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Abstract
Internal flow behaviour and melt-pool surface oscillations during arc welding are complex and
not yet fully understood. In the present work, high-fidelity numerical simulations are employed
to describe the effects of welding position, sulphur concentration (60–300 ppm) and travel
speed (1.25–5 mms−1) on molten metal flow dynamics in fully-penetrated melt-pools.
A wavelet transform is implemented to obtain time-resolved frequency spectra of the oscillation
signals, which overcomes the shortcomings of the Fourier transform in rendering time
resolution of the frequency spectra. Comparing the results of the present numerical calculations
with available analytical and experimental datasets, the robustness of the proposed approach in
predicting melt-pool oscillations is demonstrated. The results reveal that changes in the surface
morphology of the pool resulting from a change in welding position alter the spatial distribution
of arc forces and power-density applied to the molten material, and in turn affect flow patterns
in the pool. Under similar welding conditions, changing the sulphur concentration affects the
Marangoni flow pattern, and increasing the travel speed decreases the size of the pool and
increases the offset between top and bottom melt-pool surfaces, affecting the flow structures
(vortex formation) on the surface. Variations in the internal flow pattern affect the evolution of
melt-pool shape and its surface oscillations.

Supplementary material for this article is available online

Keywords: fusion welding, positional welding, weld-pool behaviour, surface oscillations,
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1. Introduction

Fusion joining ofmetallic materials is an essential requirement
inmany industries. The integrity of products depends critically
on the joining technique employed and the quality of the joints
produced [1, 2], which in turn is influenced by the dynamic
stability of the melt-pool [3]. A better understanding of the
complex transport phenomena insidemelt-pools offers consid-
erable opportunities for improved monitoring and control of

1361-6463/21/275303+18$33.00 1 © 2021 The Author(s). Published by IOP Publishing Ltd Printed in the UK

https://doi.org/10.1088/1361-6463/abf808
https://orcid.org/0000-0002-4912-2549
https://orcid.org/0000-0001-6821-0969
https://orcid.org/0000-0002-6204-5285
https://orcid.org/0000-0002-3651-3233
mailto:A.Ebrahimi@tudelft.nl
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6463/abf808&domain=pdf&date_stamp=2021-4-29
https://doi.org/10.1088/1361-6463/abf808
https://creativecommons.org/licenses/by/4.0/


J. Phys. D: Appl. Phys. 54 (2021) 275303 A Ebrahimi et al

joining processes. To date, control and optimisation of weld-
ing processes relies largely on trial-and-error experiments that
often pose challenges due to the non-linearity of melt-pool
responses to changes in operating conditions, material proper-
ties and process parameters [4–6]. Moreover, welding process
development requires tolerance to parameter variations, within
which the resultant weld integrity must be fit for the intended
purpose, irrespective of the particular parameter combinations
within the defined procedural range.

The present work focuses on positional gas tungsten arc
(GTA) welding, which involves several significant operat-
ing parameters, the number increasing when complex time-
dependent phenomena are considered [7]. The simulation-
based approach utilised in the present work offers the potential
to reduce procedure development costs and will enhance our
understanding of melt-pool behaviour during positional GTA
welding.

The majority of published studies on GTA melt-pool oscil-
latory behaviour are experimentally based, consider only the
flat (1G or PA) welding orientation (i.e. position C1 shown in
figure 1) and focus on processing the signals received from the
melt pool to sense penetration [8]. Experimental techniques
employed are often based on laser vision [9], arc voltage [10]
or arc-light intensity [11] measurements. A critical limita-
tion is related to the inadequate signal-to-noise ratio for low-
amplitude surface oscillations [12], which makes the applic-
ation of a triggering action essential [13]. Moreover, these
techniques ignore convection in the melt pool, which is dif-
ficult to measure due to opacity, the fast dynamic response
of the molten metal flow and high temperatures [1]. In addi-
tion to the experimental measurements, analytical models have
been developed to predict dominant oscillation frequencies.
These models are based on similarities between oscillations
of the melt-pool surface and the vibrations of a thin stretched
membrane [10, 11, 14–16]. Unfortunately, the absolute accur-
acy of these analytical models is critically dependent on the
melt-pool shape, temperature-dependent material properties
and processing conditions [12], which in turn are affected
by unsteady transport phenomena in the pool [17]; factors
that are not known a priori. Moreover, changes in oscillation
mode and amplitude are not predictable using these models.
Conversely, high-fidelity numerical simulations have demon-
strated a remarkable potential to describe the complex internal
flow behaviour in melt pools and associated surface deforma-
tions [18, 19].

Although many numerical models are available (e.g.
[20–27]), numerical studies on melt-pool surface oscillations
are scarce and the melt-pool oscillatory behaviour is not yet
fully understood, particularly for positional welding condi-
tions. Previous studies often focused on the influence of sur-
face deformations on the melt-pool shape [28–32] or the
morphology of the melt-pool surface, to study ripple form-
ation [33], welding defects such as undercut [34] or hump-
ing [35–37]. Chen et al [38] revealed that the flow patterns
in pools with one free surface, representative of partially
penetrated welds, differ from those in pools with two free
surfaces, representative of fully penetrated welds. In their

model, they neglected solidification and melting, assumed that
the flow inside the pool is axisymmetric and that the sur-
face tension of the molten material is a linear function of
temperature. Using a similar model, including electromag-
netic forces and solid-liquid phase transformations, Ko et al
[39, 40] showed that pool oscillations during stationary GTA
welding depend on the direction of the Marangoni flow. For
many real-world welding applications, non-pure materials are
involved for which the surface tension changes non-linearly
with temperature [41]. This coupled with movements of the
melt-pool boundaries due to solid-liquid phase transforma-
tions form complex unsteady flow patterns that are inherently
three-dimensional [42–44], affecting the melt-pool surface
oscillations.

