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Large thermal gradients in the melt pool from
rapid heating followed by rapid cooling in metal
additive manufacturing generate large thermoelectric
currents. Applying an external magnetic field to the
process introduces fluid flow through thermoelectric
magnetohydrodynamics. Convective transport of heat
and mass can then modify the melt pool dynamics
and alter microstructural evolution. As a novel
technique, this shows great promise in controlling
the process to improve quality and mitigate defect
formation. However, there is very little knowledge
within the scientific community on the fundamental
principles of this physical phenomenon to support
practical implementation. To address this multiphysics problem that couples the key phenomena
of melting/solidification, electromagnetism, hydrodynamics, heat and mass transport, the lattice
Boltzmann method for fluid dynamics was combined
with a purpose-built code addressing solidification
modelling and electromagnetics. The theoretical
study presented here investigates the hydrodynamic
mechanisms introduced by the magnetic field. The
resulting steady-state solutions of modified melt pool
shapes and thermal fields are then used to predict the
microstructure evolution using a cellular automatabased grain growth model. The results clearly
demonstrate that the hydrodynamic mechanisms
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Additive manufacturing (AM) is the process of joining materials together, typically in a layerby-layer approach to construct three-dimensional objects. In the case of AM processing in metals,
a high energy source, typically a laser or electron beam, is used to melt metallic powder layers
successively onto each other, allowing layers to join as they solidify. There are several AM
processes employed by industry for metal component production. Two widely used examples
include selective laser melting (SLM), where a thin layer of powder is spread across the print
bed, proceeding from a CAD file, specific regions are melted, a new layer of powder is spread
across the top and the process repeats [1–5]. In the alternative direct energy deposition (DED)
technique, the powder is continuously deposited and melted by the laser [6,7]. Both of these
processes generate a liquid melt pool that travels in the direction of the energy source and
solidifies in its wake. From the modelling point of view, laser AM for metals is essentially a fastrate welding process and as such a host to a plethora of complex physical phenomena. In the
melt pool, one needs to consider heat transfer and phase change in what is an inhomogeneous
particle bed medium, heat loss by radiation [8], evaporative heat and mass loss [9], Marangoni
flow driven by surface tension changes [10], spattering [11], denudation [12], etc. As the pool
solidifies, the microstructure develops and then it is modified or possibly remelted as the laser
scan is repeated on further powder layer deposition. The repeated melting/solidification of
layers, the inhomogeneous properties of the bed and the presence of interstitial gas lead to a
number of defects that affect the integrity of components. This paper provides a precursor for
novel techniques to eliminate some of these defects.
Numerical models of this process range across a wide range of length scales from the
macroscale that investigates the entire build geometry [13], to mesoscopic scales that focus on melt
pool dynamics [11,14] and to microscopic scales that capture the microstructure [15,16]. On the
mesoscopic scale, as there is a direct analogy to welding, methods are typically focused around
conservation of energy and directly address the thermal problem [17]; however, in the context
of AM, models now also need to account for melting powders and other physical phenomena
[11,18]. On the microstructure side, there are two frequently used methods, first the phase field
method [15,16] can capture the dendritic scale but requires a very fine computational mesh and
so only small sections can be modelled. The second is the cellular automata method (CA), which
is generally used to predict the grain scale and can capture larger sections of the build [19–21].
From the industrial point of view, AM is an attractive process allowing for the production
of complex geometries that may otherwise be impossible to create using traditional techniques
or may require extensive subtractive manufacturing with time cost and the loss of material.
The use of AM is becoming widespread with diverse applications ranging from energy [22] to
biomedical implants [23] to the fabrication of aero-engine parts [24]. However, the process can
also introduce defects [25] that are detrimental to the structural integrity of the final components,
including the formation of pores [26], cracks [27] and large columnar grains through epitaxial
growth [4]. Large variations in alloy composition lead to variations in structural properties,
where, for example, the melt pool boundaries act as sites for failure [4]. Many of these defects can
be associated with the contrasting solidification conditions encountered compared to traditional
casting techniques, where in AM, as in welding, there are both large thermal gradients and
rapid cooling. Therefore, additional control mechanisms are actively being sought that can both
manipulate the melt pool and subsequently the microstructure in a positive way. One relatively
unexplored technique is that of the application of an external magnetic field to exploit the
thermoelectric magnetohydrodynamic (TEMHD) phenomenon.
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and, therefore, microstructure characteristics are strongly dependent on magnetic field
orientation.
This article is part of the theme issue ‘Patterns in soft and biological matters’.

