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Abstract. Determination of the influence of grain boundary curvature model type on the cellular
automata (CA) static recrystallization (SRX) simulation predictions is the primary goal of the
research. The developed CA model is a full-field approach that captures local heterogeneities in grain
morphology, crystallographic orientation, and distribution of stored deformation energy. The main
driving force of the model is the value of the stored energy; however, the curvature of the grain
boundary may also play a role during the recrystallization. Therefore, different variants of grain
boundary curvature calculations within the discrete computational domain during recrystallization
and additionally subsequent grain growth are compared within this work.

Introduction

The final grain size and phase composition significantly impact the physical properties of
metallic polycrystalline materials from which finished products are manufactured. Therefore, many
scientific investigations focus on the experimental analysis of phenomena occurring during grain
growth, recrystallization, or phase transformation [1] and, in particular, on the evaluation of grain
boundaries location [2,3]. Despite the application of advanced laboratory observation techniques such
as scanning electron microscope (SEM) additionally equipped with an electron backscattered
diffraction (EBSD) detector [4] or using a transmission electron microscope (TEM), the detailed
process of microstructure evolution during static recrystallization and grain growth is still difficult to
follow precisely. Even 3D computed tomography techniques have their limitations [5]. Therefore,
this type of research is intensively supported by numerical simulation methods, which provide the
result in the form of a synthetic microstructure so that important material features are visualized and
considered during simulation in a direct way. Examples of numerical methods that are increasingly
used in such studies are, e.g., Monte-Carlo (MC) [6,7], Phase Field (PF) [8], Level Set [9] or Vertex
Method (VM) [10]. Static recrystallization models based on these approaches have been successfully
applied to study grain growth kinetics, grain size distribution, effect of nuclei distribution on
microstructure evolution [11], or to simulate many complex processes occurring during thermo-
mechanical processing [12]. The main challenge in the aforementioned numerical approaches is the
link between simulation time and real-time (MC) or the relatively long computation time associated
with the precise identification of the grain boundary (PF) position. In addition, some parameters
needed for a given model are chosen empirically and are often not reflected in measurable values.
Some of these limitations are solved by static recrystallization models developed according to the
Cellular Automata (CA) method [13,14]. Like the MC model, the CA model is not perfect in
simulating the grain growth process of a material, especially when experimental data for its
identification are missing. However, models based on cellular automata directly calculate the grain
boundary velocity while taking into account the effect of grain boundary curvature in a
straightforward way (Curvature Based Cellular Automata, CB-CA). The CB-CA model has been used
to simulate the material grain growth process in the following works, e.g., [15,16]. The most popular
model for calculating grain boundary curvature in the cellular automata approach was presented by
Kremeyer in [17]. However, in the literature, one can find other more elaborated models for
calculating grain boundary curvature, e.g., Mason [18] or based on the so-called concentration
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gradients [15]. However, the calculated curvature values in these cases are often partially dependent
on the shape of the cells in the automaton space and the selected neighbourhood type.

Therefore, this paper aims to evaluate the influence of selected grain boundary curvature
models on the grain boundary behaviour during cellular automata simulation of the static
recrystallization phenomenon. The grain growth phenomenon can lead to a significant rearrangement
of the material morphology during annealing or after recrystallization, which results in a change of
final mechanical properties. Therefore, control of this phenomenon is crucial for the practical use of
such models.

SRX Model Assumptions

The CA static recrystallization model presented in the paper considers the recovery,
nucleation, and subsequent growth of recrystallized grains. At the beginning of each iteration, the
recovery mechanism is initiated, and the total amount of stored energy is reduced in each CA cell
separately, as present in [19]. After the recovery stage, nucleation of new recrystallized grains is
considered. The site saturated nucleation [20] is assumed during the current research to compare the
effect of curvature on grain behaviour, but continuous nucleation is also implemented within the
model. For SRX simulations, nucleation is based on a probabilistic model described by the equation:

Pye =Gy (Hi_HC)eXp(_%jSNtstep’ (D

where: C, - nucleation parameter, H, - energy stored in the CA cell, H - critical stored energy value
for nucleation, Q,, - activation energy for nucleation, R - universal gas constant, 7 - temperature,

S - volume in which the nucleus can appear, ¢, - length of a time step in each CA iteration.

step
As recrystallized cells emerge, the CA cell growth is considered. The velocity of each i CA
cell during this stage is based on the mobility and the net pressure:

v, =M,P, )

where: M ;- grain boundary mobility, P - net pressure on the grain boundary [21].

In the present work, the net pressure on the grain boundaries is based on the summation of the
two major driving forces associated with stored energy P, and grain boundary curvature P,

(different models of grains boundary curvature are presented in the next chapter), but it can be
additionally complemented with the possible influence of precipitates P, [22]:

P=P,+P,+P, 3)
Then, the equation (2) is considered for each CA cell which is located at the recrystallization front in
M time step:

Sracti fraction |V 'tste
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where: RX/*"" - recrystallization volume fraction in i CA cell in the -1 time step, v, — velocity of

the recrystallization front in /™ cell from eq. (2), 7x - number of recrystallized neighbours, C; -

physical cell size.
Finally, based on equation (4), transition rules are defined for the growth of subsequent
recrystallized cells:

SRX <> RX/“"" >1.0
Y[H—l :{ it , (5)
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where: SRX - cell recrystallized in the current step, Y/ - state of the i”" cell in a particular time step .

