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Abstract: Non-metallic inclusions particles are detrimental to the mechanical properties of a material.
It is very important to understand the motion behavior of inclusion particles in molten metal.
The motion behavior of non-metallic inclusion particles during weld pool solidification and their
distribution in joint areas is dependent on various factors. In the alternative current (AC) flash
welding process, inclusions motions are dependent on welding plate movement, interfacial tensions,
etc. Apart from this, the temperature of the molten metal in the welding zone and the size of inclusion
particles also play an important role. Secondly, the Marangoni forces are developed due to interfacial
tension which affects the movement of inclusion particles at the solid-liquid interface in a solidifying
welding pool. The interfacial tension varies with the change in surfactant concentration and other
factors. In this work, the effect of upsetting rate and interfacial tension on alumina inclusions has
been studied. The interfacial tension controls the pushing and engulfment of non-metallic inclusions
at the solid-liquid interface. A two-dimensional multiphase mathematical model has been developed
to study the inclusion motion behavior at the solid–liquid interface in a solidifying weld pool. The
numerical model has been developed by adding the volume of fluid method (VOF), a dynamic
mesh model and discrete phase model for a realistic approach. The predicted results show that the
upsetting setting parameters have a substantial effect on the overall non-metallic inclusion motion.
The inclusions were seen moving away from the welded joint due to the high up-setting rate. The
results also reveal that the inclusions were engulfed by the solidification front under the effect of the
strong interfacial tension between the non-metallic inclusions and the molten steel.

Keywords: inclusion; interfacial tension; welding; CFD; simulation; Marangoni force

1. Introduction

AC flash butt welding is a method to join two ends of metal pieces. The ends of
metal pieces are pressed together and welded by flash arc. For efficient operation, one
end is clamped by a movable plate, while the other is fixed by a clamping mechanism.
In this welding process, the end of the part to be welded is connected to the secondary
circuit of the transformer. Initially, the two ends of the metal parts are preheated by an
electrical circuit. The AC current is applied to the two metal parts and both parts are
bought together repeatedly to complete the high current electrical circuit. In a few seconds,
the temperature at the two ends is sufficiently high to develop flash. At this stage, a flash is
generated and the two ends rapidly melt. After that, enough heat is produced to melt the
metal and form a weld pool between the two parts. In the next step, the metal pieces are
pressed by high force which leads to the weld pool being suppressed and, hence, trapped
contamination and oxide inclusions are pressed out from the weld joint. The surface of the
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movable piece is butted against another fixed surface with a higher force in the final phase
of the operation. Finally, the workpiece is cooled at room temperature and this method
produces a high-strength welded joint. The extrusion of molten metal oxides and other
impurities onto the outer surfaces is aided by this upsetting operation, which improves
weld efficiency [1]. This welding method produces a strong welded joint with minimum
welding defects. Hence, this method is widely applied in welding thicker parts of metals.
Flash welding is popular in various industrial sectors, such as the automotive industry,
sheet welding, hot rolled coils, shipyard construction, pipeline construction, railways,
etc. [2,3]. AC flash welding is generally used for welding steel materials but sometimes
also used for welding aluminum, titanium and nickel-based alloys.

In recent years, a variety of higher-strength steel materials has been used in various
forays of the industry, making it more difficult to preserve the durability and mechanical
properties of welded joints [4–10]. The microinclusions are not visible with the naked eye
but have to be seen under a microscope. Inclusions are normally in the size range of one
to a hundred microns. The inclusion sizes, their distribution and chemistry and types of
inclusions influence the grain size and phases. In certain cases, they act as the nuclei for
other phases to form and influence the mechanical properties, for example, decreasing
the toughness, ductility and strength. It is well established from previously reported
in literature that welding parameters affect mechanical properties and contamination
during the welding process is also detrimental to welding quality of high-strength low-
alloy steel (HSLA) [11]. During the welding process, the weld pool is contaminated
by foreign materials and further oxidation of melt contributes more impurities [12,13].
These contaminations and impurities in terms of oxide inclusions severely hamper the
hardness, strength, fatigue life, surface and microstructure morphology and final weld
quality. Lu et al. [14] investigated the surface morphology of HSLA 590CL steel. They
carried out flash welding of two parts of a wheel rim made from HSLA 590CL steel.
It was reported that non-metallic inclusion particles were discovered at the fractured
surface during microstructural analysis. They concluded that the fracture of the wheel
rim happened due to the presence of non-metallic inclusion particles in the steel matrix
which created microcracks. Further, Shajan et al. [15,16] reported that the formation of
oxide inclusions reduces and significantly affects the hardness of the weld joint. Most of the
time, flash welded joints fail due to crack formation [17,18]. Hence, setting flash welding
parameters and removal of oxide inclusions are important tasks to improve the final weld
quality and for a sustainable steel business.

It is imperative to examine the effects of welding parameters on oxide inclusion
distribution in AC flash welded joints to ensure the quality of welded joints. As a result, it
is important to look into the effects of upsetting rate and inclusion size on the distribution
of inclusions in flash welded joints. Ichiyama and Kodama [19] reported that various kinds
of oxide inclusions are formed during the flash welding process, such as oxides of silicon,
aluminum, manganese, etc. Some fractions of oxide inclusions inside the weld pool are
expelled during the final stage of the welding process, however, a significant number of
oxides remain inside the welded joints. They also reported that steels with more inclusion
particles had lower hardness. Further, they investigated the expulsion of oxide inclusions
during the final upsetting process by adjusting current density. They concluded that a
higher unsettling current promotes molten layer extrusion and inclusion–exclusion from
the weld joint. Additionally, the different parameters involved in the flash butt welding
process were analyzed by Kim et al. [1].

