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A coupled Cellular Automaton (CA) – Finite Element (FE) model is proposed to predict the grain structure
formation during Gas Tungsten Arc Welding (GTAW). The FE model solves the heat flow problem based on
an adaptive meshing. This is done on a first FE mesh. The CA model simulates the development of the
envelope of the grains in the liquid. For that purpose, a second FE mesh, referred to as CA mesh, is used.
Fields can be interpolated between the adaptive FE mesh and the CA mesh. A CA grid made of a regular lat-
tice of cubic cells is defined and superimposed onto the CA mesh. A new dynamic strategy for the allocation/
deallocation of the CA grid is proposed to reduce the computation and memory costs. This CAFE model is
applied to partial melting of an initial grain structure and epitaxial growth in the undercooled zone of a liquid
pool, thus simulating the formation of solidification structure during the GTAW process. Examples of single
linear passes simulations for various processing conditions and a multiple pass simulation are presented.

KEY WORDS: solidification; structures; welding; GTAW process; modeling.

1. Introduction

3D Cellular Automaton (CA) – Finite Element (FE) mod-
eling is an efficient way to simulate the nucleation and
growth of solidification grain structures in the context of
casting processes.1–3) This approach is usually known as
CAFE modeling and has been widely used for the simula-
tions of solid structures formed from the melt during casting
processes.4–6) Gandin and Rappaz7) proposed the decentred
octahedron CA growth algorithm to simulate the overall
dendritic grain envelope in 3D. It was followed by a first
dynamic allocation strategy4) capable of handling large vol-
ume casting.6) These algorithms have been recently
improved by Carozzani and co-workers8–11) to reach predic-
tions for even larger casting size thanks to the use of parallel
computing facilities and special dynamic allocation strategies.

While the above progresses were significant, they did not
permit to handle simulations of the grain structure during
welding process. This is due to the fact that the initial
domain, named coupon, contains an initial grain structure
that must be known at all locations and at any time in order
to compute its local melting and the epitaxial growth from
partially remelted grains, i.e. the solidification of the weld
pool. So far, only few studies concern direct simulation of
solidification structures for welding processes. For instance,
Pavlyk et al.12) simulated the dendritic grain growth under
constrained solidification conditions typical for weld pool
solidification. The temperature gradient and the solidifica-

tion velocity in the weld pool were provided by a solution
of the heat flow using the Finite Difference Method (FDM).
Zhan et al.13,14) developed the morphological evolution of
columnar dendrites in the weld pool. The constitutional and
curvature undercooling were considered in the computation
of the solid-liquid interface velocity and provided by the
FDM. Tan et al.15) proposed a novel model that coupled CA
and phase field to simulate the dendritic grain growth. The
epitaxial growth was identified by defining both the grain
density and dendrite arm density at the fusion line. In addi-
tion, Saluja et al.16) applied a CAFE model to predict the
grain size distribution and the influence of weld defects dur-
ing friction stir welding. More work was achieved in the
past in order to model the computation between grains,
either with respect to crystal orientation17–23) or to the
columnar-to-equiaxed transition (CET).23)

However, the works listed above focused on direct simu-
lation of the growth of a few dendritic grains in representa-
tive solidification conditions of the weld pool, or on indirect
modeling of the growth in the weld pool. No direct predic-
tion of the final weld structure was proposed yet in 3D. The
reason is due to the relative dimensions of the problem: the
final weld structure in a coupon of industrial scales rele-
vance is made of millions of grains, which was not targeted
so far. Moreover, multiple pass welding that requires the
possibility of several successive simulations and large
domain computation were not reachable. A solution is pre-
sented in this paper that permits simulation of multiple pass-
es in welding processes for large computational domains
based on 3D CAFE modeling. In the first part, extensions
of the CAFE model are detailed. In the second part, simu-
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lations are presented and discussed that illustrate single pass
and multiple passes welding.

