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Abstract. In heat treatment of materials, the phase transformation is an important phenomenon, which
determines the final microstructure. The microstructure of different materials described by such parameters
as morphology, grain size, phase fraction and their spatial distribution, largely effects on the mechanical and
functional properties of final products. The subject of the work is a development of a hybrid model based on
CA and Lattice Boltzmann method (LBM) for modeling of the diffusion phase transformation. The model
has a modular structure and simulates three basic phenomena: diffusion, heat flow and phase
transformation. The objective of the paper is a presentation of module of the hybrid model for simulation of
heat flow with considering of enthalpy of transformation. This is one of the stages in the development of the
model and obtained results will be used in a combined solution of heat transfer and diffusion during the
modeling of diffusion phase transformations. Lately, the model will be extended to three dimensions and
will use hybrid computational systems (CPU and GPU). CA and LBM are used in the model as follows.
LBM is used for modeling of heat flow, while CA is used for modeling of microstructure evolution during
the phase transformation. The main factors considered in the model are the enthalpy of transformation and
heat transfer. The paper presents the results of the modeling of the new phase growth determined by
different values of overcooling affecting on different values in the enthalpy of transformation. The heat flow
is simulated and the results for some modeling variants are shown. Examples of simulation results obtained
from the modeling are presented in the form of images, which present the growth of new phase and
temperature distributions.

Introduction

;l fundamental principle of materials engineering is that
the microstructure affects on the physical properties and
behaviour of a material. Microstructure is formed
through a variety of different processes and in the most
cases it is created during the phase transformation under
effects of the temperature and/or  pressure.
Microstructures can be created through deformation or
processing of the material (e.g. rolling, welding) and also
artificially by combining different materials to form a
composite material. Because the microstructure can be
described as a composition of phases presented in a
material (their morphology, distribution and internal
structure), the phenomenon of the phase transformation
plays an important role in the formation of the
microstructure. Many of important material properties
can be engineered by control of its solid state phase
transformations, so experimental and modeling studies
related to this type of the transformations are intensively
realized. Thus, a modeling of the phase transformations
is a primordial task for development of new materials
with new properties, for improving the performance of
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existing materials, or designing new processes. Recently,
many analytical and numerical methods are used for
modeling of phase transformation, and various aspects of
transformation are considered, for example nucleation of
grains of new phase [1,2], grain growth [3,4], diffusion
[5-7], etc. New numerical models of phase
transformations are created based on the cellular
automata (CA), finite difference method (FDM), phase
field (PF) and others methods. Two-dimensional cellular
automata model was used by An ef al. [8] to simulate the
ferrite-austenite transformation in binary low-carbon
steels, while the Varma et al. [9] used two-dimensional
diffusion based model to describe transformation of
austenite into ferrite and pearlite under continuous
cooling conditions. Three dimensional CA model was
developed for example by Svyetlichnyy et al. [10] and
austenite into ferrite and perlite transformation was
modeled. FDM method was used for example by Wang
et al. [11] for the verification of two models of phase
transitions described by various mechanisms of the new
phase growth and by Singh [12] for modeling the
allotropic transformation of titanium as a result of high
temperature oxidation. PF method was used for study the
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cubic to monoclinic martensitic phase transformation in
nickel-titanium (NiTi) shape memory alloys [13] and for
modeling of martensitic transformation [14].

Taking into account the modeling of the diffusion
phase transformations and existing models, it can be
seen that a lot of limitations exists for example in
relation to the choice of the shape of growing grains and
the introduction of variable grain growth rate, and only
some models allow for accurately modeling of diffusion
phenomena and there are a few comprehensive studies,
which combine the final microstructure with the actual
conditions of its formation. Therefore, the objective of
the work is a development of a new hybrid model based
on Lattice Boltzmann Method and Cellular Automata for
modeling of the diffusion phase transformations. The
model will provide completely new opportunities and
will allow to comprehensive modeling of the diffusion
phase transformations in many processes, which consist
of a heating, annealing and cooling.

The paper presents the structure of the hybrid model
and its basic modules — the main attention is paid on the
temperature and microstructure evolution modules, and
the simulation of heat flow with consideration of the
enthalpy of transformation. It is one of the stages in
development of the model. Examples of the simulation
results of the heat flow modeling using the LBM and CA
are also presented.

