Cellular Automata Modeling of Two Discontinuous
Reactions in Fe-13.5 At. Pct Zn Alloy During Ageing

and Annealing
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This paper presents a 2D discrete modeling approach for studying two discontinuous reactions,
precipitation and dissolution, during the ageing and annealing of a Fe-13.5 at. pct Zn alloy. The
cellular automata (CA) method coupled with an analytical solution of the mass transport
equations is employed to simulate the behavior of the migrating reaction front and changes in
chemical composition within a lamellar modeling system. The developed CA model enables
numerical simulation of these phase transformations under conditions defined by experimental
data and optimized kinetic parameters. The simulations successfully capture the microstructure
evolution, interface migration, solute redistribution, and the go-and-stop motion phenomenon
during the movement of the reaction front. The results obtained from the CA simulations
provide detailed insights into the influence of kinetic parameters on the formation of zinc

concentration profiles.

I. INTRODUCTION

DISCONTINUOUS reactions are diffusive phase
transformations in the solid-state during which the
growth of the resulting phase occurs at a moving
reaction front, which is usually a high-angle grain
boundary.['* The discontinuous precipitation (DP)
reaction occurs during the ageing process when the
temperature is reduced to the two-phase region. In
Fe Zn alloys, this is a phase transformation during
which the supersaturated solid solution o, decomposes
into a lamellar structure consisting of a new phase I’
(rich in solute) and an initial phase a (depleted in solute)
with the same crystal structure as the parent phase. The
DP reaction follows the scheme: o, — o + I', contrary
to the lamellar eutectoid (pearlitic) transformation
occurring in_ steels, where the equation y - o + f
holds true.’! When the temperature is increased
approaching solvus line or above, the reverse
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transformation begins (« + I' — «_), the discontinuous
dissolution (DD) reaction. In both DP and DD phase
transformations, the reaction front (RF) exhibits a
distinct pattern of alternating movement and stopping
during its migration. This is the so-called go-and-stop
motion phenomenon, which is the result of an accumu-
lation of diffusing solute atoms at the RF, whose
excessive concentration in the interfacial area causes
substantial reduction of the driving force of the phase
transformation and consequently stops the migrating
reaction front. After the relaxation stage, the boundary
diffusion of the solute occurs rapidly, leading to a
significant reduction in solute concentration. This
reduction creates a sufficiently large driving force for
the phase transformation, consequently causing the
reaction front to advance.

In the recent years, several papers have been pub-
lished on the modeling of discontinuous precipitation
reaction using two-dimensional discrete models,* "
which allow the visualization of the microstructure
evolution together with the tracking of the movement of
the interface, as well as the graphical representation in
maps of the redistribution of solute concentration. The
first publications related to discrete modeling of the DP
transformation using the phase field (PF) method, were
published by Amirouche and Plapp.'*>! However, the
results demonstrated in References 4, 5 are inconsistent
with theoretical predictions and experimental observa-
tions. Namely, Amirouche and Plapp*> consistently
show a disparity in the thickness of solute-rich versus
solute-depleted lamellae in their simulations, with the
former being significantly thicker. Additionally, the



growth velocities of precipitates reported in their sim-
ulations exhibit notable deviations from established
theoretical expectations. A more detailed analysis of
these inconsistencies can be found in the work of
Zieba.® More reliable results for PF modeling of
discontinuous precipitation on the example of a U-Nb
alloy were presented in the work of Duong et al.l’) They
have shown the importance of the interfacial strain in
the phases produced during the DP reaction, and how
highly anisotropic boundary diffusion stabilizes the
reaction front of DP. In the latest publication of
Ladjeroud and Amirouche!™ a three-dimensional (3D)
PF model was used to investigate the influence of the
additional (third) dimension on the morphology of
growing lamellar and fibrous precipitates during DP
reaction. Nevertheless, there is a lack of simulation
outcomes presenting solute concentration profiles or its
distribution that could be referenced to the results of
experimental studies. Recently, Opara er al”! have
proposed a discrete DP reaction model that is based on
an alternative solution to the PF method, that is the
cellular automata (CA) method. Here, contrary to the
approach used in PF models,*>7 the modeling of DP
reaction is based on experimental data and analytical
solution of the diffusion equation. Nevertheless, none of
the discrete approaches mentioned here has yet been
used for the modeling reverse transformation of the DP
reaction, i.e., discontinuous dissolution, and even more
so for both of these reactions simultaneously. In this
work, this challenge will be taken up using the CA
method.

The motivation for the application of the CA method
is the fact that this approach has been successfully used
in modeling diffusion and grain growth at the microscale
with the discretization of the interface micro-area at the
level of a few nanometers,'®'!] as well as for phase
transformations modeling in the solid-state at the
mesoscale level.'? 1% Such broad applicability of the
CA method is due to the formalism of this method that
allows a flexible definition of boundary conditions and
transition rules which control the evolution of the
system. Additionally, the CA method has gained pop-
ularity in the context of microstructure evolution
simulation due to several key advantages: its straight-
forward nature and compatibility with computer archi-
tectures, including parallel processing systems, as
pointed out by Chopard!'”; its behavior can readil?/ be
visualized in graphics, as highlighted by Wolfram!'®; its
adaptability allows for the use of diverse state variables
and transition rules, as noted by Raabe[w]; its versatility
in terms of constitutive elements and local effects, as
discussed by Janssens”; and its computational effi-
ciency, ability to multi-scale bridging, and physical
consistency, as detailed by Liu e /" Furthermore, the
CA method enables relatively simple integration with
other numerical methods, such as the finite difference
method" "% or the finite volume method,'*!'" as well
as the incorporating analytical equations in the compu-
tational algorithm to solve mass transport, for example,
as shown by Bos er al.!'? and recently by Opara et al.l”’
To cater to readers interested in the CA methodology
and its alternatives, such as the Phase Field Method,

Monte Carlo method, Vertex models, and others, we
recommend the literature references.['> ?*! These sources
provide comprehensive information on the development
and application of cellular automata across various
domains of microstructure simulation.