They found that at a low upset rate, oxide inclusions were not separated from the
center of the weld joint. In another work, Lu et al. [20] demonstrated that increasing
the upset pressure improved the separation and removal of impurities from the main
center of welded joints. It is also reported by various studies that oxide inclusions are
formed in welded joints due to the open welding environmental conditions [21–24]. The
amount of oxides generated is thought to increase as the flashing time lengthens [23].
Xi et al. [24] reported that excessive flashing and the duration are the reasons for oxide



Metals 2021, 11, 1073 3 of 19

impurity formations and entrapment in flash weld joints. In addition to this, pressure
applied to metal pieces during the last step of the weld process is also a major parameter
which greatly influences the entrapment condition of oxide inclusions [25,26].

Non-metallic particles embedded in the weld metal or weld interface are called inclu-
sions. Insufficient welding technology, poor joint contact, or both, may produce inclusions.
The sharp notches between the weld boundaries or between the weld beads help slag
inclusion. When using a coated electrode, a layer of slag will form on the top of the weld,
which must be cleaned up after welding. The hollows and sharp corners seem to capture
slag fragments. Slag removal involves chisel hammers or wire brushes, and the difficulty
varies depending on the type of electrode coating. If the welding spatter is not removed
properly, welding spatter inclusions may appear in the weld. Slag is the deoxidation
product of the reaction between the flux, air and surface oxides because it is the residue of
the flux coating. If two adjacent welds are buried without sufficient overlap and a gap is
formed, the slag will get stuck in the weld. The entrained slag will not be removed until
the next layer is deposited. Excessive undercuts on the weld toe or an irregular surface
profile of the previous weld may even trap the slag in the cavity in the multipass weld.
Single particles or longer inclusion lines are possible. Failure to properly remove slag in
one weld pass and then carrying out another weld pass is the most common source of
slag inclusions. Effective work strategies will help reduce risks. In closed joints, it is also
important to use the correct welding process to avoid the use of thick electrodes. It is also
important to prevent undercuts during welding.

The motion of inclusion particles is dependent upon various parameters. One of the
most important parameters is surfactant concentration. Any change and any modification
in surfactant concentration affect the interfacial tension in the liquid metal. Subsequently,
interfacial tension affects the Marangoni forces applied on the non-metallic particle. It has
been seen that surfactant concentration affects the interfacial tension. There may be various
types of surfactants in the molten pool, for example, sulfur nitrogen-oxygen. During
the solidification, the solid and liquid boundaries remove surfactant and thus there is
a concentration of surfactant at the solidification boundary. The increase in surfactant
concentration reduces the interfacial tension at the solid-liquid boundary. In a welding
pool, there are several types of non-metallic inclusions, and, during the solidification of the
weld melt pool, non-metallic inclusion is affected by the interfacial tension. It would be
beneficial to see how inclusion particles are affected by the surfactant concentration. Several
studies have looked into the engulfment or pushing of gas bubbles or inclusion particles
by an advancing solid at the solid-liquid interface. Shibata et al. looked at the action
of inclusions on the metal surface immediately in front of the solid–liquid interface [27].
Several researchers have pointed out that the Marangoni effect, which is induced by a
temperature gradient or a surface-active element concentration gradient, affects bulk flow
in microgravity experiments [28]. Yin and Emi [29] also reported that a low concentration
of oxygen and sulfur caused a strong Marangoni flow during melt solidification. Further,
according to [30–32], interfacial tension gradients at the solid-liquid interface boundary
layer caused pushing and engulfment at the solid-liquid interface. They also discovered
alumina inclusions in stainless steel slabs with a related propensity. The inclusion growth
and dissolution in the weld pool were numerically predicted by Hong et al. [33]. In the
welded region, they investigated the weld structure, size distribution and number and
density of oxide inclusions. It is important to study whether Marangoni flow has a major
impact on the FBW operation. Additionally, there have been several research works on
simulating the welding process. The current work uses the multiphase 150 volume of
fluid method along with the discrete phase concept of CFD modeling which can be found
elsewhere [34–36].

The purpose of this work is to investigate the flash welding parameters, such as
upsetting rate of two movable plates on the weld pool and subsequent impact on alumina
inclusion entrapment. In the present work, the kinematic characteristics of the solidified
thin strip weld of an SPFH590 steel plate are based on the two-dimensional CFD numerical
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model. The multiphase VOF numerical model was combined with the dynamic motion
of two ends of workpieces, the discrete phase and melt solidification. Secondly, the
inclusion pushing and engulfment phenomena were also investigated under the influence
of interfacial tension developed due to sulfur concentrations.