2 Hybrid LBM and CA model - heat flow
module

The part of the structure of the hybrid model of the phase
transformation that relates to heat flow is shown in
Fig. 1. The whole model is based on two modeling
methods. The first method is the LBM method and the
second one is cellular automata. In the main part, the
model is based on the LBM method, which is a relatively
new method and it is just beginning to be widely used in
modeling. Taking into account that this method has got
excellent numerical stability and constitutive versatility,
it can play an essential role as a simulation tool for
modeling of different phenomena and processes.
Recently, LBM has been used for different issues, for
example: modeling and simulation of liquid jet breakup
[15], modeling dendritic solidification under forced and
natural convection [16], modeling of thermal conduction
in composites with thermal contact resistance [17],
modeling of transport phenomena in fuel cells and flow
batteries [18], modeling of the additive layer
manufacturing [19]. Lattice Boltzmann method consider
flows to be composed of a collection of pseudo-particles
that are represented by a velocity distribution function,
so it can be applied for modeling of different variants of
flows, as well as phase transformations in flows. Taking
into account the advantages of the LBM method and its
applicability in the flow modeling, the heat flow model
with consideration of enthalpy is based on this method.
One of the most effective methods for modeling of
microstructure evolution during various processes is
cellular automata. Models based on cellular automata
allow to take into account several simultaneously

occurring phenomena, bringing modeling closer to real
processes. CA allow for modeling of dynamic processes
occurring in the materials, for example solidification
[20], static [21] and dynamic recrystallization [22],
phase transformation [10]. CA can be also used for
modeling of phenomena in complex processes, such as
additive layer manufacturing of orthopaedic implants
[23], flat rolling [24] and shape rolling [25]. Taking into
account the advantages of cellular automata, this method
is used in the microstructure evolution model for
modeling of nucleation and grain boundary movement.
Since the basic structure of the LBM method is the same
as in the synchronous automata (LBM originates from
the variant of CA application known as Lattice Gas
Automata), it is also an ideal platform for realizing
combinations of these two methods in one modeling
solution. The model can be also considered as a
combined solution for heat flow, diffusion, and grain
growth. The main modules considered in the model and
also their interactions are shown in Fig.2. Taking into
account this scheme, the main module considered in the
paper is the temperature module and its connection with
the microstructure module, marked by dashed rectangle.
As can be seen on the scheme, the temperature
influences directly on the nucleation of new grains and
grain boundary movements, while the enthalpy of
transformation is associated with the temperature. The
next section presents the results of modeling for the
analyzed issues. The diffusion module and its connection
with the microstructure module have been developed at
the previous stage of work (unpublished manuscript).

Hybrid phase
transformation model

Model of
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Lattice Boltzmann
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Fig. 1. Structure of hybrid model in part related to heat flow.
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Fig. 2. The main modules considered in the model.
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3 Analysis and modeling

On this stage of model development, several variants of
heat flow with consideration of enthalpy were modeled
using LBM algorithm. The results obtained from the heat
flow model were directly linked with the microstructure
evolution model, based on cellular automata. Because of
there are no applications based on CA and LBM for
solution the problem mentioned above, the one
dimensional model was developed at first to obtain the
preliminary results and verify the correctness of the
proposed approach. The 1D Fourier equation describing
the heat flow was used in the calculations:

10T o°T
wot o M

where: T — temperature, « - thermal diffusivity.

The lattice Boltzmann — BGK (Bhatnagar—Gross—
Krook) model with single-relaxation-time was used for
modeling. Then, evolution of distribution function can
be described by the following expression:

f (x4 AXE+ AL~ 1, (x,t):_§[fk (%)~ i (x1)]
@

where: f (x,t) and f(x,t) are the particle and
equilibrium distribution functions at (x,f) and 7 is the
single-relaxation-time parameter that controls the rate of
solution approach to local equilibrium f*.

The equilibrium distribution function f*:

o =wd(xt) (3)

where wy stands for the weighting factor in the direction
k and ¢ is the dependent variable (temperature 7 in the
presented task).

According to the equation (2) two steps can be
considered:

collision:
f (xt+At) = f (x,t)[1-0] +of I(xt) 4)
where: aw=At/T.
streaming:
f (X+AXt+AL) = f (X,t+At) (%)

Fig. 3 shows D1Q2 scheme, which was applied for
modeling. The lattice velocities e; and corresponding
lattice factors for D1Q2 scheme are given as: e; =1, e; =
-1, w) = 1/2, Wy = 1/2

0—0—0

Fig. 3. D1Q2 LBM lattice.

The initial states for nodes in the calculation grid and
their update during the transformation are presented in
Fig. 4. Taking into account the type of state, the node

can be in one of three states: Austenite (A), Interface (I)
and Ferrite (F). Dark red nodes represents the austenite,
yellow - interface and gray - ferrite.

Fig. 4. The changes of states during the transformation.