In this study, a discrete model based on the CA
method in two dimensions (2D) is developed by cou-
pling with an analytical solution of mass transport
equation to investigate the behavior of migrating RF
along with changes in chemical composition in the
lamellar modeling system during ageing and annealing
of a Fe-13.5 at. pct Zn alloy. The distribution of solute
concentration in the o phase lamella is then calculated
and mapped to the CA calculation space along with the
migrating RF to obtain a direct view of the solute
segregation and microstructure evolution during dis-
continuous reactions. This kind of model imminently
contains numerous assumptions and simplifications
which will be discussed in section with model presenta-
tion. After a description of the simulation settings, the
capabilities of the CA model will be given for a
simulation of DP and DD reactions.

II. MODEL CONCEPT

A. CA Model for Discontinuous Reactions

In this work, a 2D CA model is built to simulate the
microstructure evolution during discontinuous reactions
(DP and DD) at the lamellar level. The assumptions and
basis of CA modeling of the discontinuous precipitation
(like approximation of RF using the sharp interface
concept, unified temperature field, ideal thermal condi-
tions) were presented in detail in the previous work of
Opara et al®! Therefore, a description of the CA
method has been shortened. And the focus is put on the
key assumptions and modeling aspects that relate to DD
reaction. Note, that the aforementioned assumptions
applied in DP modeling are also valid in the CA model
of DD reaction.

During DD, the backward migration of the reaction
front proceeds at the expense of two individual phases,
products of the DP reaction, i.e., a solute-rich I" phase
lamella and a solute-depleted o phase lamella. In effect,
the formation of a dissolved phase I'_ and an inhomo-
geneous o_ solid solution is observed. Therefore, the
more appropriate description of the DD reaction seems
to be « + I' > o + I'_ instead of previously com-
monly used « + I' - o and it will be used conse-
quently in the present paper. This transformation is
manifested by a so-called “ghost images” of the previous
positions of the I' lamellae at which the maximum value
of the solute content is expected.*>! The growing phases
(0. and I'_) are separated between two parent phases (o
and I') by the two types of interface o_/o and I'_/T.
Furthermore, these four phases can meet in the so-called
quadruple point identified as a o_/a/I'_/I" interface.
Additionally, between alternating lamellae of I' and «
phases, an interface I'/o is also defined. The definition of
interfaces between a combination of the following
phases o, o_, I'_ in the CA space is neglected because



they do not play an important role in the calculations.
Furthermore, it is hard to identify them definitively on
micrographs from transmission (TEM) or scanning
(SEM) electron microscope. Figure 1(a) shows a
scheme of the cellular automata grid in which all
considered phases and types of interfaces are depicted
for the simulation of the discontinuous dissolution in the
Fe Zn alloy. Meanwhile, Figure 1(b) provides a detailed
view of a cellular automaton representing the hypothet-
ical interface and illustrating its growth during the DD
reaction. It is important to mention that, in the CA
model calculations, each cell is identified by only one
phase or interface state.

The CA method definition in the extended version for
modeling physical phenomena at the microscale level,
regarding the classical one,!'”"'® is formulated based on
five elements: the CA space (Q), i.e., a grid of cells that
discretizes the modeling area; a finite set of states (Y) to
identify individual cells in the computational algorithm;
functions with implemented sub-models that calculate
local parameters of the physical process, which next are
allocated to the suitable state variables of each cell (F);
neighborhood (N), composed of a set of all nearest
surrounding cells around the central one, which is used
in computations of CA rules; the CA transition rules (R)
that determine the evolution of the system based on
logical operations. The mathematical description of the
CA method can be written as follows:

CA = (Q,Y,F,N,R) 1]

The microstructure evolution can be simulated prop-
erly by the proposed CA model when all of its
components, like dedicated sub-models of inhomoge-
neous phase growth and solute boundary diffusion, are
correctly defined and transitions rules are synchronously
called defining the state of each cell based on the
previous states of its neighbors and the cell itself.

B. Main Assumptions

The CA model space is a two-dimensional regular
square grid with equal spacing (Figure 1(a)), that states
the discretization of the modelled microstructure section
according to the idea of a digital material representation
(DMR). In this concept, CA space represents a volume
of real material with its features (e.g., %rains, sub grains,
grain boundaries) presented explicitly.****! The quanti-
tative description of the microstructure evolution during
DD reaction, including the microstructure morphology
and solute precipitation, is possible when each CA cell is
defined with three state variables:

(1) the phase state variable, which determines
whether the cell represents the phases oy, o, I,
o, I'_, or the mobile reaction fronts I'/a,, ot/oty, I’/
oofo, ofo, I' /T, o_joe/T"_|T", the so-called transi-
tion states, and the stationary interface I'/o;

(2) the solute concentration variable, which determi-
nes the average concentration of solute in the
cellular automaton;

(3) the phase volume fraction variable of a_ or I'_,
which quantifies the degree of & — a_or I' — I'_
transformations in the frontal cells identifying the
o_jo or I'_/I" reaction fronts, respectively;

The state variables’ values of each CA cell are
updated at each time step according to sub-models
and transition rules described in Sections II D and I E.