2. Experiment

The present research work is an extension of the work carried out by Siddiqui et al. [26].
A sample of a wheel rim, which was welded by AC flash welding, was considered in their
work. The wheel rim was made of SPFH590 microalloyed steel plates. The distribution
of inclusions along the weld joint core was investigated and various types of oxides were
revealed in the weld joint. The experimental procedure for AC flash welding is shown
in Figure 1 by a schematic diagram. Initially, the two conjugate faces of steel plates are
brought together, and arc flash is produced in between by an electrical alternating current.
After that, a movable plate is pushed towards the other fixed plate with significant force.
This procedure strongly welds two plates without adding too many impurities in the joined
section. Further, a fraction of the weld pool is pushed in an outward direction during this
welding process. The welding sample had dimensions of 2.4 mm × 3.0 mm. Our present
research work is based on the simulation of the interfacial tension of SPFH590 steel and
alumina inclusions. Thus, a suitable interfacial tension correlation was required. Hence, we
took empirical relations from the work of Jeong et al. [37]. They experimentally developed
the surface tension of SPFH590 steel and the interfacial tension between SPFH590 steel and
an alumina inclusion. The surface tension of SPFH590 steel can be calculated as follows:

σL = (1511 + 0.08277 T)− (1041− 0.5156 T)× {ln[1 + exp(−3.583 + 19846/T)(wt.% S)]} (1)

where σL is surface tension, T is temperature in K, S is sulfur concentration in ppm.
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Figure 1. Representation of AC flash butt welding process. (a) arcing and melting; (b) pushed; (c)
final state.

The following equation describes the interfacial stress between SPFH590 steel and an
alumina inclusion.

σPL =
{

3050.51 + 131437.97× (wt.% S)− 1.544× 107(wt.% S)2 − 3.378× 109 (wt.% S)3
}

+
{
−0.8498− 79.739× (wt.% S) + 7655.06× (wt.% S)2 + 1.962× 106 × (wt.% S)3

}
T

(2)

where σPL is interfacial tension between SPFH590 steel and an alumina inclusion.
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3. Numerical Modeling
3.1. The Governing Equation

The numerical model has been developed to simulate the arc flash welding process
and predict the inclusion motion behavior during upsetting and solidification of weld joints.
The dynamic mesh model has been incorporated to develop a realistic simulation model of
the squeezing of the weld pool and successive solidification processes. A two-dimensional,
multiphase model has been constructed along with various other models to study the effect
of weld parameters and various interfacial phenomena. The present simulation model was
developed with a CFD-based mathematical model and the governing equations for mass
and momentum are given as follows:

∂ρ

∂t
+∇·

(
ρ
→
v
)
= Sm (3)

∂

∂t

(
ρ
→
v
)
+∇·

(
ρv
→
v
)
= −∇p +∇·

(
=
τ
)
+ ρ
→
g +

→
F (4)

where p is the static pressure,
=
τ is the stress tensor, ρ

→
g , Sm is the mass source term and

→
F is the gravitational body force external body force. The solutions of the abovementioned
equations are used to calculate the velocity field, pressure and temperature of the fluid in
the given domain. The stress tensor

=
τ is given by Equation (5).

=
τ = µ

[{
∇→v +∇→v

T
}
− 2

3
∇·→v I

]
(5)

where µ is the molecular viscosity, I is the unit tensor and the second term on the right-hand
side is the effect of volume dilation. The energy equation is expressed in Equation (6):

∂

∂t
(ρE) +∇·

{→
v (ρE + p)

}
= ∇·

{
ke f f∇T −∑

j
hj
→
J j +

(
=
τe f f ·

→
v
)}

+ Sh (6)

where keff is the effective conductivity (k + kt, where kt is the turbulent thermal conductivity,

defined according to the turbulence model being used) and
→
J j is the diffusion flux of

species j. Sh is a volumetric heat source term.
The enthalpy-porosity method was used to numerically quantify the weld pool

(molten metal) solidification. The molten metal liquid fraction from 0 to 1 (also known
as the mushy zone) was considered as a porous medium. The porosity of each cell has
been considered to calculate the liquid fraction of the cell. Further, the solidified cells
were treated as non-porous cells having a porosity fraction of one. Thus, velocities of
completely solidified cells were assumed to be zero. Further, the mushy zone was modeled
as a “pseudo” porous medium. This means that the mushy zone had a porosity fraction
from 0 to 1 [38]. In this model, metal enthalpy has been calculated by adding the sensible
enthalpy, h, and the latent gas, ∆H:

H = h + ∆H (7)

where

h = hre f +
∫ T

Tre f

CpdT

Additionally, href is reference enthalpy, Tref is reference temperature, Cp is specific heat
at constant pressure.
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Further, the liquid fraction, £, can be defined as:

£ = 0 i f Temperature (To) < Solidus Temperature(Ts)
£ = 1 i f Temperature (To) > Solidus Temperature(Ts)

£ = To−Ts
Tl−Ts i f Ts < T < Tl

The weld pool’s latent heat content is given as L, ∆H = £. For both solids and liquids,
the latent heat content may range from 0 to 1. The value of latent heat can be obtained
from [39]. Furthermore, the energy equation for solidification/melting problems is writ-
ten as:

∂

∂t
(ρH) +∇·

(
ρ
→
v H
)
= ∇·(k∇T) + S (8)

where H is the enthalpy and S is the source term. The basic approach employed for
treating melting and solidification is adding a phenomenological heat source term to the
thermal energy equation. At the beginning of the calculation, the domain was initialized
with a specific temperature of molten steel. The heat source term is calculated from the
initial conditions.

The solution of a convection–diffusion equation for the ith species predicts the local
mass fraction of molten steel, sulfur material and Yi. The following is the conservation
equation for all liquid phases:

∂

∂t
(ρYi) +∇·

(
ρ
→
v Yi

)
= −∇·

→
J j (9)

Hence, sulfur is one of the constituents of microalloyed steel and one objective of this
work is to understand the motion of alumina inclusions under interfacial tension. In this
context, sulfur is diffused in steel and, thus, the diffusion coefficient can be determined by
the following equation [40]:

D =
kT

2πµd

[
m1 + m2

2m2

] 1
2

(10)

where d is the diameter of atoms, m1 and m2 are the atomic mass of solute and solvent,
respectively. T is the temperature of the melt, µ is the viscosity of the molten metal and k is
Boltzmann’s constant (1.38 × 10−23 J/K).