In our previous study on stationary GTA welding [18],
we demonstrated that changes in welding current and mater-
ial properties can alter the time-frequency response of melt-
pool oscillations under both partial and full penetration con-
ditions. The welding position can also influence the shape
of the deformations of the melt-pool surface and its shape
during GTA welding [45, 46]. Moreover, morphology of the
melt-pool surface can affect the spatial and temporal distri-
bution of arc-pressure and power-density and thus the melt-
pool dynamic behaviour [18, 39]. Further investigations are
essential to broaden our understanding of complex internal
flow behaviour in melt pools and melt-pool surface oscilla-
tions in positional GTA welding. In the present study, the
results of numerical simulations employed to reveal complex
unsteady transport phenomena in the melt-pool and associated
surface oscillations during positional GTA welding are repor-
ted. The present study focuses particularly on fully-penetrated
pools, where the melt-pool oscillations are critical for pro-
cess stability; however, the present model is equally applic-
able to partial penetration conditions. The coupling between
melt-pool surface deformations, arc force and power-density
distributions, which represent physical realism and can affect
the predicted thermal and flow fields, are taken into account.
The continuous wavelet transform is applied to the time-
resolved displacement signals acquired from the simulations
to enhance our understanding of the evolution of surface
oscillations and its correlation with process parameters and
material properties. A novel insight into the evolution of
melt-pool surface oscillations and the complex flow inside
molten metal melt pools is provided, which offers a compu-
tational approach to fusion welding process development and
optimisation.

2. Problem description

Molten metal flow behaviour and associated surface oscilla-
tions during positional gas tungsten arc welding of a stain-
less steel (AISI 316) plate are studied numerically. As shown
schematically in figure 1, the plate has a thickness of Hm =
2 mm and is heated locally by an electric arc plasma to cre-
ate a melt pool in the plate that is initially at T0 = 300 K.
A perpendicular torch is adopted for all positions in line with
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automated pipeline welding. The current is set to 85 A and the
initial arc length (electrode tip to workpiece distance) before
igniting the arc is 2.5 mm. Obviously, the melt-pool surface
deforms during the process, leading to changes in the length,
voltage and power of the arc as well as power-density distribu-
tion and the magnitude and distribution of forces induced by
the arc plasma [18, 47, 48]. In the present model, the melt-pool
is decoupled from the arc plasma to reduce the computation
time and complexity of simulations. Accordingly, the related
source terms for momentum and thermal energy are adjusted
dynamically in the present model to take these changes into
account, as explained in section 3. Argon gas is employed
to shield the melt-pool. The temperature-dependent thermo-
physical properties of AISI 316 and argon are presented in
table 1. The temperature-dependent surface tension of themol-
ten material is modelled using an empirical correlation intro-
duced in (21) Sahoo et al [41], which accounts for the influence
of surface-active elements (i.e. sulphur).

A moving reference frame is employed in the present
numerical simulations to simulate unsteady convection in the
melt pool. Hence, instead ofmoving the heat source, themater-
ial enters the computational domain, translates at a fixed speed
(i.e. The welding travel speed) opposite to the welding direc-
tion shown in figure 1, and leaves the computational domain.
Applying the moving reference frame technique facilitates
a decrease in the size of the computational domain and thus
the runtime. The computational domain is designed in the form
of a rectangular cuboid encompassing the workpiece and two
layers of gas below and above the sample to monitor the oscil-
lations of the melt-pool surfaces. The width and the length
of the computational domain is W= 40 mm and L= 70 mm
respectively, which is substantially larger than the dimensions
of the melt-pool. The boundary conditions applied to the com-
putational domain in the simulations are shown in figure 1(b).
The outer boundaries of the workpiece are adiabatic and are
treated as no-slip moving walls. The gas layers have a thick-
ness of Ha = 2 mm and a fixed atmospheric pressure (p=
patm = 101.325 kPa) is applied to their outer boundaries. The
electrode axis is located in themiddle of the plate (i.e. x=W/2)
and 15 mm away from the leading-edge of the plate (i.e.
y= 15 mm). Eight different welding positions (workpiece ori-
entations with respect to gravity) are studied, as shown in
figure 1(c).

3. Methods

3.1. Model formulation

Our previous multiphase model for stationary GTA welding
[18] is extended here to predict the complex three-dimensional
molten metal flow and melt-pool surface oscillations during
positional moving GTA welding. In this model, the molten
metal and argon were assumed to be incompressible and were
treated as Newtonian fluids. Accordingly, the unsteady gov-
erning equations were cast in conservative form as follow:

∇· u= 0, (1)

Table 1. Thermophysical properties of AISI 316 and argon used in
the computational model. T is in Kelvin.

Property
Stainless steel
(AISI 316) [49] Gas (argon) Unit

Density ρ 7100 1.623 kgm−3

Specific heat
capacity cp

430.18+0.1792T
(solid phase)

520.64 J kg−1 K−1

830 (liquid phase)
Thermal
conductivity k

11.791+0.0131T
(solid phase)

520.64 Wm−1 K−1

6.49+0.0129T
(liquid phase)

Viscosity µ 6.42× 10−3 2.1× 10−5 kgm−1 s−1

Thermal expansion
coefficient β

2× 1006 — K−1

Latent heat of
fusion L

2.7× 105 — JKg−1

Liquidus
temperature Tl

1723 — K

Solidus
temperature Ts

1658 — K

ρ
Du
Dt

= µ∇2u−∇p+Fd +Fs +Fb, (2)

ρ
Dh
Dt

=
k
cp
∇2h− ρ

D(ψL)
Dt

+ Sq + Sl, (3)

where ρ is the density, u the relative velocity vector, t the time,
µ the dynamic viscosity, p the pressure, h the sensible heat, k
the thermal conductivity, cp the specific heat capacity at con-
stant pressure, and (ψL) the latent heat. The total enthalpy of
the materialH is the sum of the latent heat (ψL) and the sens-
ible heat h and is defined as follows [50]:

H =

(
hr +
ˆ T

Tr

cp dT

)
+ψL, (4)

where T is the temperature,ψ the local liquid volume-fraction,
and L the latent heat of fusion. The subscript ‘r’ indicates the
reference condition. Assuming the liquid volume-fraction ψ
to be a linear function of temperature [50], its value can be
calculated as follows:

ψ =
T−Ts
Tl −Ts

; Ts ⩽ T⩽ Tl, (5)

where Tl and Ts are the liquidus and solidus temperatures,
respectively.