2. Modeling

2.1. FE Model
Ignoring the mechanical contributions in a parallelepi-

pedic domain that represents a coupon submitted to a weld-
ing process, the energy conservation average over all phases
can be established:24)

...................... (1)

where ρ is the average mass density assumed uniform and
constant for all phases, 〈h〉 is the average mass enthalpy, T is
the temperature, 〈κ〉 is the average thermal conductivity and

 is a volumetric contribution of heat. In the present work,
the energy conservation equation is solved in its enthalpy form
using the FE method. Therefore, the equation yields the aver-
age mass enthalpy 〈h〉 as solution at each time step. It can be
converted to the temperature as well as to the fraction of each
solid or liquid phase by the following relations:

........................... (2)

..................... (3)

..................... (4)

........................... (5)

where 〈hα〉α,  and f α are the intrinsic average mass
enthalpy, the intrinsic average composition of component i
and the mass fraction in phase α, respectively, and 〈wi〉 is the
average composition of component i. Thus the intrinsic
average mass enthalpy of each phase 〈hα〉α depends on its
composition, , and the temperature, T, according to
Eq. (3). Similarly, the composition of each phase, 
and its mass fraction, f αgα, depends on the average compo-
sition of the material, 〈wi〉 and the temperature, T according

to Eqs. (4) and (5), respectively. The Gulliver-Scheil solid-
ification path26,27) is adopted in the present approach. Con-
sequently, no solute diffusion occurs in the solid domains.
The mass fraction and enthalpy of each phase are tabulated
as illustrated in Fig. 1 for alloy URANUS2202.25) Tabula-
tions are established thanks to the software Thermo-Calc28)

using the TCFE6 thermodynamic database.29) Please note
that, due to the Gulliver-Scheil approximation, several sol-
id-state transformations are not accounted for, yet experi-
mentally found in steels. Implementation of such paths can
yet be considered using more advanced thermodynamic
consideration, such as the partial and paraequilibrium.31,32)

2.2. CA Model
In the present work, the goal of the CA model is to sim-

ulate the grain structure in weld pools by changing the state
indexes of the cells. According to Gandin et al.,30) the
branching mechanisms of dendrite arms and thus grain com-
petition can be well reproduced when the cell size is smaller
than the critical branching size. This means a typical cell
size of the order of 50 to 100 μ m is needed. In 3D simula-
tions, it corresponds to 1 to 8 million cubic cells per cm3.
However, the intended resolution scale of the industrial
welding model is in the magnitude of meter with a minimum
representative domain given by the dimension of a typical
coupon, e.g. 350 × 150 × 12 mm3 corresponding to 0.63 to
5.04 billion cells. It would cost a lot of resources to resolve
the CA model if all the cells of the coupon are allocated into
the memory of the computer.

For modeling the solidification grain structure during
welding processing, a very first and immediate reduction of
the size of the problem can be achieved by considering a
volume of the domain smaller for the CA method than for
the FE method. This is done by considering two meshes, the
FE mesh to solve the heat flow problem on the defined
domain and the CA mesh to generate the CA grid and com-
pute the grain structure on a reduced domain. The use of two
meshes also permits to perform optimizations of the FE
mesh for the heat flow computation, i.e. mesh adaptation,
while the CA mesh can be kept fixed. The other advantage
is the possibility to handle independent partitioning as
already explained elsewhere.9) However, communication
between the two meshes then needs to be organized: follow-
ing the CAFE coupling scheme,8) the temperature field com-
puted on the FE mesh must be projected onto the CA mesh
for performing the algorithms of remelting and grain growth
in later solidification on the CA grid. Oppositely, the frac-
tion of liquid, growing and solid cells in the volume associ-
ated to the triangles defined for a given node of the CA
mesh should be made available on the FE mesh to solve the
heat flow problem.

Figure 2 gives an illustration of this simple optimization.
For the sake of clarity, it is presented in a 2D approximation
while all examples of calculations are later given in 3D. The
figure presents two different domain sizes for the FE and
CA meshes as well as a CA grid made of a regular lattice
of square cells defined from the CA mesh. The triangular
elements in FE and CA meshes and the square cells in CA
grid are chosen large enough on purpose in order to be able
to distinguish them in this illustrative example. In the pres-
ent work, they are referred as FE elements, CA elements and