To model the influence of TEMHD in the AM process, a fully coupled approach is taken to
capture the mesoscopic melt pool dynamics, the steady-state solutions of which are then used to
predict microstructure evolution. In this work, the system represents an Al10Si alloy. This section
describes the governing set of equations for each of the physical phenomena present, and the
numerical methods used to solve them.
TE currents, J, are calculated from a modified Ohm’s Law [36] given by
J = σ (E + u × B − S∇T),

(2.1)

where σ is the electrical conductivity, E is the electric field, u is the fluid velocity, B is the magnetic
flux density, S is the Seebeck coefficient and T is the temperature. The electric potential ψ is related
to E by E = −∇ψ. Conservation of charge dictates that ∇ · J = 0 and so the conservative E field
reacts to the non-conservative TE field, S∇T, to preserve this condition. The term u × B is the
induced field and ultimately responsible for electromagnetic damping of fluid flow. The resulting
current interacts with the magnetic field to generate a Lorentz force, F = J × B. In the liquid, this
force drives fluid motion governed by the Navier–Stokes equation


∂u
+ u · ∇u = −∇p + μ∇ 2 u + J × B,
(2.2)
ρ
∂t
where t is time, ρ is the density, p is pressure and μ is the dynamic viscosity. Conservation of
mass for incompressible fluid flow provides the condition ∇ · u = 0. Fluid flow then introduces
convective heat transport governed by
∂T
= ∇ · α∇T − u · ∇T,
∂t

(2.3)

...............................................................

2. Methodology
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Thermoelectric (TE) currents are a natural and inherent part of many solidification processes
and are generated by thermal gradients and variations in the Seebeck coefficient. In the presence
of an applied magnetic field, the TE currents interact generating a Lorentz force that drives flow,
convectively transporting both heat and mass. Significant changes to solidification processes
due to TEMHD have been observed experimentally and predicted theoretically in situations
ranging from the low thermal gradient and slow solidification typical of directional solidification
processes [28–30] to the high thermal and rapid solidification process of high undercooled growth
[31,32]. In terms of solidification conditions, AM thermal gradients are high with moderate
solidification velocities compared to high undercooled growth, and, therefore, TEMHD effects
could be quite significant. To the authors’ knowledge, there is a lack of scientific investigations
into the effects of TEMHD in AM; only recently has the first experimental paper appeared [33]
showing that the application of a 0.12 T magnetic field leads to beneficial effects, such as a decrease
in pore density and reduced columnar grain morphology. To date, no theoretical or computational
modelling has been conducted to predict, describe or explain these observations. Referring to the
closely related field of welding, there have been more investigations. Chen et al. [34] conducted
welding experiments using 304 Stainless steel and a 0.415 T static axial magnetic field, where
they showed a reduction in width within the transitional region in the microstructure. Elsewhere,
Kern et al. [35] showed that by applying a 0.3 T transverse magnetic field, the ‘humping’ welding
defect, which is analogous to ‘balling’ in AM that leads to beading, could be suppressed and they
concluded that this effect could be attributed to TE forces.
These sparse investigations have demonstrated that the application of a magnetic field can
have a transformative effect on both the melt pool and microstructure, yet there has been no
methodical study to understand the link between these changes and TEMHD fluid flow. This
paper aims to reveal the fundamental hydrodynamic mechanisms of TEMHD and the potential
effect it has on the microstructure of AM and related processes.

(2.4)

where cp is the specific heat capacity and the phase variable f is the liquid fraction, with f = 1
representing fully liquid and f = 0 fully solid states. Intermediate values represent the transition
between phases from either melting or solidification.
Equations (2.1)–(2.4) represent the physics of the problem and in the numerical procedure
used, they are weakly coupled such that solutions for the unknown variables are calculated over
a time interval t = 0.1 µs in each equation and then used successively in the next equation. For a
given thermal field, equation (2.1) along with the conservation of charge gives Poisson’s equation
for the electric potential J and subsequently J × B can be calculated appearing as a source term
in equation (2.2). The Navier–Stokes equations are solved using the lattice Boltzmann method
(LBM) [37,38] yielding a solution for u. Heat transport is then calculated from equation (2.3), and
finally the change of phase and release of latent heat are calculated in equation (2.4). Solutions
for the electric potential, thermal transport and the enthalpy method use finite difference-based
schemes [29,39].
The computational domain is a cuboid divided into cubes of side x = 5 µm. The top
surface of the domain at +ẑ represents the boundary between the atmosphere and the AM
process. Equations (2.1)–(2.4) are solved throughout the entire computational domain; however,
at the boundaries, especially the top surface, additional phenomena from the AM process are
introduced. Variations in temperature lead to changes in surface tension γ and to the appearance
of a surface Marangoni stress given by
FM =

∂γ
∇T.
∂T

(2.5)

On the thermal side, the AM process introduces three key heat sources/sinks at the surface: the
heating laser, latent heat loss due to evaporation and heat loss from radiation. The total heat flux
at this surface [40,41] is given by
   