To capture the position of the gas-metal interface, the
volume-of-fluid (VOF) method [51] was employed, where the
scalar function ϕ indicates the local volume-fraction of a phase
in a given computational cell. The value of ϕ varies from 0
in the gas phase to 1 in the metal phase, and cells with 0<
ϕ < 1 represent the gas-metal interface. The linear advection
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Figure 1. Schematic of moving gas tungsten arc welding (GTAW). (a) A cross section of the plate showing a fully-penetrated melt pool,
(b) three-dimensional view of the problem under consideration and (c) different welding positions studied in the present work.

equation describes the advection of the scalar function ϕ as
follows:

Dϕ
Dt

+ϕ∇· u= 0. (6)

Accordingly, the effective thermophysical properties of the
material in each computational cell were determined as fol-
lows:

ξ = ϕξm +(1−ϕ)ξg, (7)

where ξ corresponds to thermal conductivity k, specific heat
capacity cp, viscosity µ and density ρ, and subscripts ‘g’ and
‘m’ indicate gas or metal respectively.

Solid-liquid phase transformation occurs in the temperat-
ure range between Ts and Tl in the so-called ‘mushy zone’. To
model the damping of liquid velocities in the mushy zone, and
suppression of liquid velocities in solid regions, the sink term
Fd based on the enthalpy-porosity technique [52], was incor-
porated into the momentum equation and is defined as

Fd = C
(1−ψ)2

ψ3 + ϵ
u, (8)

where C is the mushy-zone constant and its value was chosen
to equal 107 kgm−2 s−2, in accordance with [53] to avoid
numerical artefacts associated with inappropriate assignment
of this parameter, and ε is a constant equal to 10−3 employed
to avoid division by zero.

To apply forces on the gas-metal interface, the continuum
surface force (CSF) model [54] was employed. In the CSF
model, surface forces are considered as volumetric forces act-
ing on the material contained in grid cells in the interface
region. The source term Fs was added to (2) as follows:

Fs = fs∥∇ϕ∥
2ρ

ρm + ρg
, (9)

where the surface force applied to a unit area fs comprises arc
plasma, surface tension andMarangoni forces and was defined
as follows:

fs = fa + γκn̂+
dγ
dT

[∇T− n̂(n̂ ·∇T)] , (10)

where fa is arc plasma force, γ the surface tension, n̂ the sur-
face unit normal vector (n̂=∇ϕ/∥∇ϕ∥) and κ the surface
curvature (κ=∇· n̂).

The arc plasma force fa defined in (10) comprises arc
plasma shear stress fτ and arc pressure fp,

fs = fτ + fp. (11)

the arc plasma shear stress fτ , which applies tangent to the
surface, was defined as follows [55]:

fτ = [τmax gτ (R,στ )] t̂, (12)
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where themaximum arc shear stress τmax [56, 57], the arc shear
stress distribution function gτ [58] and the surface unit tangent
vector t̂ [55] were defined as follows:

τmax = 7× 10−2 I1.5 exp

(
−2.5× 104ℓ̄

I0.985

)
, (13)

gτ (R,στ ) =

√
R

στ
exp

(
−R2

στ 2

)
, (14)

t̂=
r− n̂(n̂ · r)

∥r− n̂(n̂ · r)∥
. (15)

Here, I is the welding current in Amperes, ℓ̄ is the mean arc
length in meters,R the radius in x-y plane (i.e.R =

√
x2 + y2)

in meters, and r the position vector in the x-y plane in meters.
The distribution parameter στ (in meters) is assumed to be
a function of the mean arc length ℓ̄ and current I and was
approximated on the basis of the data reported by Lee and
Na [56]:

στ = 1.387× 10−3 + I−0.595ℓ̄0.733. (16)

the arc pressure fp was determined as follows [48]:

fp = Fp

[
µ0I
4π

I
2πσp2

exp

(
−R2

2σp2

)]
n̂, (17)

where I is the current in Amperes, and µ0 is the vacuum per-
meability equal to 4π× 10−7 Hm−1. The distribution para-
meter σp (in metres) was determined using the experimental
data reported by Tsai and Eagar [47] for an argon arc with
an electrode tip angle of 75◦ as follows:

σp = 7.03× 10−2ℓ0.823 + 2.04× 10−4I0.376, (18)

where ℓ is the local arc length in meters, and I the current
in Amperes. Hence, spatial and temporal variations of the arc
pressure distribution resulted from changes in morphology of
the melt-pool surface were taken into account. Changes in sur-
face morphology can cause the total arc force applied to the
melt-pool surface (

˝
∀
∥fp∥dV) to differ from the expected arc

force (µ0I2/4π) due to changes in ∥∇ϕ∥ [18, 59]. This numer-
ical artefact was negated by incorporatingFp, which is defined
as follows:

Fp = α
µ0I2

4π
1˝

∀
∥fp∥ dV

. (19)

the dimensionless factor αwas employed, as suggested by Liu
et al [33] and Lin and Eagar [48], to match the theoretically
determined arc pressure with experimentally measured values,
and was calculated as follows:

α= 3+ 8× 10−3I, (20)

with I the welding current in Amperes.

Figure 2. Surface tension of a molten Fe–S alloy as a function of
temperature approximated using (21) for different sulphur
concentrations.

The temperature-dependent surface tension of the molten
material was modelled using an empirical correlation [41] that
accounts for the influence of sulphur as a surface-active ele-
ment, and is defined as follows:

γ = γ◦m +

(
∂γ

∂T

)◦

(T−Tm)

−RTΓs ln

[
1+ψas exp

(
−∆H◦

RT

)]
, (21)

where γ◦m is the surface tension of the pure molten-material at
the melting temperature Tm, (∂γ/∂T)

◦ the temperature gradi-
ent of the surface tension of the pure molten-material, T the
temperature in Kelvin, Γs the adsorption at saturation, R the
universal gas constant, ψ an entropy factor, as the activity of
the solute, and ∆H◦ the standard heat of adsorption. The val-
ues reported by Sahoo et al [41] were used for the properties in
(21). Variations of the surface tension of a molten Fe–S alloy
with temperature are shown in figure 2 for different sulphur
concentrations studied in the present work. It should be noted
that in this model it is assumed that sulphur is distributed uni-
formly over the melt-pool surface. Since temperatures in the
melt-pool are below the boiling temperature of stainless steel
(O(3000 K)) and there is no material addition with a differ-
ent sulphur concentration, the effects of changes in the sulphur
concentration is virtually negligible for the cases studied in the
present work. Therefore, the effects of adsorption, desorption
and redistribution of species along the melt-pool surface are
neglected in the present numerical simulations.