Fig. 1. Properties of the steel grade URANUS 220225) with chemi-
cal mass composition Fe–0.02C–22Cr–2Ni–2Mn–0.45Mo–
0.2N showing (a) average phase enthalpy of phases liquid,
BCC (ferrite) and FCC (austenite) and (b) mass fraction
assuming the Gulliver-Scheil26,27) solidification path.
(Online version in color.)
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CA cells, respectively. The configuration of the simulation
is a traveling heat source at constant velocity from left to
right that locally heat and remelt the metal, later resolidified
behind it. The information of the remelted zone is provided
by the liquidus isotherm drawn as thick dark red contours.
Note that, to be conducted, the change of the domain size
requires knowing in advanced the size of the weld pool so
as to make sure that it is fully included on the domain
defined by the reduced CA mesh. As can be seen, the liqui-
dus isotherms computed on the FE mesh, , and project-
ed on the CA mesh, , differ. This is due to the different
sizes of elements used on the FE and CA meshes, i.e. FE
elements and CA elements. This illustration thus permits to
identify the role of the size of the elements on the linear pro-
jection from a fine mesh to a coarse mesh. The opposite
operation, i.e. projection from the coarse CA mesh to the
fine FE mesh, does not lead to such loose of information.
One can also see by comparing Figs. 2(t) and 2(t′) that the

 contour changes with time while the  contour
remains stable, i.e. is simply translated due to the heat
source move in stationary conditions. This is reached thanks
to the mesh adaptation of the FE mesh, not achieved with
the fixed CA mesh.

Under welding processing, the coupon is at low temper-
ature before being heated and melted by a heat source.
Therefore, the initial solid structure is required before cal-
culation. The initial solid structure, usually equiaxed, is
deduced from a first CAFE simulation of the structure
formed during casting assuming nucleation and growth of
grains in a uniform temperature domain.8) The final casting
structure is consequently equiaxed. It serves as the initial
welding structure and is stored on a hard disk as a set of
files. In order to satisfy the allocation scheme that will be
presented hereafter, each file corresponds to a specific CA

element. Because the CA mesh is fixed, each file can be
uniquely linked to the barycentric coordinates of the corre-
sponding CA element. Note that other initial structures could
be considered, for instance with an initial texture and elonga-
tion that would result from a rolling process of the coupon.
Because the present structure is fully equiaxed, grains have an
isotropic shape and no preferred crystallographic orientation
with respect to the axes of the simulation domain.

The procedures to activate/deactivate the CA elements
and the CA cells are now presented below. The model con-
siders that the initial structure does not evolve if it is not
heated to the liquidus temperature. This means that morpho-
logical evolution such as solid-state grain growth is not taken
into account. During welding, a specific CA element will be
activated when at least one of the conditions below is fulfilled

• at least one node of the element is above the liquidus
temperature,

• at least one of its neighboring element fulfills the pre-
vious condition.

The second condition is necessary in the present dynamic
allocation algorithm because the fraction of growing cells of
a specific node in the CA mesh is dependent on all the cells
in the CA elements connected to this node. When a CA ele-
ment is activated, the corresponding file containing the cell
information will be read and then removed from the hard
disk. These cells are considered in the CA resolution until the
corresponding CA element is deactivated, which occurs when
both the conditions below are fulfilled simultaneously:

• all the nodes of the element are below the liquidus tem-
perature,

• the fraction of growing cells of all the nodes of the ele-
ment is equal to 1.

The information associated to the cells belonging to the
CA element is then written into a file linked to its barycen-

Fig. 2. 2D CAFE illustration of (FE mesh) FE mesh, (CA mesh) CA mesh and (CA grid) CA grid at (t) time t and (t′) time
t′ > t. The domain sizes of FE and CA mesh are 350 × 190 mm2 and 350 × 150 mm2, respectively. CA grid made of
a regular lattice of square cells is superimposed on CA mesh. The heat source moving at constant velocity from left
to right between t and t′. The red, green and blue colors of the triangular meshes correspond to the partitions
defined for parallel computations on 3 computational units. The square cells in CA grid are (light grey) liquid,
(grey) not growing and (dark grey) growing (i.e. with at least one liquid neighboring cell). They are active and
allocated in computer memory. The yellow cells are inactive and out of memory. The thick dark red contours iden-
tify (FE mesh) the position of the liquidus isotherm, , and (CA mesh) its projection onto the CA mesh, .
The size of elements of the FE mesh, CA mesh and cells of CA grid are chosen very coarse on purpose for these
illustrations. Triangular contours highlighted in black and purple in (CA-t′) correspond to activated and inactivated
elements of CA mesh between times t and t′, respectively. (Online version in color.)
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tric coordinates and stored on the hard disk. It can thus be
read again when/if the heat source heats sufficient the same
element, for instance in case of multiple passes.

