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Abstract: The micro plasma arc welding process is asso-
ciated with different physical phenomena simultaneously. This
results in complexities to comprehend the actual mechanism
involved during the process. Therefore, a robust numerical
model that can compute the weld pool shape, temperature

distribution, and thermal history needs to be addressed.
Unlike, other arc welding processes, the micro plasma arc
welding process utilizes thin sheets of thickness between 0.5
and 2mm. However, joining thin sheets using a high-density
arc welding process quickens the welding defects such as burn-
through, thermal stresses, and welding-induced distortions.
The incorporation of a surface heat source model for computa-
tional modeling of the high energy density welding process
impedes heat transfer analysis. In that respect, researchers
have developed numerous volumetric heat source models to
examine the welding process holistically. Although, selecting
volumetric heat source models for miniature welding is a
significant task. The present work emphasis developing a rig-
orous yet efficientmodel to evaluateweld pool shape, tempera-
ture distribution, and thermal history of plasma arc welded
Ti6Al4V sheets. The computational modeling is performed
using a commercially available COMSOL Multiphysics 5.4
package with a finite element approach. Two different pro-
minent thermal models, namely, Parabolic Gaussian and
Conical power energy distribution models are used. A com-
parative analysis is carried out to determine themost suitable
heat source model for evaluating temperature distribution,
peak temperature, and thermal history. The analysis is
done by juxtaposing the simulated half-cross-section weld
macrographs with the published experimental results from
independent literature. The numerical results showed that
the proximity of top bead width magnitude was obtained
using the Parabolic Gaussian heat source model for low heat
input magnitude of 47.52 and high heat input magnitude of
65.47 J·mm−1, respectively. In terms of percentage error, themax-
imum top bead width percentage error for the Parabolic heat
source model is 13.26%. However, the maximum top bead width
percentage error for the Conical heat source model is 18.36%.
Likewise, the maximum bottom bead width percentage error
for the Parabolic heat source model and the Conical heat source
model is 12.3 and 25.8%, respectively. Overall, it was observed
that the Parabolic heat source model produces the least
deviating outcomes when compared with the Conical distribu-
tion. It was assessed that the Parabolic Gaussian heat source
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model can be a viable heat source model for numerically eval-
uating micro-plasma arc welded Ti6Al4V alloy of thin sheets.

Keywords: micro-plasma arc welding, finite element ana-
lysis, heat source model, thermal analysis, weld macro-
graph, thermal history

1 Introduction

The multifarious application of fabrication operation and
reducing the weight of the component is a key challenge in
the aviation and structure steel industry. Reduced component
weight significantly decreases material cost and increases
efficiency. Over the years, researchers have investigated
numerous welding techniques to determine the most appro-
priate method for welding thin sheets. Amongst them, plasma
arc welding gained immense popularity due to its cost-effec-
tiveness and minimum heat-affected zone (HAZ). The intense
and unregulated heat produced by traditional arc welding
techniques like tungsten inert gas (TIG) welding and metal
inert gas welding leads to weld flaws such as thermal distor-
tion, cracks, burn-through, and variations in the weld joint [1].
This void has been filled using laser and electron beam
welding processes which induce minimumwelding distortion
and produces superior seam quality with highly efficient
weld joining [2]. Hwever, its exorbitant component cost limits
its application to very few industries (Figure 1).

Micro-plasma arc welding on the other hand due to
its cost effectiveness and controlled arc heat input has
attracted several manufacturing industries. The applica-
tion of plasma arc welding ranges from deep penetrated
components to shallow penetrated components such as
space ship [3], aviation [4], structural steel [5], and other
joining and assembly industries. A multitude of variables
that includes joint design, power source, shielding gas,
plasma gas, and post-processing cleaning procedure affect

the overall weld integrity joined by the micro-plasma arc
welding technique. In that regard, it is highly important to
comprehend the process parameters and attributes that
influence joint quality.

Zhang et al. [6] utilized pulsed current to understand
the dynamic variation of arc light radiation. Szustaa et al.
[7] experimented to investigate the mechanical properties
of Titanium Grade 5 plates and determined the monotonic
strength. The mechanical characteristics, microstructure, dis-
tortion, and weld formation of thin SS304L sheets processed
by TIG and micro-plasma arc welding techniques were inves-
tigated by Batool et al. [8]. Prasad et al. [9] used austenitic
stainless steel of varying grades to determine the weld char-
acteristics. Prasad et al. [10] determined the weld character-
istics of Inconel 625 by using pulsed current mode and con-
tinuous current mode. Dhinakaran et al. [11] used plasma arc
welding to examine the influence of welding current and
speed on thin Ti6Al4V sheets. Likewise, using solid-state
welding, TIG welding, and activated TIG welding, several
investigations were carried out to understand the influence
of different process parameters on microstructure and
mechanical properties of different base metals [12–15].

