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Modification of computer simulation of normal grain growth®
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Abstract: A set of principles on transition probability was supplied for the physical process of grain growth. In accord with these

principles, a modified transition probability considering the influence of temperature was put forward to simulate the normal grain

growth relying on temperature and second phase particles. The modified transition probability correctly reflects the dependence of

grain growth on the temperature. The effect of different shapes of second phase particles on the grain growth process was taken into

account using the modified transition probability. The relationship between the area fraction of second phase particles and the limit

of grain size of the matrix was given. The microstructural evolution patterns employed to 2D were given. The results agree well

with the real grain growth process. All these suggest that the modified transition probability is better than the conventional one.
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1 INTRODUCTION

The normal grain growth is one of the most important
microstructural evolution processes during the annealing of
metals. In this process, some changes of configuration
take place, including the grain size and its distributions,
stability of grains, and the topological characteristics
formed by grains. All these changes have great influence
on the mechanical properties of metals when they are fab-
ricated and put into use. Therefore, it has being studied
by many researchers. It is promising to take an effective
control over this process and then control the properties of
metals. With the progress of computational technology,
some computing simulation methods have been developed.
Among all of these different methods, Monte Carlo
Method is a classical one!™""!. Monte Carlo Method was
first employed in the 2-D computer simulation of this pro-
[12] through the Potts model. Then,

the normal grain growth pinned by the second phase parti-

cess by Anderson et al

cles were simulated in three dimensions' . This model
was also employed to the grain growth in thin films by
Frost et all ¥,

But there are still some problems in those simulating
works. The main problem in these models is that the in-
fluence of temperature on the process cannot be taken into
account, and then simulation temperature is too low,
which is not accord with the real process. In this paper.
some modification on the problem will be tried and em-

ployed to the normal grain growth of single-phase alloy

and that pinned by the second phase particles. The simu-

lation results are more reasonable.

2 LIMITATION OF EXISTING TRANSITION
PROBABILITY AND ITS MODIFICATION

2.1 MC grain growth algorithm

The Potts model is frequently used in the computer
simulation of the grain growth process, the algorithm is
shown as follows.

1) A simulation domain of a suitable size
(256 % 256) is chosen.

2) Using the assumption of ¢ coarsening grains’ , the
microstructure can be discretely characterized by an array
of discrete grids.

3) Every grid was randomly assigned a random num-
ber S between 1 and N, where N is the total number
of grain orientations. In this simulation, N is chosen to
be 64. A grain is defined by a collection of the points,
which have the same orientation number without the inter-
ruption of other numbers.

4) The grid was randomly chosen and the orientation
was changed to another different random number between
1 and Nq. Energy change of this reorientation is calculat-
ed, which only takes the nearest neighbors into account.
And the result was substituted to the expression of the
transition probabilitv and a number ranging between 0 and
1 is derived. Then, generating another random number
and comparing this number with the number derived
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above, the possibility of the acceptance of the reorienta
tion can be determined. That is, if the latter is larger
than the generated number, the reorientation is accepted
and vice verse.

5) The operation 4 was employed to all of the grids
and a Monte Carlo Step is counted.

6) Repeating the operation 2 to 5 until the required
Monte Carlo Step needed is completed.

2.2 Problem
In the algorithm shown above, the key step is the
change of the orientation. In this step, the transition
probability strongly depends on the transition probability.
In the classical simulation, the expression of the transition
probability! " is shown as
1 AE < 0

AE 20 (1

KTI

® is the probability of successful reorientation,

exp|

where
AE is the energy change due to the reorientation, K is
the Boltzmann constant, T is the absolute temperature.

From Eqn. (1), it can be shown that when the value
of energy change is lower than 0, the transition probability
is equal to 1 that means, if the thermodynamics is fa-
vored, the configuration transfer is accepted automatical-
ly. The conclusion is not completely correct. So Eqn. (1)
is not reasonable. The main points associated with the
weakness of Eqn. (1) are as follows. 1) The problem of
temperature, that is, if the value of energy difference of
the orientation change is negative, the normal grain
growth would be uncorrelated with the temperature. This
is not accord with the fact that the grain growth strongly
depends on the temperature. 2) The problem at the point
AE= 0. When the value of energy difference is 0, the
transition probability is 1, that is, if the system is at an
equilibrium state, the normal grain growth phenomenon
also takes place.

