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Abstract. A computer programme based on the Monte Carlo method is
created for simulation of primary recrystallization in deformed metals. The
introduced new model of the initial structure of the metal is consistent
with the experimental knowledge, thus reflecting the nonui;i.iformity of the
deformation process which leads to nonuniform nucleation and growth on
the stage of primary recrystallization. A new mechanism for estimation
of the thermodynamic probability considering the nonstability of the activation energy is offered. The new model and mechanism are a better
approximation to the real processes.

1. Introduction
The recrystallization of deformed metals is a process of nucleation and growth of
new strain - free grains which replace the deformed matrix in the limits of the same
solid phase. This process is thermally activated and the investigated macrosystem
(the deformed metal) obeys the thermodynamic laws. The driving force of primary recrystallization is stored in the deformation energy which makes the system
unstable especially at high temperatures.
As a process with a diffusion nature, the recrystallization could be simulated satisfactorily by the Monte Carlo method taking in this way an advantage connected
with the high speed of computers and a possibility of obtaining differential information in any point of the simulated system and at any time during the process.
The Monte Carlo method for simulation of recrystallization was first described
for the case of grain growth (1, 2). Then a few papers, for example [3-6] dealed with
the possibility of application of this method for simulation of primary recrystallization. In these papers the "nuclei" of the new recrystallization grains were previously
introduced into the deformed matrix. At the same time the obtained experimental
results allow to conclude that the nucleation is an inhomogeneous process in which
the first nuclei appear in the regions of the deformed metal with the highest values
©1995 St. Kliment Ohridski University Press All rights reserved
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of the stored energy [7, 8).
This paper is an attempt for simulation of primary recrystallization by the Monte
Carlo method, based on a structure model reflecting the nonuniformity of the deformation process, where the misorientation angle is about 1-3 °. The polycrystalline
grains which contain the deformation cells are separated by high angle boundaries
with misorientation higher than 10 °. These basic experimental values are used in
the offered model. The neighbouring elementary volumes with a misorientation not
more than a present value /k = 2 ° form a polycrystalline grain whose basic orientation in respect to the chosen macroaxis (normal to the plane of the model) is defined
by the angle Bk. Thus, each grain contains elementary volumes with orientations
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The offered model of the deformed metal structure reflects the nonuniform distribution of the imperfections of the crystal lattice and consequently the nonuniform
values of the stored energy in different regions of the simulated structure.
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2. Mechanism of Application of the Monte Carlo Method
In primary recrystallization the nucleation and growth processes are connected
with migration of low- and high-angle boundaries and coalescence of neighbouring
grains. All these processes are based on self-diffusion and in the applied Monte
Carlo simulation they are described by the reorientation of the elementary volumes.
According to the Monte Carlo method if the elementary volume in the state with
B;; orientation is thermodynamically unstable, a relaxation process occurs and the
volume changes its orientation to B;;. The offered in [l) expression for the probability
of this process is
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where b.F is the change of the energiY due to reorientation;
k is the Boltzman constant;
T is the temperature.
In our previous paper [9) it was noted that this expression did not consider
the diffusion character of the process. In general, the reorientation mechanism of
the elementary volumes could be represented by the energetic scheme in Fig. 1.
According to it the neighbouring elementary volumes with energies F(B;; )) (defined
in the Figure as F;) and F( B;;) (defined as F1 ) could change the orientation if during
the thermal activation obtain enough energy to overcome the energetic barrier
Qo - F; and Qo - F1 respectively. It is obvious that the elementary volume on the
left side has a bigger chance to change its orientation as Q0 - F; < Q0 - F1 and it
means that the boundary will migrate from the microvolume with lower energy to
the microvolume with higher energy. Considering this fact, in the previous paper

The above two mechan
polycrystalline material as
real processes the formatio
with appearance of regiom
with structure more perfec
are formed gradually as it l
bigger region with more pi
microvolumes which finall~
process from the initial or~
passes through some interr
reorientation starts firstly j
the atoms placed at a furU
of this permanent reorient
reorientating volume wills
activation en.erg~ for ~eorj
Fig. 2b. Cons1dermg this fa
of the probability for reori

where Q; is the activatic
Q1 is the activatic
b.F is the energy '
from the initia
k is the Boltzm<

eva

Monte Carlo Simulation of Inhomogeneous Primary Recrystallization

67

(9] we have suggested a new expression for the probability of reorientation :
rystallization by the Monte
nonuniformity of the defor1-3 °. The polycrystalline
by high angle boundaries
imental values are used in
s with a misorientation not
grain whose basic orientane of the model) is defined
volumes with orientations

/k Bk - /k)
,

2

.

ects the nonuniform distrisequently the nonuniform
ulated structure.