Numerous trial and error combinations were tried to
determine the most optimal process parameter combination.
However, performing experimental trials is quite compli-
cated, time-consuming, and expensive. Therefore, researchers
used numerical modeling to understand the welding phe-
nomenon holistically. Right after the availability of electrical
power, arc welding was widely used in the 1800s. Although,
extensive research in welding stimulated in the 1940s.
Another significant development was Fourier’s law of heat
movement. Meanwhile, one of the much-admired analytical
methods developed by Rosenthal [16] and Rykalin [17] used
Fourier’s heat flow theory to move the heat source. However,
Rosenthal’s model assumed the heat source to be a point or
line. To account for the distribution of heat source, Pavelic
et al. [18] developed an improvised model which can account
for the temperature distribution around theweldment. Mean-
while, to incorporate the arc’s digging action, Paley and Hib-
bert [19] and Westby [20] put forth a significant effort and
used power density distribution in constant mode. A “double-
ellipsoid” heat source model with a 3-dimensional configura-
tion was suggested [21]. It was more flexible and realistic. The
model was a special case of earlier developed models.

Likewise, to comprehend the mechanism of the plasma
arc welding process, several extensive works were put
forth. Hsu and Rubinsky [22] created a numerical model
to comprehend the thermal and fluid flow during welding.
Fan and Kovacevic [23] used the volume of fluid (VOF)
approach for the 2-dimensional plasma arc welding process.
Zhang et al. [24] analyzed the heat transmission and fluidFigure 1: Schematic diagram of plasma arc welding process.
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flow phenomenon using a 3-dimensional VOF approach. Sun
et al. [25] built a model employing a controlled pulsed keyhole
procedure to investigate the periodic variations in different
components. In addition to keyhole-tracking techniques,
researchers created other heat sourcemodels that were equally
capable of predicting the form of the weld pool. Goldak et al.
[26] incorporated a double-ellipsoidal heat sourcemodel to fore-
cast the weld profile for different arc welding procedures.

To determine the transient heat flow during the arc
welding process, an egg-shaped heat source model was
developed [27]. An analytical model was suggested to com-
prehend the influence of tilt angle on the temperature
profile of the gas metal arc weldments. The models, how-
ever, are only appropriate for low-density welding pro-
cesses [28]. Therefore, Wu et al. [29] established a modified
model to understand the heat density distribution along
the workpiece thickness.

Similarly, a few coupled thermal models were devel-
oped to comprehend the temperature distribution along
the thickness.

Baruah and Bag [30] explored the impact of welding
current and speed on Ti6Al4V sheets. The author discov-
ered a workable range of welding speed and welding cur-
rent for producing high-quality welds. Following that, a
three-dimensional FE-based model was used to compare
the calculated result with the experimental one and demon-
strated the effectiveness of the proposed model. Baruah and
Bag [31] investigated the influence of different process vari-
ables on the strength, shape, and strain of two widely used
materials. In addition, a three-dimensional computational
model has been developed to estimate temperature profiles
and residual stresses. Dhinakaran et al. [32] created an ana-
lytical model to assess temperature evolution during the
micro-plasma arc joining method. The results provided a
trustworthy alternative for determining temperature distri-
bution, weld profiles, and predicting thermal stresses.
Similarly, a novel heat source model was developed by Dhi-
nakaran et al. to forecast the micro-plasma arc weld profiles
[33]. The experiments were carried out at different heat
inputs and the estimated results were compared with the
computed values. Overall, the correlation between experi-
mental and numerical results was well established.

In brief, previous numerical models were utilized to
analyze and comprehend the plasma arc welding process
for the keyhole mode of operation concerning parameters
and materials. However, no precise numerical model for
the micro-welding process has been devised. The develop-
ment of a unique phenomenological numerical model for
the micro-plasma arc welding process is indeed a prior
necessity. The model should be capable enough to perform
simulations under variable welding conditions and using

different kinds of base materials. The present work describes
the development of a rigorous numerical model that embodies
multiple physical phenomena during the micro-plasma arc
welding process to calculate the results precisely. Therefore,
two important heat source models are used to make a compar-
ison and establish a robust numerical model. The methodology
employed in the present model is the result of research and
refinement for several years. This computational model will
enable problems like time frame to be solved in actual welding.

