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Abstract—Grain growth in the textureless material characterized by bimodal grain size distribution has been
investigated. Grain growth in a pure material can eliminate the second maximum in the distribution, despite
the presence of abnormally coarse crystallites in the initial structure. This is true when the number of coarse
crystallites in the initial state is small and can be explained by normal grain growth in the fine-grained matrix.
The size effect of matrix grains on the second maximum in the distribution under these conditions has been
analyzed. The second maximum has been shown to remain and even increase due to the inhibition of boun-

dary migration.
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INTRODUCTION

Controlling the microstructure of a material is one
of the main tools for influencing its properties. As a
rule, technologists tend to form a homogeneous struc-
ture in single-phase alloys; however, in some cases,
they create inhomogeneities, for example, by various
manipulations on the surface layers of the product. In
this regard, some publications on single-phase materi-
als with a bimodal structure draw attention [1—3]. In
this case, we are talking about a global structural inho-
mogeneity rather than a local one, i.e., the inhomoge-
neity over the entire cross section of a product.
A bimodal structure increases the plasticity of materi-
als with very fine grains (see, for example, [4, 5]).
However, insufficient attention is paid to changes in
the created structure that are possible during both heat
treatment of products and their operation. These
changes can be caused, first of all, by grain growth.

According to modern understanding, grain growth
in the case of a double-hump grain size distribution
(GSD) is supposed to lead to the formation of a struc-
ture with coarse grains and the disappearance of the
fine-grained matrix, i.e., to the disappearance of the
first maximum in the GSD. Moreover, this seems
natural, since the grain growth process develops
through the absorption of finer grains by their imme-
diate coarser neighbors [6, 7]. Along with that, one
often cites the work [8], which used the Monte Carlo
method to show that a coarse crystallite introduced
into a fine-grained structure slows down its growth
with time and finally becomes a part of the standard
GSD. These results are quite unexpected having in

mind of numerous experimental data. For example,
the data on abnormal grain growth give the evidence
that coarse crystallites do not become a part of the
normal GSD in the fine-grained matrix, and, on the
contrary, intensively absorb fine grains. Grain growth
in materials with a bimodal structure seems to remain
unstudied, insofar as the author is aware. This work
aims to fill this gap both for the progress of new tech-
niques for microstructure control and the further
development of the grain growth theory.

DESCRIPTION OF THE MODEL
AND INITIAL DATA

The model [9, 10] that describes the grain growth
by the migration of grain boundaries toward their cur-
vature centers and can be used to investigate changes
in the GSD over time, was used for numerical simula-
tions [9, 10]. In contrast to the Monte Carlo method
(see, e.g., [8]) or the phase-field method ([11]), we
can study the behavior of infinitely large ensembles of
grains using this model. Therefore, the model [9, 10]
that provides higher statistical reliability of the results
is used in this work to study the GSD evolution.

To find changes in a particular GSD, the model
calculates the boundary displacements between grow-
ing and absorbed grains belonging to the size classes i
and j, where i > j:

Ady =yM (1/D; —1/D, — Z) At, (1)

where yand M are the energy and the mobility of their
boundary, D; and D; are the diameters of the absorbed
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Table 1. Characteristics of the initial structure of polycrystals

Polycrystal N, N,/N, D.../D,| D, pm
Pl 0.5 10% |~0.65 x 1075| ~6.2 ~4.3
P2 0.2 x 10° [~0.26 x 1073| ~6.2 ~4.3
M - - ~3.9% | ~4.3*

* Since the GSD in the M polycrystal is single-hump, D; = D.

and growing grains, Z is the coefficient characterizing
the braking force, and At is the time step. The bound-
ary displacements are recalculated into GSD
changes, taking into account the average probability
of the contact between the growing grain and its
nearest neighbors of different sizes and the condition
under which the system volume is constant. In this
work, we assume that y = 500 erg/cm? and M = 2 X
107" ¢cm?/(erg s) [12] are the same for all grain bound-
aries and are time-independent.

We investigated the grain growth in three-dimen-
sional polycrystals with a bimodal GSD. The total
number of grains in the initial state was ~0.8 X 108, the
average size (diameter) of matrix grains D, = 4.3 um,
the size of coarse crystallites D, = 6.2D,, their relative
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Fig. 1. GSD in the P1 and P2 polycrystals after the second or
first maxima have disappeared, respectively (= 30 min).
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number N,/N, = 0.4 x 107°—0.5 x 1073, where N, and
N, are the numbers of abnormally coarse and matrix
grains, respectively. The matrix grain size distribution
was close to lognormal, with the maximum grain size
of ~3.9D,. Grains of different sizes were considered to
be randomly spaced. We took the disappearance of the
minimum between maxima in the GSD as the evi-
dence that the bimodality does not exist anymore. The
bottom of the maximum is assumed to extend along
the size axis from the left or right GSD boundary to
the minimum. The kinetics of the grain growth and
the GSD evolution were studied at different initial V,.
They were studied by determining the changes in the
average D and maximum D,,, grain sizes. The aver-
age D, and D, grain sizes, the N, and N, numbers of
grains, and their relative volumes were found for each
maximum.

