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Abstract. Computer modelling widely uses cellular automata method for simu-
lation of the microstructure of various materials. This work deals with the modi-
fication of cellular automata method — probabilistic cellular automata. The
software for the synthetic generation of microstructures of polycrystalline mate-
rials has been developed. Using the software, the coefficient of the form, the
normalized grain area, the scale factor and the angle of grain orientation are de-
termined. For the obtained data, statistical processing and probability density
functions have been obtained. According to statistical parameters, the compari-
son of the obtained results with the parameters of the microstructure of pure
iron and H62 copper alloy has been performed. Modelling has been performed
with different nucleation rate models.
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1 Introduction

Computer simulation is a powerful tool in reproducing microstructures of different
materials. It is the use of computer simulation to reproduce various microstructures
quickly and efficiently. For practical purposes, it is important to reproduce microstruc-
tures that are statistically equivalent to real materials. They have the greatest influence
on the mechanical properties of materials.

One common method for modelling the microstructure of polycrystalline materials
is the method of cellular automata. Cellular automata began to be used in the middle of
the XX century [1-3]. The term "cellular automaton" means a set of dependent ele-
ments with given states and rules. These rules determine the states of these elements
and dependencies between them vary in time. Time and states are discrete. The use of
the described models for the formal modelling of self-reproductive organisms was first
proposed in the work of von Neumann [2]. Elements of cellular automata are proposed
to be represented by one-dimensional, two-dimensional or multidimensional infinite
rectangular tables. The state of the element varies depending on its state and state of its
closest neighbours.
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Cell-based models are widely used to predict behaviour in various industries. Cel-
lular automata method widely uses in cryptography [4, 5], image processing [6-9],
biology [10—12], physics [13, 14]. All these works cover a lot of possibilities of using
the method of cellular automata. However, one of the most successful applications of
the method is in the field of material science and engineering [15]. A lot of modifica-
tions of the method have been developed for the simulation of crystallization, recrystal-
lization and evolution of the internal structure of materials [15-25]. Papers [16, 18, 19]
deals with recrystallization in metals and alloys. In [17] authors reconstructs deformed
microstructure using a cellular automaton. Irregular cellular automaton modification
introduced in [20]. Microstructure and grain structure evolution during recrystallization
[21, 23], additive manufacturing [22] and welding process [25] are also modelled.

In most works, the method of cellular automata is used to synthetically reproduce
the microstructure of materials. However, the mentioned works almost do not investi-
gate the influence of cellular automaton parameters on the quality of the created micro-
structures. Also, to increase the possibilities of modelling processes with stochastic
nature, the modification of the method has been developed. Probabilistic method of
cellular automata also uses in material internal structure simulation [16, 17, 19]. There
are other ways to material modelling [26—28] and simulation planning [29, 30].

It should be noted work [17]. In the work partially investigated the distribution of
grain size. However, the simulation is performed on a hexagonal grid. Thus, almost
completely absent works devoted to the study of the quality of synthetically created
microstructures and their statistical correspondence with real microstructures.

The scientific novelty of this paper is to develop a modification of the method of
cellular automata, which uses probabilistic neighbours, as well as to determine the
most successful parameters of the method by comparing the results with real micro-
structures. The practical value of developing such a modification of the method is to
improve the quality of synthetic microstructures that can be used to model the me-
chanical behaviour of materials in multilevel modelling.

2 Problem statement

It is proposed to develop software that allows simulating the microstructure of met-
als using the probabilistic method of cellular automata. To do this the following tasks
have been formulated:

e To study the developed modifications of the method of cellular automata for the
simulation of microstructures;

e To develop software that allows simulating the microstructure of metals accord-
ing to randomly assigned centres of grains and various of nucleation rate func-
tions;

o Test the work of the software, determine the statistical characteristics of the
size, shape and orientation of the grains;

e Compare the results with real microstructures.



3 Modelling with cellular automata

The cellular automaton K from a mathematical point of view [31-33] is an ordered
set of four components:

K=<z",v,Ap> (1)

where 2% is set of d-dimensional vectors with integer coordinates (cell space);

V=V, =X, X5), 3V, =0}, i =1..,m is a finite set of power m of vectors
with zero vector (cell neighbourhood template);

A is the finite set of power K states of the cell with a dedicated state of rest @ (the

alphabet of the cellular automaton);

¢ is the local function of the transitions, defined in the discrete-time, which chang-
es the states of the cell, which is a zero element in the template, depending on the state
of the cells that form the neighbourhood pattern ¢:A"™ - A; with
0(D,D,..., )= . The state of all cells at the time t creates the current configuration
c:z2" 5> A,

All cells form a cellular automaton grid. Grids can be different types, differing in
size and shape of cells. Each cell is a finite automaton which states are determined by
the states of neighbouring cells and its states.