The computational algorithm with the 2D CA model
for the discontinuous dissolution transformation is
implemented with the following assumptions:

e In calculating the growth of the new phases, the
interface at the quadruple point o_/o/I"_/T, is treated
as the reaction front o_/o, where the transformation
occurs according to the & — o_ scheme.

e The influence of the starting microstructure on phase
transformations was taken into account in the CA

CA grid to model
grain growth

Path of fast
diffusion

Cell representing
reaction front

CA

center
gravity

Hypothetical
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Fig. 1 Grid scheme (a) presenting CA space to model inhomogeneous phase growth and solute boundary diffusion during discontinuous
dissolution, and a detailed view of a cellular automaton (), illustrating a hypothetical interface and definitions of key parameters: the side width

of the CA cell (Lca). (Color version of figure is available online).



model through the use of the digital material
representation scheme.

e Only the isotropic growth of the new phase at the
steady-state during the DD reaction by giving
constant and identical migration rates to both
reaction fronts I'_/I" and o_/a, is considered.

e The product of the DD reaction is a two-phase
dissolved region, formed at the expense of the
lamellar DP structure (consisting of o and I' lamel-
lae), in which a chemically inhomogeneous .. phase
and a chemically homogeneous I'_ phase are
included, both retaining the same crystallography
as the parent lamellae.

e An analytical equation for modeling the solute
diffusion was used in the computational algorithm
to determine the Zn concentration profile in the
place of the dissolved o_ phase.

e The Zn concentration in the newly formed I'_ solid
solution takes a constant value according to the
assumed concentration just close to the tip of the
solute-rich I' lamella.

e To accurately simulate the go-and-stop motion, the
CA simulations are based on inputs from tabular
data, where details about the reaction front velocity,
its movement characteristics, and the kinetic param-
eter z are specified.

e A von Neumann neighborhood (i.e., four cells
adjoining the sides to the central one) is applied in
the definition of CA transition rules.

C. Digital Material Representation

In order to establish the starting microstructure in the
numerical simulations of DP and DD using the CA
model, a digital material representation scheme was
used according to the approach proposed by Opara and
Wrozyna.®! A digital image of the starting microstruc-
ture for numerical simulations can be generated either
from a properly prepared structure outline from a
metallographic picture or a schematic drawing of the
microstructure, as shown in the DMR scheme presented
in Figure 2. A detailed description of the procedures
used for the conversion of the DP microstructure in the
form of raster images into their digital material repre-
sentation for the CA model can be found in Reference 9.

Figure 2(d) presents the result of digitalization with a
zoomed-in section of the DMR that precisely shows the
cellular automata discretizing the RF and the grains of
the four different phases. Such a discrete modeling
approach enables tracking the reaction front’s position
implicitly (see the hypothetical course of which is
outlined in Figure 2(d)), and in consequence, simulating
the growth of new phases in a virtual microstructure.

D. Mathematical Modeling of DP and DD Reactions

Generally, the theory of discontinuous reactions
modeling is founded on the linear relationship between
the migration velocity v of the interface, in other words,
the growth rate, and the total driving force of the
transformation AG,>>728

i3]
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with M as the interface mobility.
Tu and Turnbull® applied an analytical approach to
model the DD reaction, which is based on diffusion

equation proposed by Cahn,?” in the following form:
dzcb
Dbéﬁ viea(x) c(x)) O [3]

where D, and ¢, are the boundary diffusivity and
concentration, respectively; J is an effective thickness of
the reaction front assumed to be a planar boundary (see
Figure 2(b)); x 1is the coordinate along the reaction
front which is normal to the lamellae; ¢(x) is the solute
concentration profile across the o phase lamellae result-
ing from the DP process; ¢~ (x) is the solute concentra-
tion profile left behind the receding RF of the DD
reaction.

Zigba and Pawtowski”™ introduced a modification of
the Tu-Turnbull theory,””! consisting of the separation
of the kinetic parameters of the DP reaction from those
of the DD reaction. Consequently, the determination of
the concentration profile of the solute (c.(x)) in the
grain of the o_ phase, which arises in the x-axis parallel
to the moving front of the o_/a reaction, is based on the
following equation:

[30]

c(x) ¢, + Asinh(zxl,) + Bcosh(zx1,)

a b . )
cosh(px2y) pz—zzsmh(pxﬂa) [4]

