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ABNORMAL GRAIN GROWTH: EFFECT OF DISPERSE PARTICLES
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Problems arising due to abnormal grain growth, the main of which concerns determination of the start and end
of this process in materials with various initial microstructures and the behavior of disperse particles, are con-
sidered. Grain growth is studied by the method of numerical simulation. A pioneer diagram presenting the
conditions of development and suppression of abnormal grain growth at a fixed rate of dissolution of particles
is plotted in the “initial grain size — initial retarding force” coordinates. The causes of abnormal grain growth
in nanocrystalline materials are analyzed, of which the principal one is supposed to be the presence of submi-
croscopic pores. The results obtained are used to develop novel methods for controlling the grain structure in
various structural and functional materials.
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INTRODUCTION

Grain growth in polycrystals is assumed to develop in
two modes, i.e., normal (collective recrystallization) and ab-
normal (secondary recrystallization) ones. Normal growth
(NG) is also called gradual one, which reflects its typical fea-
ture, i.e., continuous increase of the mean grain size D with
time ¢ at constant temperature in accordance with the equa-
tion [1]

D~ kt", (1)
where 7 is an exponent, k = yM, , vy is the energy of the grain
boundaries, and M, is their mobility. Experiments show that
n may vary from about 0.01 to 0.5. The grain size distribu-
tion under NG has one maximum, and the microstructure re-
mains homogeneous. In its turn, abnormal grain growth
(AG) develops under isothermal conditions in two stages; the
value of D remains virtually unchanged in the first stage and
then increases markedly, which gives grounds to call AG a
discontinuous growth. The invariability of D in the first stage
indicates retarded grain growth, which may be described by
Eq. (1) with exponent n =0.01 —0.10 [2]. What exactly oc-
curs in this stage, has not been studied well enough. In the
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second stage, a small number of crystallites with a size about
103 times larger than the mean size grow very fast. AG is as-
sumed to begin when the curve of the grain size distribution
acquires a second maximum [3]. During the AG, the micro-
structure of the alloy becomes quite inhomogeneous [4], but
when the abnormal growth finishes, it becomes homoge-
neous again [2]. The grain size in this case is much larger
that the initial value, and the process of grain growth contin-
ues as NG. It follows from experimental data that all or al-
most all grains grow under NG except for the finest ones,
whereas under AG the major part of the grains does not grow
at all or grows very slowly, and only individual grains may
grow rapidly. It is accepted universally that retardation of
grain growth is a necessary condition for AG [5 —9].

In the present work, we studied the AG caused by the
presence of disperse particles. The submicrocystalline (about
5 nm is size) particles of the second phase and the pores lo-
cated on grain boundaries behave differently when the
boundaries migrate, i.e., some migrate with the boundary and
some detach from it and keep their place. We shall call the
former “mobile” boundaries and the latter “immobile” ones.
(This terminology differs from the traditional one, i.e., the
term “mobile” is used in the sense “able to move together
with the boundary.” To avoid ambiguity, we shall quote the
word.) The “immobile” particles hinder migration of the
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boundary by creating a retarding force; since the detachment
of the boundary from the particles causes formation of new
regions of the boundary, which have been occupied by parti-
cles, this requires energy. Since this is a reaction force, the
boundary will be fixed when the driving force does not ex-
ceed the retarding one. It is not hard to show that fixation of
individual boundaries can decelerate the process of grain
growth and even block it totally at a high enough retarding
force. As for the “mobile” particles, they lower the force of
the motion of any boundary occupied by them, because the
boundary “loaded’ with such particles cannot move as fast as
a boundary without them [10]. At the same time, the “mo-
bile” particles do not cause appearance of retarding force and
hence cannot stop the boundary. How these particles affect
the abnormal grain growth is not yet clear.

Development of AG causes changes in the properties of
structural and functional materials. For example, the AG dur-
ing an intermediate or final annealing leads to abrupt growth
of the mean grain size or to formation of an extremely hete-
rogeneous microstructure. Both lower the strength and the
ductility of the material, and the producers strive to prevent
AG in structural steels. In low-alloy steels, this concerns the
AG of the austenite, which results in growth of the size of
pearlite colonies and hence in lowering of the properties of
the material after quenching and tempering [11, 12]. On the
contrary, the coarse-grained structure appearing under AG in
refractory alloys is desirable, because it affects favorably the
mechanical properties at high temperatures [13]. AG is also
necessary in transformer steels, where the formation of a
coarse-grained structure is accompanied by formation of tex-
ture, and both raise noticeably the magnetic properties of the
material [14, 15]. Successes in control of the grain structure
in the groups of materials mentioned have created an impres-
sion that the nature of abnormal grain growth and the me-
thods of influencing of its evolution have been compre-
hended exhaustively. However, the unexpected detection of
AG in nanocrystalline materials speaks of the reverse. In our
opinion, this is a result of the fact that the problems related to
AG have been solved as applied to a specific material and/or
process of its production.