Cellular machines, in general, are characterized by the following properties:

e Changing the values of all cells occurs simultaneously after calculating the new
state of each grid cell.

e The grid is homogeneous. It is impossible to distinguish any two places on the
grid over the landscape.

e Interactions are local. Only the surrounding cells (usually neighbouring ones)
can affect this cell.

e The set of states of the cell is finite.

In a two-dimensional (planar) case, the grid is implemented by a two-dimensional
array. Each cell has eight neighbours. To eliminate boundary effects, the grid can be
wrapped in a torus. It allows to use the following ratio for all automaton cells:

i j =@, .81 j1- 2

8 1> 8is1, 1o Qi o i, 1> j1>Qi_1,j-1)

In this work, for modelling the crystallization process, the cell can be in two states:
the melt and the crystal.



To move from the deterministic to the probabilistic method of cellular automata,
the following idea is used. Rules for switching from one state become non-
deterministic. Thus, the transition from state to state occurs with a certain probability.
Figure 1 shows typical transfer rules ¢ for the probabilistic method.

The application of this probabilistic approach allows creating more complicated
rules of transition from state to state and reducing the effect of discreteness on the re-
sults of the algorithm.

From a physical point of view, the crystallization process should be uniform in all
directions. Due to local fluctuations and temperature gradients, the uniformity of the
chemical composition of the melt, crystallization occurs nonuniformly in different
directions. To simulate this effect, it is proposed to set the crystallization rate in the
form of an ellipse. The ellipse radii correspond to the crystallization rate in the corre-
sponding directions. To determine the transition probability, an ellipse has been pro-
jected onto field cells. The shaded area indicates the probability of the transition of
neighbouring cells to a solid-state. A more detailed description of the algorithm is giv-
en in [34].
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Fig. 1. Cell neighbours: a — von Neumann; b — Moore; ¢ — probabilistic neighbour

4 Nucleation rate models

One of the characteristics affecting the microstructure of the material is the nuclea-
tion rate (J(n)). Researchers in their papers [35-38] note that the nucleation rate de-
pends on the Gibbs free energy. But it is difficult to introduce these models in discrete
space and time of cellular automatons. Therefore, to evaluate the influence of crystal-
lization parameters on the geometric characteristics of the formed microstructures, it
is proposed to use the generalized models given [35-38] as the following models (3) —
(7). These models are based on the assumption that the number of crystallization cen-
tres Ng, for all models has the same value at Nj, iteration of the algorithm. The nuclea-
tion rate is defined as a derivative of the number of grains N(n) function, n is the itera-
tion number of the algorithm. The visualization of the proposed models is shown in
Fig. 2.
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Fig. 2. Number of grains (a) and nucleation rate (b)



5 Simulation results

The following parameters for the test calculations have been chosen. The image
size is 513 x 565 pixels and contains from Ny = 693 grains, N, = 100. These parame-
ters are used for modelling by the method of cellular automata. Figure 4 shows the
results of microstructure generation with different nucleation rates using the probabilis-
tic neighbour from fig. 1c. To compare results with real microstructures two images
have been selected. The first one —is pure iron microstructure, the second one is H62
copper alloy [39] (Fig. 3). For these images, geometric parameters have also been cal-
culated. For assessing the uniformity of nuclei centre occurrence side histogram has
been plotted. It allows estimating the probability density function of nucleation centres.

All simulations have been performed using the original program. It is written using
python language with numpy library. This program allows modelling cellular micro-
structures according to specified parameters.

Fig. 3. Microstructures: a — pure iron; b — copper alloy H62 copper alloy [39]

For the quantitative analysis of the similarity between microstructures, the follow-
ing features have been chosen. The form factor Cs. This coefficient is defined as the
normalized ratio of the grain area Ay to the square of the grain perimeter Py,. If the
grain has a perfect circle shape, then C; = 1. For all other cases 0 < Cs < 1. For exam-
ple, for the square Cs=m/4 =0.7853.

®)

Also the normalized grain area A, is used as the ratio of the Ay, grain area to the to-
tal area of the image A.