+p2 22

where 7, is the thickness of the o lamella, in other
words, interlamellar spacing; p, z, A, B, a and b are
the Eq. [4] parameters that enable presenting it in a
readable form and can be determined from the follow-

ing relations:
VDP
5
ro () 5

(Sv(%)b) 7 4

o=

A Btanh (ﬁ“) 7]
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B ¢ ¢ P 8]
a (co cqr)? [9]
;u“
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where s is the segregation factor; vpp and vpp are the
migration velocities of DP and DD reaction fronts,
respectively; ¢, and ¢" are the solute concentrations of
the matrix (the initial alloy composition) and the newly
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Fig. 2 Scheme showing the concept of digital material representation based on digitalization of the SEM micrograph of Fe-13.5 at. pct Zn
alloy aged at 450 K for 2.5 h and subsequently dissolved at 650 K for 2 min (@) through the reproduced arrangement of an individual cell when
the DP reaction has stopped (b) and its conversion into cellular automata grid (¢). Zoomed fragment of the CA grid (d) presents the
hypothetical interface (RF) and in effect implicit character of its tracking in the CA model.

formed o_ solid solution close to tip of the solute rich I’
lamella, respectively; ¢, is the solute concentration in
the o lamella at the o/I" interface. It is interesting to note
that the parameter p for describing the kinetics of the
DP reaction is originally related to Cahn’s parameter
CP" by the simple relationship p  v/C/ /.

In the case of DP reaction modeling, an analytical
equation developed by Cahn®?” to determine the solute
concentration profile (¢(x)) in the « lamella that arises in
the x-axis, parallel to the moving o/, reaction front, is
commonly used in the following form:

cosh[(x 0.5)V/C]
cosh(0.5VC)

cx) ¢ (co eyr) [11]

In this work we mainly focus on the theoretical descrip-
tion of the DD reaction modeling, therefore for more details
about the parameters in Eq. [11], we refer a reader to the
articles dedicated to the modeling of DP reaction.!':-*!!

E. CA’s Governing Equations for DD Reaction

The growth of inhomogeneous o_ solid solution
during DD reaction is described in the CA model by
the grain growth length parameter (/.;), as shown in
Figure 1(b). This internal parameter of cellular

automata is determined according to an explicit Euler
scheme, representing the interface (i), in other words,
frontal cells with the reaction front, at each time step
(At) by integrating after the time (f) the migration
velocity of the interface (v), as follows:

éell(z + At) éell(l) + vA? [12]

Consequently, only in frontal cells of the CA model a
volume fraction of the transformation is calculated,
using following formula:

4

Fa 7% 13)
where Lca is the side width of CA, also known as the
size of the cellular automaton (see Figure 1(b)). On the
foundation of the presented Eqs. [4] and [13], the fol-
lowing transition rules were formulated to define CA’s
set of states during the growth of the newly formed
inhomogeneous «_ phase and accompanying changes
in the solute concentration:

A oo Fly, >1AY (1) RFAo— o

Y'(t+ At) & Fgy>1AY() RFAT —-T.
Y(2)

14



eq(4) & Yi(t + At) Y()=o
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ditAn=95 "7, Yi( + At) = o /)T /T J € Nn(i)
(1)
[15]
RF & Y(f) anY(t+Ar) oo
j RF < Y() TAY(t+Ar) T. . .
Y+A) Y RFe v() T/anvii+A) ojar.r WD
Y(1)
[16]

where Y is the state of cell representing the interface (i)
with the migrating RF in which the growth calculations
are performed, Y is the state of adjacent cellular
automata with the frontal one, Nn(i) is the von
Neumann neighborhood of the cell representing the
interface, and ¢’ is an internal variable from set of states
that identifies the average concentration of a solute in a
cell with an interface.

The Egs. [14] through [16], represent the cellular
automata transition rules that are called at each
computational step after the change of a discrete
segment of time. These CA’s rules one can interpret as
follows. According to Eq. [14], once the phase volume
fraction variable of transformation (F.) exceeds the
value of 1 in the frontal cellular automaton representing
the RF state, which means that its growth length (%)
has reached the size of the side width of CA (Lca), the
cell changes its so-called transition state into the phase
state as the newly formed inhomogeneous o« solid
solution or dissolved I'_ phase respectively to phase
transformation occurrence o — o_ or I' — I'_. Imme-
diately after that, a new value with the average solute
concentration is attributed to the solute concentration
variable of the cellular automaton (Eq. [15]), which
transformed into the o_ or I'_ phase. The Zn concen-
tration in cells with the dissolved o_ phase is calculated
based on Eq. [4], whereas a constant value of ¢  is
assigned to cells representing the I'_ phase or o_/o/I"_/I"
interface. Thereafter, in compliance with Eq. [16], cells
with the state (¥’) of the parent phases (I" and o) or the
immobile I'/a interface that are in the closest vicinity
(von Neumann neighborhood) of the cellular automaton
with the state (Y’) of the newly formed phases (x_ or I'_)
or interface (a_/a/I"_/T'), are changed into frontal cells
(RF). Their growth length (/) in succeeding steps is
determined according to Eq. [12]. When the above
conditions described based on Eqs. [14] through [16] are
not valid, the considered cellular automaton maintains
its previous state.

F. Numerical Implementation of the Algorithm
with the CA Model

The equations presented in sections above (II D and
IT E) are solved iteratively at each time step throughout
a fixed annealing process simulation time or until DD
phase transformation is fully completed. The computa-
tional steps are as follows:

(1) Virtual microstructure (digital material represen-
tation) initialization at the lamellar level for DD
reaction based on results from previous simula-
tions of DP phase transformation and with the
defined effective thickness of RF (o).

(2) Initialization and calculation of the DD reaction
characteristic parameters, such as the migration
velocities of discontinuous reaction fronts (vpp
and vpp), the boundary diffusivity (D,), and the
interfacial solute concentrations (cyr, ¢") which
are generally constant for the considered process
of isothermal annealing.