RESULTS AND DISCUSSION

The simulation of grain growth without a retarding
force (i.e., when Z=0in Eq. (1)) showed that the dou-
ble-hump GSD transforms into a single-hump GSD
over time. If the initial number of abnormally coarse
crystallites is greater than ~0.1 x 10° = 0.13 x 103N,
(this corresponds to their volume fraction of ~2%), the
second maximum, as expected, increases, and the first
maximum disappears. Moreover, an increase in N,
reduces the lifetime of the first maximum. At lower
initial N, values, on the contrary, the second maxi-
mum disappears, i.e., coarse crystallites, despite their
size advantage, become a part of the GSD of the
matrix during grain growth. The lifetime of the second
maximum decreases with decreasing N,. To under-
stand the causes for this, let us compare the simulation
results for polycrystals with opposite behavior of max-
ima, namely, P1, where the first maximum is retained,
and P2, where the second maximum is concerved.
The M polycrystal, the microstructure of which is similar
to that of the matrix in P1 and P2, was used as a reference.
Table 1 describes the polycrystals. Figure 1 illustrates
their GSD after the maxima have disappeared.

Figure 2 shows microstructural parameter varia-
tions that occur in these polycrystals over time. A
comparison of Figs. 2a and 2c indicates that the aver-
age grain size D in P1 and M polycrystals changes
almost in the same way, whereas D,,, in P1 grows
much faster than in M. A comparison of Figs. 2b and
2c¢ shows that the behavior of D in P2 and M polycrys-
tals, on the contrary, is quite different, obviously, due
to the absorption of matrix grains.

The D,,,, in the P2 polycrystal rises higher than in
M. A comparison of Figs. 2a and 2b shows that D, in
P1 increases faster than D,;, whereas the same is
observed in P2 only at the initial stages, and, further,
their rates of change are practically the same. In addi-
tion, one can see that D,, D, and D,,,, grow slower in
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Fig. 2. Grain growth kinetics in the (a) P1 and (b) P2 polycrystals with double-hump GSDs, as well as in the (c) M polycrystal

with the GSD similar to the matrix GSD in P1 and P2.

the P2 polycrystal than they do in P1. Finally, the D,
value grows faster than the average grain size D, of the
matrix in the P1 polycrystal. All these details are dis-
cussed below.

Additional information on the evolution of the
microstructure is presented in Fig. 3. We see that the
number of matrix grains decreases by ~3 orders of
magnitude in the M polycrystal, where there was ini-
tially no second GSD maximum. Similarly, N, also
decreases in P1 for the time of the maximum exis-
tence. The latter seems to be related to a small number
of coarse crystallites in the initial structure. The num-
ber of matrix grains in the P2 polycrystal, however,
decreases by ~5 orders of magnitude. The different
behavior of P1 and P2 appears to be caused by the fact
that the number of coarse crystallites that absorb the
matrix is significantly greater in P2 than in P1. In addi-
tion, Fig. 3 shows that N, decreases in two stages: first
rapidly and then noticeably slower. At the first stage in
P1 and P2 polycrystals they are almost the same, but
at the second stage they differ significantly, namely, N,
in P1 changes in the same way as in M, whereas in P2
it falls much faster. The above fact suggests that the
different behavior of N, at the second stage in P1 and
P2 can be connected with the different behavior of the
second GSD maximum. We used the changes in N, at
the second stage to identify the processes occurring at
this stage.

Therefore, the possible growth processes under the
analyzed conditions should be mentioned: (1) normal
grain growth in the matrix, (2) increase in the size of
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coarse crystallites due to matrix absorption, and
(3) consumption of coarse crystallites by one another.
The first two are discussed below without much atten-
tion to the third, since it develops extremely slowly,
because of the very low curvature of the boundaries
between coarse grains. An increase in the average grain
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Fig. 3. Change in N; in the P1, P2, and M polycrystals
during grain growth. The triangles indicate the moment
when one of the maxima disappears.
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size during normal growth is the result of the interac-
tion in a large group of grains, where they can be
absorbed by some of their neighbors and absorb others
simultaneously. The growth of abnormally coarse
crystallites in the same group is a so-called one-way
process; i.e., they grow absorbing the matrix grains
(since the interaction with the neighboring similar
coarse crystallites, as was mentioned above, is very
weak). It is important to keep in mind that the growth
rate depends on how much the size of the absorbed
neighbors differs from the size of the growing grain.
During normal grain growth, the growing and
absorbed grains have close sizes whereas the size of
coarse grains growing in the matrix is significantly
larger than the size of the absorbed neighbors. There-
fore, the size of coarse crystallites is expected to grow
faster than the average matrix grain size. As a result, in
the first case, V| decreases more slowly than it does in
the second case. We can, therefore, consider that the
absorption of matrix grains by abnormally coarse crys-
tallites is the main reason for NV, changes at the second
stage in the P2 polycrystal. Regarding P1, the fact that
the behavior of N, at the second stage in the polycrys-
tal is close to that of N, in M (see Fig. 3) brings us to
the conclusion that normal growth seems to play the
main role here. Thus, the different behavior of GSD
maxima during the grain growth in the P1 and P2
polycrystals depends on the development of normal
growth in the fine-grained matrix.