2 Computational model

The development of the computational domain is the most
crucial step in the process of modeling. Therefore, choosing
the most appropriate model to calculate temperature distri-
bution, weld macrographs, thermal gradient, and thermal
history becomes imperative.

2.1 Conical heat source model

To incorporate the real-time welding process, a 3-dimen-
sional volumetric heat source model with conical shape
has been adopted to consider the high-density arc welding
process. The Conical heat source model is depicted in
Figure 2. The model imparts maximum heat flux at the
top of the welding plate and the heat intensity depletes
linearly toward the bottom of the plate.

The factor “r0” represents the distribution parameter.
It controls the heat intensity around the plate thickness.
The energy distribution at any plane normal to the Z-axis
direction is represented as
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where H denotes the total height of the Conical heat source
model and it is equivalent to ( )−z z

e i
. Here top and bottom
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surfaces are denoted by z
e
and z

i
, respectively. η represents

the absorption coefficient,Uand I represent the speed and
current of the joining procedure, respectively. The detailed
equation and derivation of the Conical heat source model
can be referred to from previous literature [34].

2.2 Parabolic Gaussian heat source model

In previous work, the energy distribution of the heat
source model was estimated as linearly or logarithmically
distributed. However, recent exploration revealed that the
fusion lines are parabolic in shape [33]. And, this resulted
in the generation of the Parabolic Gaussian heat source
model (Figure 3).

The energy distribution at the upper surface of the
specimen can be denoted as
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The overall Parabolic Gaussian energy distribution can
be expressed as
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where “H” represents the height of the Parabolic Gaussian
energy distribution, H can further be represented as H =

−z z
e i

, where z
e
and z

i
represent the top and bottom sur-

faces at the z-coordinates, respectively. Similarly, r
i
and r

e

represent the bottom and upper radii of the energy distri-
bution. The terms η, e, U , and I represent the efficiency,
mathematical (exponential) constant, welding speed, and
welding current, respectively.

2.3 Thermal model

To simplify the development of the heat source model cer-
tain assumptions are considered:
• The heat source is traveling at a constant pace.
• The starting temperature of the workpiece is considered
as 300 K.

• The material attributes such as thermal conductivity,
specific heat capacity, and density with respect to tem-
perature variables are considered.

• The convection and radiation heat losses from the spe-
cimen are considered.

In fusion welding, the law of conservation of energy is
solved. The molten pool in the present situation is non-
Newtonian, incompressible, and laminar in nature. To
compute the transient temperature using a three-dimen-
sional heat conduction equation along the x-direction, the
following equation is implemented:
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where ρ, c
ρ
, and K represent the density ( ⋅ −

kg m

3), specific
heat ( ⋅ ⋅− −

J kg K

1 1), and thermal conductivity ( ⋅ ⋅− −
W m K

1 1)

Figure 2: Gaussian distributed Conical heat source model.

Figure 3: Parabolic Gaussian heat distribution model.
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of the material. Q
V

signifies the internal heat generation
rate, and v is the heat source velocity moving along the
workpiece center ( ⋅mm s

−1).
During melting and solidification, the heat diffusion

in the domain can be calculated by an enthalpy-based
equation.

=δH ρc δT .
p

(8)

Change in enthalpy can be represented as “δH .”
After incorporating the enthalpy term, the heat con-

duction equation can be rewritten as
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where the Q
V

represents the volumetric heat source in the
numerical model.

A three-dimensional Cartesian coordinate system is
used for the computational modeling. Since, the model is
symmetrical at the center, only half of the domain is con-
sidered to reduce the complexity and save time. The
boundary constraints are schematically represented in
Figure 4. The elaborate discussion is as follows:

The top surface of the welding plate is considered flat
and the arc penetrates through it. The numerical model
incorporated welding phenomenon such as heating,
melting, and cooling down of the surface. The following
equation represents the initial condition and boundary
constraints around the specimen and the surrounding.
The ambient temperature is incorporated into the compu-
tational domain prior to welding simulation. It can be
expressed as follows:

( ) =T x y z T, , , 0 .
0

(10)

The radiation and convective heat losses are calculated
using Newton’s law of cooling and the Stefan–Boltzmann
constant. It can be expressed as follows:

( ) ( )− + − − − =k
δT

δn
q εσ T T h T T 0,

0

4 4

0

(11)

where “k” represents the thermal conductivity, “q” depicts
the heat flow from the source at the domain’s top, “h”
represents the heat transfer coefficient, “ε” represents
the emissivity, the third term represents the radiation
heat losses and the fourth term represents the convective
heat losses [27,35].