Fb in (2) is the body force, which comprises electromag-
netic, gravity and thermal buoyancy forces. The electromag-
netic force was computed using the model proposed by Tsao
and Wu [60] transformed into a body-fitted coordinate sys-
tem, and the thermal buoyancy force was modelled using the
Boussinesq approximation [61]. Hence, the body forces are
defined as follows:

5



J. Phys. D: Appl. Phys. 54 (2021) 275303 A Ebrahimi et al

fbx =
−µ0I2

4π2σe2R
exp

(
−R2

2σe2

)[
1− exp

(
−R2

2σe2

)]
×
(
1− z− z ′

Hm − z ′

)2( x
R

)
, (22)

fby =
−µ0I2

4π2σe2R
exp

(
−R2

2σe2

)[
1− exp

(
−R2

2σe2

)]
×
(
1− z− z ′

Hm − z ′

)2( y
R

)
, (23)

fbz =
−µ0I2

4π2σe2R
exp

(
−R2

2σe2

)(
1− z− z ′

Hm − z ′

)
+ ρg− ρβ (T−Tl)g. (24)

Here, the distribution parameter for the electromagnetic force
σe is the same as σp, according to Tsai and Eagar [47], z ′ is
the position of the melt-pool surface in x-y plane, β the thermal
expansion coefficient, and g the gravitational acceleration vec-
tor.

The thermal energy provided by the arc was modelled by
adding the source term Sq to the energy equation (3) and was
defined as

Sq = Fq

[
ηIU
2πσq2

exp

(
−R2

2σq2

)
∥∇ϕ∥

2ρcp
(ρcp)m +(ρcp)g

]
,

(25)

where the process efficiency η considered to be a linear func-
tion of welding current, varying from 80% at 50 A to 70% at
300 A [62]. It should be noted that the source term Sq is only
applied to the top surface of the workpiece. The arc voltage U
depends on welding current and arc length, and was determ-
ined as follows:

U= Uo +UII+Ueℓ̄, (26)

where Uo is the electrode fall voltage equal to 8 V [63], UI

the coefficient of variation of arc voltage with current equal to
1.3× 10−2 VA−1 [64], andUe the electric field strength equal
to 7.5 Vcm−1 [63]. Using the data reported by Tsai and Eagar
[47], the distribution parameter σq (in meters) was determined
as follows:

σq = 1.61× 10−1ℓ0.976 + 2.23× 10−4I0.395, (27)

with ℓ in meters and I in Amperes. The adjustment factor Fq

was used to negate changes in the total heat input due to surface
deformations, which is defined as follows:

Fq =
ηIU˝

∀
Sq dV

. (28)

the sink term Sl was added to the energy equation to account
for heat losses due to convection and radiation, and was
determined as follows:

Sl = −
[
hc (T−T0)+KbE

(
T4 −T0

4
)]

×∥∇ϕ∥
2ρcp

(ρcp)m +(ρcp)g
, (29)

where hc is the heat transfer coefficient equal to 25Wm−2K−1

[65], Kb the Stefan–Boltzmann constant and E the radiation
emissivity equal to 0.45 [66].

3.2. Numerical implementation

The numerical simulations reported in the present work make
use of a finite-volume solver, ANSYS Fluent [67]. The
surface-tension model as well as the source terms in the
governing equations were implemented in the solver using
user-defined functions programmed in the C programming
language. The computational grid contains about 5.2× 106

hexahedral cells, where cell spacing varies gradually from
40 µm in the melt-pool region and close to the gas-metal
interface to 400 µm close to the boundaries of the computa-
tional domain. Spatial discretisation was implemented by the
central-differencing scheme for momentum advection and dif-
fusive fluxes, and the time marching was performed employ-
ing a first order implicit scheme. The time-step size was set
to 10−5 s, resulting in a Courant number (Co= ∥u∥∆t/∆x)
less than 0.25. Velocity and pressure fields were coupled
using the PISO (pressure-implicit with splitting of operat-
ors) scheme [68] and the pressure interpolation was per-
formed employing the PRESTO (pressure staggering option)
scheme [69]. The advection of the volume-fraction field was
formulated using an explicit compressive VOF method [70].
Convergence for each time-step is achieved when scaled
residuals fall below 10−7. Each simulation was executed in
parallel on 80 cores (AMD EPYC 7452) of a computing
cluster for a total run-time of about 800 h. To reduce the
computational costs associated with running the model, pos-
sible developments can focus on performing model order
reduction or decreasing the spatial and temporal resolutions
of the simulations. Reliability, validity and grid independ-
ence of the present numerical model in predicting internal
flow behaviour, evolution of the melt-pool shape and sur-
face oscillations were meticulously verified in our previous
works [18, 53, 71, 72]. Moreover, the frequencies acquired
from the present three-dimensional numerical simulations
deviate less than 10% from the experimental data reported by
Yudodibroto [73].

3.3. Time-frequency analysis

Because of the complex unsteady molten metal flow in the
melt pool, the frequency spectra of signals received from an
oscillating melt-pool during GTA welding are often time-
variant. The dynamic features of the oscillation signals can-
not be disclosed employing the conventional Fourier trans-
form (FT) analysis [74]. The continuous wavelet transform
(CWT) [75] was employed in the present study to overcome
the shortcomings of the conventional fast Fourier transform
(FFT) analysis in characterising the non-stationary features of
the signals that may contain abrupt changes in their frequency
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Figure 3. The displacement signals recorded from the monitoring points on the melt-pool top surface and the corresponding frequency
spectra for welding position C1. (a) and (b) displacement signals obtained from the simulations, (c) and (d) frequency spectra obtained from
FFT analysis. Magnitudes in frequency spectrum are normalised with respect to the maximum magnitude. Positive values of δ indicate
surface depression and its negative values indicate surface elevation. (I= 85 A, travel speed: 2.5 mms−1 and sulphur concentration:
240 ppm.)

spectra. Employing the CWT method, the time-resolved melt-
pool surface oscillation signals obtained from the numer-
ical simulations can be decomposed into time and frequency
spaces simultaneously. The principle of signal processing
based on the wavelet transform is described in [75] and is
not repeated here. The Python programming language was
employed to perform time-frequency analysis using the oscil-
lation signals acquired at a sampling frequency of 105 Hz. The
Morlet wavelet function, which is a Gaussian-windowed com-
plex sinusoid, was used as the mother wavelet that yields an
adequate balance in both time and frequency domains.

