fluid dynamics-based models provide details of the weld-pool; however, they are too computationally prohibitive to
implement for the complex welding processes or applications like additive manufacturing. Consequently, simpler heat sources like the
uniform heat generation rate are used [31]. Moreover, the interaction between the welding arc and workpiece while using the latest
power sources is highly dynamic. The proposed numerical model demonstrates that the source term in heat transfer modelling is a
trade-off between the physical phenomenon and the computations’ complexity. The outcomes of the research presented here provide
the significance of peak temperature for optimizing the heat source dimension, specifically for the AC square waveform submerged arc
welding process and in general for other welding processes as well. The model can be further developed for predicting the relevant
thermal and mechanical properties of the different geometric configurations of welds like T-Joint, lap joint, and groove welding.
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-ve cycle
+ve cycle

EN=0.5

Fig. 10. Relation between process condition and heat source dimensions (relative dimension on same but not actual scale).
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Fig. 11. Parametric effects on thermal cycle.

The article presents a new heat source model for the heat transfer analysis of the AC square wave welding process. The model is
validated with the experiments. The influence of the welding process condition on the parameters of the heat source is explained. The
following are the conclusions drawn from the current investigation:

1. The weld-pool’s specific geometric features in the AC square waveform welding necessities a dedicated model to represent the heat
source term in the heat transfer analysis. A scheme of two overlapping heat sources, representing the +ve and -ve cycles and those
share the arc energy based on the electrode negativity ratio is presented.

. The complexity arising out of the increased number of heat source parameters is dealt with a two-stage methodology. In the first
stage, a steady-state heat source model is used to find the heat source dimension by inverse modelling the peak temperature. The

heat source dimensions are then used for the transient thermal analysis to predict the thermal cycle and validate the developed

model.
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3. The heat source dimensions are strongly associated with the welding process conditions. The process parameters, such as welding
current, current frequency and electrode negativity ratio, directly impacts the dimensions. The analysis of the interplay between
the dimensions and the process parameters provides insight into the process; for example, the higher frequency stabilizes the arc on
lowering the peak temperature.

4. Unlike the complex fluid dynamics-based model, the pure heat transfer analysis provides limited insight into the weld-pool hap-
penings. However, the computationally affordable heat transfer models provide accurate thermal distribution in the workpiece’s
body. They thereby are useful to resolve shop-floor significant issues such as residual stress and distortion.
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