Due to full penetration of the work piece, convective
heat transmission along with heat transfer coefficient

Figure 4: Solution domain and boundary conditions.

Figure 5: (a) Computational domain used in the numerical modeling, (b) meshing of the computational domain, and (c) zoomed view of the meshed
domain.
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is incorporated in the process modeling. Along the symme-
trical plane, the heat flux is considered as zero. The
ambient temperature, i.e., 300 K and the welding speed is
set as zero.

3 Methodology

The heat transfer module of commercially available finite
element (FE)-based COMSOL Multiphysics 5.4 [36] is used to
compute the temperature distribution, weld macrograph
and thermal history. The computational domain is symme-
trical in shape, therefore, only half of the domain is con-
sidered to reduce the complexity and time. The dimension of
the domain is 100mm × 50mm × 0.5mm in X-, Y-, and Z-direc-
tions. Figure 5(a) depicts computational domain, Figure 5(b)
depicts the meshed view of the computational domain and
Figure 5(c) depicts the zoomed view of the domain. The com-
plexity of the domain prevents the computational solver to
solve the partial differential equation when employed to the

Table 1: Mesh element statistics

Element type Number of elements

Prism 3,126
Triangular 6,252
Quads 380
Edge element 764
Vertex 8

Figure 6: Overall flow diagram for performing numerical modeling.
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entire domain. To overcome that the whole computational
domain is discretized and non-uniform mesh is incorporated.
The allotted mesh type and number of elements are presented
in Table 1. The element size is increased gradually along the
Y- and Z-axes. This technique helps in saving computational
time since the conduction mode of heat transfer is prevalent
away from the melt pool region only. However, fine mesh is
provided along the path of arc movement where actual weld
pool formation takes place and coarser mesh is assigned away
from the weld pool region, due to less heat dissipation. To per-
form the simulation a desktop computer with 3.5 GHz Intel
Processor with a memory capacity of 1 TB and RAM of 8GB is
used for the execution of the simulation. The time step of 0.1 s
was used for each iteration. The overall strategy to perform the
numerical modeling and incorporation of the heat sourcemodel
in the process model is illustrated in Figure 6, respectively.

3.1 FE discretization

The solution domain can be represented in Figure 5(a), like-
wise, Figure 5(b) and (c) show the discretized solution
domain. A very fine mesh has been generated along the
path of welding and its periphery, since, the temperature
gradient is maximum around those regions. Likewise, the
rest of the computational domain is incorporated with
coarse mesh. The statistics of the meshed domain are
depicted in Table 1.

The heat transfer analysis in COMSOL Multiphysics is
based on the heat balance equation from the principle of
conservation of energy. The FE solution calculates the nodal
temperature and other quantities. The first law of thermo-
dynamics states the conservation of thermal energy, and
when applied to a small control volume, it is expressed
mathematically as follows:

{ } ) { } { }
⎛
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∂
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+ ⎞
⎠ = +ρc
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t
V X T X q Q ,

T T
.

(12)

where { } { }ρ c X V q T t, , , , , , , and Q
.

denote the density of the
material, specific heat capacity, velocity vector, vector operator,
heat flux vector, temperature variable with time, time, and rate
of internal heat generated per unit volume. Following that,
Fourier’s law of heat conduction is employed to establish the
relationship between the heat flux vector and the thermal gra-
dients in the following manner:

{ } { }{ }=q K X T , (13)

where {K} denotes the thermal conductivity matrix. After
substituting equation (13) in equation (12), the modified
equation can be written as follows:
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The complete element in the global Cartesian system is
covered by considering the following three conditions:
• Initial temperature applied on the element can be written
as follows:

=T T
0
, where T

0
represents ambient temperature.

• Heat input over a particular surface can be represented
as follows:

{ } { } = −q n q ,

T ⁎ (15)

where {n} denotes unit normal outward vector and q⁎

depicts the specified heat input.
• According to Newton’s law of cooling, a specified convec-
tion surface acts over surface:

{ } { } ( )= −q n h T T ,

T
f S B

(16)

where T T,
s B

, and h
f
denote the bulk temperature, surface

temperature, and film coefficient.
Multiplying equation (14) with temperature change,

integrating over the volume of the element, and combining
it with equations (15) and (16), the following relationship is
obtained:
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where vol indicates the element volume and δT is the
change in temperature ( ( ))=δT f x y z t, , , .

Here the temperature variable (T) is linked with the
spatial coordinate system and time frame. It can be written
as follows:

[ ]{ }=T N T ,

T
e

(18)

where N depicts the shape function of the element and the
nodal temperature vector of the element. Then, the change
in temperature with respect to time can be represented as
follows:

{ } { }=
∂
∂

=T
T

t
N T .