 

m
r 2
Hv 1
1
3P
4
− σB (T4 − Tref
−
).
(2.6)
− Hv p0 exp
Q = 2 exp −3
rh
R Tv
T
2π kB T
π rh
The first term is heat flux from the laser represented as a Gaussian distribution, where P is
the effective laser power, rh is the spot radius and r is the radius from the centre of the spot.
The second term is evaporation where Hv is the evaporation enthalpy, p0 is the atmospheric
pressure, R is the ideal gas constant, Tv is the evaporation temperature, m is the mass of a single
vapour particle (atomic weight) and kB is the Boltzmann constant. The final term is the radiation
loss, where σ B is the Stefan–Boltzmann constant, is the emissivity and Tref is the reference
temperature. The other domain boundaries represent far-field conditions, namely the ambient
temperature. For current density, the atmosphere is assumed to be non-conductive and the system
is closed, hence no normal current appears on any of the boundaries.
The laser scans across the top surface in +x̂ with a velocity, us , heating the top surface. As
the powder melts a liquid pool forms and heat is transported through the system by diffusion
and convection. Evaporative and radiative cooling occurs at the surface and heat is transported
through the powder by conduction. As the laser moves and regions of the melt pool cool down,
solidification occurs. In contrast with welding, these solidified regions can have very different
material properties compared to the initial powder phase. Two key materials properties of interest
here are the electrical conductivity and thermal diffusivity, where the powder phase diffusivity
can be 5–10% lower than the solid [42]. A similar drop is taken for the electrical conductivity by
assuming the Wiedemann–Franz law holds true. This law shows the electrical conductivity to
be proportional to the thermal diffusivity. To account for this transition, a second discrete phase
variable Ψ acts as a tag, initially set to powder, Ψ = −1, then, when a computational cell melts, it

...............................................................

H = f Lf + cp T,
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where α is the thermal diffusivity. During solidification and melting, latent heat of fusion, Lf , is
related to temperature through the volumetric enthalpy, H, which is defined as the sum of latent
and sensible heats

ke + V/VD
,
1 + V/VD

(2.7)

where V is the growth velocity and VD is the ‘diffusion’ velocity. In this case, V = us the scan
velocity and VD ≈ Dl /L, where L is some characteristic length scale. At the interface, the solid
fraction rate of change is given by
Cl (1 − k)

∂φs
∂Cl
= −∇ · (De ∇Cl ) + [1 − (1 − k)φs ]
,
∂t
∂t

(2.8)

where De = φ l Dl + φ s Ds is the equivalent diffusion coefficient. The equilibrium interface
temperature, Ti , is calculated from the alloy phase diagram using Ti = ml (Cl − C0 ), where ml is the
liquidus slope and C0 is a reference concentration. Convective transport of solute is governed by
∂Ce
+ u · ∇Cl = ∇ · (De ∇Cl ),
∂t

(2.9)

where the equivalent concentration is defined as Ce = (1 − φ S )Cl + φ s Cs . Even with this smaller
cell size, the dendritic scale can still be even smaller than this in AM processes. The eutectic
often forms at nanoscales [47] and so to accurately capture the microstructure a cell size less
than 0.1 µm would be required. From a computational perspective, for the domain sizes used in
this work up to a trillion cells would be required, which is unfeasible and extremely powerful
high performance computing would be necessary. Therefore, to predict the redistribution of
concentration, a volume-averaged approach is taken where a cell is considered to be filled with
both low-concentration dendrites and high-concentration eutectic. From a physical perspective,

...............................................................

k=

5

royalsocietypublishing.org/journal/rsta Phil. Trans. R. Soc. A 378: 20190249

becomes liquid, Ψ = 0, and when a cell solidifies, solid, Ψ = 1. Solid cells can remelt but cannot
then come back as powder. Ψ is then used to assign corresponding material properties to each of
the three phases.
To prevent far-field boundaries from influencing the solution as the laser moves, a moving
mesh approach is adopted. The moving mesh moves at the same speed as the scanning laser,
but in the opposite direction. This has the effect of keeping the laser spot in the same relative
position in the domain allowing for a large enough time for the system to reach steady conditions
and removing the need for a very large domain. From a practical perspective, information
of all variables is passed to neighbouring cells, for example f (x, y, z) = f (x + x, y, z). At the
−x̂ boundary information is lost, while at +x̂ boundary, far-field conditions are introduced to
the domain.
Microstructure evolution is predicted using a CA, which can capture the microstructure at the
scale of the melt pool. The method used here is based on the µMatIC code [43–45] and recently
applied by the authors to convection-based problems [28,29]. The mesoscopic steady-state
solutions for temperature and velocity are used as inputs to the microstructure model, providing
a one-way coupling from the meso- to micro-scale. The domain size of the microstructure model
is identical to the mesoscopic model, but with a much smaller cell size, with x = 1 µm. The
temperature and velocity profiles from the mesoscopic solutions are interpolated onto this finer
grid. The thermal field essentially controls the melt pool shape in the CA, while the velocity field
feeds into the transport equations and affects the redistribution of solute across the melt pool.
As the hydrodynamics and thermal problems are not recalculated, this reduces to solving the
coupled transport and solidification equation set. Although the cell size is five times smaller a
larger time step of t = 1 µs can be used as the highly nonlinear effects and their coupling such as
radiation, evaporation, Marangoni and TEMHD flows are already resolved.
The CA also uses a continuous solid fraction phase variable φ s to represent solidification. For
alloy solidification, the concentration of solute in the solid, Cs , and liquid, Cl , are governed by
Cs = ke Cl , where ke = 0.13 is the equilibrium partition coefficient of solute. Owing to the relatively
rapid solidification of AM processes, the non-equilibrium effect of solute trapping is introduced.
To account for this, the continuous growth model by Aziz & Kaplan [46] proposed a change to
the partition coefficient given by
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Figure 1. Schematic of the numerical model for AM processing.