The model operates within a CA space composed of regular square cells interacting with each other
within the Moore neighbourhood. The CA model was implemented in the object-oriented c++
programming language as an in-house code.

Models of Grain Boundary Curvature

As mentioned, the role of the P, during the growth of the grains under recrystallization

conditions is evaluated in the current paper. For that, the different grain boundary curvature models
are investigated (Fig. 1).

b)

Fig. 1 Different models dedicated to the description of grain boundary curvature a) Kremeyer,
b) Mason, c¢) concentration gradients.

The first is the standard Kremeyer model [17]. In this case, the grain boundary curvature value
is determined based on the CA cells states within the extended Moore neighbourhood (Fig. 1a) and
is expressed by the following formula:

A Kink—N,
K=——""-—7-

a N+1 ©)

where: a - the side length of the cell in the CA model, N - the sum of the number of neighbours of a
given cell, N; - the number of neighbouring cells that belong to the same grain as the considered cell,
A - the aspect ratio depending on the cell shape (rectangular or hexagonal), Kink - a constant equal to
15 for 2D space and 75 for 3D space, respectively.

The second investigated model is also based on the CA cell counting method and was
proposed by Mason [18]. However, this model takes into account the interaction strength of
neighbours. The closer the neighbour is to the interface cell, the stronger the interaction force (Fig.
1b). The interaction force between the two CA cells in a neighbourhood is calculated as:

2 2
F;j =exp _(xj _xj)z_;gyj _yi)

()

where: o - the standard deviation expressed in m, x and y - the cell coordinates in the global system
of the cellular automaton space.
The effect of all neighbours on the central CA cell is calculated from the formula:

D=3 F,(25,, -1 (®)

JEES;

where: dgigi - the Kronecker delta, ¢g;, g; - variables that determine the affiliation of cells 7 and j,
respectively, with a given grain, S; - the set of all CA cells involved in the curvature calculation for
cell i.
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The calculation of grain curvature for a given cell in 2D space is performed using the
following equation:

B p’a’\| a,D _\/E pa
K—exp( 207 ]L/ﬁ(f o erf(\/zaﬂ ©)

where: 3 - the coefficient equal to 0.5 [23], a, - the cell area expressed in m?, a - the side length of
the cell. According to the theoretical background of that model, the grain boundary must exist
between adjacent cells, and the value of the calculated curvature has a unit of 1/m. In the Mason
model, the o parameter has to be identified as it may depend on the shape of the CA cells as well as
the type of the neighbourhood [23].

The last investigated grain boundary model is called the concentration gradient model. It
calculates the value of grain boundary curvature based on the fractional contribution of the phase
volume fractions in the neighbourhood of the analysed CA cell. This model was originally proposed
for the phase transformation simulations and is adapted in the current research to the SRX
simulations. The method is based on the determination of the vertex normal to the transformation
front using the differential method proposed in [24]. To determine the grain boundary curvature value,
the coordinates of the normal vertex at each corner of the frontal CA cell are determined (Fig. 1¢), and
then the following relation is used:

[ e W S

K=— +
O 2 2

(10)

where: n3", n, ™, nE, n5E Y, n N, nVE, n,5F - the coordinates of the normal versors at the corners

of the CA cell under consideration. The four nearest CA cells surrounding a given corner and the
value of the fraction of the recrystallized phase in each cell are used in the calculation of the vertex.

The coordinates of the normal versors n = (nx, ny) are evaluated according to the following
relations:

. —OF,
" J(OF, ) +(6F,) o
_ _5FY
ny - 2 2
J6F ) +(oF,)
where:
OF = Fo"E + Fot +Fo5t - Fo"" - Fo" - FoS" (12)
OF, = Fo™ + Fo® +Fp* - Fo"" - Fo" - Fp"* (13)

The upper indices next to the symbols of the volume fractions Fg refer to the geographical directions.
The coordinates of the vertex located at the corner of the CA cell are calculated analogously, except
that the corner is surrounded only by four neighbours, and only these neighbours are involved in
evaluating the volume fraction 0Fx and J0Fx. The adapted concentration gradient model provides
boundary curvature values that are much lower than the Kremeyer and Mason models, and that affects
the grain growth velocity. The concentration gradient model does not have any parameter that can be
used to influence the resulting boundary curvature value like the sigma parameter in the Mason model.
Therefore, an additional model parameter ¢ was added to equation (10), which must also be identified
for a given simulation setup. It should also be noted that the concentration gradient model is based
on the differences in the recrystallized volume fractions within CA cells, and therefore it can not be
applied to the simulation of grain growth after the end of recrystallization where all the CA cells are
in the recrystallized state.
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Results

