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Abstract. In this paper, a mathematical model has been proposed to study the relationship 
between electromagnetic stirring (EMS) weld parameters and the mode of fluid flow on grain 
refinement of AA 6060 weldments. For this purpose, fluid flow modelling using Navier-Stokes 
equation is described first, and then, the proposed mathematical approach has been discussed in 
detail. For demonstration, calculations to determine the fluid velocity in the weld pool of thin 
plate AA6060 were performed. The application of the model on the experimental results 
indicates that the best grain refinement is achieved at a transition mode from laminar to turbulent 
fluid flow.   

1. Introduction 

Refinement of the grain structure in aluminium casts and welds is thought to provide improved 
mechanical qualities and the grain structure of typical gas tungsten arc (GTA) welds is dependent on 
both welding conditions and alloy content [1-3]. Weld pool stirring can also be used to achieve 
significant grain refinement in aluminium welds. The solid-liquid mixture can stay a fluid with high 
solid fractions if the molten metal is stirred, at which point the equiaxed dendrites become coherent with 
the solid skin [4]. Brown et al. [5] discovered in 1962 that applying an alternating axial magnetic field 
(parallel to the arc axis) generated a Lorentz force in the weld pool due to interaction between welding 
current and the imposed magnetic flux. The impact of EMS during TIG welding on grain size, hot 
cracking, and porosity, as well as fusion line grain separation in certain Aluminium alloys has been 
studied [6-9]. The thermal conditions in the weld pool, which are in turn dependent on the set welding 
parameters, determine the solidification morphology and growth pattern. Stirring, primarily, changes 
the thermal conditions in the weld pool and consequently affects the growth rate and solidification 
morphology [9].  

In this work, the relationship between the EMS weld parameters and the mode of fluid flow in the 
weld pool has been studied, by proposing a model to understand the relationship between optimized 
grain refinement and fluid flow rates, in AA 6060 EMS weldments. 

2. Approach 

2.1. Fluid flow model: The theory 
Interaction between the imposed magnetic induction and the welding current introduces the principle of 
EMS during welding. And based on that, a Lorentz force is created in the weld pool. The welding current 
is radially spread in the workpiece throughout TIG welding. A Lorentz force (FL) is obtained since an 
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external magnetic field is applied axially (i.e., parallel to the arc axis). Its direction follows the Fleming’s 
left-hand rule and is perpendicular to both the current density (J) and magnetic induction (B), hence, it 
can be represented by:  

FL= J × B × sinα                                                                 (1) 
 

where α is the lowest angle between the current density and the magnetic inductance vector. 
Principally, as a result of the combination of four various forces, weld pool (unstirred) convection can 
occur [10], namely, self-induced electromagnetic force, buoyancy force, surface tension, and 
aerodynamic drag force. The combination of these forces results in a highly complicated convection 
pattern. There are two useful equations, namely (1) continuity equation and (2) Navier-Stokes moment 
equation, that are used to simulate the convection in the weld pool. In the case where the density and 
viscosity of the fluid are constant, these equations can be shown as follows [11,12]: 
 

Continuity equation: ∇⋅v =0                                                      (2) 
 

Navier-Stokes momentum equation: 
 

 Bj)TT(gvp)v.v
t
v( 0

2 ×+−ρβ−∇η+−∇=∇+
∂
∂

ρ                             (3) 

 
where v is the fluid velocity, ∇p is the static pressure, η∇2v is the viscous force, ρβg(T-T0) is the 

buoyancy force and j×B is the Lorentz force. Considering cylindrical coordinates and neglecting the 
buoyancy force, equation (3) can be expressed in its azimuthal (φ) component as follows [12]: 

                        ρ �∂vϕ
∂t

+vr
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The radial and axial components of equation (3) do not include the Lorentz force and are not relevant 
to our case. From equation (4) it can be seen that the Lorentz force will cause the liquid in the weld pool 
to rotate azimuthally. This rotation can be done in two directions; clockwise or anti-clockwise, 
representing unidirectional stirring or it can be the combination of both i.e., alternating stirring. It is 
believed that the latter is responsible for weld metal grain refinement [6].  

2.2. Mathematical approach 
During EMS, the liquid metal flow in the weld pool can be analysed by solving equation (4). In the case 
of unidirectional stirring, de Vries [13] has proposed a simplified solution for this equation. By this 
solution, the fluid velocity (vφ) at any distance (r) from the weld centreline can be achieved by equation 
(5): 

vφ = 







−

ηπ 2

3
W

R
rr

d16
BI

                                                        (5) 

where η is the liquid metal viscosity, IW is the welding current, R is the radius of the fusion zone, and 
also the plate thickness is shown by the parameter (d). It is assumed that, during static unidirectional 
stirring, the velocity of the liquid metal at the center of the pool (r = 0) as well as at the fusion boundary 
(r = R) is equal to zero. The fluid velocity vφ at any distance from centre (0< r< R) may be described as 
increasing from 0 at the time (t=0) to a maximum at the time (t ≈ ∝), if the equation (5) is reliable for a 
steady-state condition (time ≈ ∝). Therefore, the fluid flow at transient state will be solved by equation 
(5) for vφ as a function of time t [18], [23].  
 