T
e

.

(19)

The other way of writing δT in the form of T is
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{ } { }=δT δT N .

T
e

(20)

By combining {X}T, we get the following expression:

{ } { }[ ]=X T T B .e (21)

The term can be represented as [ ] [ ]{ }{ }=B X N T .
As nodal quantities { } { } { }T T δT, ,

e

.

e

.
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do not vary over the

element and Q and c differ over the element,
Equation (17) can be rewritten by using equations

(18)–(21) as given below
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Equation (22) can further be modified as follows:
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where the respective terms represent the following:
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heat capacity of an element,
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e

sur

.

mass flux vector of an element,

{ } { } ( ) ( )∫= =Q N h T d surb
e

c

sur

f
convection surface heat

flow vector of an element, and
{ } { } ( )∫= =Q N Qd vol

e

g

vol

heat generation load of an element.

4 Results and discussion

Computational welding mechanics helps evaluate weld
macrographs, thermal cycle, peak temperature, cooling

rate, distortion, and thermal stresses related to the welding
operation. Therefore, numerical modeling is an effective
approach where performing experiments is hazardous,
expensive, and cumbersome. The present investigation
deals with developing a three-dimensional FE-based heat
transmission process model and incorporating two dif-
ferent heat source models.

Choosing a suitable heat source model for any given
welding process is a daunting task. Therefore, the current
effort focuses on identifying the most suitable thermal
model for the micro-plasma arc joining technique. In order
to choose the most suitable heat source model multiple
simulations are performed, using a varied range of welding
speed, welding velocity, and welding voltage. In that respect,
experimental results from an independent source [30] are
compared with the numerically predicted results. Moreover,
weld pool dimensions and time–temperature history are
meticulously analyzed. The chemical composition of Ti6Al4V
plates is given in Table 2. To formulate the numerical model
for the current problem, Ti6Al4V sheets of the same compo-
sition are used. Table 3 illustrates the process parameters
from the literature [30] employed for performing experi-
ments using micro-plasma arc welding. Table 4 shows
the material characteristics with respect to temperature
variables such as density, thermal conductivity, and spe-
cific heat.

The results are discussed in the following broad cate-
gories: initially three-dimensional temperature distribution
and nodal temperature at different time intervals using con-
stant temperature contours are determined. Thereafter, a
comparison between computed weld macrographs using
both the heat source models is established. To further vali-
date the models, the computed weld macrographs are com-
pared to the experimentally determined ones, and thermal
history is computed. Finally, a validation study has been

Table 2: Chemical composition of Ti6Al4V [30]

Components Al Fe O V Remaining

Weight% 6 0.25 0.2 4 Ti

Table 3: Operating parameters [30]

S. No. Welding
voltage (V)

Welding
current (A)

Welding
speed (mm·s−1)

1 25 10 4.2
2 25 10 5.26
3 25 11 4.2
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made to compare and find the percentage deviation from
the experimental values. Based on the research, a viable
heat sourcemodel for the micro-plasma arc welding method
employing thin sheets of Ti6Al4V is selected.

The current model makes use of the Parabolic Gaussian
heat source model [33] and the Conical heat source model
[34]. Prior to welding, the workpiece temperature is 300 K
and no preheating is employed. Furthermore, a specialized
heat source model is taken into consideration that will
reflect the keyhole profile for all welding effects. However,
the geometric profile and size of the weld pool are utilized to
imitate the heat source.

Figure 7 depicts the calculated three-dimensional tran-
sient temperature distribution using #Data set no. 3 corre-
sponding to Table 3 at time range 2.5, 8.5, 14.5, and 20.5 s,
respectively. The movement of the arc results in the solidifi-
cation of the subsequent zone. However, to simplify the
computational work, the kinetics of the solidification is not
considered. The isotherm contour displays the weld domain
and HAZ. Ti6Al4V has a liquidus temperature of approxi-
mately 1,933 K and a solidus temperature of 1,877 K. Likewise,
on the isotherm contour, the temperature range between
1,268 and 1,877 [37] represents the HAZ. Figure 7(a)–(d)
show the temperature progression using a parabolic heat
source model immediately after the welding process begins.
The temperature distribution is in transient nature, often

referred to as the initial transient zone. With the advance-
ment of the welding torch near the middle of the welding
plate, a quasi-stationary condition is achieved. However, the
distribution of temperature is stationary at this point and
steady isotherms can be depicted. The transitory zone is char-
acterized by three different modes of heat transmission: con-
duction, convection, and radiation. Similarly, in the quasi-
steady state, the solution domain is subjected to heat conduc-
tion, applied flux, convection, and radiation heat losses.