The volume of fluid (VOF) model is used for multiphase computations with precisely
specified immiscible incompressible fluid interfaces. Molten steel and alumina inclusions
were used as two immiscible fluids in this study. Pressure and velocity are factors that
are shared by all processes and correspond to volume-averaged values. The mathematical
equations were directly volume-averaged to produce a single set of equations, and the fluid
interface was monitored using the color function Ψ, which is defined as follows. When
the value of Ψ = 1, the control volume is assumed to be filled only with the first phase.
In contrast, when Ψ = 0, the control volume is assumed to be filled by the second phase.
However, when the condition of 0 < Ψ < 1 is met, then it is considered that the element has
an interface, and it separates into two different phases. Further, in a numerical solution,
the fluid front is calculated by solving the following transport equation:

∂F
∂t

+ u·∇F = 0 (11)

Here, F is the volume fraction of the fluid in a cell and u is the flow velocity vector.
Geo-reconstruct advection schemes were used in this research. The discretization

process of governing equations is well known to have a major impact on device represen-
tation. As a result, the explicit scheme with the geo-reconstruct interface interpolation
scheme yielded the solution to the two-dimensional problem. Normal finite-difference
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interpolation schemes are extended to the volume fraction values computed at the previous
time point in the explicit method.

αn+1
q ρn+1

q − αn
q ρn+1

q

∆t
V + ∑

f

(
ρqUn

f αn
q , f

)
==

[
n

∑
p=1

(
ṁpq − ṁqp

)
+ Sαq

]
V (12)

3.2. Numerical Details

In the present work, inclusion particle distribution during AC flash welding has
been simulated using a two-dimensional multiphase CFD model. In addition to this, a
dynamic mesh along with discrete phase models from Ansys Fluent (Academic version:
18.0, ANSYS, Inc., Canonsburg, PA, USA) have been applied to mimic the steel plate motion
in the simulation. The fluid flow was expected to be laminar and the aspect ratio of the
domain significant, hence the two-dimensional domain can give significant accuracy to the
results. Initially, we investigated the inclusion motion during the upsetting process of steel
plates. In the upsetting process, steel plates are pushed toward each other by a significant
force. The weld pool temperature plays an important role in the displacement of inclusion
particles, hence we studied inclusion distribution at different weld pool temperatures.
Further, we also studied inclusion motion behavior and distribution due to their size. In
this work, we have assumed a spherical shape of inclusion particles and neglected the
conglomeration phenomenon of inclusion particles. The volume of fluid (VOF) method was
selected for multiphase simulation and a further species model was used to create surfactant
concentration (sulfur in this study). The temperature gradient and sulfur concentration
affect the interfacial tension build-up between alumina inclusions and molten metal. For
the simplification of problem, the whole melt flow was assumed to be a laminar flow
due to the actual size of the domain and viscosity of molten steel. The radiation from
molten metal was also ignored and an absolute heat transfer coefficient was considered
at the molten metal and air interface. Furthermore, a constant initial temperature of the
domain was considered for the simplification. Figure 2 illustrates a schematic diagram
of the domain, details of the phases and meshed zone along with dimensions. The outer
sidewalls of the domain (heat transfer coefficient 0.85 w/m2·k) were considered as rigid
walls and the weld pool was considered as a dynamic mesh zone (deforming body) in the
CFD model. The thermo-mechanical properties for the simulation were obtained from the
previous work of Siddiqui et al. [26]. The outer walls of the domain were considered as
convective boundaries with proper heat transfer coefficients. The steel plates (left- and
right-side walls in the domain) were supplied with suitable thermal conductivity of the
steel alloy. The other walls of the domain exposed to air, as shown in Figure 2, were
considered as a pressure inlet and outlet. Initially, 10,000 elements were used to calculate
the solution. Further, 17,000 and 25,000 elements were checked to calculate mean velocity
at the mid-vertical plane of the domain. The grid independency test suggested that the
change in mean velocity at the mid-vertical plane of the domain did not change more than
2.12 percent. However, increasing the number of elements showed a significant rise in
computation time and also created a stability issue in the dynamic mesh solution. The
complete domain consisted of around 17,000 tetrahedral elements. Tetrahedra cells are
not suitable for dynamic mesh modeling in Ansys Fluent. Further, the maximum element
size was 30 microns in the abovementioned domain. The convergence of the solution was
studied by measuring the average temperature at the mid-vertical plane of the domain. The
thermo-physical properties of molten steel and alumina inclusions were obtained from [26].
The surface tension correlation between molten steel and air was used in the simulation by
using Equation (1). Further, Equation (2) was utilized in a numerical model to quantify the
interfacial tension between molten steel and alumina inclusions.
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In the second phase of numerical modeling, we studied the inclusion particle’s move-
ment near the solidifying molten steel boundary. The interfacial tension on inclusion
particles, in other words, Marangoni forces, is dependent upon surfactant concentration
and temperature. In our study, we have selected sulfur as a surfactant to understand the
behavior of inclusion particles at solidifying metal boundaries. In the second phase, we
considered a microscale of the welded domain. Figure 2 illustrates the domain considered
for the study of an inclusion particle’s motion behavior during solidification. The inclusion
particles may be pushed and engulfed in solidifying boundaries due to the change in
interfacial tension.