The cells are allocated in an active CA element, i.e. they
retrieve the solid state index in which they were stored and
change their state indexes with respect to their local temper-
atures and neighborhood states:

• if a cell is above the liquidus temperature, it adopts the
state index of a liquid cell,

• if it is below the liquidus temperature but has at least
one neighboring cell in the liquid state, its state index
is changed to a growing cell. The grain information of
its previous state is then also created.

It can be deduced from the above procedures that cells can-
not be created individually. Instead, all cells of a CA element
are read/stored on the corresponding file. Therefore, the
dynamic allocation/deallocation of the CA cells is reduced to
the dynamical activation/deactivation of the CA elements.

Figures 2(CA mesh-t′) and 2(CA grid-t′) are also used to
illustrate the above listed activation/deactivation and alloca-
tion/deallocation procedures. When time increases from t to
t′ > t, the liquidus isotherm is moved to the right-hand-side.
Consequently, in Fig. 2(CA mesh-t′), the 8 elements high-
lighted in purple fulfill the activation conditions and are thus
activated. The 8 corresponding files with cell information
are read and stored into the computer memory prior to be
removed from the hard disk, thus allocating the correspond-
ing CA cells defined by these 8 elements, which is shown
in Fig. 2(CA grid-t′), i.e. the corresponding cells are
changed from inactive states (yellow color) to active but not
growing states (grey color). During the same period of time,
the 8 elements highlighted in black fulfill the deactivation
conditions and thus are deactivated. The cell information of
each element is then written into 8 corresponding files and
the memory is released of the corresponding CA cells infor-
mation. Note that the numbers of activated/deactivated ele-
ments are independent to each other. In the CA elements that
experience a temperature increase above the liquidus tem-
perature between time t and t′, the cells located inside the
liquidus isotherm contour are changed to liquid state. This
is made visible in Fig. 2(CA mesh-t′) by considering all cells
that have changed color to become light grey between time
t and t′. The cells located outside the liquidus isotherm but
with liquid neighborhood are changed to mushy state, i.e. to
the dark grey color. The grey cells are below the liquidus
temperature and far enough from the growing structure to
have no liquid neighboring cell.

In Fig. 2, additional information is provided by the FE and
CA meshes considering the 3 colors of the elements edges. It
corresponds to the partition of the calculation on 3 computing
units. As can be seen, partitioning is such that the number of
nodes per computing unit is approximately the same. For the
CA mesh, partitioning is based on an even distribution of the
active CA cells among the 3 computing units.9)

3. Simulation Results and Discussions

The first application of the present CAFE model with
extended procedure for welding processes is intended to
simulate single linear pass upon Gas Tungsten Arc Welding
(GTAW) for various welding parameters in URANUS 2202

(Table 1 and Fig. 1). The parameters of initial and boundary
conditions are also listed in Table 1. For the grain growth
kinetic law in Table 1 particularly, the parameters A and n
used here are approximated but representative values. Better
values could be deduced by fitting a computed KGT solu-
tion.33) The Goldak volumetric heat source34) is adopted. The
ellipsoidal power density distribution of the heat source is
given by the following relationship:

.... (6)

where Q is the input power, ν is the velocity of the heat
source, a, b and c are semi-axes of the ellipsoidal heat
source in the Y, Z and X directions, respectively. The values
of these parameters are listed in Table 2 for 4 different sim-
ulations presented hereafter. Note that only Q and ν have
been changed, all starting points (XS, YS, ZS) and ending
points (XE, YE, ZE) defining the trajectory of the heat source
being kept constant. The numerical parameters of the calcu-
lations are given in Table 3.

Table 1. Material parameters for URANUS 2202 and boundary
conditions for the simulations.