the characteristic length, L, represents the interface thickness and for k = 0.7 used in this work,
gives L = 38 nm, which is consistent with values used in phase field modelling that require an
interface thickness as part of the formulation [15,16]. However, due to the disparate spatial
scale between microstructure features and the cell size, liquid regions in the mushy zone where
solute would be ejected cannot be resolved and are essentially considered solid or solidifying
(and therefore are also ejecting solute) in the numerical model. Therefore, from a numerical
perspective, an even higher partition coefficient may be more appropriate. For example, L could
represent the inter-dendritic spacing of 0.1 µm, giving k = 0.85 or even the cell size of 1 µm, giving
k = 0.98. However, with increasing partition coefficient, the system will behave more like a pure
material with no ejected solute. Consequently, solute variations will become vanishing and so the
ability to predict the microstructure.
The microstructure model is used to capture multiple layers of the AM process. A periodic
approach is taken, where, as the solidified cells exit the back of the domain through the moving
mesh, they are reintroduced to the front, but lowered by the powder layer depth and above this
a new powder layer is introduced. In the results presented, 12 layers are captured. With only a
one-way coupling, changes to the temperature from higher thermal diffusivity of previous solid
layers are not accounted for nor is solute undercooling. However, the microstructure model does
provide an indication of the grain structure and the relative distribution of solute in the final
solid structure.
A schematic of the problem set-up is given in figure 1, highlighting the domain geometry,
boundary conditions and key physics. Table 1 gives values of material properties representative
of Al10Si and process parameters that are used in the numerical calculations. In calculating the
effective laser power, an efficiency of 0.7 has been assumed, so for a 100 W laser, 70 W enters
the system.

3. Results and discussion
Preliminary studies described in the introduction have shown that the magnetic field direction
relative to scan direction can have a significant influence on pool dynamics and consequently
microstructure [33,35]. A parametric study of the magnetic field orientation was conducted to
understand the various TEMHD hydrodynamic mechanisms and the intimate coupling to the
thermal transport and microstructure evolution. For the cases with an applied magnetic field, the
strength is taken as |B| = 0.5 T, with the exception of the investigation into the transition from
Marangoni to TEMHD flow. For the cases presented, |B| = 0.5 T was found to be sufficient for
TEMHD to be the dominant force.

...............................................................
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top surface boundary:
laser power + evaporation +
radiation

Table 1. Material properties of Al10Si and process parameters used in numerical simulations.
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value
1200 [48]

unit
J kg−1 K

thermal diffusivity liquid

αl

1 × 10−5 [49]

m2 s−1

thermal diffusivity solid

αs

2 × 10−5 m2 s−1 [49]

m2 s−1

thermal diffusivity powder

αp

2 × 10−6 m2 s−1

m2 s−1

melting point

Tm

993.45 K

K

vaporization point

Tv

2743.15 K

K

..........................................................................................................................................................................................................
..........................................................................................................................................................................................................
..........................................................................................................................................................................................................
..........................................................................................................................................................................................................
..........................................................................................................................................................................................................
..........................................................................................................................................................................................................

emissivity

0.17

—

heat of vaporization

Hv

1.05 × 10

J kg−1

heat of fusion

H

3.96 × 105 [50]

J kg−1

radiation reference temperature

T ref

293

K

..........................................................................................................................................................................................................
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..........................................................................................................................................................................................................
..........................................................................................................................................................................................................
..........................................................................................................................................................................................................

−4

V K−1

Seebeck power

S

1 × 10

electrical conductivity liquid

σl

2 × 106

S m−1

electrical conductivity solid

σs

1 × 107

S m−1

electrical conductivity powder

σp

1 × 106

S m−1

density

ρ

2380 [50]

kg m−3

dynamic viscosity

μ

1.3 × 10−3

Pa S

[51]

..........................................................................................................................................................................................................
..........................................................................................................................................................................................................
..........................................................................................................................................................................................................
..........................................................................................................................................................................................................
..........................................................................................................................................................................................................
..........................................................................................................................................................................................................

∂γ
temperature dependence on surface tension
−1.27 × 10−4 [50]
N m−1 K
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ∂T
........................................................................................................
mass diffusivity
Dl
2 × 10−9
m2 s−1
..........................................................................................................................................................................................................

partition coefficient (volume approximation)

k

0.7

—

liquidus slope

ml

−8.2

K wt%−1

parameters
effective laser power (assuming 0.7 efficiency)

P

100 (70)

W

beam radius

rh

100

µm

atmospheric pressure

p0

101 325

Pa

scan speed

us

0.1

m s−1

cell size enthalpy method

x

5

µm

cell size CA

x

1

µm

domain length

x

800

µm

domain width

y

600

µm

domain depth

z

300

µm

..........................................................................................................................................................................................................

..........................................................................................................................................................................................................
..........................................................................................................................................................................................................
..........................................................................................................................................................................................................
..........................................................................................................................................................................................................
..........................................................................................................................................................................................................
..........................................................................................................................................................................................................
..........................................................................................................................................................................................................
..........................................................................................................................................................................................................
..........................................................................................................................................................................................................