4. Results

In this section, the effects of different welding positions
(shown in figure 1(c)) as well as travel speed (ranging
between 1.25 mm s−1 and 5 mm s−1) and sulphur concen-
tration (ranging between 60 ppm and 300 ppm) on internal
flow behaviour, evolution of the melt-pool shape and surface
oscillations during GTA welding are described. Displacement
signals required for characterising the molten metal oscilla-
tions were recorded from several monitoring points distrib-
uted over the melt-pool surface during the simulations, and
are shown in figure 3 for welding position C1. Although the
amplitudes of oscillations are different at different locations,
the frequency spectra obtained from FFT analysis look sim-
ilar. Hence, the signals recorded from the monitoring point
m(x,y,z) = m(0,0,zinterface) in the period of t= 0 to 10 s were
analysed utilising the continuous wavelet transform. It should
be noted that no triggering action (such as welding current
pulsation) was taken to excite melt-pool surface oscillations in

the present numerical simulations because even small surface
fluctuations are detectable using the proposed computational
approach [18]. The effects of triggering melt-pool oscillations
through welding-current pulsation is studied for welding posi-
tion C1, travel speed of 2.5 mm s−1 and sulphur concentration
of 240 ppm, and the results are presented in the supplementary
materials (available online at stacks.iop.org/JPD/54/275303/
mmedia).

The oscillation signals of the melt-pool surface and the
corresponding frequency spectra for different welding posi-
tions with I= 85 A and sulphur concentration of 240 ppm are
shown in figure 4 for downward welding direction (C1–C4)
and in figure 5 for upward welding direction (C5–C8). For the
cases with a travel speed of 2.5 mms−1, the melt-pool depth
increases over time and reaches the plate thicknessHm in about
1.25 s. Then, the melt-pool surface area on the bottom surface
increases and becomes almost the same as that on the top sur-
face (i.e. full penetration) at t≈ 4 s, after which the melt-pool
grows to reach a quasi-steady state. In the case of GTA weld-
ing in position C1 (figure 4(a)), the frequency of oscillations
decreases from f≈ 73 Hz at t= 1.25 s to values of about 32 Hz
at t= 4 s, while the melt-pool surface area on the bottom sur-
face is increasing to establish full penetration. After full penet-
ration is established, the frequency of the most energetic event
increases to f≈ 45Hz, as indicated by arrow, and subsequently
decreases gradually to values of about 32 Hz as time passes
and reaches 10 s. Both low and high frequencies remain in
the spectrum after full penetration. The amplitudes of oscilla-
tions also augment as the melt-pool size increases. The fre-
quency of oscillations obtained from the present numerical
simulations for welding position C1 agrees reasonably (within
10% deviation bands) with the experimental data reported

7
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Figure 4. The displacement signals recorded from the monitoring point m(x,y,z) = m(0,0,zinterface) and the corresponding time-frequency
spectra for different welding positions with downward welding direction. (a) Welding positions C1, (b) welding positions C2,
(c) welding positions C3 and (d) welding positions C4. Magnitudes are normalised with respect to the maximum magnitude in the
time-frequency spectrum. Positive values of δ indicate surface depression and its negative values indicate surface elevation. (I= 85 A,
travel speed: 2.5 mms−1 and sulphur concentration: 240 ppm.)

by Li et al [76]. The range of oscillation frequencies pre-
dicted for different welding positions (C1–C8) seems to be
the same, however the results suggest that the welding pos-
ition affects the amplitudes of oscillations and the evolution
of melt-pool oscillatory behaviour. The frequency of oscilla-
tions varies from f≈ 25 Hz to values of about 37 Hz after full
penetration for welding positions C2 and C4. Such increase in
the frequency of oscillations after full penetration also occurs
for the welding position C3, however the frequency decreases
after about 1 s and the melt pool oscillates at low frequencies
up to t≈ 7 s, after which the melt pool collapses (i.e. burns-
through).

The amplitude of oscillations predicted for cases C5–C8
are generally larger than those predicted for cases C1–C4, as
shown in figure 5. For the welding position C5, the frequency
of oscillations decreases from 66 to 52 Hz within 1 s (from
t= 1.25 to t= 2.25 s) and then the frequency of oscillations
increases to 64 Hz, as indicated by arrow. For the cases that
welding direction is upward (C6–C8), multiple changes occur
in the frequency of oscillations. The abrupt changes observed
in the frequency domain indicate the importance of utilising
the wavelet transform instead of the Fourier transform for ana-
lysing the behaviour of oscillating melt-pools. Changes in the
frequency of oscillations relate to changes in flow pattern in
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Figure 5. The displacement signals recorded from the monitoring point m(x,y,z) = m(0,0,zinterface) and the corresponding time-frequency
spectrum for different welding positions with upward welding direction. (a) Welding positions C5, (b) welding positions C6,
(c) welding positions C7 and (d) welding positions C8. Magnitudes are normalised with respect to the maximum magnitude in the
time-frequency spectrum. Positive values of δ indicate surface depression and its negative values indicate surface elevation. (I= 85 A,
travel speed: 2.5 mms−1 and sulphur concentration: 240 ppm.)

the melt pool, the shape and size of the melt-pool, and sur-
face tension of the molten metal [14, 18], which is discussed
in section 5.