One should keep in mind that normal growth in the
matrix can develop freely only in those parts of the
structure that are not occupied by coarse crystallites.
Since the size of these regions is proportional to
(1/N,)'/3, where N, is the number of coarse crystal-
lites, then the smaller N, is, the more pronounced the
normal grain growth in the matrix is supposed to be.
Judging by the values of N, for the studied polycrystals
(see Table 1), this size in P2 is ~53 um, while in P1 it
is ~3.5 times greater. Therefore, normal grain growth
in the P1 matrix can develop much longer than in P2,
despite its absorption by coarse crystallites.

This analysis explains the results presented in
Fig. 2. The nearly complete agreement between D and
N, in the P1 and M polycrystals is associated with the
easy development of normal growth in the P1 matrix.
The fact that the normal grain growth in the P2 poly-
crystalline matrix is slower, and D and D, are smaller
than those in the M polycrystal, can be explained by
the following. The number of coarse crystallites in P2
is greater, and they quickly absorb the matrix, which
increases the probability of their contact with each
other and thus reduces their growth rate. Therefore,
D, grows slower in P2 and reaches a smaller value than
that in P1. The more rapid D,,,, growth, as compared
with the average D, matrix grain size in the P1 poly-
crystal, is explained above.

The different GSD evolution in the P1 and P2
polycrystals seem to be caused by the changes in the
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partial GSD of coarse crystallites and the GSD of
matrix grains, which happen during the grain growth.
On the one hand, the width of the first one increases
during the growth due to an increase in D,,,. The
minimum size of coarse crystallites is not expected to
decrease significantly, since it differs only slightly
from D,. On the other hand, normal grain growth in
the matrix is supposed to increase the GSD width and,
consequently, increase the number of grains in the size
range between the maximums of the common GSBs.
Absorption of the matrix by abnormally coarse crys-
tallites reduces the number of grains in it and changes
its GSD. The latter implies that the number of matrix
grains with sizes smaller than D, or close to it reduces.
The result of the above evolution of the partial GSD
depends on how fast the matrix grains are absorbed. If
they are absorbed slowly (i.e., at low N,, for example,
in the P1 polycrystal), they have time to fill the mini-
mum in the GSD of the polycrystal near D,. Ifthey are
absorbed quickly (at high N,, for example, in P2), they
fill the minimum near D,. The existence of minimum
in the common GSD is a sign of the existence of two
maxima (see above). This fact means that in the first
case, the second maximum disappears, while in the
second case, the first one disappears. In addition, in
the first case, coarse crystallites can themselves con-
tribute to the disappearance of the second maximum,
because they reduce its height during their growth.

According to the above explanation, the behavior
of the second GSD maximum in a pure material with
low initial N, depends on the rate of normal grain
growth in the matrix. If this rate is increased, for
example, by decreasing the initial D, value, this maxi-
mum disappears faster. Our results confirm that the
lifetime of the second maximum in polycrystals with a
lower D, decreases sharply. However, if the rate of
grain growth is decreased, the lifetime of the second
maximum increases. Figure 4 confirms this fact. Even
aweak deceleration of grain growth in the P1 polycrys-
tal (see Fig. 4a) significantly increases the lifetime of
the second maximum, as follows from Fig. 4b. More-
over, a small increase in the coefficient of growth
retardation was found to increase the volume fraction
of the grains forming this maximum by at least a factor
of ten (see Fig. 4b).

In connection with the above, let us turn to the
abnormal grain growth in anisotropic transformer
steel, which is known to be associated with the stabili-
zation of the fine-grained matrix by fine second-phase
precipitations. The relative number of crystallites
growing in this material during abnormal growth is
small (<10~%). Therefore, we cannot reject the possi-
bility that the second GSD maximum can disappear
due to grain growth in the absence of the disperse
phase, as is shown in Fig. 4b for the P1 polycrystal. It
seems reasonable to assume that the second phase par-
ticles in transformer steel not only stabilize the fine
grain matrix, but also contribute to conservation of
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Fig. 4. Effect of the Z retarding force on (a) the kinetics of grain growth and (b) the change in the relative grain volume of the
second maximum V5, in the P1 polycrystal. D is the average grain size in the initial structure.

the second GSD maximum formed by {110}{001) crys-
tallites.

CONCLUSIONS

(1) Grain growth induced by boundary curvature in
a texture-free material with abnormally coarse crystal-
lites was investigated by numerical simulation.

(2) Grain growth in a pure material with a bimodal
structure causes only one of two maxima to remain.
This fact depends on the number of coarse crystallites
in the initial structure.

(3) The second maximum disappears when the
number of coarse crystallites is small. The develop-
ment of normal grain growth in the fine-grained
matrix is responsible for its disappearance.

(4) When the matrix grain size is decreased, the
second maximum disappears more rapidly.

(5) A decrease in the grain growth rate causes the
second distribution maximum to retain and be more
pronounced.
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