It is worth noting that the HAZ is limited to a smaller
region and that the rest of the base metal is not consider-
ably impacted by heat dissipation. The peak temperature
reached by employing a Parabolic Gaussian volumetric
thermal model is around 2,500 K, which is significantly
lower than the vaporization temperature of Ti6Al4V alloy.
Therefore, it can be concluded that conduction is the pre-
vailing heat transmission mode in the plasma arc joining
method of Ti6Al4V alloy sheet. Similarly, the Conical power
density model is used to calculate temperature dispersion.
Figure 7(e)–(h) provide the weld pool shape and graphical
representation of the spatial energy distribution for Data
set no. #3 of Table 4. It is observed that there is a difference
in weld pool shape, i.e., front half and rear half during the
implementation of heat source models and it is due to the
movement of heat source. However, using the Conical
power density thermal model, the model retains more
heat within the weld pool and its periphery. Therefore,
there is slow dissipation of temperature into the solid
region. As a result, the weld pool shape tends to be larger
in size.

It can be clearly depicted from Figure 8 that the tem-
perature gradient and flow pattern around the fusion zone
increases severely. The heat source movement is along the
middle of the two plates and it proceeds longitudinally. The
temperature distribution at each node can be depicted
from the figure and it reflects the region where heat dis-
tribution is severe. The figure shows that the maximum
temperature obtained by the Conical volumetric thermal
model is about 3,850 K which is at the center of the arc
impingement. However, with the incorporation of the
Parabolic power density model, a maximum temperature
of 2,360 K is attained at the middle of the arc impingement.

Figure 9 displays the progression of temperature fluc-
tuation and achievement of peak temperature in the domain
utilizing the micro-plasma arc welding technique for two
distinct heat source models. Regardless of the heat source
models employed, the temperature changes to a maximum
value in a relatively shorter time span of ∼5 s. The high-
density heat inflow from the micro-plasma arc welding
torch caused the temperature over the welding plate to
rise rapidly. However, the peak temperature continued to

Table 4: Temperature-dependent material properties [19]

Temp (( ))K Density
(kg/m3)

Thermal
conductivity
( ⋅⋅ ⋅⋅W m K‒1 ‒1)

Specific
heat
( ⋅⋅ ⋅⋅J kg K‒1 ‒1)

298 4,420 7 546
373 4,406 7.45 562
473 4,395 8.75 584
573 4,381 10.15 606
673 4,366 11.35 629
773 4,350 12.6 651
873 4,336 14.2 673
973 4,324 15.5 694
1,073 4,309 17.8 714
1,173 4,294 20.2 734
1,273 4,282 22.7 643
1,473 4,252 22.9 678
1,573 4,240 23.7 696
1,673 4,225 24.6 714
1,773 4,205 25.8 732
1,873 4,198 27 750
1,923 4,050 28.4 759
1,973 3,886 33.4 830
2,100 3,818 34.6 830
2,200 3,750 34.6 830
3,500 3,750 34.6 830
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fall and the process finally enters a quasi-steady state. Both
the heat source models reached a quasi-steady state at
around 30 s for the micro-plasma arc welding process. The
time duration and length of the temperature progression
are virtually independent of the thermal models selected.
Though, the predicted maximum temperature values differ
significantly. When compared to the Parabolic Gaussian
heat source model, the Conical power density thermal
model attained the highest peak temperature. The tempera-
ture difference is due to the inclusion of high-density arc
impingement as well as downward arc pressure of the Con-
ical power density thermal model. Moreover, the poor

diffusivity rate around the weld pool led to an increase in
peak temperature. However, the Parabolic heat source
model considered parabolic heat intensity using parabolic
shape from the experiments. And, heat is absorbed around
the parabolic shape of the domain only which resulted in
lower peak temperature. The estimation of the peak tem-
perature indicated the degree of evaporation. This confirms
that evaporation is a major difficulty while modeling the
micro-plasma arc welding process.