Parameter Symbol Value

Heat transfer coeff. (Wm–2K–1) h 5

Emissivity (–) e 0.25

Initial temperature (°C) T0 20

External temperature (°C) Text 20

Liquidus temperature (°C) TL 1 481

Initial grain density (m–3) N0 1011

Grain growth kinetics (ms–1) vCA = A ΔT n A 10–7

n 2.0

Table 2. Parameters of the Goldak volumetric heat source for the
simulations.

Parameters
Single linear pass GTAW Multi-pass GTAW

(1) (2) (3) (4) P1 P2 P3

v (mm s–1) 1 1.5 5 1.5 4

Q (W) 5 000 7 500 15 000 5 000 25 000 18 000 15 000

XS, YS, ZS (mm) 75, 75, 12 20,15,50 20,17,50 20,13,50

XE, YE, ZE (mm) 275, 75, 12 100,15,50 100,17,50 100,13,50

a (mm) 18 3 3 3

b (mm) 10 60 50 45

c (mm) 18 3 3 3

Table 3. Numerical parameters for the two GTAW simulations.

Parameter Single pass Multiple passes

FE domain (mm3) 350 × 150 × 12 120 × 30 × 50

Initial FE mesh size (mm) 5 3

Number of FE nodes (–) 10 000 10 000

CA domain (mm3) 240 × 30 × 12 120 × 30 × 50

CA element size (fixed) (mm) 3 3

CA cell size (μ m) 80 80

Number of processors (–) 32 64

q x y z t
Q

abc
e e ex t c y a z b( . , , ) ( ) / / /= − − − −6 3 3 3 32 2 2 2 2 2

π π
ν
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The 3D CAFE grain structures of single pass GTAW are
presented in Fig. 3 as predicted on the top surface on the
domain and in a transverse cross section. Because the initial
structure is fully equiaxed with a very small size due to the
high initial grain density N0 and the regrown structure is
columnar with an elongated shape factor, it is easy to rec-
ognize the region where remelting and resolidification took
place. The width and depth of the pool are thus found to
vary with the processing conditions. The weld pool is found
to decrease when the velocity of the heat source is increased,
i.e. cases (1) at 1 mm s–1 and (4) at 1.5 mm s–1, and when

the input power of the heat source is decreased, i.e. cases (2)
at 7 500 W and (4) at 5 000 W. For low velocity (1) and/or
low power (4), the growth direction of the grains tends to
follow the path of the heat source. Some grains can indeed
even survive columnar competition at the center of the weld
and grow over a very long distance before they are stopped.
The reason is that the temperature gradient remains low so
that grain competition is not highly pronounced according
to the grain growth kinetics law in Table 1. In comparison,
competition taking place among the columnar grains pre-
dicted for a strong increase of the power is such that no long

Fig. 3. Simulated 3D CAFE grain structures for four single linear GTAW passes (top) as observed from the top surface of
the domain in the range 70 mm < X < 130 mm and (cut) in a transverse cross section at coordinate X = 130 mm.
Heat source parameters and velocity corresponding to cases (1) to (4) are reported in Table 2. Material parameters
and numerical parameters are given in Tables 1 and 3, respectively. (Online version in color.)

Fig. 4. Snapshot at 32.5 s during the first pass of the 3D CAFE grain structure simulation for the multiple passes GTAW
showing (FE) the FE mesh on the sides of the domain (colors are proportional to the temperature) and (CA) the
grain structure in half the volume of the domain as well as the mushy zone – liquid boundary where the grain
envelops grow into the liquid. The liquidus isotherm computed on the refined FE mesh is represented by the red
contour in (FE). Parameters are accessible in Tables 1–2. (Online version in color.)
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grains survive and that they are aligned with the source path.
The grains are then more directed toward the centerline of
the weld. This is even more pronounced at very high veloc-
ity in Fig. 3(3). Overall, these results retrieve common
trends expected in solidification structure formed during
welding as can be read in standard physical metallurgy text-
books.35) It also provides with a 3D extension of previous 2D
attempts to model welding structures with a CAFE model.36)