A = (€))



g
Fig. 4. Microstructures generated by cellular automata method (a-f), pure iron (g),
H62 copper alloy (h)



Often, a scale factor S; is used to compare grain parameters. It is introduced as a ra-
tio of a larger characteristic (S,) grain size to lesser (Sy) (fig. 5).

(10)

To determine the angle of grain orientation, the angle vy is introduced, as is the an-
gle between the horizontal and the largest characteristic diameter of the grain (fig. 5).

Fig. 5. Sketch of one cell parameters

For the comparison of microstructures for each grain of the generated microstruc-
ture, the values of four coefficients have been calculated. These values have been
statistically processed and histograms have been constructed. These histograms have
been approximated by the kernel density estimation method [40]. The approximated
probability densities for the coefficients are shown in Figure 5. Descriptive statistic
parameters are collected in table 1.

Table 1. The mean and standard deviation of microstructure parameters

N“CIIeI?(:i(;’;: rate | N, Ay, x10° Cs, x10" S v, rad
mean | std.dev | mean | std.dev. | mean | std.dev. mean std. dev.

CDF (6) 580 1.72 2.52 5.87 0.87 1.65 0.51 | 1.61 0.87
Constant 679 1.47 0.77 6.05 0.80 1.71 0.52 | 1.55 0.86
Cubic (3) 364 2.74 4.46 6.04 0.78 1.60 044 | 1.50 0.81
Exponential (5) 513 1.94 4.64 5.93 0.79 1.60 048 | 1.56 0.85
H62 Copper Al. 223 2.82 3.10 5.70 1.48 1.94 0.72 | 1.73 0.90
Linear (4) 346 2.89 3.40 6.02 0.90 1.64 0.56 | 1.58 0.85
Pure Iron 693 1.10 1.06 5.84 1.31 1.73 0.94 | 1.57 0.85
Reverse Exp (7) 590 1.69 1.38 6.08 0.79 1.63 047 | 1.64 0.83
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Fig. 6. The probability density function of microstructure parameters: a - Cg; b - Ng, ¢ -y, d - S¢

As can be seen from the figures, the distribution of parameters is very similar.
However, there are some differences. The probability density distribution of the pa-
rameter C, for all microstructures which is created using the cellular automata method
has a similar structure. Microstructures of pure iron and copper H62 alloy stand out
from the total number. They have a heavier left edge of the distribution. This suggests
that more elongated grains are more common in these microstructures than is obtained
as a result of modelling.

The distribution of the parameter A, also has significant similarities. However, for
the case of pure iron, the best match is shown by the constant model, and in the case of
copper alloy — exponential or cubic.

The probabilistic neighbourhood was initially tuned to obtain the expected orienta-
tion y == / 2. This is confirmed by the obtained probability densities. The copper alloy
has another preferred grain orientation y = 3w / 4, which is confirmed by the obtained
values. According to S scales, there is the best coincidence of results.
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Conclusions

In this work, the implementation of the method of cellular automata probabilistic
neighbours is developed. The developed method shows the results of the generation of
the microstructure of the material.

A comparison of the obtained microstructure of pure iron and H62 copper alloy
with synthetic microstructures has been made on the coefficient of the form, the nor-
malized grain area, the scale factor and the angle of the grain orientation.

The results of the comparison showed that the probability densities of the corre-
sponding parameters have a qualitative similarity. However, by the parameter of the
normalized grain area, the distribution for pure microstructure has differences.

However, identifying the best way to reproduce microstructures is problematic. For
some situations, better results can be achieved by one criterion, but this results in
worse performance by another.

References

1. Wolfram, S.: Theory and applications of cellular automata: including selected papers,
1983-1986. World Scientific (1986)

2. Schwartz, J.T., von Neumann, J., Burks, A.W.: Theory of Self-Reproducing Automata.
Math. Comput. (1967). https://doi.org/10.2307/200504 1

3. Wolfram, S.: Cellular Automata and Complexity. CRC Press (2018)

4. Nandi, S., Kar, B.K., Pal Chaudhuri, P.: Theory and applications of cellular automata in
cryptography. IEEE Trans. Comput. 43, 1346-1357 (1994).
https://doi.org/10.1109/12.338094

5. Seredynski, F., Bouvry, P., Zomaya, A.Y.: Cellular automata computations and secret key
cryptography. Parallel Comput. 30, 753-766 (2004).
https://doi.org/10.1016/J PARCO.2003.12.014