(a) Case 1: control case, B̂ = 0
This first case investigates the numerical model’s behaviour in the absence of a magnetic field.
In the vicinity of the laser spot, the temperature is high decreasing towards the edges of the melt
pool. As the laser is moving, the temperature is transported upstream and both the isotherms and
melt pool take on an oblate shape. Upstream is defined as the direction where the laser has already
scanned and downstream is the direction the laser is scanning. Upstream the liquid solidifies and
due to the disparity in thermal diffusivity between the solid (higher) and the powder (lower),
more heat penetrates into the solid upstream further extending the thermal field. Strong thermal

...............................................................
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Figure 2. B̂ = 0. (a) Hydrodynamic mechanism and (b) thermal field. Cross-section of microstructure perpendicular to scan
direction (c) Grain structure with indication of the layer thickness (d) Concentration, the red circle highlighting the region of
high concentration.
gradients of the order ∇T = 107 K m−1 emanate radially from the laser spot introducing strong
variations in surface tension that drive radial Marangoni flow from the laser spot axis along the
top surface of the melt pool. Continuity of mass causes the fluid flow to circulate down to the
bottom of the melt pool and then back up at the laser spot. Marangoni convection causes hot fluid
to be transported across the top surface extending the width and length of the pool, but the fluid
is cooler on its return path reducing the melt pool depth compared to a diffusion only driven
system. The hydrodynamic mechanism is shown in figure 2a and the thermal field in figure 2b.
The fluid flow and temperature field are typical of additive manufacturing and related welding
processes [11] with flow velocities reaching up to 2 m s−1 .
To validate these results, the melt pool dimensions were compared to X-ray radiography
experimental results of Al10Si powder with a 100 W laser [5]. A good agreement was found with
the experiments measuring a width of 120 µm, a length of 240 µm and a depth of 50 µm. This
good match was only obtained when Marangoni flow was included in the model and an accurate
representation of the thermal conditions of the powder was taken into consideration. Without
fluid flow, either unrealistically high temperatures form at the spot or excessive energy is lost
through evaporation. This result highlights the importance of resolving fluid flow in this process.
The microstructure results are given in figure 2c,d. Figure 2c shows the competitive nature
between grains growing from the side and from the bottom of the melt pool, while figure 2d

...............................................................
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shows a cross-section of the fully formed solid behind the melt pool, where the microstructure can
be inferred by variations in solute concentration with dark regions representing microsegregation.
The melt pool boundary can be seen by the light coloured, low-concentration regions. In the centre
just above the melt pool boundary, there is a higher solute concentration that can be attributed
to solute transport from Marangoni flow. The convective rolls pass from the melt pool surface
down along the solid/liquid interface and back to the centre. As flow passes along the interface,
ejected solute from the solidifying side and rear of the melt pool is transported to the lower part
of the melt pool where it is eventually captured by the solidification front. Figure 3a,b shows
the grains and concentration in the cross-section parallel to the scanning direction. Figure 3a
highlights the strong epitaxial growth which leads to the formation of very long grains in the
build direction, these grains also tilt into the scanning direction as shown in the figure. Figure 3b
shows the concentration, the white bands being low-concentration regions between successive
layers. Figure 4 shows the experimental results from Singh et al. [52] where these key features are
observed. The predicted features are quite typical of AM processing, and comparing figures 2d
and 3b to figure 4, there is a qualitative agreement to experimental observations. The CA does
provide some useful insight into the grain structure and distribution of concentration. In all the
cases presented, the parallel cross-sections are quite similar, exhibiting tilted epitaxial growth,
this is a consequence of scanning in exactly the same location with each layer. In practice, a more
complex scanning strategy of hatching would normally be used with additional tracks on the
side, as is the case of the experiments in figures 4a,b.
The strong thermal gradients inherent to this process can lead to substantial TE currents.
The structure of these currents is shown in figure 5. High current flows in +x̂ from the laser
spot to the front of the melt pool then circulates through the solid/powder before re-entering
upstream of the melt pool. The current density is lower as it re-enters the melt pool due to a much
larger surface area than where it leaves, but the current occupies a much larger volume in +ẑ as
it returns to form the current loop near the spot. In general, the current in ŷ is weak in the liquid
compared to the other two components.
Current densities as high as 109 A m−2 are predicted; however, these high values are localized
to the laser spot, with a volume average across the melt pool giving a lower value of 108 A m−2 .
These results are consistent with the work of Kern et al. [35], who through estimation and direct
measurement via the Hall effect found that currents in welding of steel could be as high as 14 A.
Converting this to a current density over the characteristic length of their melt pool (300 µm) gives
a current density of 108 A m−2 . With the thermal gradient orientated radially from the spot and
referring to equation (2.1), |∇ · σ S∇T|  0, therefore to satisfy ∇ · J = 0, the electric field balances
over 85% of the TE field (−σ S∇T). Therefore, processing conditions directly linked to ∇T such
as laser power and scan speed may have a significant effect on the magnitude of the resultant
current density. Furthermore, as the laser spot can be close to the evaporation temperature, there
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Figure 3. B̂ = 0. (a) Grain structure and (b) concentration parallel to the scanning direction, image is taken behind the melt
pool.