A two-phase numerical model, i.e., molten steel and alumina inclusions, was consid-
ered for the simulation. The species model was utilized to achieve the sulfur concentration
throughout the domain. Further, the solidification model was also considered in this
numerical model. Both phases of the simulation were transient in nature and the species
continuity equation was solved at each time step. A general model for a welding simulation
was validated with the experimental results of Sadeghian et al. [41]. The experimental
temperature profile was compared with predicted numerical results. The predicted results
seem to have good agreement with the experimental data.

4. Results and Discussion
4.1. Upsetting Process

In the first phase of the numerical investigation, we studied the effect of upsetting
rate, inclusion diameters and temperature on the inclusion particle distribution. Initially,
we considered three different upsetting rates for the AC flash welding procedure. During
the upsetting procedure, plates were pushed at three different velocities, i.e., 19.3 m/s,
15.5 m/s and 12.8 m/s.

In Figure 3, it can be seen here that inclusion particles are moving because of the
motion of the plates. In this work, three different cases of velocity were studied. In the first
case, the velocity is 19.3 m per second which is the highest one and we can see here that
inclusion particles are moving rapidly in the outward direction. For the second case, we
can see here that the movement of particles is not as rapid as in the case of the previous
one. In the 3rd case, where the velocity was slower, it can be seen that particles are settled
in a welded joint. Hence, we can say that the high upsetting rate affects the motion. In
other words, inclusion motions were affected by the upsetting rate and it is expected that
inclusions are forced in an outward direction. In flash butt welding, the upsetting rate
is critical. Three cases of unsettling rate, 19.3 m/s, 15.57 m/s and 12.82 m/s, have been
investigated in this study. The higher upsetting rate necessitates a greater force to pass
through the plates, which affects the weld pool’s flow dynamics. In comparison to the



Metals 2021, 11, 1073 9 of 19

lower upsetting average, the high upsetting rate washed out most of the alumina inclusion
particles from the weld joint. Figure 3 depicts the expected passage of inclusion particles
at various upsetting rates. When a strong force is applied to the weld region, alumina
particles are displaced from the weld zone.
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It should be remembered that as the unsettling rate increases, the average velocity
of inclusion particles increases. Additionally, a higher upsetting intensity improves the
separation of alumina inclusions from the weld region. In the case of a low upsetting rate, a
higher particle density can be found near the middle of the welding region. When a higher
upsetting rate is used, however, a higher concentration of inclusions can be seen on the
outside of the weld joint.

Figure 4 shows the instantaneous velocity distribution of inclusion particles during
the upsetting process (19.3 m/s). The velocity distribution illustrates the movement and
velocity of increased particles at different time steps. The plot was created from a set of
inclusion particles whose motion was traced. Here, we can see that each inclusion particle
has a different motion at a specific time. It also shows that various particles have a different
velocity at any corresponding time step. Figure 5 shows the inclusion removal percentage
with respect to upsetting velocity. A higher percentage of inclusion particles have were
removed from the welded joint zone due to the high upsetting rate. It can be noted that
around 96% of inclusion particles were moved out of the main joint area when the upsetting
rate was 19.2 m/s. In the second case, around 91% of inclusion particles were removed. In
the third case, 87% of inclusion particles were removed from the welded zone at a 12.8 m/s
upsetting rate.
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4.2. Inclusion Size

The impact of inclusion diameter has been investigated in this research work. The
different inclusion sizes have been investigated to understand the inclusion motion be-
havior during the upsetting process when the molten weld pool is squeezed with a high
upsetting rate. For simplicity of problem formulation, we have assumed spherical shapes
of inclusion particles. The inclusion particle diameters in this analysis were 5, 100, 200, 400
and 500 micrometers. In this case, we have considered a fixed upsetting rate of 15.5 m/s.
A certain set of inclusions based on diameter sizes was introduced in the domain and
the further effect of upsetting rates was studied. Figure 6 shows the average velocities of
inclusion particles with respect to their sizes. It is evident from the plot that the average
velocities of inclusion particles are higher for the larger inclusions. However, the average
velocities of inclusion particles are marginally affected by size. Hence, inclusion motion
behavior is affected when the diameter of particles is larger than 400 micrometers. It is
observed that the average velocities of particles remain the same around the initial and
final condition of the upsetting rate. Further, inclusion particles of a larger size (400 and
500 micrometers) have higher average velocities from 0.0020 s to 0.0025 s. The flash weld-
ing process is very quick and the distance between two adjoining plates remains at a few
hundred micrometers. It is also expected that the huge force exerted during the upsetting
process causes the weld pool to flow in an outward direction and, subsequently, a larger
inclusion attains higher momentum energy. Moreover, the motion of inclusion particles
can be correlated from the data of Figure 4, where the instantaneous velocity of particles is
shown. It shows that the location of particles affects the instantaneous velocity in the weld
zone and this plays a vital role in the removal process.
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4.3. Solidification

The initial weld pool temperature formed due to arc flash was considered to be 2000 K
in this research work. The solidification of the weld pool was rapid due the smaller size
of the contact area of the two adjoining plates of metal and, further, the high conductivity
of the steel material. Figure 7 shows the solidification process of the weld zone. The
temperature contour is shown from 1808 K to 1781 K, and at this temperature liquid metal
changes into the solidus phase. The solidification process contours are shown to emphasize
the rapid transformation of the liquid phase into the solidus phase during the arc welding
process when the contact area is small. More details on the role of flash temperature have
been discussed by Siddiqui et al. [26].
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4.4. Pushing and Engulfment of Inclusions