(3) Determination of the time step value (At).

(4) Time step increment (¢t ¢t + At).

(5) Computation of the grain growth length param-
eter (Eq. [12]) and following volume fraction of
the transformation (Eq. [13]) at each cellular
automata with the phase state variable represent-
ing the RF.

(6) Update of CA’s set of states based on Eqgs. [14]
through [16] and calculation of the solute con-
centration in the grain of the a_ phase according
to Eq. [4] in the case where applicable.

(7) Repeat steps 4 6.

Note that the time step definition to provide the
numerical calculations stability as well as special proce-
dures for speed-up of computatlons 1nter alia frontal
cellular automata (FCA) concept are accurately
described in the related work.”

The presented 2D CA model is implemented as a
computer program with a graphical user interface using
the C+ + language with object-oriented programming
(OOP) technique. This discrete computational tool is
dedicated to performing numerical simulations of the
competing new phase growth and solute diffusion during
discontinuous reactions.

III. SIMULATION SETTINGS AND INITIAL
CONDITIONS

The simulated materialisa Fe Zn alloy with 13.5 at. pet
concentration of Zn, which was recently investigated in
terms of DD and DP reactions.®'*3 33 The steady-state
growth of discontinuous reactions DP and DD, was
numerically simulated accordingly to conditions pre-
sented in Table 1.

The simulation’s initial conditions were determined
using experimental data and numerical tests as out-
lined in Reference 33. The DP reaction simulation was
performed at constant temperature of 723 K (~450 °C)
for 1 seconds that correspond to the ageing thermal
process conditions. The relatively short time of one
second that was chosen to simulate the DP reaction
relates to the experimental results, obtained in other
works,?"#! which concern the growth of the o phase
lamella, with similar dimensions, at an identical rate of
45 nm/s. The constant growth of discontinuous precip-
itates, with velocity vpp 45 nm/s, was simulated for



two critical cases with Cahn’s parameter, i.e., C = 1.74
and C = 7.23. Subsequently, the DD reaction simula-
tion was carried out after the fast heating process,
neglected in the simulations, to the annealing tempera-
ture, equal to 923 K (~650 °C). The isothermal growth
of dissolved phases was simulated with a constant
velocity equal to vpp 0.5 nm/s for 80 seconds, taking
into account the go-and-stop motion during movement
of the interface. In order to efficiently control the
simulation process of RF go-and-stop motion, the
tabular data with values of the parameter z as a function
of time were directly implemented in the code of the
computer program with the CA model for the DD
reaction. The input data with values of the z parameter
for one cycle of go-and-stop motion and two extreme C
parameters are presented in Table II. The z parameter
values were determined using a criterion of the applica-
bility of the Zieba and Pawtowskil*” Eq. [4] as is shown
in Reference 23 Figure 60. For this purpose, a dedicated
numerical algorithm was implemented as a computer
program determining the z parameter value, which used
in Eq. [4] allows obtaining the solute concentration
profiles satisfying the condition with equality of areas
above and under the level of the initial alloy solute
concentration (c,). The procedure to determine the z
parameter is clearly presented in Appendix A. The value
of the zinc diffusion coefficient in the Fe Zn alloy was
calculated based on the equations with a triple product
of diffusivity (see Table I). Next, this value was used to
determine the time step value according to the numerical
calculations stability as was presented in the related
work.”!

Note that the DP reaction’s result in the form of
digital microstructure representation was an input to the
DD reaction simulation. While the initial microstructure

used in the simulations of the DP reaction was generated
according to the DMR concept on a two-dimensional
square grid of cellular automata as is shown in the
related work.”) In the CA space (i.e., computational
domain) a set containing the single « phase lamellae with
two neighboring I phase lamellae and the surrounding
o, parent phase was considered. During DD reaction
simulation the dissolved phases (I'_ and «._) arise at the
expense of the DP reaction products (I" and «). The
movement of the RF during the DP reaction as well as
the reverse DD reaction with receding RF into the
two-phase structure occurs only in the y-axis according
to the Cartesian coordinate system. It is assumed that
the starting position of discontinuous precipitate lamel-
lae are found to be at an early stage of the steady-state
growth just one second before the beginning of DD
reaction. Therefore, their height is small and occupies
the size of only one cellular automaton. Based on data
presented in Table 4 in Reference 33 the width of the «
lamella was fixed as 150 nm and based on the experi-
mental observations the I" lamella width was assumed to
be 10 times smaller.*"! Regarding the assumed RF
velocities during DP and DD reactions and resulting
movement distances (see Table I), for the convenient
and transparent presentation of the results with DMR,
the CA grid height was established as half of its width.
On this basis and adopting the side width (Lca) of the
cellular automaton as 1 nm, the size of the CA space
was 180 x 90, i.e., 16,200 cells, which cover the physical
region of modeling equal to 180 x 90 nm?”. The reflec-
tive boundary conditions at the edges of the CA grid
were applied to ensure the stability of the numerical
simulations of the discontinuous reactions. This guar-
antees the avoidance of undesirable modeling effects,

Table I. Simulation Settings

Thermal Process Ageing Annealing
Discontinuous Reaction (Phase Transformation) DP DD