To solve the problems existing in the transition prob-
ability, the Symmetrical probability is used''”, and the
expression is shown as

Siva
0= = AE (2

1+ exp KT
This probability solves the problem at the point AE
= 0 to some extent. But from Eqn. (2), it can be seen
that when AE is lower than 0, ©® can not be higher than
0. So there is a conflict between the simulating result and

the real process of grain growth.

2.3 Modified transition probability

It is important to give an appropriate transition prob-

ability, which can be used to characterise the physical
process. When the thermodynamics and some basic laws
on the real grain growth are taken into account, there is a
set of principles expressed mathematically as below,
which should be satisfied in the real process of normal
grain growth.

1) There is a specific temperature designated as T'.
When the temperature is higher than Tr. The probability
is 1/2;

2) T~ 0, VAE €R(R is the real space) ,
(T, AE) "0, that is, when the temperature is too low
(T <T&g), the grain growth can not take place;

3) AE” + oo VYT E[0, To), (Tois the melt-
ing point of metals) ;

4) orT >O; that is, with the increase of tempera-
ture, the probability also increases;

)

5) é% "

of energy difference, the probability decreases.

; that is, with the increase of the value

To get the analytical expression of the transition
probability, the condition (1) can be broadened as fol-
lows.

There is a physical parameter T'g. When the temper-
ature T is equal to T'g, the probability &(T = Tgr, AE
= 0) is 1/2. But when the temperature T is higher than
T, the probability ©(7T, AE = 0) is at the vicinity of
1/2.

Based on the conditions the probability requires, the
Eqn. (3) can be fitted as

= AE
xp| K7,
= AE
1+ exp KTs

1
—aX(T-Tgr)

Tr

AE is the energy difference, Ty is the tempera

(3)

1+ exp

where
ture of recrystallization as to the specific alloy system, a is
a fitted factor which can be gained by the condition (1) .
Eqn. (3) reflects the relation among the thermodynamics,
dynamics and temperature. When the specific temperature

Tris 673K, a is 15, the curve of Eqn. (3) with differ-

ent simulation temperatures is shown in Fig. 1.

3 NORMAL GRAIN GROWTH IN SINGLE-
PHASE ALLOY

The simplest grain growth process is the normal grain
growth in single-phase alloy. Then, applying the modified
transition probability to the normal grain growth in single-
phase alloy, the influence of temperature on the grain

growth dynamics and size distribution can be tested.
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suggests that in the lower temperature range, the distribu-
tion is stiff, that is, the grain size with the most frequent
probability is at the end of the lower limit along the axis of
the grain size. As temperature becomes higher, the mo-
bility of grain boundaries also increases. Then, the large
grains become larger, while the small grains become
smaller and disappear in the end. The average grain size
increases and the size distribution becomes broader and
smoother. When the temperature is higher than 673 K,

Grain size(grids)

Fig. 3 Grain size distributions at
different temperatures

the effect of tempe rature on the distribution of grain size
becomes weaker. From the Fig. 3, it can be seen that the
grain size of peak value becomes larger as the temperature
increases. This is coinciding with the physical process.
Then, it can be concluded that the modified transition
probability can be used in the computer simulation.
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4 NORMAL GRAIN GROWTH PINNED BY SEC
OND PHASE PARTICLES

4.1 Effect of fraction of second phase particles
Using the modified transition probability, the com-
puter simulation results with the variation of area fraction
are shown in Fig. 4. It is demonstrated that the average
grain size decreases with the increase of the area fraction
of second phase particles. It can be illustrated that the
dispersed and fine particles inhibit the movement of the
grain boundary and thus weaken the tendency of grain
growth, making the size distribution uniform. This is con
sistent with the results that the second phase particles can

refine the grains in the multiphase systems.
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Fig. 4 Grain growth kinetic curve for

different f s

4. 2 Effect of shape of second phase particles on
grain growth

Fig. 5 shows the average grain size change with the
variation of the particle shapes. With the quantitative
analysis, it can be seen that under the same conditions,
when the area fraction of second phase particles is small,
the limit of the average grain size in the microstructure
pinned by needle particles is lower than that of the mr
crostructure pinned by spherical particles. But this phe
nomenon becomes weaker as the fraction increases.