The distribution of alumina inclusion particles trapped in the welded zone is also
influenced by the interfacial tension and subsequently the Marangoni force, which is also
known as the pushing and engulfment phenomenon. The temperature and surfactant
concentration in the liquid weld pool are variables that affect the interfacial tension. Further,
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pushing and engulfment of inclusion particles near the solidifying interface are related
to interfacial properties. When the gradient of the interfacial tension exists around an
inclusion, then inclusion particles move from a position with higher interfacial tension
to other positions with lower interfacial tension. Figure 8 represents the effect of the
Marangoni force on inclusions at the solid/liquid interface. In general, the surface tension
decreases with increasing temperature as is the case for pure metals. However, this is
not always the case when an alloy contains a surface-active element. The concentration
of minor elements in steels is significant for controlling the Marangoni convection in the
molten metal, and the consecutive solidification in a mold.
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We have studied the motion behavior of alumina inclusions at the solidifying boundary
of the weld pool. We have also studied the effect of surfactant concentration on the pushing
and engulfing phenomenon of alumina inclusions. The SPFH590 microalloyed steel also
contains sulfur as microconstituents. Hence, in this simulation work, we have considered
sulfur as a surfactant and, further, the effect of sulfur concentration on the pushing and
engulfment phenomenon of inclusion particles at the solidifying interface has been studied.

A new two-dimensional numerical model was developed to simplify and precisely
study inclusion motion at the solidifying interface. In this model, we have neglected the
dynamic mesh model and only considered a domain with molten metal along with proper
heat transfer boundary conditions. The size of the domain was 2.4 mm in length and 0.1 mm
in width. A certain number of alumina inclusions particles (20-micrometer diameter) were
distributed along the length of the domain at random locations. The boundary conditions
of the domain are shown in Figure 9. The radiative and conductive boundary conditions
were placed at the horizontal interface while the vertical sides had conductive boundary
conditions. The simulation studies were carried out with two different sulfur concentra-
tions, i.e., 10 ppm and 64 ppm. The interfacial tension relationship varies significantly
around these two values [42]. At the start of the simulation, the weld pool was considered
in the liquid phase at a temperature of 1808 K and solidification calculation started with
respect to the given time steps. Figure 10a,b shows the instantaneous solidification contour
of the weld pool and the location of alumina inclusions. Figure 10a shows the solidification
of the weld pool and motion of alumina inclusions under the Marangoni force when the
sulfur concentration is 10 ppm. It can be noted that the solidus phase is rapidly achieved
within a fraction of a second. The other important aspect of this study is to find the exact
displacement of alumina inclusions due to the interfacial gradient raised during solidifica-
tion Figure 10b also shows a similar phenomenon of flash weld pool solidification but at a
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sulfur concentration of 64 ppm. A careful study of Figure 11 shows that inclusions have
been displaced. At both sulfur concentrations, the solidification phenomenon is the same,
but inclusion displacement is affected by surfactant concentration. Careful observation
of Figure 10b suggests that inclusion displacement is negligible. Both figures give a clear
idea of solidification, but the inclusions’ pushing and engulfment phenomenon is not clear
due to the rapid solidification and size of the domain. Thus, we studied this phenomenon
further with an effectively small domain size with a slower solidification rate to see the
effect of surfactant concentration.

A new smaller domain was selected for CFD simulation based on the previous model,
as shown in Figure 12. This domain has a length of 200 microns in the vertical direction
and a width of 100 microns in the horizontal direction. The size of each element in this
domain is in the order of 1 micron. The boundary conditions of this domain have been
slightly modified to simplify the solution and effectively capture the inclusion motions at
the solidifying front due to the Marangoni force. In this work, the upper horizontal wall of
the domain was considered as a convective boundary. The other three boundaries of the
domain were considered adiabatic walls. The selected boundary conditions were helpful
to effectively define the inclusions’ pushing and engulfment at the solidifying boundary in
the vertical direction.

Metals 2021, 11, x FOR PEER REVIEW 13 of 19 
 

 

We have studied the motion behavior of alumina inclusions at the solidifying bound-
ary of the weld pool. We have also studied the effect of surfactant concentration on the 
pushing and engulfing phenomenon of alumina inclusions. The SPFH590 microalloyed 
steel also contains sulfur as microconstituents. Hence, in this simulation work, we have 
considered sulfur as a surfactant and, further, the effect of sulfur concentration on the 
pushing and engulfment phenomenon of inclusion particles at the solidifying interface 
has been studied.  

A new two-dimensional numerical model was developed to simplify and precisely 
study inclusion motion at the solidifying interface. In this model, we have neglected the 
dynamic mesh model and only considered a domain with molten metal along with proper 
heat transfer boundary conditions. The size of the domain was 2.4 mm in length and 0.1 mm 
in width. A certain number of alumina inclusions particles (20-micrometer diameter) were 
distributed along the length of the domain at random locations. The boundary conditions 
of the domain are shown in Figure 9. The radiative and conductive boundary conditions 
were placed at the horizontal interface while the vertical sides had conductive boundary 
conditions. The simulation studies were carried out with two different sulfur concentra-
tions, i.e., 10 ppm and 64 ppm. The interfacial tension relationship varies significantly 
around these two values [42]. At the start of the simulation, the weld pool was considered 
in the liquid phase at a temperature of 1808 K and solidification calculation started with 
respect to the given time steps. Figure 10a,b shows the instantaneous solidification contour 
of the weld pool and the location of alumina inclusions. Figure 10a shows the solidification 
of the weld pool and motion of alumina inclusions under the Marangoni force when the 
sulfur concentration is 10 ppm. It can be noted that the solidus phase is rapidly achieved 
within a fraction of a second. The other important aspect of this study is to find the exact 
displacement of alumina inclusions due to the interfacial gradient raised during solidifica-
tion Figure 10b also shows a similar phenomenon of flash weld pool solidification but at a 
sulfur concentration of 64 ppm. A careful study of Figure 11 shows that inclusions have been 
displaced. At both sulfur concentrations, the solidification phenomenon is the same, but in-
clusion displacement is affected by surfactant concentration. Careful observation of Figure 
10b suggests that inclusion displacement is negligible. Both figures give a clear idea of so-
lidification, but the inclusions’ pushing and engulfment phenomenon is not clear due to the 
rapid solidification and size of the domain. Thus, we studied this phenomenon further with 
an effectively small domain size with a slower solidification rate to see the effect of surfac-
tant concentration.  