Isothermal Process Temperature (7}) T; = 723 K (~450 °C) T; = 923 K (=650 °C)
Isothermal Process Time (z;) ti=1s ti = 80s

Velocity of Reaction Front (v) vpp = 45 nm/s vpp = 0.5 nm/s
Movement Distance (MD) MD = 45 nm MD = 25 nm
Physical Region of Modeling (CA Grid Size) 180 x 90 nm? (180 x 90 cells)

Thickness of o« Lamella (4,) /.y = 150 nm

Thickness of I' Lamella ( Ar) Ar = 15 nm

Two Critical Values of Cahn’s Parameter (C)
Parameter z for DD Reaction Dedicated
to Go-and-Stop Period Simulation
(Tabular Data from the Defined Range)
Triple Product of Diffusivity (s6Dy) (Grain
Boundary Diffusivity)
Solute Concentration in the o Lamella at
the o/I" interface (c,r)
Solute Concentration in the I' Lamella (cr)
Solute Concentration in the Newly Formed o
Solid Solution at the Tip of the Solute
Rich I' Lamella (¢)
Reference Data Source

C=174o0rC = 1723
— z =124+ 177 x 10/ m’

2 3 . 3
0Dy = mgld m’/s $6Dp =" m’/s

¢yr = 4.11 at. pet Zn
cr = ~69.0 at. pct Zn -
— ¢ = 16 at. pct Zn

(33]




such as contacting different phases on opposite sides of
the CA grid edges.

The initial chemical composition of phases present in
the modeling space was assigned according to the
following assumptions. In the o, and I" phase lamellae
the solute concentration (Zn-content) was constant and
homogeneous equal to the average zinc concentration
(co 13.5at. pct Zn) in the investigated Fe Zn alloy
and equilibrium concentration (cr ~ 69at. pct Zn)
taken from the Fe Zn binary phase diagram,”® respec-
tively. Furthermore, the composition of these phases did
not change during the simulation. Similarly, the solute
concentration in the newly formed o_ solid solution
close to the tip of the solute rich I’ lamella
(¢ 16at. pct Zn) was fixed as constant value deter-
mined experimentally.®¥) The solute concentration in
the o lamella at the o/I" interface (c,/r) was experimen-
tally established and fixed as constant value (4.11 at. pct
Zn) for both the DP and DD reactions simulation.?'*%
In contrast, the zinc concentrations in the o phase
lamella (¢(x)) or in the dissolved phase o._ (c.(x)) were
calculated during DP or DD reaction simulation based
on Egs. [4] and [11], respectively, accordingly to the
preliminary conditions for each phase transformation.

To clarify some technical aspects of the modeling and
presentation of results, particularly as solute concentra-
tion maps, a detailed description of the assumptions
implemented in the program with the CA model is
provided in this paragraph. Note, that the counters for
time, number of CA steps, and movement distance were
reset to zero for each discontinuous reaction simulation
to make the results easier to interpret. At the beginning
of DP reaction simulations, the internal variables with
volume fractions of the individual phases at the frontal
cells representing the RF state were initialized as 100 pct
of a given phase from the nearest Moore neighborhood
in which that phase globally had the largest surface
contribution. Furthermore, the zinc concentration in the
RF cells was determined based on a mass balance. As a
result, the zinc concentration in the immobile I'/o
interface was the same as in the a-phase lamella (c,),
while in the cells representing the RF (I'/a,, o/cto, I'/oto/
o), the internal variable with zinc concentration takes
the value ¢, as in the o, parent phase grain. Since the
zinc concentration in the I'-phase is homogeneous and

does not change during the simulation, and is very high
(~69 at. pct Zn) relative to the other phases, it was fixed
that the I'-phase lamellae are represented by a single
color, maroon, in the 2D maps with solute redistribu-
tion. This procedure facilitates the interpretation of the
more important results with zinc changes in the
a-lamella. Therefore, the zinc concentration in the other
phases is presented in a rainbow color scale, with blue
representing the lowest Zn concentration and red
indicating the highest Zn concentration. Finally, please
note that the interfaces between a combination of the
following phases o, o_, I'_ are not marked on the DMR
images (with black color) because they are also weakly
visible in the real microstructures.

IV. RESULTS AND DISCUSSION

Figure 3 shows the results of DP reaction numerical
simulation at 723 K (450 °C), for a fixed RF migration
velocity, v = 45 nm/s, after 1 seconds of ageing with
the Cahn’s parameter C equal 7.23. Figures 3(a) and (c)
present the successive stages of microstructure evolution
in the form of DMR with visible phases and grain
boundaries at the beginning (0 seconds) and after
1 seconds, respectively. For the fixed ageing process
conditions and assumed steady-state growth, the RF
migrated undisturbed at a distance of 45 nm. In the
virtual microstructure after the DP reaction, the parent
phase «,, as well as the lamellar structure consisting of
Zn-rich I" phase and Zn-depleted o phase, are present.
The corresponding zinc redistribution maps in
Figures 3(b) and (d) show the changes in chemical
composition of zinc that occurred during the DP
reaction. One can observe in Figure 3(d) that the
redistribution of Zn concentration across the formed
o-lamella is symmetrical because the RF migration
velocity was constant as well as the C parameter. The
virtual microstructure composed in that way was the
input for the CA simulation of the DD reaction.