Changes in the sulphur concentration of the material, as
a surface-active element, can result in notable changes in
surface tension of the molten material and its variation with
temperature (∂γ/∂T), as shown in figure 2. Reducing the
amount of sulphur in the material results in intensifying the
outward fluid flow over the melt-pool surface (as shown in
figure 11), forming a wide melt pool. The effect of sulphur
concentration of the material on the evolution of the frequency
of oscillations is shown in figure 6 for welds in position C1
and travel speed of 2.5 mms−1. The evolution of oscillation

frequency is almost the same for the cases with sulphur con-
centrations of 120 and 60 ppm, and differs both qualitatively
and quantitatively from that of the case containing 240 ppm
sulphur. The melt pool oscillates at higher frequencies with
larger amplitudes in the case with sulphur concentration of
240 ppm compared to the cases with sulphur concentrations
of 120 and 60 ppm. Moreover, the fundamental frequency of
oscillations does not increase markedly after full penetration
in the cases with sulphur concentrations of 120 and 60 ppm, as
it does in the case with sulphur concentration of 240 ppm. This
difference in the evolution of oscillations frequency relates to
changes in the structure of the molten metal flow in the melt
pool and thus melt-pool shape evolution.
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Figure 6. The influence of sulphur concentration on the time-frequency spectra of melt-pool oscillations during GTA welding. (a) Sulphur
concentration: 120 ppm, and (b) sulphur concentration: 60 ppm magnitudes are normalised with respect to the maximum magnitude in the
time-frequency spectrum. Positive values of δ indicate surface depression and its negative values indicate surface elevation. (I= 85 A,
welding position: C1 and travel speed: 2.5 mms−1.)

Figure 7. The influence of welding travel speed on the time-frequency spectra of melt-pool oscillations during GTA welding. (a) Travel
speed: 1.25 mms−1 and (b) travel speed: 5 mms−1. Magnitudes are normalised with respect to the maximum magnitude in the
time-frequency spectrum. Positive values of δ indicate surface depression and its negative values indicate surface elevation. (I= 85 A,
welding position: C1 and sulphur concentration: 240 ppm.)

The influence of travel speed on the frequency of melt-
pool surface oscillations is shown in figure 7 for the welds in
position C1 and sulphur concentration of 240 ppm. When the
travel speed was set to 1.25 mms−1, the melt pool reaches
full penetration at t≈ 3 s and the amplitude of surface oscil-
lations start to increase, as shown in figure 7(a). For the case

with a travel speed of 1.25 mms−1, the frequency of oscilla-
tions gradually decreases from 69 Hz at t= 1.25 s to 29 Hz
at t= 10 s while the melt-pool is growing over time. Increas-
ing the travel speed from 1.25 to 5 mms−1, the amplitude of
oscillations decreases significantly. Moreover, the frequency
of oscillations decreases up to t= 4 s while the melt-pool
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Figure 8. Variation of the frequency of oscillations for
fully-penetrated melt-pools during GTA welding as a function of
equivalent melt-pool diameter. The frequency of oscillations
obtained from the present numerical simulations (unfilled symbols),
experimental data reported by Yudodibroto [73] (plus symbols), and
analytical approximations using the model proposed by Maruo and
Hirata [16] for oscillation frequencies in Mode 3
(up and down bulk motion, dark grey line) and Mode 2f
(sloshy oscillation, light grey line). (I= 85 A and
welding position: C1.)

size is increasing. Afterwards, the melt-pool reaches a quasi-
steady-state condition and the variation of the melt-pool size
over time becomes insignificant, resulting surface oscillations
at an almost constant frequency of about 41 Hz. It should be
noted that when the pool size has reached steady state, the sur-
face area of the melt pool on the bottom surface is consistently
smaller than that on the top-surface in the case with a travel
speed of 5 mms−1.

5. Discussion

The frequency of oscillations predicted using the present
numerical simulations are compared to the analytical approx-
imations calculated from the model developed by Maruo and
Hirata [16] for fully-penetrated melt pools in welding position
C1, and the results are presented in figure 8. This analytical
model is expressed mathematically as follows [16]:

f=
1
2π

√
2 γ̄ k2

ρHm
− 2∥g∥

Hm
, (30)

where Hm is the plate thickness, ρ the density of the molten
metal and γ̄ the average surface tension of the molten mater-
ial. The mean value of surface tension for the alloy considered

in the present study is approximately 1.6 Nm−1 in the tem-
perature range of 1723 K–2500 K [41]. The value of k in (30)
depends on both melt-pool size and oscillation mode and is
obtained from the following equations [73]:

Mode 3: k= 2.405

(
De

2

)−1

, (31)

Mode 2f: k= 3.832

(
De

2

)−1

, (32)

whereDe is the equivalent diameter of the melt-pool under full
penetration condition defined as follows:

De =
√
lw, (33)

where l and w are the melt-pool length and width on the
top surface respectively, as shown in figure 8. The analyt-
ical model of Maruo and Hirata [16] is developed for fully-
penetrated melt pools, assuming that the melt-pool shape and
size on the top and bottom surfaces of the workpiece are the
same with no offset. It appears that for the case with a travel
speed of 2.5mms−1 and sulphur concentration of 240 ppm the
melt-pool surface oscillations follow the analytically predicted
frequencies in mode 3 for t> 4 s when the surface area of the
melt-pool on the bottom surface approaches the surface area
on the top surface. Reducing travel speed to 1.25mms−1 while
keeping the sulphur concentration unchanged (240 ppm), the
melt-pool surface area on the bottom surface becomes almost
the same as on the top surface and the predicted frequen-
cies follow the analytical predictions in mode 3. For the case
with a travel speed of 5 mms−1 and sulphur concentration of
240 ppm, the melt pool shape and size reach a quasi-steady-
state with an equivalent diameter De ≈ 7.5 mm that does not
change notably over time. In many practical applications, the
melt-pool surface area is not necessarily the same on the top
and bottom surfaces of the workpiece, particularly when the
melt pool is growing before reaching a quasi-steady-state.
Moreover, there is often an offset between the positions of the
melt-pool surfaces on the top and bottom of the workpiece,
which increases with increasing the travel speed. These dif-
ferences in the melt-pool size and shape, as well as the offset
between the melt-pool surfaces on the top and bottom surfaces
of the workpiece, lead to deviation of the frequencies approx-
imated using the analytical models from those predicted from
numerical simulations and measured experimentally. The fre-
quencies predicted using the present numerical simulations are
in reasonably good agreement (within 10% deviation bands)
with the experimental measurements of fully penetrated pools
reported by Yudodibroto [73].