The relations among the size of second phase parti-
cles, the area fraction of the particles and the limit of the

o g 15
average grain size of the matrix, can be expressed as' "

Ry
r

= Cof'y (4

where R is the limit of the average grain size, r is the
radius of the particles, f4 is the area fraction of the sec
ond phase particles, both Cp and n, are constants, the

determination of n, is the most important factor. With the
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Fig. 5 Grain growth kinetic curves for

different fx
(a) —Sphere particles; (b) —Needle particles

logarithmic transformations on both sides of the equation

shown above, the Eqn. (4) can be expressed as below:
lg( Riiw/ 1) = 1gCr — n,lgfy (5)
Fitting the data derived from Fig. 4 and Fig. 5( shown

in Fig. 6), with the least square method, the results as

follows.
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Fig. 6 Relationship between lg( Ryi,/ r) and lgf s
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lg( Rin/ 1) = 0.7— 0. 311gf " "
lg( R/ r) = 0.5- 0. 2612%’(.268(116 o
In the exponential forms:
Sphere: R,/ r= 2.01f s 0.31 5
Needle: Ry,/r= 1.65 1 0.26 )

It can be seen from the Eqns. (8), (9) that the ef-
fect of microstructure pinned by needle particles is
stronger than that of the microstructure pinned by sphere
particles. Comparing the results with the results in the lit-
[12. 31 "t can be seen that the former are consis

tent with the latter.

erature

Fig. 7 shows the dependence of the microstructure on
the shapes and area fraction of second phase particles.

From Figs. 6 and 7, it can be concluded as follows.
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Fig. 7 Microstructure evolution patterns pinned
by different volume fractions of second

phase particles

(f ' represent area fraction of second phase particles)
Sphere particles: (a) —f,= 0.01, MCS= 600;
(¢) =fa= 0.05, MCS= 350; (e) —fa= 0.08, MCS= 300,

Needle particles: (b) —fa= 0.01, MCS= 600;
(d) —fa= 0.05, MCS= 350; (f) —fa= 0.08, MCS= 300

1) As the fraction increases, the limit of average
grain size of the matrix decreases and the distribution be-
comes uniform.

2) At the same fraction and sizes, the microstructure
pinned by the needle particles is more stable than that
pinned by sphere particles, so the refinement effect of
needle particles better than that of sphere particles. From
the topological geometrical point of view, it can be illus-
trated as: 1) When the area fraction of the needle parti-

cles is too small, the grain boundaries topologically con-

tact with the second phase particles at some points and the
effect of needle particles on the microstructural evolution
is the same as that of sphere particles; 2) As the area
fraction of second phase particles increases, line contact
becomes the most frequent topological way of the contact
between the grain boundaries and second phase particles,
the growth speed normal to the plate of the needle parti-
cles is inhibited, so the grains of particles become prefer-
entially oriented.

Fig. 8 shows the simulation results relating to the
fraction of the grain size distributions. When the fraction
increases, the distribution becomes broader, while the
value of the peak increases. It can be interpreted that the
dispersed, fine particles strongly inhibit the movement of
the grain boundary and weaken the tendency of grain
growth, making the size distribution broader. Comparing
the data derived from the two shapes, it can be seen that
the size distribution of needle shapes is much stiffer and
the peak values are much higher. The effect of needle
particles on the microstructure is stronger than that of

sphere particles.
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Fig. 8 Grain size distributions at
grain growth stagnation for different f s

S CONCLUSIONS

1) Using Monte Carlo method, the modified transi-
tion probability is applied to the normal grain growth pro-
cess in single-phase alloys. Comparing the results with
the classical results, it can be seen that the grain growth
speed increases sharply as the temperature increases to a
definite value, but at low temperature, the growth process
does not take place. So the modified transition probability

considering the effect of temperature can reasonably reflect
the physical process of normal grain growth.

2) The modified transition probability is applied to

the normal grain growth process pinned by second phase
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particles.

(MThe limit of grain size of the matrix and the area
fraction have the relations shown as follows. For the case
of sphere particles, R,/ r= 2.01f 0-31
needle particles, R/ r = 1. 651 *%.

(2 When the area fraction of second phase particles

; for the case of

is low, the grain size pinned by needle particles is much
smaller than that pinned by sphere particles in the 2-D
simulation. As the area fraction increases, the shape ef-
fect on the grain size limit becomes weaker while the ef-
fect on the morphology becomes stronger.

(3 When the second phase particle is needlelike,
the size distribution of the matrix is broader than that of

sphere particles.
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