Figure 4 presents the simulation results of the DD
reaction, in the form of DMR images, as an effect of
receding RF with constant migration velocity,
v = 5 nm/s, after 80 seconds of annecaling at a temper-
ature of 923 K (650 °C). In Figures 4(a) and (c) one can

Table II. Data of the z Parameter for One Cycle of Go- and -Stgp Motion with Two Extreme C Parameters for 1, = 150 nm,
vpp = 0.5 nm/s and ¢ = 16 At. Pct Zn

Cahn’s Parameter (-)

Stage of Motion/RF Velocity Time (s) zx 107 (m 1 Conin = 174 Cmax = 723

Go/vpp = 0.5 nm/s 10 2 1.33155 1.63101
20 Z 1.35961 1.66619
30 3 1.38723 1.70088
40 Z4 1.41444 1.7351
50 zs 1.44126 1.76887

Stop/vpp = 0 nm/s 60 Z 1.37678 1.69053
70 27 1.32957 1.63632
80 Zg 1.24148 1.54061
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Fig. 3 Simulation results in the form of DMR images (180 x 90
cell CA grid) with visible phases (a) and (c¢), and maps with zinc
redistribution (b) and (d), which show the microstructure evolution
and chemical composition changes during the DP reaction at 723 K
(450°C), for a fixed RF migration velocity, v = 45 nm/s, after 1 s of
ageing. (Color version of figure is available online).

observe virtual microstructure evolution at two stages of
RF go-and-stop motion, i.e., after 50 seconds of move-
ment and 30 seconds of stopped interface, respectively.
The RF migrated fluently at a distance of 25 nm after
50 seconds of annealing until the interface was stopped
because of not sufficient redistribution of diffusing zinc
atoms at the RF. In effect, the driving force of the DD
reaction was reduced to zero and in consequence, the
RF ceased moving. The virtual microstructure after the
DD reaction contains the following phases: resulting
dissolved phase I'_ and an inhomogeneous o_ phase,

—_
Y
~
Q
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Fig. 4 Simulation results in the form of DMR images (180 x 90
cell CA grid) with visible phases () and (c¢), and maps with zinc
redistribution (b) and (d), which show the microstructure evolution
and chemical composition changes during the DD reaction at 923 K
(650 °C), for a fixed RF migration velocity, v = 0.5 nm/s, after 80 s
of annealing. (Color version of figure is available online).

remaining lamellar structure consisting of Zn-rich I’
phase and Zn-depleted o phase, as well as the untrans-
formed parent phase o, during DP reaction. Figures 4(b)
and (d) depict zinc distribution in all phases present in
the structure. In Figure 4(b) one can observe changing
redistribution of the Zn concentration in the inhomo-
geneous o phase that arises from periodic changes of
the z parameter (see Table II). At the beginning of the
DD reaction the zinc concentration profile parallel to
the RF, with a characteristic “U” shape, features a small
gradient. And as the transformation progresses the
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Fig. 5 Simulation results presenting zinc relaxation process at
different stages of stopped RF during annealing. (Color version of
figure is available online).

gradient of Zn profile becomes bigger which is mani-
fested by gradual increase of the profile “depth”
corresponding with increase of the z parameter. When
the receding RF was stopped during annealing, the
solute relaxation process started and the final effect is
shown in Figure 4(d). One can observe that the zinc
gradient in the RF area has decreased.

A detailed analysis of zinc relaxation is presented in
Figure 5, taken from the box assigned on the map with
zinc redistribution and depicted in the form of changing
Zn profiles at different stages of the stopped RF during
annealing. One can interpret the results as follows. At 50
seconds, when the RF stopped, the accumulation of zinc
concentration distribution within the RF area was
observed, resulting from the supersaturation of Zn
during the progression of the DD reaction. After extra
10 seconds (i.e., 60 seconds of the DD reaction simula-
tion), after the initial stage of zinc relaxation at the RF
had passed, further reduction in Zn concentration was
observed. After 70 seconds, the next relaxation stage
occurred, leading to additional changes in the zinc
concentration distribution. This process contributes to
the equalization of the solute within the RF. After 80
seconds, the solute relaxation stage is finished, and the

zinc concentration reached a state which correspond
with the beginning of the go- period.

In Figure 6 one can observe a comparison of zinc
distribution maps representing an effect of critical
values of the C parameter on the diffusion kinetics of
solute redistribution. The presenting results show that
Cahn’s parameter C strongly influences Zn concentra-
tion profiles formed during the DP reaction. Con-
versely, it has a negligible effect on the zinc distribution
during the DD reaction. For a maximum value of
C = 7.23, a characteristic reverse “U” shape profile of
Zn, symmetrical concerning the central axis of the
Zn-depleted o lamella, is formed during the DP reaction
with a maximum Zn concentration equal to 8.92 at. pct,
which is clearly presented on a 3D surface diagram
(Figure 6(a)) as well as on a 2D concentration map with
a linear analysis (Figure 6(b)) between D D sec-
tion. Similar analyses were performed for the DP
reaction simulation with the parameter C = 1.74 (see
Figures 6(c) and (d)), which indicates that the maximum
concentration of zinc in the o lamella center axis differs
significantly from the previous result and equals 5.84 at.
pct. On the other hand, the analysis of the DD reaction
with zinc distribution shows that the characteristic “U”
shape profile of Zn in the inhomogeneous o_ lamella
almost does not change under the influence of the C
parameter, which is also confirmed in other work.**
Quantitatively, this is confirmed by the linear analyses
of zinc concentrations performed in the «_ lamella with
detected minimum values of Zn concentrations in its
axis for individual sections C C and D D (see
Figures 6(b) and (d)), which equal 12.44 at. pct Zn,
12.17 at. pct Zn and 12.34 at. pct Zn, 12.02 at. pct Zn
for the DD reaction simulations with the C = 7.23 and
C = 1.74, respectively. This effect is also visible on
surface diagrams (see Figures 6(a) and (c)) and maps of
Zn concentration (see Figures 6(b) and (d)), which
exhibit an almost identical gradient intensity of colour.
One can conclude that thanks to the presentation of the
CA simulation results on the 2D and 3D maps with
solute concentration, it is easy to interpret the impact of
the kinetic parameters on the zinc distribution during
discontinuous reactions.