Despite the suitability of analytical models for predicting
the frequency of oscillations under a full penetration condi-
tion, they fail to predict changes in oscillation mode during
welding processes, particularly when the melt pool is evolving
over time. Moreover, variation in the value of surface ten-
sion of the molten material with temperature is ignored in the
analytical models, which limits their accuracy in predicting

11



J. Phys. D: Appl. Phys. 54 (2021) 275303 A Ebrahimi et al

Figure 9. Evolution of the melt-pool shape during gas tungsten arc welding. Contours show the temperature distribution over the melt-pool
surface and are overlaid with velocity vectors. The 0.5 ms−1 reference vector is provided for scaling the velocity field. (I= 85 A,
welding position: C1, travel speed: 2.5 mms−1 and sulphur concentration: 240 ppm.)

the frequency of oscillations during GTA welding. The res-
ults presented in figure 8 also demonstrate that changes in
the sulphur concentration can affect the frequency of oscil-
lations and their evolution due to variations in the internal
flow pattern and thus the melt-pool shape, which results from
changes in the Marangoni stresses acting on the melt-pool
surfaces.

Figure 9 shows the evolution of the thermal and flow
fields over the melt-pool surfaces as well as the pool shape
during GTA welding in position C1 with a travel speed of
2.5 mms−1 and sulphur concentration of 240 ppm. A melt
pool forms soon after the arc ignition, grows and its depth
reaches the plate thickness after about 1.25 s, forming a fully-
penetrated melt pool. Fluid flow in the melt pool is driven
by various time-variant forces acting on the molten mater-
ial such as Marangoni, Lorentz, arc plasma shear and pres-
sure and buoyancy forces, resulting in a complex flow pattern
that is inherently three-dimensional. This fluid motion trans-
fers the heat absorbed by the material and affects the melt-
pool shape and its evolution over time. The relative contribu-
tion of advective to diffusive energy transfer can be evaluated
using the Péclet number (Pe= ρcpD∥u∥/k), which is larger
than unity (O(100)) for the cases studied in the present work,
signifying the notable influence of advection on the melt-pool
shape.

The results shown in figure 9 indicate that the maximum
temperature of the melt pool after reaching a quasi-steady-
state condition varies between 2260 K and 2340 K and
the maximum local fluid velocity varies between 0.21 and
0.34 ms−1. Inward fluid flow from the boundary to the centre
of the pool is observed over the top surface that meets an
outward flow in the central region. This change in the flow
direction is due to the sign change of the temperature gradi-
ent of surface tension (∂γ/∂T) at a specific temperature, as
shown in figure 2. Interactions between these two streams dis-
turb the thermal field over the pool surface and generate an
unsteady complex flow pattern inside the pool, affecting the
energy transport in the melt pool and thus the evolution of the
melt-pool shape. Temperatures are below the critical temper-
ature over the bottom surface of the pool and the temperature
gradient of the surface tension is positive all over the surface,
resulting in inward fluid flow from the melt-pool boundar-
ies. Moreover, two vortices form over the top surface as time
passes that generate a periodic asymmetry in the flow field,
leading to flow oscillations around the melt-pool centreline.
The formation of such vortices occurs because of the fluid
motion from the front part of the pool toward the rear and colli-
sion with the inward flow in the rear part of the pool. A similar
flow pattern was observed during GTA welding by Zhao et al
[43] using particle image velocimetry (PIV).
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Figure 10. The influence of the welding position on evolution of the melt-pool shape during gas tungsten arc welding. Contours show the
temperature profile at t= 7 s and are overlaid with velocity vectors. Cross sections on the y-z plane are located at x= 0. (I= 85 A, travel
speed: 2.5 mms−1 and sulphur concentration: 240 ppm.)

The outward fluid flow in the central region of the melt pool
coupled with the arc pressure applied to the molten material
leads to melt-pool surface depressions in the front and central
region of the melt pool. Variation in the flow pattern over time,
as well as changes in the melt-pool shape result in changes
in oscillatory behaviour. For the case shown in figure 9, the
melt-pool surface area on the bottom surface of the workpiece
increases over time and becomes almost the same as that on
the top surface after 4 s. This change in pool shape coupled
with the fluid flow that evolves over the bottom surface, causes
a change in the melt-pool oscillatory behaviour, as reflected in
figure 4. Variations in the pool surface morphology also res-
ult in variation of the power-density and arc force distribution
over the surface and the total power input from the electric arc,
enhancing flow disturbances.

Variation in the welding position can affect melt-pool sur-
face deformations, resulting in changes in the power-density
and arc force distribution over the melt-pool surface and thus
the evolution of the melt-pool shape and its oscillatory beha-
viour. The influence of welding position on melt-pool shape is
shown in figure 10 for cases with a travel speed of 2.5 mms−1

and sulphur concentration of 240 ppm. When welding down-
ward (C2–C4), the molten material is pulled by the gravita-
tional force towards the front part of the melt pool and forms
a bulge beneath the welding torch. This change in the melt-
pool surface morphology decreases the average arc length and
alters the power-density distribution, through changing the

distribution parameter σq (27), and thus temperature profile
over the surface. The change in the power-density distribution
in turn increases the temperature gradients over the melt-pool
surface and thus the magnitude of Marangoni forces. The res-
ults reveal that the molten material moves from the rear of the
melt pool towards the front around the centreline, resulting in
further reduction of the melt-pool thickness in the rear part of
themelt pool, which can eventually lead to the rupture of liquid
layer and melt-pool collapse if the dynamic force balance can-
not be maintained. In contrast, when welding upward (C6–
C8), the molten material moves towards the rear part of the
melt pool because of the gravitational force, forming a concav-
ity in the front part of the pool. The formation of this concavity
increases the average arc length beneath the welding torch and
the distribution parameter σq (27). This increase in the distri-
bution parameter reduces the temperature gradients over the
melt pool surface and thus the magnitude ofMarangoni forces.
These results suggest that although the melt-pool shape and its
surface morphology are influenced by the welding position,
the overall flow structure in the melt pool, which is domin-
ated by Marangoni and electromagnetic forces, is not affected
significantly by the gravitational force [46]. The results in
figure 10 also show that the material thickness H reduces loc-
ally beneath the welding torch with the increase in the aver-
age arc length in the cases that welding direction is upward
(C6–C8). This reduction in the material thickness results in the
establishment of full penetration somewhat earlier at t≈ 3 s
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Figure 11. The influence of sulphur concentration in the material on the melt-pool shape during gas tungsten arc welding. Contours show
the temperature profile at t= 10 s and are overlaid with velocity vectors. The 0.5 ms−1 reference vector is provided for scaling the velocity
field. (I= 85 A, travel speed: 2.5 mms−1 and welding position: C1.)

compared to that of the case C1 and C5, changing the oscilla-
tion frequency as reflected in figure 5. The results suggest that
when the relativematerial thickness (H/Hm) beneath the weld-
ing torch reduces to values less than about 0.65, an unsteady
multicellular flow pattern evolves in the pool [18, 77], lead-
ing to irregular surface deformations that are reflected in
the time-frequency spectra shown in figure 5(b) and d) for
t> 6 s.