The half-weldmacrographs generated using the Parabolic
Gaussian and the Conical power density thermal models are
compared. Figure 10 represents the trapezoidal form of the

Figure 7: Transient temperature at different time steps (a) 2.5 s, (b) 8.5 s, (c) 14.5 s, and (d) 20.5 s, using Parabolic Gaussian volumetric thermal model,
and (e) 2.5 s, (f) 8.5 s, (g) 14.5 s, and (h) 20.5 s using Conical volumetric thermal model.
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weld macrographs for Data set #3 corresponding to Table 3.
The top bead width and bottom bead width magnitudes are
presented in Figure 10. Despite having proximity in macro-
graph profiles, there is a difference in weld geometry size
corresponding to the two different thermal models. The var-
iation in their values can be attributed to different model
parameters considered in the respective heat source models.
Figure 11 demonstrates the difference between half bead
width using two different thermalmodels for different process
parameters. Different color plots refer to different calculated
top weld bead and bottom weld bead widths. As shown in the
graph, at low heat input, i.e., 47.5 J·mm−1 there is less variation
in weld cross sections using both the heat source models.
However, as the heat input is increased gradually there is
wider variation using both the heat sourcemodels. The overall
comparison between both the heat source models is discussed
below.

Figure 8: Nodal temperature at different time steps (a) 2.5 s, (b) 8.5 s, and (c) 14.5 s using Parabolic Gaussian volumetric thermal model, and (d) 2.5 s,
(e) 8.5 s, and (f) 14.5 s using Conical volumetric thermal model.

Figure 9: Evolution of temperature variation using two different heat
source models.
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Figure 12 shows the comparison between experimental
(right side) and calculated macrographs (left side) using
both the thermal models for Data set nos #2 and #3 of
Table 3. Figure 12(a) and (b) present the weld macrographs
obtained using the Parabolic heat source model and a
proximity can be observed between them at low heat
input. However, when the heat input increases, the fusion
zone and HAZ profile change from trapezoidal to rectan-
gular one. Similarly, Figure 12(c) and (d) show a compar-
ison of predicted and actual macrographs with the incor-
poration of a Conical power density thermal model. The
weld cross-sections between the calculated and experi-
mental results show good agreement at low heat input
per unit length. The results, however, demonstrate a dif-
ference at high heat input per unit length. The calculated

weld cross-section looks to be significantly larger. Convec-
tion heat transfer governs the welding operation along
with thermal diffusivity magnitude. Similarly, Ti6Al4V
materials exhibit temperature distribution alteration due
to high-density welding operation and turbulent material
flow inside the weld pool. The current study focuses on a
conduction-based heat transfer model and ignores fluid
flow phenomena inside the region. Despite the exclusion
of key physical phenomena, the Parabolic heat source
model has a relatively stronger prediction ability.

Understanding the influence of temperature cycles on
microstructures and mechanical characteristics of the
welded joint is critical in welding operations. As a result,
the weld thermal cycle has been estimated using both
heat source models. The thermal cycles may also be uti-
lized to calculate cooling rates at various nodes sur-
rounding the HAZ and weld pool zone. However, in order
to avoid problems in the current work, thermodynamics
and solidification rate are ignored.

The thermal history at various nodal points along the
transverse direction is presented in Figure 13(a) and (b) at
a welding speed of 4.2 mm·s−1, welding current of 11 A, and
welding voltage of 25 V. The peak temperature is estimated
along the transverse direction only since the thickness of
the plate is very small ∼0.5 mm. It is evident from the figure
that maximum peak temperature is attained by both the
heat source models at the same nodal point and peak tem-
perature varies along each nodal point. The temperature
away from the weld center line increases after 4 s and
attains its maximum at around 6 s. However, it declines
gradually and attains a temperature of 366 K at 36 s for
the Conical heat source model and a temperature of 344 K
at 33 s for the Parabolic Gaussian heat source model. The
nodal points away from the center line take more time than
usual to reach its peak temperature. Moreover, using the

Figure 10: Numerically determined weld macrographs using (a) parabolic and (b) conical volumetric power density thermal model for data set #8 of
Table 1.

Figure 11: Comparison between computed macrographs using the
Parabolic heat source model and Conical heat source model.
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same process parameters along the same nodal points, we
can observe different peak temperatures for both heat
source models. In fact, due to the utilization of the Conical

heat source model, the highest peak temperature at the weld
center line is 3,850 K. Similarly, the greatest peak tempera-
ture obtained by the Parabolic Gaussian heat source model
is 2,360 K. It can be interpreted from the time-temperature
history that nodal points away from the weld center line
have less impact from the arc temperature. Hence, there
would be less variation in microstructural arrangement
and eventually the weld integrity.

4.1 Suitability of heat source model

The current effort focuses on establishing the best appro-
priate heat source model for the micro-plasma arc welding

Figure 12: Comparison of weld macrographs using computed results
(left side) and experimental results (right side) employing (a) and (b)
parabolic Gaussian thermal model and (c) and (d) conical thermal model
of Table 3 for data set nos #2 and #3.