6. Hernandez, G., Herrmann, H.J.: Cellular Automata for Elementary Image Enhancement.
Graph. Model. Image Process. (1996). https://doi.org/10.1006/gmip.1996.0006

7. Chen, R.-J., Lai, J.-L.: Image security system using recursive cellular automata
substitution. Pattern Recognit. 40, 1621-1631 (2007).
https://doi.org/10.1016/J.PATCOG.2006.11.011

8. Hyon, S.H., Torres, D., Groppa, R., Pekolj, J., Giudice, C., Litwak, L., Argibay, P.:
Transplante simultdneo de pancreas y rifion. Medicina (B. Aires). 59, 93 (1999)

9. Rosin, P.L.: Training cellular automata for image processing. IEEE Trans. Image Process.
15, 2076-2087 (2006). https://doi.org/10.1109/TTP.2006.877040

10.  Ermentrout, G.B., Edelstein-Keshet, L.: Cellular automata approaches to biological
modeling. J. Theor. Biol. (1993). https://doi.org/10.1006/jtbi.1993.1007

11. Xiao, X., Shao, S., Ding, Y., Huang, Z., Chen, X., Chou, K.-C.: Using cellular
automata to generate image representation for biological sequences. Amino Acids. 28, 29—



35 (2005). https://doi.org/10.1007/300726-004-0154-9

12.  Alber, M.S., Kiskowski, M.A., Glazier, J.A., Jiang, Y.: On Cellular Automaton
Approaches to Modeling Biological Cells. Presented at the (2003)

13.  Vichniac, G.Y.: Simulating physics with cellular automata. Phys. D Nonlinear
Phenom. (1984). https://doi.org/10.1016/0167-2789(84)90253-7

14. Chopard, B.: Cellular automata modeling of physical systems. In: Computational
Complexity: Theory, Techniques, and Applications (2012)

15. Madej, L.: Digital/virtual microstructures in application to metals engineering — A
review. Arch. Civ. Mech. Eng. 17, 839-854 (2017).
https://doi.org/10.1016/J.ACME.2017.03.002

16. Raabe, D.: Cellular Automata in Materials Science with Particular Reference to
Recrystallization ~ Simulation. Annu. Rev. Mater. Res. 32, 53-76 (2002).
https://doi.org/10.1146/annurev.matsci.32.090601.152855

17.  Bakhtiari, M., Seyed Salehi, M.: Reconstruction of deformed microstructure using
cellular automata  method. @ Comput. Mater. Sci. 149, 1-13  (2018).
https://doi.org/10.1016/J.COMMATSCI.2018.02.053

18. Raabe, D.: Mesoscale simulation of spherulite growth during polymer crystallization
by use of a cellular automaton. Acta Mater. 52, 2653-2664 (2004).
https://doi.org/10.1016/J. ACTAMAT.2004.02.013

19. Popova, E., Staraselski, Y., Brahme, A., Mishra, R.K., Inal, K.: Coupled crystal
plasticity — Probabilistic cellular automata approach to model dynamic recrystallization in
magnesium alloys. Int. J. Plast. 66, 85-102 (2015).
https://doi.org/10.1016/J.1JPLAS.2014.04.008

20.  Yazdipour, N., Davies, C.H.J., Hodgson, P.D.: Microstructural modeling of dynamic
recrystallization using irregular cellular automata. Comput. Mater. Sci. 44, 566-576
(2008). https://doi.org/10.1016/J.COMMATSCI.2008.04.027

21.  Qian, M., Guo, Z..: Cellular automata simulation of microstructural evolution during
dynamic recrystallization of an HY-100 steel. Mater. Sci. Eng. A. 365, 180-185 (2004).
https://doi.org/10.1016/JMSEA.2003.09.025

22.  Zinoviev, A., Zinovieva, O., Ploshikhin, V., Romanova, V., Balokhonov, R.:
Evolution of grain structure during laser additive manufacturing. Simulation by a cellular
automata method. Mater. Des. 106, 321-329 (2016).
https://doi.org/10.1016/J. MATDES.2016.05.125

23. Kiihbach, M., Gottstein, G., Barrales-Mora, L.A.: A statistical ensemble cellular
automaton microstructure model for primary recrystallization. Acta Mater. 107, 366-376
(2016). https://doi.org/10.1016/J. ACTAMAT.2016.01.068