(a)
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(b)
second layer

(d)
second layer
first layer

Figure 4. Experimental results from Singh et al. [52]. (a) Block sample optical micrograph, (b) block wall deposit scanning
pattern, (c) single wall sample optical micrograph and (d) single wall deposit scanning pattern. Image reproduced
under the Creative Commons Attribution Non-Commercial No Derivatives License from the Journal of Welding and
Joining.
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Figure 5. Current density J. (a) Schematic of dominant current circulations, (b) isosurfaces of ± 108 A m−2 , positive (red) and
negative (blue) Jx and (c) isosurfaces of ± 108 A m−2 , positive (red) and negative (blue) Jz .
is a huge uncertainty in S, which is strongly dependent on temperature and phase. Taking the
gross assumption that E = 0 and therefore J ≈ −σ S∇T to estimate the magnitude of S could yield
results that are significantly lower.

(b) Case 2: keyhole-like effect and transition to thermoelectric magnetohydrodynamic
flow, B̂ = −ŷ
With an applied magnetic field orientated in −ŷ, the Lorentz force simplifies to J × B = (−Jz By )x̂ +
(Jx By )ẑ.
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Figure 6. B̂ = −ŷ. (a) Hydrodynamic mechanism. (b) Thermal field. Cross-section of microstructure perpendicular to scan
direction. (c) Grain structure. (d) Solute concentration.
The force in x̂ is generated by interacting with the larger volume current Jz and is directed
towards the front of the melt pool. However, the main driver of this mechanism comes from
the force in ẑ which is localized to the laser spot and is orientated downward from the melt
pool surface. This force competes directly with the returning Marangoni flow. When TEMHD
is dominant, it has the effect of reversing the convective rolls, with flow downward from the spot
and circulating back up the sides. Hot liquid near the spot is then transported down towards the
base of the pool, melting deeper and creating a keyhole-like effect, with TEMHD velocities also
reaching 2 m s−1 . The force in x̂ inadvertently reinforces this keyhole-like effect by transporting
hot fluid towards the front of the melt pool, increasing the thermal gradient, which increases the
TE currents and hence the force. Consequently, the melt becomes very deep but also narrow and
short. Figure 6 shows the fluid mechanism, melt pool morphology and microstructure. Figure 6a
highlights the TEMHD flow, with a single vortex along the centre and the side vortices in a
reversed direction to Marangoni flow. The thermal profile in figure 6b shows the narrower and
much deeper melt pool from the keyhole-like effect. On the microstructure side, figure 6c shows
how hot fluid penetrating deep into the melt supresses the grains at the bottom and with a
narrower melt pool and cooler fluid returning up the sides, the side grains are promoted to
over grow the grains at the bottom. While this appears to suppress epitaxial growth, along
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Figure 7. Transition from Marangoni flow to TEMHD flow with increasing magnetic field. (a) 0 T, (b) 0.15 T, (c) 0.3 T, (d) 0.4 T
and (e) 0.5 T. Subscript 1 denotes isosurfaces for flow in ẑ, red is positive and blue negative. Subscript 2 denotes isosurfaces for
flow in x̂, red is positive and blue negative.

the centre line of the melt pool epitaxial growth is still essentially the same as that presented
without a magnetic field in figure 3a. However, the grains are quite thin due to the competition
with the side grains and their epitaxial growth is a consequence of scanning in the exact same
position with each layer. Without perfect alignment to the centred grains, epitaxial growth could
actually be disrupted. Figure 6d shows the solute concentration profile, where the dark regions
of high concentration are a consequence of convective transport. The large-scale vortex in the
xz plane also sweeps concentration from the solidifying base of the melt pool towards the back.
Concentration builds up at the back of the melt pool and more gets captured into the solid.
In this case, the role of the critical field is also explored. By approximating |J × B| ≈ |J||B|, a
simple force balance of |J||B| = |(∂γ /∂T)∇T/L| can be used to estimate the strength of magnetic
field required for TE forces to be comparable to Marangoni forces. However, as the Marangoni
force is a surface force and the Lorentz force is a volume force, a characteristic length, L, is
included. In this context, L should represent the length scale of fluid driven by the surface force,
more specifically half of the length of the convective rolls of Marangoni flow. In Case 1, without
a magnetic field, the upstream roll encompasses the entire depth of the melt pool and has a
characteristic length of around 25 µm, while the downstream roll, which is confined to the front
of the melt pool has a shorter length scale of 10 µm. Using these length scales, along with material
properties and calculated values for |J| and |∇T|, the force balance yields critical fields at around
0.15 and 0.4 T. Figure 7 shows flows in ẑ (a1 − e1 ) and in x̂ (a2 − e2 ) for various magnetic field
intensities ranging from 0 to 0.5 T. The figure shows the transition from purely Marangoni flow
at 0 T (a1 and a2 ) to TEMHD dominated flow at 0.5 T (e1 and e2 ). The transition at 0.4 T is quite
clear by comparing figure 7c–e, where the ẑ component of the velocity reverses in the vicinity
of the spot. The lower critical magnetic field is more subtle, but there is an indication of this
when comparing figure 7b,c. The downward flow in ẑ becomes closer to the spot with increasing
magnetic field and the positive x̂ flow at the lower surface of the melt pool is pushed past the laser
spot. This indicates a stretching of the upstream vortex, where above this critical field, TEMHD
begins to dominate and ultimately the vortex reaches the front of the melt pool. It then circulates
to the back forming a single vortex. Based on this result, a magnetic field intensity of 0.5 T was
chosen for all cases as TEMHD is just dominating over Marangoni flow.