Figure 11 shows the melt-pool shape and thermal and flow
fields over the melt-pool surfaces at t= 10 s for GTA weld-
ing in welding position C1 with a travel speed of 2.5 mms−1

and different sulphur concentrations in the material. The res-
ults of the present numerical simulations suggest that both the
amplitude and frequency of oscillations decrease with redu-
cing the sulphur concentration in the material. Reducing sul-
phur concentration in the material results in an increase in the
average surface tension of the molten material, affects the vari-
ation of surface tension with temperature (∂γ/∂T) and reduces
the critical temperature at which the sign of the temperature
gradient of surface tension (∂γ/∂T) changes, according to (21)
(see figure 2). The flow pattern over the melt-pool top surface
becomes mostly outward when the sulphur concentration in
the material is reduced. The increasingly outward fluid flow
weakens disturbances caused by the interaction of inward and
outward fluid flows over the melt-pool surface. Additionally,

the outward fluid flow transfers the heat absorbed by themater-
ial towards the melt-pool boundary, reducing the maximum
temperature and the magnitude of temperature gradients over
the melt-pool surface. Moreover, the outward flow results in
a relatively larger melt-pool surface area on the top surface
compared to that on the bottom surface and fluid velocities
decrease on the bottom surface. These changes in the flow field
alter the melt-pool shape, as shown in figure 11, and in turn
affects the melt-pool oscillatory behaviour. A notable change
in the time-frequency spectra of the cases with sulphur con-
centrations of 120 ppm and 60 ppm (figure 6) compared to
that with a sulphur concentration of 240 ppm (figure 4(a))
is that the frequency of oscillations decreases gradually
over time and does not change suddenly as observed in
figure 4(a) at t≈ 4 s.

The influence of travel speed on melt-pool shape and heat
and fluid flow in the melt pool during GTAwelding in position
C1 is shown in figure 12 for the cases with a sulphur concen-
tration of 240 ppm. Increasing the travel speed, while keep-
ing other process parameters the same, results in a decrease in
the melt-pool size, which is due to the reduction of nominal
heat input to the material. Additionally, the melt-pool shape
changes from a virtually circular shape to a teardrop shape
with increasing travel speed. The flow pattern obtained from
the numerical simulations also reveals that vortex structures do
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Figure 12. The influence of travel speed on the melt-pool shape during gas tungsten arc welding. Contours show the temperature profile at
t= 10 s and are overlaid with velocity vectors. The 0.5 ms−1 reference vector is provided for scaling the velocity field. (I= 85 A, sulphur
concentration: 240 ppm and welding position: C1.)

not form over the melt-pool surface for the case with a travel
speed of 1.25 mms−1, in contrast to other cases with higher
travel speeds. Moreover, the offset between the top and bot-
tom melt-pool surfaces increases with increasing the travel
speed. The offset measured at the leading edge of the pool
with respect to the z-axis increases from about 5◦ at a travel
speed of 1.25 mms−1 to values of about 50◦ at a travel speed
of 5 mms−1.

6. Conclusions

High-fidelity three-dimensional numerical simulations were
performed to study the oscillatory behaviour of fully-
penetrated melt pools during positional gas tungsten arc weld-
ing. The influence of welding positions, the sulphur concen-
tration in the material and travel speed on complex unsteady
convection in the melt pool and oscillations of the melt-pool

surface were investigated. The frequencies predicted using the
present computationalmodel are comparedwith analytical and
experimental data, and reasonably good agreement (within
5% deviation bands) is achieved. Using the present numer-
ical approach, evolutions of the melt-pool surface oscillations
during GTA welding are described by revealing the unsteady
complex flow pattern in themelt pools and subsequent changes
in the melt-pool shape, which are generally difficult to visual-
ise experimentally. Moreover, evolution of the frequency of
melt-pool oscillations during arc welding are not predictable
using the analytical models that are available in the open
literature.

Melt-pool oscillatory behaviour depends on surface tension
of the molten material and shape and size of the melt-pool.
Changes in material properties and welding process paramet-
ers affect convection in the melt pool, hydrodynamic instabil-
ities that arise and resultant variations in the melt-pool shape.
Depending on the processing condition, these instabilities
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can also grow in time, affecting melt-pool stability and may
even lead to melt-pool collapse and process failure. Weld-
ing position affects the melt-pool surface morphology, alter-
ing the spatial distribution of arc forces and power-density
applied to the molten material and thus changes flow pat-
tern in the melt-pool. The change in the flow pattern affects
the evolution of the melt-pool shape and its oscillatory beha-
viour. The frequency of oscillations seems to vary within
the same range (22 Hz< f< 73 Hz) for different welding
positions studied in the present work, however the evolution
of oscillation frequencies, which depends on the melt-pool
shape, is affected by welding position. Under similar welding
conditions, sulphur concentration in the material signific-
antly affects the thermal and flow fields in the melt pool and
consequently the shape of the pool, changing the oscillat-
ory behaviour of the melt-pool. Increasing the travel speed
decreases the melt-pool size, increases the offset between
top and bottom melt-pool surfaces and also affects the flow
structures (vortex formation) on the melt-pool surface. These
observations offer an insight into the complex melt-pool
oscillatory behaviour during positional gas tungsten arc weld-
ing and suggest that the processing window for advanced
fusion-based manufacturing processes can be determined
by utilising numerical simulations that can potentially
reduce the costs associated with process development and
optimisation.
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