The investigated static recrystallization simulation scenario takes into account the initial
digital microstructure with 40 grains generated by the cellular automata unconstrained grain growth
algorithm (Fig. 2a). Simulation and model parameters are set as follows: recrystallization temperature
1100 °C, dislocation density 8.8E14 1/m?, SRX simulation time 20 s, CA time step 0.01 s, CA cell
size 3E-7 m, heterogeneously distributed stored energy, site saturated nucleation with 81 nuclei. All
the simulations are carried out until 50% of the recrystallized fraction to analyze the role of the grain
boundary curvature during the course of static recrystallization. Three above-mentioned grain
curvatures models: Kremeyer, Mason, and concentration gradient, are analyzed. The SRX simulation
without any influence of the grain boundary curvature is considered as a reference result. As
mentioned, both Mason and concentration gradient models have a parameter that can be modified for
the simulations. For the Mason model, depending on the shape of the CA cell and the neighbourhood
type, the typical value of ¢ varies between 1.19a and 3a [23]. However, Mason was also investigating
higher values of sigma in his research [ 11]. Therefore, for the current investigation, five o values were
selected between la and 3a. The parameter ¢ (in the concentration gradient model) does not have
any theoretical background, so the investigated values were selected arbitrarily based on the authors'
experience from the range 1 - 20. Examples of obtained results for various analysed case studies are

gathered in Fig. 2.
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Fig. 2 a) initial digital microstructure prior SRX; b) reference 50% recrystallized microstructure
without consideration of any curvature model; comparison of the model predictions for 50%
recrystallization: ¢) without (blue) and with Kremeyer (red) curvature model, d) without (blue) and
with Mason curvature model for various o values (green - cyan) e) without (blue) and with
concentration gradient curvature model for various ¢ values (deep blue - purple).

As presented in Fig. 2c-e, the grain boundary curvature models only slightly affect the growth
of the grains under static recrystallization conditions. During the recrystallization, the grain boundary
positions show minor differences in the order of single CA cells, which is presented in Fig. 3. This
behaviour is because the driving force related to the grain boundary curvature seems to be negligible
compared to the driving force associated with the stored energy. Even the high value of the scaling
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parameter in the concentration gradient model does not show a significant influence of the grain
boundary curvature on the progress of static recrystallization. Therefore, based on these results, it can
be concluded that the selection of the particular grain boundary curvature model for the static
recrystallization simulations is not critical when the initial microstructure has, in general, equiaxed
grains.
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Fig. 3 The comparison of the model predictions for 50% recrystallization: c) without (blue) and with
Kremeyer (red) curvature model, d) without (blue) and with Mason curvature model for various ¢
values (green - cyan) e) without (blue) and with concentration gradient curvature model for various ¢
values (green - cyan).

However, for further comparison, the research was additionally extended with the numerical
simulation of the grain coarsening after the complete recrystallization. In this case, the driving force
associated with the grain boundary curvature is the primary factor controlling grain growth. But at
the same time, the role of the crystallographic orientation of grains on grain boundary mobility is also
considered. For this set of simulations, the initial microstructure is obtained from the earlier
investigation after 100% recrystallization, and the simulation time is extended to 300 s. As mentioned,
the concentration gradient model cannot be used in this case, so the comparison is made only for the
Kremeyer and Mason models. The state of the initial microstructure after recrystallization is shown
in Fig. 4a, while grain growth simulation results for various models and their setups are in
Fig. 4b - c.
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Fig. 4 a) Initial fully recrystallized microstructure; the comparison of the grain growth results without
the influence of any curvature model (blue) and b) Kremeyer model (red) ¢) the Mason model for
various o values.



Key Engineering Materials Vol. 926 1983

As presented, for the grain growth after the static recrystallization, the selection of the grain
boundary curvature model starts to play a major role. In this case, the driving force associated with
the grain boundary curvature is controlling the evolution of the grain boundaries. The Kremeyer
model does not require any parameter identification prior to simulation and seems quite universal,
making its application straightforward. The sigma value in the Masson model, on the other hand, has
to be properly identified as its influence on the final results is significant.

Summary

Based on the presented research, several conclusions can be drawn:

e The selection of the particular grain boundary curvature model for the static recrystallization
simulations is not critical. However, the current investigation was performed with a quite
uniform initial microstructure with more or less equiaxed grains. The role of the grain
boundary curvature models in the case of highly deformed microstructures, e.g., after 90%
rolling reduction, still needs to be confirmed and will be the subject of future research.

e The grain boundary curvature model starts to play a role during the grain growth stages after
the completion of the static recrystallization.

e The Kremeyer model seems quite universal, which makes its application straightforward both
for static recrystallization and grain growth.

e The Mason model requires the identification of the o parameter, especially for the grain
growth stage. In general, smaller ¢ values favour grain growth.

e At this stage of research, the modified concentration gradient model is a simple approach that
can be applied only to numerical simulation of grain boundary movement during static
recrystallization. Further work will focus on extending its applicability to the grain growth
simulations. Also, relating the scaling parameter to the size of the CA cell will be addressed.
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