Let us assume to have a cylinder weld pool with radius R, height d and a current distribution pattern 
as schematically illustrated in Figure 1. It is supposed that the current density is constant at the surface 
of weld pool. 
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Figure 1. Current distribution in two axial (z) and radial (r) directions 

of a cylindrical weld pool [13] 
 

For the case of unidirectional stirring, the Lorentz force on a volume element of liquid metal is 
applied as follows, when the magnetic induction in magnitude and direction is constant[13, 21]: 

FL = Jr×B = r
dR2

BI
2

w

π
                                                               (6) 

Substituting equation 6 into equation (4) results in the following equation: 
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Assuming the azimuthal component of the fluid flow and the arc pressure are homogeneous (∂vφ /∂φ 
= 0 and ∂p /∂φ = 0), while the radial and the axial components of fluid velocity are neglect, equation (7) 
can be summarized to: 
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                                           (8) 

Further, we may assume that the total rotational fluid flow vφ(r,t)  can be written as the sum of the 
fluid flow at steady state sφ(r) and transient state uφ(r,t) i.e.: 

vφ(r,t) = sφ(r) + uφ(r,t)                                                         (9) 
From the combination of equation (8) and (9): 
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Substitution of equation (5) (replacing vφ by uφ) into equation (10) yields: 

ρ �∂uϕ(r,t)

∂t
� =η ∂

∂r
1
r

∂(r�uϕ(r,t)�)

∂r
                                                         (11) 

Employing Separation of Variable Method [uφ(r,t) = X(r)T(t)] [14] equation (11) can be solved by 
setting the boundary conditions X(r) = 0 at r = 0 and r = R as: 

T(t) = C1
t2

e λ−
 and X(r) = C2 J1(λR ηρ / ), where C1 and C2 are constant coefficients, λ is equal to 

(3.83/R)(η/ρ)1/2 and J1(λR ηρ / ), is the Bessel Function of the first order for λR ηρ / . At initial 
condition (vφ(r,t) = 0 at t = 0), C1 and C2 could be determined, which results in: 
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3. Results and discussions 

As a demonstrative example, calculations to determine the fluid velocity in the weld pool of thin plate 
AA6060 were performed, using equation (12). The material properties and EMS welding parameters of 
this experiment are given elsewhere [6, 13, 15]. The result of the model prediction is presented in Figure 
2, which illustrates the variation in fluid flow rate Vφ as a function of time t and distance from weld 
centreline r. 

 Figure 2. Calculated fluid velocity vφ, in a static weld pool of a thin 
plate (3 mm) during EMS. The fluid velocity is illustrated as a function 
of the distance from the weld pool centre at various elapsed times t 
during unidirectional stirring. 

It is assumed that the fluid velocity at a certain r as a function of time has a sinusoidal form, the 
velocity profile and its relationship with the magnetic field signal can be demonstrated as in Figure 3. 

B

Vφ(r1)

T =1/f

t

t=T/4  
Figure 3. Schematic diagram of the velocity profile and 

its relationship with the magnetic field signal [15]. 
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In case of alternating stirring, one may consider that the time for each complete rotation is equal to 
T=1/f and t=1/4T or t=1/(4f), at any magnetic induction intensity, we can calculate the rate of fluid flow 
at different frequencies (1/T). 

From Figure 3, it can be assumed that the essential time for the fluid to achieve the highest velocity 
from 0 conditions during alternating stirring is equal to a quarter of its one cycle stirring period t = 0.25T 
or t = (4f)-1. Using this assumption, the maximum amount of fluid velocity during alternating stirring 
can then be estimated through equation (12). Figure 4 illustrates the schematic comparison between the 
unidirectional and alternatingly stirred fluid flow [19].  
 

t

vφ

t1≈(4f)−1

Unidirectional stirring

Alternating stirring

 
Figure 4. Schematic illustration showing a comparison between a 

unidirectional stirred fluid flow and an alternatingly stirred fluid flow [15]. 

 
Figure 5. The AA6060-T6 GTA welds from top-view gained without EMS (left) and 

with EMS. Dotted white lines are modes of fluid flow, according to the Model’s 
prediction in the stirred welds. 
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According to fluid mechanics and taking an analogue flow pattern i.e., fluid flow in open channels it 
is possible to determine the mode of flow in the weld pool. On the case of open channels, the Reynolds 
Number for laminar flow is given as: Re < 500, and for turbulent flow: Re > 2000 [16, 22]. 

From these values and using the model it is possible to calculate their corresponding velocities in the 
weld pool during stirring. By extrapolating these velocities (dotted white colour lines) into the result 
shown in Figure 5 [6], the improved EMS parameters in order to grain refinement could be proposed. 
By incorporating calculated velocities into micrographs, we can observe that grain refining owing to 
EMS occurs at a certain stirring frequency and magnetic field strength, which corresponds to the 
transition condition from laminar to turbulent fluid flow [17, 20].  

4. Conclusions 

The developed model in this study predicted that the optimum grain refinement due to EMS welding is 
achieved at a transient fluid flow rate from laminar to turbulent flow. Here, an optimum grain refining, 
due to EMS, besides stirring frequency and the magnetic field strength is also a function of welding 
current and weld pool radius. 
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