24. Reyes, L.A., Paramo, P., Salas Zamarripa, A., de la Garza, M., Guerrero Mata, M.P.:
Grain size modeling of a Ni-base superalloy using cellular automata algorithm. Mater.
Des. 83, 301-307 (2015). https://doi.org/10.1016/J.MATDES.2015.06.068

25.  Akbari, M., Asadi, P., Givi, M.B., Zolghadr, P.: A cellular automaton model for
microstructural simulation of friction stir welded AZ91 magnesium alloy. Model. Simul.
Mater. Sci. Eng. 24, 035012 (2016). https://doi.org/10.1088/0965-0393/24/3/035012

26.  Zaitsev, R. V., Kirichenko, M. V., Khrypunov, G.S., Radoguz, S.A., Khrypunov,
M.G., Prokopenko, D.S., Zaitseva, L. V.: Operating temperature effect on the thin film
solar cell efficiency. J. Nano- Electron. Phys. 11, 04029-1-04029-5 (2019).
https://doi.org/10.21272/jnep.11(4).04029

27.  Kudii, D.A., Khrypunov, M.G., Zaitsev, R. V., Khrypunova, A.L.: Physical and
technological foundations of the «Chloride» treatment of cadmium telluride layers for thin-
film  photoelectric  converters. J.  Nano-  Electron. Phys. 10, (2018).



https://doi.org/10.21272/jnep.10(3).03007

28.  Zaitsev, R. V., Kirichenko, M. V., Khrypunov, G.S., Prokopenko, D.S., Zaitseva, L.
V.: Development of hybrid solar generating module for high-efficiency solar energy
station. In: 2017 IEEE First Ukraine Conference on Electrical and Computer Engineering
(UKRCON). pp. 360-364. IEEE (2017)

29. Avdieieva, O., Lytvynenko, O., Mykhailova, I., Tarasov, O.: Method for
Determination of Flow Characteristic in the Gas Turbine System. In: Lecture Notes in
Mechanical Engineering. pp. 499-509. Pleiades Publishing (2020)

30. Usatyi, O., Avdieieva, O., Maksiuta, D., Tuan, P.: Experience in applying DOE
methods to create formal macromodels of characteristics of elements of the flowing part of
steam turbines. In: AIP Conference Proceedings. p. 020025. American Institute of Physics
Inc. (2018)

31.  Zaharchuk, I.I.: On the complexity of one-dimensional universal cellular automata.
Discret. Anal. Oper. Res. 9, 50-56 (2002)

32. Zaharchuk, I.I., Zaharchuk, LI., Veselov, Y.G., Ostrovskiy, A.S.: Providing
information protection for wireless sensor networks based on cellular automata. Eng. J.
Sci. Innov. 45 (2013)

33.  Naumov, L., Shalyto, A.: SoftCraft: Cellular automata. Implementation and
experiments, http://www.softcraft.ru/auto/switch/kla/

34.  Vodka, O.: Analysis of quantitative characteristics of microstructures that are
generated by the probabilistic cellular automata method. In: 2019 IEEE 2nd Ukraine
Conference on Electrical and Computer Engineering, UKRCON 2019 - Proceedings. pp.
990-994. Institute of Electrical and Electronics Engineers Inc. (2019)

35. Sangwal, K.: Additives and crystallization processes: from fundamentals to
applications. Wiley (2007)

36. McGinty, J., Yazdanpanah, N., Price, C., ter Horst, J.H., Sefcik, J.. CHAPTER 1.
Nucleation and Crystal Growth in Continuous Crystallization. In: The Handbook of
Continuous Crystallization. pp. 1-50. Royal Society of Chemistry, Cambridge (2020)

37. Fan, H., Chen, D., Liu, T., Duan, H., Huang, Y., Long, M., He, W.: Crystallization
Behaviors of Anosovite and Silicate Crystals in High CaO and MgO Titanium Slag.
Metals (Basel). 8, 754 (2018). https://doi.org/10.3390/met8100754

38.  Sangwal, K.: Nucleation and crystal growth : metastability of solutions and melts.

39. Lei, L., Zhiming, S., Li, Z.: Microstructure Evolution of H62 Copper Alloy and T2
Pure Copper in Different Plastic Deformation under Tensile Loading. Rare Met. Mater.
Eng. 46, 3589-3594 (2017). https://doi.org/10.1016/S1875-5372(18)30042-0

40. Silverman, B.W.: Density Estimation for Statistics and Data Analysis. (1986)