 
Figure 9. Geometric domain considered for simulation. Figure 9. Geometric domain considered for simulation.



Metals 2021, 11, 1073 14 of 19
Metals 2021, 11, x FOR PEER REVIEW 14 of 19 
 

 

 
(a) 

 
(b) 

Figure 10. (a) Temperature profile and inclusion motion at 10 ppm sulfur concentration, (b) tem-
perature profile and inclusion motion at 64 ppm sulfur concentration. 

A new smaller domain was selected for CFD simulation based on the previous 
model, as shown in Figure 12. This domain has a length of 200 microns in the vertical 
direction and a width of 100 microns in the horizontal direction. The size of each element 
in this domain is in the order of 1 micron. The boundary conditions of this domain have 
been slightly modified to simplify the solution and effectively capture the inclusion mo-
tions at the solidifying front due to the Marangoni force. In this work, the upper horizontal 
wall of the domain was considered as a convective boundary. The other three boundaries 

Figure 10. (a) Temperature profile and inclusion motion at 10 ppm sulfur concentration, (b) tempera-
ture profile and inclusion motion at 64 ppm sulfur concentration.



Metals 2021, 11, 1073 15 of 19

Metals 2021, 11, x FOR PEER REVIEW 15 of 19 
 

 

of the domain were considered adiabatic walls. The selected boundary conditions were 
helpful to effectively define the inclusions’ pushing and engulfment at the solidifying 
boundary in the vertical direction.  

As the temperature of the cell reaches the solidus temperature (1781 K), the alumina 
inclusions’ velocities are expected to cease. Figure 11 depicts the pushing and engulfment 
of inclusions during the solidification period. The figure depicts an instantaneous snap-
shot of inclusion displacement with respect to sulfur concentration. The temperature of 
the cells is represented by the colored band. The solidus temperature contour line is de-
picted by the blue band. The interfacial tension formed between the molten steel and alu-
mina process affects inclusion particles. It can be noted from Figure 11 that alumina inclu-
sions are engulfed by the solidifying interface due to interfacial tension developed by the 
addition of sulfur. However, the sulfur concentration plays an important role in the de-
velopment of interfacial tension. The interfacial tension decreases slightly with the addi-
tion of sulfur at 64 ppm and further increases with the addition of more sulfur [42]. Fur-
ther, simulation results also show that particles are forced into the molten region when 
the sulfur content is between 10 and 90 ppm. This clearly shows that the solid-liquid prop-
agating front engulfs alumina inclusions. The simulation findings show that interfacial 
tension force caused by sulfur concentration and temperature gradient affects alumina 
inclusions in weld pools. Due to the rapid solidification of the weld pool, the motion ac-
tivity of the alumina inclusions was only registered for a few seconds. Figure 12 shows 
the engulfment of alumina inclusions in the solidifying interface when the sulfur concen-
tration is 10 ppm. In Figure 11 it can be observed that the inclusion particles are pulled by 
the solid–liquid interface in the case of 10 ppm. As the solidification front advances, more 
inclusion particles were pulled by the solid-liquid front. However, this phenomenon is 
not visible in the case of 50 ppm of sulfur due to a decrease in interfacial tension. In the 
case of 90 ppm of sulfur, interfacial tension increases, which is evident from the experi-
ment on the relation and, subsequently, alumina inclusions are engulfed.  

 
Figure 11. Pushing and engulfment of alumina inclusion particles during solidification of the weld pool.

Metals 2021, 11, x FOR PEER REVIEW 16 of 19 
 

 

Figure 11. Pushing and engulfment of alumina inclusion particles during solidification of the weld 
pool. 

 
Figure 12. Engulfment of inclusion particles during solidification (S: 10 ppm). 

Further, the motion of individual alumina inclusions is shown during the solidifica-
tion of the weld pool in Figure 13. On the other hand, sulfur (20 ppm) in terms of mass 
fraction is shown in Figure 14 during the weld pool solidification. The sulfur concentra-
tion contours have been illustrated up to the solidus temperature. It is visible that alumina 
inclusions are engulfed in the solidifying interface due to Marangoni forces since this sim-
ulation considers a microgravity environment. In addition to this, the mass fraction of 
sulfur was assumed to be homogenous during the initial conditions. However, sulfur seg-
regates at the solidifying front during weld pool solidification, as shown by the predicted 
contours in Figure 14. 

 

 
Figure 13. Inclusion motion during solidification due to Marangoni force. 

Figure 12. Engulfment of inclusion particles during solidification (S: 10 ppm).