The calculation algorithm used in the heat flow
model includes the following repeated steps:
1. Calculation of a boundary velocity v: v = k.(T-T),
where: k, — velocity coefficient, 7, — temperature of
phase transformation, 7; - interface temperature,
2. Determination of the quantity, mass or volume of the
transformed material: Ap = vAt.
3. Determination of a fraction of new phase in interface
node: @ = @1 + A@i.
4. Fraction checking:
4a) if ¢ <1 = go to point 5,
4b) if @ > 1 then:
- =1
— change the state of node from I to F and the
neighboring node from A to I,
— set the value of the fraction for the new I:
P=0- @', Api = o= 1,
— the 4¢ for the old I node:
Apn=1 - @1 =A@ - A@i+1
5. Calculation of heat source during the transformation:
0 = ksAp, where: k;, — specific enthalpy,
6. Calculation of new temperature: 7= %f; + Q,
7. Determination of the equilibrium distribution
functions %7 (3),
8. Collision -  determination  f**  (Eq.4),
9. Streaming - transfer of the distribution function to the
neighboring nodes, (Eq.5)
10. Consideration of boundary conditions.

4 Results and discussion

The parameters used for modeling in the first case were
as follows: number of nodes - nodes = 100, number of
time steps - steps =300, Ax =1, At =1, k, = 0.006,
kq = 25. For the calculations the following relationship
between the relaxation parameter (@) and thermal

o=1/| —==
diffusivity (o)) was used: \2e%e) ) )
Bounce back boundary conditions were applied for the
edges. The initial temperature for all nodes was set to
750°C, while the temperature of phase transformation
was equal to 800°C. The initial states for the nodes were
the same as in Fig. 4. Fig. 5 shows three different
variants of interface movement and growth of new phase
depending on the value of thermal diffusivity o (time is
on y axis). The thermal diffusivity has an influence on
the temperature distribution and for higher value of a,
the heat transfer is faster and affects on the rate of phase
transformation as can be seen in the presented images.
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(b)

Fig. 5. Growth of new phase depending on the thermal
diffusivity a: a) 0.25,b) 0.5, ¢) 1.

The next presented results were obtained with the
same base parameters as in the first case, and the effect
of change of k, coefficient on temperature and rate of
phase transformation was studied. The calculations were
realized with the same « = 0.5. Fig. 6 shows the growth
of new phase for three different values of k,. For lower
values of k,, the rate of phase tansformation is higher,
which is related with the fact that the temperature in the
interface grows slower and this has an impact on higher
values of boundary velocity. The temperature
distributions after 200 time steps are presented in Fig. 7.
As can be seen, a higher value of &, gives a higher
temperature.

(b)

Fig. 6. Growth of new phase depending on k4: a) 5, b) 10,
c) 15.
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Fig. 7. Temperature distributions after 200 time steps for
different value of &4: a) 5, b) 10, ¢) 15.

The influence of coefficient k, was modeled in the
last variant. The base simulation parameters were the
same as in the first variant, = 0.5 and k; = 25. The
simulation results for different value of %, are presented
in Fig. 8. Because k, is used for the calculation of
velocity, which determines the quantity of the
transformed matter, this coefficient influences on the rate
of the transformation.

(a)

Fig. 8. Growth of new phase depending on 4:: a) 0.001,
b) 0.003, ¢) 0.006.

Taking into account the presented results it can be
seen that the new phase grows due to the movement of
phase interface, while the ¢, &, and k, coefficients effect
on the velocity of interface movement. Determination of
the proper and optimal value of &, and k&, will be
important during the modeling in relation to the real
conditions. The appropriate values of these coefficients
will be determined based on the results of experimental
studies.

5 Conclusions

A new hybrid model of diffusion phase transformation in
the part related to heat flow was presented in the paper.
A connection was established between the two main
modules considered in the model: temperature and
microstructure evolution module. The use of Lattice
Boltzmann Method and Cellular Automata in the model
creates completely new possibilities for modeling of
phase transformations and in comparison with
commonly used approaches significantly simplifies
interface and interaction between different parts of the
model. The modeling scheme and calculation algorithm
were presented and examples simulation results of heat
flow with consideration of enthalpy of transformation
were shown. The hybrid model in the part related to
diffusion has been developed at the previous stage of
work (manuscript is submitted to a journal), currently
allowing for 1D simulations and now it is possible to
combine it with the developed and presented model of
heat flow. 2D model of heat flow is also being developed
at the current stage of model development and modeling
results will be presented in the extended version of the
paper. At the final stage of research, the model will be
3D and will use hybrid computational systems (CPU and
GPU).
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