'
W(O;i --+()ii)=

exp

{ exp

~

- Qo -

F(O;j )~

kT
Qo - F(O;i)
kT

D..F)
exp ( - kT

D..F > 0;

(2)
D..F

~

0.

I
F;

Qo

!Ff
Fig. 1. Energetic scheme of the boundary between two re-

gions with different misorientation (energy)

rlo Method
processes are connected
oalescence of neighbouring
and in the applied Monte
of the elementary volumes.
volume in the state with
ion process occurs and the
pression for the probability

(1)

10n;

press1on did not consider
eorientation mechanism of
nergetic scheme in Fig. l.
h energies F( B;j)) (defined
ge the orientation if during
ome the energetic barrier
elementary volume on the
Qo - Fi < Qo - F1 and it
lume with lower energy to
act , in the previous paper

The above two mechanisms represent the migration of the boundaries in the
polycrystalline material as a reorientation of the whole elementary volume. In the
real processes the formation of nuclei during primary recrystallization is connected
with appearance of regions with relatively high size (higher than the critical) and
with structure more perfect than that of the deformed matrix. In fact these regions
are formed gradually as it is schematically shown in Fig . 2. According to Fig. 2a the
bigger region with more perfect structure appears after reorientation of one of the
microvolumes which finally takes the orientation of its neighbour . The reorientation
process from the initial orientation (at time ti) to the final orientation (at time t f)
passes through some intermediate stages. During the time interval from ti to t f the
reorientation starts firstly for the group of atoms placed near the boundary and then
the atoms placed at a further distance make a diffusion jump as well. In the process
of this permanent reorientation from the initial to th~ final state, the energy of the
reorientating volume will simultaneously decreases which leads to an increase of the
activation energy for reorientation from Qi to Q1 as it is shown schematically in
Fig. 2b . Considering this fact we have used the following new function for calculation
of the probability for reorientation in the case of primary recrystallization:

D..F > 0;
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where Qi is the activation energy at the beginning of reorientation;
Q1 is the activation energy at the end of the reorientation process;
D..F is the energy change (D..F = F1 - Fi) as a result of the reorientation
from the initial to the final state;
k is the Boltzmann constant.
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Fig. 2. Scheme of the reorientation process of a microvolume during the
isothermal annealing (a) and the corresponding change of the activation energy ( b)

energy
Fig. 3. Probability for reorientation versus the energy of the elementary volume

This expression reflects not only the fact that the activation energy of recrystallization is not constant during the isothermal annealing, but also the fact, that the
process will be the most intensive in the regions with the highest energy F;. As it
was shown in our former paper [9], the energy of the elementary volume is a fun ction of the angle of its misorientation with the neighbours and could be estimated
by the Read- Shockley formula [13] . Fig. 3 represents qualitatively the depend ence
of the probability for reorientation on the energy of the elementary volume. It is
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obvious that there is a region at low energies (less than £ 1 ) where the probability
(W) does not depend on the misorientation (respectively F) and where W -+ 0.
Then a region of well pronounced dependence of W on F follows (between £ 1 and
E2) and finally a region of high F > £ 2, where the values of the probability do not
depend much on misorientation and are generally high (W-+ 1).