As the temperature of the cell reaches the solidus temperature (1781 K), the alumina
inclusions’ velocities are expected to cease. Figure 11 depicts the pushing and engulfment
of inclusions during the solidification period. The figure depicts an instantaneous snapshot
of inclusion displacement with respect to sulfur concentration. The temperature of the cells
is represented by the colored band. The solidus temperature contour line is depicted by the
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blue band. The interfacial tension formed between the molten steel and alumina process
affects inclusion particles. It can be noted from Figure 11 that alumina inclusions are
engulfed by the solidifying interface due to interfacial tension developed by the addition
of sulfur. However, the sulfur concentration plays an important role in the development of
interfacial tension. The interfacial tension decreases slightly with the addition of sulfur at
64 ppm and further increases with the addition of more sulfur [42]. Further, simulation
results also show that particles are forced into the molten region when the sulfur content
is between 10 and 90 ppm. This clearly shows that the solid-liquid propagating front
engulfs alumina inclusions. The simulation findings show that interfacial tension force
caused by sulfur concentration and temperature gradient affects alumina inclusions in
weld pools. Due to the rapid solidification of the weld pool, the motion activity of the
alumina inclusions was only registered for a few seconds. Figure 12 shows the engulfment
of alumina inclusions in the solidifying interface when the sulfur concentration is 10 ppm.
In Figure 11 it can be observed that the inclusion particles are pulled by the solid–liquid
interface in the case of 10 ppm. As the solidification front advances, more inclusion particles
were pulled by the solid-liquid front. However, this phenomenon is not visible in the case
of 50 ppm of sulfur due to a decrease in interfacial tension. In the case of 90 ppm of sulfur,
interfacial tension increases, which is evident from the experiment on the relation and,
subsequently, alumina inclusions are engulfed.

Further, the motion of individual alumina inclusions is shown during the solidification
of the weld pool in Figure 13. On the other hand, sulfur (20 ppm) in terms of mass fraction
is shown in Figure 14 during the weld pool solidification. The sulfur concentration contours
have been illustrated up to the solidus temperature. It is visible that alumina inclusions
are engulfed in the solidifying interface due to Marangoni forces since this simulation
considers a microgravity environment. In addition to this, the mass fraction of sulfur was
assumed to be homogenous during the initial conditions. However, sulfur segregates at
the solidifying front during weld pool solidification, as shown by the predicted contours in
Figure 14.
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5. Conclusions

The numerical model was developed to study alumina inclusion motion behavior in
an AC flash welding process. The two-dimensional, multiphase CFD-based model included
a dynamic mesh model which created a very realistic prediction of weld pool flow during
the upsetting process. The numerical model also included alumina inclusions which were
solved by the discrete phase method and specific correlations of interfacial tensions among
SPH50 steel, alumina inclusions and air. The species model was opted for, providing a
homogenous concentration of sulfur in the domain. Further, the solidification of weld pool
liquid steel has been solved by the enthalpy-porosity method. Moreover, several different
types and sizes of the domain have been used to study certain kinds of inclusion motion
behavior of alumina in this work. In general, non-metallic inclusions are expected to move
in the weld pool in two ways: by upsetting the motion of plates and secondly by interfacial
forces generated during solidification. The latter method of inclusion motion is called the
pushing and engulfment phenomenon of particles under Marangoni forces. Initially, a
dynamic mesh-based CFD model was developed along with the abovementioned models
to investigate the upsetting process and effect of other parameters. In addition to this,
more specific domains and models have been selected in this work to precisely study the
inclusion motion behavior under the influence of interfacial tension.

The simulation findings indicate that both the upsetting procedure and the size of
the inclusion have a significant effect on the distribution of inclusions. The inclusions are
pushed away from the welded region towards the outer weld surface by molten metal
forced during the upsetting process. It was seen that inclusion particles were pushed
by the motion of the liquid metal. The force exerted by the plate movement affected the
movement of the liquid pool of the weld zone. It has also been seen that some inclusion
particles were found in the middle zone of the weld. Hence, we can say that the initial
movement of inclusion particles during the upsetting process is significantly affected by
the liquid metal pool motion. When the diameter of inclusion particles was increased,
a similar result was observed. In practice, however, the initial flash temperature affects
weld consistency and inclusion pollution. It has been seen from the experiment and the
numerical results that inclusion movement is dependent upon various factors. Firstly, the
upsetting rate, temperature and inclusion diameter play an important role. Further, we have
seen that surfactant concentration is very important. The surfactant concentration affects
the inclusion motion behavior. Moreover, surfactant concentration affects the interfacial
tension and, subsequently, inclusion particles are affected by Marangoni forces. From the
present work, we have seen that the inclusion particle’s motion behavior was significantly
affected by surface tension. In this work, it was noted that the sulfur concentration in
microalloyed steel affected the inclusion motion at the solid-liquid interface. It was also
noted that inclusion particles were pushed and engulfed by the moving solid interface.
The findings are solely concerned with the distribution of alumina inclusions that were
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already present in the weld pool under the conditions described. To specifically evaluate
the motion activity of alumina particles at the solid-liquid interface of the weld pool under
the effect of interfacial stress, a computational investigation was carried out. The sulfur
concentration and temperature differential caused the Marangoni force in the welding
zone. Under the effect of a higher surface tension gradient between inclusions and melt, the
predicted findings show that inclusions were vulnerable to engulfment by the solidification
front. A rise in sulfur content (to 100 ppm) had no discernible effect. Despite this, due to
the rapid solidification rate, the displacement of inclusions under the influence of surface
tension gradient was minimal.
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