(c) Case 3: extended melt pool, B̂ = +ŷ
In the presence of a magnetic field orientated in +ŷ, the Lorentz force becomes the same as Case 2;
however, with the magnetic field reversed so too is the force. In ẑ, the force localized to the laser
spot due to Jx is now orientated towards the surface of the melt pool. This is in the same direction
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Figure 8. B̂ = +ŷ. (a) Hydrodynamic mechanism. (b) Thermal field. Cross-section of microstructure perpendicular to scan
direction. (c) Grain structure. (d) Concentration, the red circles highlighting regions of high concentration.

and location as the returning Marangoni flow and TEMHD acts to reinforce the Marangoni effect,
causing the melt pool to become slightly wider and shallower. However, due to the shallowness
of the melt pool, the dominant mechanism comes from the force in x̂ generated by interacting
with the larger volume current Jz and directed upstream. TEMHD overcomes Marangoni flow at
the front of the melt pool, while promoting it upstream. This force pushes flow down the centre
of the melt pool towards the back and recirculates along the sides generating a pair of vortices
in the xy plane. Temperature is transported upstream, which has two effects. The first is that the
melt pool becomes elongated and the second is that the thermal gradient at the front of the melt
pool decreases. The latter reduces the TE effect and so TEMHD is weaker; however, since both the
Marangoni force and TE force are dependent on the thermal gradient, TEMHD is still dominant.
These effects are highlighted in figure 8, where the fluid flow mechanisms are shown in figure 8a
and temperature in figure 8b. An important effect that cannot be yet captured by the current model
is the change in the free surface of the melt pool. With a force at the surface pointing upwards,
this could amplify the ‘balling’ observed in experiments. Observations from a transverse field in
welding have shown that depending on the orientation balling can be enhanced or supressed [35].
Although it cannot be directly predicted here, the direction and relative strength of the TE force
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This case investigates a magnetic field orientated in the direction of build. Owing to the symmetry
of the problem set-up, it is only necessary to consider one orientation, namely +ẑ, as the opposite
direction leads to a mirror image along the yz plane. The Lorentz force in this case becomes
J × B = (Jy Bz )x̂ − (Jx Bz )ŷ where the main interaction is with the highly localized Jx current. This
creates a strong force at the top surface and at the front of the melt pool in −ŷ that introduces
two vortices. The first is circulating around the top of the melt pool in the xy plane and the
second is along the front of the melt pool in the xz plane. Both have a strong velocity (2 m s−1 )
in −ŷ at the front of the melt pool that transports hot fluid tangentially to the scan direction,
causing the melt pool to deflect and become asymmetric. As cooler fluid returns on the +ŷ side of
the melt pool, isotherms become condensed in this region. This increases the tangential thermal
gradient between the spot and the edge of the melt pool in +ŷ; consequently, the TE currents
twist exiting the melt pool with a relatively high component in +ŷ as well as +x̂. This stronger
Jy component of the current density then interacts with the magnetic field giving a force in +x̂
at the top surface. In addition to the Marangoni force, this generates convective rolls at the front
of the melt pool, that when combined with the other larger scale circulations turn into a swirl
flow along the front of the melt pool. These fluid mechanisms are highlighted in figure 9a along
with the drastic change in melt pool morphology and thermal profile in figure 9b. Owing to the
deflection, the effective melt pool width is much wider than in the previous cases. This can be
seen in the microstructure results given in figure 9c where the bottom grains grow off-centre,
while the beam is still in the centre of the figure. This still creates epitaxial growth, but now at
the tail edge of the deflected melt pool. Figure 9d shows the solute concentration, where there is
a clear band of high concentration across the melt pool. This can be attributed to the large-scale
circulation in the xy plane, where solute begins to be transported from the −ŷ side of the melt
pool and sweeping across the entire solid–liquid interface at the rear of the melt pool. This large
length scale of transport causes high concentrations to build up at the back of the melt pool and
ultimately get captured in the microstructure.