3. Experimental Results Obtained by the Used Model of the Structure and the Offered Mechanism of the Monte Carlo Simulation
The created programme is written in Turbo Pascal and is suitable for the PC/ AT
computers. In order to save the computing time the tested elementary volumes were
separated in three groups: the first group includes the elementary volumes with
very low energy F < E1 (see Fig. 3), for which the probability for reorientation
is practically zero; the second group includes the elementary volumes with energy
E1 < F < E2, and the third group includes the elementary volumes with F > £ 2
for which the probability of reorientation is generally high. The elementary volumes
of the first and third groups are not tested for reorientation - it is assumed that
the elementary volumes of the first group do not change the orientation at all, while
those of the third group automatically change their orientation to one of the six
neigbours, chosen in a random way. The testing procedure is applied only for the
elementary volumes of the second group for which the probability of reorientation
depends significantly on the energy of the elementary volume (the angles of its
misorientation with the neighbours) . The testing procedure is based on the Monte
Carlo method. One of the elementary volumes of the group is chosen in a random
way and its probability for reorientation according to Eq. (3) is calculated. Then a
random number a in the interval (0, 1) is generated and the calculated probability
(W) is compared with it. There are two possibilities for the elementary volume: to
change its orientation to one of its neigbours (when W 2: a) or to keep the initial
orientation (when W <a). The time is defined by Monte Carlo steps (MCS). One
MCS is made when the calculated probability for reorientation of all the tested
elementary volumes is compared with the previously generated value of a.
After the reorientation process, a few neighbouring elementary volumes could
obtain an identical orientation, thus forming a region with less than the energy in
the surrounding matrix. When this region reaches the critical size enabling it to
grow, (when its energy has a significantly lower value than that in the deformed
matrix) it becomes a nucleus of recrystallization. The created computer programme
allows a visualization of the simulated structure, enabling its observation at any
point and at any time of the process, which is a big advantage in comparison with
the experimental methods (electron microscopy for example). In Fig. 4 the evolution
of the investigated structure during primary recrystallization is shown. The black
areas in the photographs correspond to microvolumes with identical orientation,
(nuclei) while the white ones define the regions with the highest misorientation the low and high angle boundaries. It is obvious that the nuclei appear nonuniformly over the investigated area and firstly in the places around ·boundaries which
are with the highest misorientation (highest energy). Thus the offered in this work
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model of structure and mechanism of Monte Carlo simulation reflects the thermodynamic nature of the recrystallization process in the investigated macrosystem
(the deformed metal) in which the nuclei are not previously introduced, but appear
in a natural way, obeying the thermodynamic laws.
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Fig. 4. Photographs of the simulated structure at different moments of the recrystallization process: after 500 µs (a); after
5000 µs (b) and after 10000 µs (c)

In the real recrystallization process the nuclei are characterized by their incubation period and critical size. In the recent method these parameters could be
obtained from the size distribution curves. From the way of generation of the initial deformed structure it follows that the size distribution at the beginning of
simulation could be represented by a 8-shaped function at a size, equal to one elementary volume as it is shown in Fig. 5a. At the beginning of recrystallization
the size distribution function changes (expanded to bigger sizes) and the moment
of the beginning of recrystallization (the incubation period) is defined by the first
minimum which appears on the size - distribution histogram. In Fig. 5 b, c these
minima are defined by arrows. The grains, which are placed on the right from the
first minima are recrystallized, while those placed on the left correspond to the unrecrystallized deformed matrix. The quantitative estimation of the relation between
the recrystallized and unrecristallized parts is based on the following suggestions:
.the integrated area under the distribution curve is equal to the number of the introduced elementary volumes (40 000 in this . case). The area of the elementary
volumes on the right from the first minimum corresponds to the recrystallized part
and the area of the volumes on the left of it reflects the unrecrystallized part. Thus
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from the size-distribution histograms the relation between the recrystallized and
unrecrystallised parts of the structure could be estimated.
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In Fig . 6 the recrystallized part versus time is shown. It is obvious that primary
recrystallization occurs with decreasing in time velocity.
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4. Conclusions
• A new model of the deformed metal structure, reflecting its main characteristics
and suitable for the Monte Carlo simulation is offered;
• A new mechanism for estimation of the probability of reorientation, considering the diffusion character and instability of the activation energy of primary
recrystallization is suggested;
• The offered model and mechanism are used in the created original programme
for the Monte Carlo simulation of isothermal pN.mary recrystallization;
• The obtained by the Monte Carlo simulation results show that the nucleation
and growth processes are not uniform over the investigated area;
• The quantitative estimation of the recrystallised part of the investigated structure shows that primary recrystallization proceeds with decreasing velocity.
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