The predictions upon multiple passes permit better under-
standing of the improvement achieved with the present 3D
CAFE model. Three successive linear passes are defined by
the parameters given in Table 2. The starting and ending
points of the heat source are such that overlapping of the
weld pools can take place, the first pass taking place at the
center of the top XY plane of the domain and the second and
third passes taking place on its side with a +2 mm and –2
mm shift in the Y directions, respectively. Prior to consider

the final result of the several passes, it is interesting to con-
sider the temperature field given in Fig. 4(FE) at a given
time during the first pass. The hot temperature spot at the
top surface of the domain indicates the position of the heat
source. The mesh size is the finest in its vicinity since it is
adapted to track the regions of large temperature gradient.
The 3D green contour according to the temperature scale
represents the shape of the liquidus isotherm. It is well
retrieved in Fig. 4(CA) when considering a cross section
through the domain. Because the liquid cells are not repre-
sented, the shape of the weld pool can be directly visualized.
It closely follows the shape of the isotherm where remelting
takes place but departs from it where growth proceeds. The
reason is due to the undercooling of the growing structure
that develops the growth front below the liquidus isotherm.
Fig. 4(CA) also reveals the growth competition taking place
upon columnar growth and epitaxial growth of the equiaxed

Fig. 5. 3D CAFE grain structures of the multiple passes GTAW simulation shown in Fig. 4 observed (3D) at the boundar-
ies of the domain and (cut) in a transverse cross section at coordinate X = 60 mm at the end of (P1) path 1, (P2)
path 2, (P3) path 3. Parameters are accessible in Tables 1–2. (Online version in color.)
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grains that are partly melted. Note that in all simulations it
was assumed no nucleation of equiaxed grains in the pool,
as is sometime observed in the literature.35) It would have
been possible to handle such nucleation as demonstrated in
other 3D CAFE simulations.8)

Figure 5 presents the final structure after each of the 3
passes, with the same view as in Fig. 4 but also in a trans-
verse cross section. After the first pass, the columnar grains
are found to meet at a symmetrical surface defined by the
heat source path. Because the second pass is shifted to the
right-hand-side, the columnar grains now form a meeting
line also shifted to the right as seen in Fig. 5(P2-cut). The
initial columnar grain structure seen on the right-hand-side
of Fig. 5(P1-cut) was fully remelted up to the lower depth
reached by the weld pool. In fact, the weld pool input power
was decreased as shown in Table 2. But only part of the
left-hand-side columnar structure of Fig. 5(P1-cut) was
melted so epitaxial growth could take place on the already
existing columnar grains, resulting in the dissymmetry of
the structure seen in Fig. 5(P2-cut). Finally, upon pass 3
operated 2 mm on the left-hand-side of pass 1, namely 4 mm
left of pass 2, the structure generated during the second pass
is only partially remelted and propagated. A second line
appears in the structure. The cross section in Fig. 5(P3-cut)
reveals evidence of the 3 successive passes with a very com-
plicated final grain structure.

4. Conclusions and Perspectives

A two meshes strategy with dynamic activation/deactiva-
tion of CA elements and allocation/deallocation of CA cells is
presented for modeling of grain structure formed during weld-
ing processing with a 3D CAFE model. The cells data is stored
in hard disk by a set of files corresponding to the CA elements.
Only the cells associated to the growing front are allocated and
considered in the CA resolutions. They are deallocated and
stored onto the hard disk when the structure is fully developed.

The implementations of present CAFE model is shown to
successfully predict the grain structure considering only
remleting and resolidification upon single linear pass and
multiple overlapping linear passes during GTAW, i.e. with
no metal addition. It is shown that the heat source velocity
and power largely modifies the grain structure as a result of
its influence on the temperature field.

For the first time direct simulation of 3D grain structures
in large domains are presented for a welding process. Sev-
eral studies can already be conducted with the model that
were not possible in the past: oriented-to-misoriented and
columnar-to-equiaxed transitions,23) competition between
<100> directions observed upon remelting of a single crys-
tal,20) structures formed upon multiple passes during
GTAW.21,22) It is yet clear that such model is not necessarily
restricted to remelting processes. However, extension to
processing that permits addition of metals still requires
extensions. Current developments consist of level set track-
ing of the metal-air interface, with possible increase of the
metal domain due to deposit of melted droplets. This
requires considering a CA grid in the air with transition
from metal cell to air cell, thus further extending to several

phases the cell information. Finally, grain structure evolu-
tion in the heat affected zone could also be the subject of
investigations with the CA method. Another extension of
relevance for welding processing is the coupling with ther-
momechanical deformations.
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