Figure 13: Time–temperature history with the incorporation of (a)
Conical power density model and (b) Parabolic Gaussian thermal model
corresponding to a welding speed of 4.2 mm·s−1, welding current of 11 A,
and welding voltage of 25 V.
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technique. To execute the simulations, two key heat source
models are used, with process parameters indicated in
Table 3. Figure 14(a)–(c) represent calculated top bead
width, bottom bead width, and aspect ratio and are com-
pared with the experimental values from an independent
source [30]. Figure 14(a) indicates the proximity of top bead
width magnitudes using the Parabolic Gaussian heat source
model for a low heat input magnitude of 47.52 J·mm−1 and
high heat input magnitude of 65.47 J·mm−1. However, the
plots computed using the Conical heat source model dis-
played substantial variances. In fact, the mid-range heat
input plot shows some promising results using the Conical
heat source model. In general, top bead width increases
with the increase in the heat input per unit length; however,
sometimes there are discrepancies in the results. Figure
14(b) shows the plot of bottom bead width. The bottom
bead width resembles quite well with the low heat input
per unit length using both heat source models. However,
when heat input per unit length increases, the Parabolic
thermalmodel outperforms the Conical power density thermal
model in predicting the correct results.

The aspect ratio is the width-to-depth ratio of the
fusion zone after the welding operation. A high aspect ratio
usually results in the generation of fracture during the
solidification process as well as induces tensile residual
stresses at the weldment zone. Therefore, it is critical to
comprehend the influence of welding operations on aspect
ratio. The estimated results revealed that the aspect ratio
anticipated by both the heat source models is in close
agreement for minimal heat input. However, with larger
heat input, the Parabolic Gaussian heat source model pre-
dicts superior results.

Another validation study has been conducted by pre-
dicting the percentage error using both the power density
thermal models. The findings clearly show that the Parabolic
Gaussian distributed thermal model has the lowest percentage
inaccuracy when compared with the Conical power density
thermal model. The maximum top bead width percentage
error for the Parabolic heat source model is ∼13.26%, while
the maximum top bead width percentage error for the
Conical heat source model is ∼18.36%. Similarly, the max-
imum bottom bead width percentage error for the Parabolic
Gaussian heat source model is ∼12.3% and the maximum
bottom bead width percentage error for the Conical heat
source model is 25.8%. The error percentage for the
Parabolic Gaussian heat source model is well below
∼15%. This shows the robustness of the heat source
model.

Figure 14: Comparison of (a) top bead width, (b) bottom bead width, and
(c) aspect ratio using experimental, parabolic, and conical power density
thermal model results.
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The validation study shows that the Parabolic Gaussian
heat source model predicts the most exact results and it is
the appropriate thermal model for the process modeling
and simulation of Ti6Al4V thin sheets using the micro-
plasma arc welding process. However, discrepancies in the
results can be attributed to several factors, since, several
physical phenomena have not been considered with an
aim to reduce the complexities of the simulation process.
The present study demonstrates the advantage of employing
the Parabolic Gaussian heat source model for modeling and
computing the micro-plasma arc welding process using
Ti6Al4V thin sheets over any other heat source models.

5 Conclusion

A comprehensive analysis was performed in this work to
investigate the influence of two different heat source
models, namely, the Parabolic heat source model and the
Conical heat source model, on the micro-plasma arc welding
process utilizing thin sheets of Ti6Al4V alloy. The study pre-
sents weld macrographs, temperature distribution, isothermal
contour, and percentage deviation and compared with the
experimentally evaluated results.
• The peak temperature predicted using both the heat
source models shows that the Parabolic Gaussian heat
source model (maximum temperature 2,360 K) is close to
the melt pool temperature of Ti6Al4V alloy.

• The highest temperature predicted by the Conical power
density model (maximum temperature 3,850 K) is signif-
icantly different from the melt pool temperature. The
overstated peak temperature might be the consequence
of total energy absorption owing to the digging process
or arc pressure.

• The experimentally determined weld macrograph is com-
pared to the numerically evaluated findings and proxi-
mity is recognized using the Parabolic power density
thermal model.

• The maximum percentage deviation for top bead width
using Parabolic Gaussian distributed thermal model and
Conical power density model is 13.26 and 18.36%.

• Likewise, the maximum percentage deviation using both
the heat source model for bottom bead width is 12.3 and
25.8%, respectively.

The results clearly show that Parabolic heat source
model is more efficient in predicting conduction-based
thermal analysis for the micro-plasma arc welding process
of Ti6Al4V alloy. Moreover, it can significantly expand the
array of understanding of real time physical processes
involved during the micro-plasma arc welding process.
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