V. CONCLUSIONS

In this paper, a 2D discrete modeling of two discon-
tinuous reactions, precipitation and dissolution, during
ageing and annealing of a Fe-13.5 at. pct Zn alloy, was
presented. For this purpose, the cellular automata
method coupled with an analytical solution of the mass
transport equations (for both DP and DD reactions) has
been developed to model the behavior of migrating
reaction front along with changes in chemical compo-
sition in the lamellar modeling system. The following
conclusions from the depicted modeling results can be
formulated:

e The developed CA model for discontinuous reac-
tions enables numerical simulation of these phase
transformations under conditions defined based on
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experimental data and using optimized kinetic
parameters (C and z).

Assuming that the RF is a flat boundary and only
the isotropic constant growth at the steady-state is
considered, it was possible to simulate microstruc-
ture evolution and visualize interface migration
during the progress of the DP reaction as well as
the receding interphase boundary under the occur-
rence of the DD reaction using the same lamellar
modeling system.

The CA simulations of discontinuous reactions also
allow recording the zinc concentration at the
nano-scale level through solute redistribution maps.
Consequently, a detailed analysis of the zinc profile
change at each stage of RF movement could be
performed which has a great significance if they were
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Fig. 6 Comparison of 3D and 2D maps with zinc distribution for two critical values of the C parameter: (a) and (b) for C = 7.23; (¢) and (d)
for C = 1.74. (Color version of figure is available online).

to be compared with experimental results from
analytical electron microscopy investigations.

The go-and-stop motion phenomenon during move-
ment of the RF was simulated using the CA model,
which makes it possible to conduct an in-depth
analysis of this process in terms of changes in zinc
concentration on the phase transformation front.
The results of CA simulations in the form of 2D and
3D maps of zinc concentration casily allow inter-
pretation of the influence of individual kinetic
parameters (C and z) of the DP and DD reactions,
respectively, on the formation of zinc concentration
profiles due to discontinuous reactions.

Future work should be addressed to direct solving

Eq. [2] in the individual CA representing the RF. This
would enable simulating the movement of each interface



CA independently at any calculated velocity for a given
spacing, boundary geometry, and resulting in different
degrees of solute segregation within the limits imposed
by local thermodynamic conditions. Such a solution
would enhance the comprehensiveness of the analysis of
discontinuous reactions and improve the accuracy of
numerical simulations of these processes. This, in turn,
would enable reliable numerical experiments of ageing
and annealing processes.
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APPENDIX A: THE PROCEDURE
TO DETERMINE THE Z PARAMETER

The source of data with the z parameter, given in
Table II, was obtained using the following algorithm:

(1) Initialization of input parameters for Eq. [4] based
on data from Table I, including solute concentra-
tion of the matrix (¢,), interfacial solute concen-
trations (c,r, ¢"), thickness of the « lamella (1,),
migration velocities of discontinuous reaction
fronts (vpp and vpp), and the triple product of
diffusivity (sdDy).

Solute content [%]

0.0 0.5 1.0
Distance in x-axis [arbitrary units]

Fig. A1 Schematic representation of solute redistribution following
a receding o lamella.

(2) First estimation of the z parameter within an
order of ma%nitude 10° 10" m™!, based on liter-
ature data.[*

(3) Start of the optimization procedure to satisfy the
mass concentration balance of the solute (zinc)
along the x-axis in the receding o lamella (4,).

(4) Calculation of the solute concentration profile
(c~(x)), with the fixed z parameter based on
Eq. [4], that arises in the x-axis in the range of
thickness of the receding o lamella (4,).

(5) Determination of the areas S| and S, above and
under the level of the initial alloy solute concen-
tration (c,) for the solute concentration profile, as
shown in Figure Al. For this purpose, the
trapezoidal rule, a numerical integration method
approximating the definite integral of a function,
was employed.

(6) Calculation of the new z parameter value using a
root-finding algorithm, namely the secant
method, where the function f is the difference
between areas S; and S,, and the root to be
determined is the z parameter. The following
equations were used:

foSi(z) Sa(2) [A1]
y Zn—1  Zn-2
wo S e ™

(7) Calculation of the order of convergence as
follows:

o |flzn1)  flzn2)| [A3]

(8) If the order of convergence is equal to or smaller
than the assumed error (1.6 x 107°), the proce-
dure is stopped, and the new z parameter is found.
If not, repeat steps 4 7.

The algorithm was implemented as a separate com-
puter program using the C+ + programming language.
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