(e) Case 5: magnetic field along the scan direction, B̂ = +x̂
The final case looks at the magnetic field aligned with the scanning direction and again due
to symmetry of the problem only the +x̂ magnetic field is considered, as the negative would
be mirrored along the xz plane. The Lorentz force becomes J × B = (Jz Bx )ŷ − (Jy Bx )ẑ, where in
contrast with all the previous magnetic field cases, there is no interaction with the high and
localized Jx current. Here, the main driver for the fluid mechanism comes from the lower intensity,
but higher volume current density in ẑ acting across large sections of the melt pool. Owing to
the large volume of liquid Jz occupies, the resulting force acts to push a large column of fluid
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(d) Case 4: deflected melt pool, B̂ = +ẑ
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is consistent with these findings. Without a free surface, the melt pool is constrained and so in
reality, the influence of the magnetic field in this case could be much larger than predicted.
Figure 8c shows the grain structure; where there is still a strong epitaxial growth along the
centre similar to Case 1 with B = 0. TEMHD may also further promote epitaxial growth with
increased flow of hot fluid to the sides of the melt pool, suppressing the growth of side grains,
while conversely cooler fluid returning to the spot allowing the bottom grains to grow first.
However, in this case, the relatively poor heat transfer between the side of the melt pool and
the powder reduces this effect, but in more complex scanning strategies where the sides of the
melt pool would be in contact with solid rather than powder, this effect would be amplified.
Figure 8d shows the solute concentration distribution. The variations are quite low, but there are
two high-concentration regions either side of the centre line highlighted in the figure. This can be
attributed to the twin circulations in the xy plane, where at the back of the melt pool, a stagnation
point exists at the solid–liquid interface and flow points ±ŷ either side of this. High concentration
is transported away from the centre forming these two regions.
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Figure 9. B̂ = +ẑ. (a) Hydrodynamic mechanism. (b) Thermal field. Cross-section of microstructure perpendicular to scan
direction. (c) Grain structure. (d) Concentration.

extending from the bottom of the melt pool all the way to the top near the spot in +ŷ direction.
With the force extending throughout the depth of the melt pool, the fluid is unable to form
circulations in the yz plane and instead forms a pair of counter-rotating vortices in the xz plane,
one ahead of the spot and one upstream. There is no TE force parallel to the magnetic field in
x̂, but due to the large thermal gradients at the front of the melt pool, the Marangoni force is
still pushing flow downstream. The Marangoni flow introduces a convective roll in the xz plane
which causes the TEMHD flow to circulate back at the bottom of the melt pool. Upstream this
effect is less prevalent due to the lower thermal gradients. However, Jz does increase slightly as it
approaches the spot; therefore, the counter-rotating vortices try to form at the top surface. Owing
to Marangoni flow, which is stronger at the front of the melt pool, these counter-rotating vortices
are not quite in the yz plane instead rotating at a tilted angle, where the downstream end returns
along the base of the melt pool while the upstream end predominantly returns across the top
surface. Although the fluid mechanisms are complex, the effect on the melt pool is relatively
weak compared to the previous cases. This can be attributed to lack of interaction with the
dominant Jx component and the magnetic field, but also because thermal transport is relatively
localized with no large-scale circulations. However, there is a slight deflection of the melt pool.
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Figure 10. B̂ = +x̂. (a) Hydrodynamic mechanism. (b) Thermal field. Cross-section of microstructure perpendicular to scan
direction. (c) Grain structure. (d) Concentration.

Figure 10a shows the fluid mechanisms and figure 10b shows the thermal field. Owing to the
weaker thermal transport introduced by TEMHD compared to other cases, the microstructure
here exhibits essentially similar features to Case 1 where there is no magnetic field. A cross-section
of the grain structure is given in figure 10c and exhibits very similar structures to Case 1. However,
the concentration distribution is quite different as shown in figure 10d. High concentration builds
up in the lower −ŷ corner due to the circulation in the yz plane transporting concentration
from the side wall down to the bottom. The circulation in the xy plane transports high
concentration from the +ŷ resulting in the dark bands on the right-hand side of the melt pool in
figure 10d.

4. Conclusion
By using a combined LBM for fluid flow and an enthalpy-based method for solidification during
the additive manufacturing process, mesoscopic calculations of the melt dynamics were predicted
that are in good agreement with experiments from the literature. Then, by also resolving the TE
currents arising from Seebeck discontinuities at the solid–liquid interface, their interaction with an
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externally applied magnetic field was examined. A parametric study of magnetic field orientation
and strength on melt pool dynamics revealed the transition from Marangoni flow to TEMHD
flow. Convective heat transport modified the melt pool shape and thermal distributions. Steadystate solutions were presented for each orthogonal magnetic field orientation, revealing key
hydrodynamic mechanisms. Noteworthy results were the formation of a keyhole-like mechanism
and deflection of the melt pool. Taking these steady-state solutions in combination with a
CA-based grain growth model, the microstructure evolution over multiple layers was captured.
The results indicated that the grain morphology can be modified by the application of a magnetic
field and therefore potentially controlled. Analysis of the concentration in the context of the
predicted hydrodynamics mechanisms showed that TEMHD may also be used to control solute
distribution. There are many key assumptions taken in this work that could have a strong impact
or interaction with TEMHD including free surface and the change to thermal transport over
successive layers of solid. Further work is necessary to increase accuracy, and this could include
transient and two-way coupling, determining the optimal value for the partition coefficient in CA,
but also the addition of key phenomena that influence or interact with TEMHD, such as a free
surface. However, despite these simplifications, this work shows good qualitative comparisons
against available experimental evidence and provides an initial theoretical basis of how magnetic
fields can be used to control melt pool dynamics and microstructure in AM processes.
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