The aim of the present work was to study the conditions
of abnormal grain growth (AG) in polycrystals with different
initial grain sizes and values of retarding force at different
rates of dissolution of disperse particles, to determine the
possible causes of the development of AG in nanocrystalline
materials, and to find out whether the “mobile” particles may
affect the evolution of AG.

METHODS OF STUDY

We resorted to the method of numerical simulation,
which makes it possible to control the conditions and the ki-
netics of the development of the process of grain growth. In-
vestigations of the kinetics of NG [16], of the effect of “mo-
bile” particles on grain boundaries on the growth kinetics
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[17], of the evolution of AG in textured materials [18] and
other studies with the use of our model have given results co-
inciding qualitatively with experimental data, which speaks
of its correctness.

Grain growth is often considered under the assumption
that the behavior of a polycrystal may be described in terms
of the behavior of a medium-size crystallite (mean size D in
Eq. (1)). However, this approach does not allow us to study
the effect of any other factor but y and M, . In the present
work we used the model of [16] describing the evolution of
the microstructure with time in terms of the changes in the
grain size distribution. It is assumed in the model that grains
of various sizes are arranged randomly in space, and the
boundaries of all the grains have the same energy and the
same mobility. When discovering changes in the microstruc-
ture, we determine the value of the shift of the boundaries in
different pairs of neighbor grains, which is required for cal-
culating the increase in the size of a growing grain and the
decrease in the size of an absorbed grain. The values of the
shifts of the boundaries, of the probabilities of contact of
grains of different sizes and of the areas of their contact are
used to determine the changes in the grain size distribution
for one time-step under the condition of constancy of the vo-
lume of the ensemble. The grain size distribution obtained
for one step is treated as the initial one for the next step.

The shift of the boundary (Ad;) between grains with
sizes D; and D;, where D;> D;, under the effect of “immo-
bile” particles is described by the equation

Ad, =M, (1/D;~ 1/D,~ Z)At, )

where Z is the factor in Eq. (3) and At is the time step. It
should be stressed that Adij cannot be negative, because Z
characterizes the reaction force. The retarding force created
by uniformly and randomly arranged spherical particles of
radius 7 is equal to [19]

YZ= 1.5y f/n, 3)

where £ is the volume fraction of the particles, Z is a factor,
the force yZ is understood as the Zener force, and Z is under-
stood as the Zener factor. The effect of the “mobile” particles
will be considered below.

If the particles dissolve, their volume fraction f de-
creases with time [20] in accordance with the equation

[=1yexp (= ¢t?). “4)
The size of the particles R decreases in parallel, i.e.,
R = (3f/4nn,)">, (%)
where fis the current volume fraction of the particles and n,

is the number of particles in unit volume which is taken to be
independent of the time. Since the parameters f and r de-
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pend on constant ¢ in Eq. (4), the value of the latter deter-

mines the rate of the decrease of the Zener factor.

We studied the process of growth in three-dimensional
polycrystals with initial grain diameter D, ranging from
about 43 nm to about 85.2 um with unimodal grain size dis-
tribution and coefficient of grain size diversity /=
D,vax /Dinoa = 43, where D, 4 is the most probable grain size.
The value of D was determined by averaging with respect to
the numbers of grains of different sizes. It was assumed that
the coefficient of grain size diversity in a homogeneous
microstructure / < 5.0. We also assumed that AG starts at the
moment when this coefficient starts to increase continuously
after attaining the value of 5.0. Since the grain size diversity
during AG first increases, and then decreases [2, 4], we as-
sumed that the AG finished when the coefficient I became
less than 5.0. This allowed us to determine the volume frac-
tion V, of grains larger than 5D, 4 in size and its dependence
on the time. If at the moment when AG stops the value of
Vo = 100%, this means that the fine-grained matrix has been
absorbed completely; in this case we say that the AG has
stopped. If at this moment V, <100%, we assume that
we are dealing with interrupted AG. The energy and the mo-
bility of grain boundaries are assumed to be independent
of the time; we use y=0.5x10"*J/cm? and M, =
2 x10~*cm?*/J - sec for Al at about 0.757T,,;, [21]. The re-
tarding force is described in terms of the Zener factor.

We determined the variation of D, [ and ¥, during grain
growth at constant temperature. Since the kinetics of the
grain growth is determined by the energy y and mobility M,
of grain boundaries, the results obtained should be referred to
aluminum alloys and the temperature about 0.757,, for
which the used values of v and M, have been found. When
studying the effect of the rate of dissolution of particles, we
specified the initial value of the Zener factor Z;, and the coef-
ficient ct in Eq. (4). Figure 1 presents the variation of Z/Z,
with time at different ct (see Egs. (3) and (4)). When study-
ing the effect of the mobility of particles, we specified the
value of coefficient cm (see Eq. (6) below). We assumed that
the values of ¢; and c,,, depended on the nature of the parti-
cles. Since we neglected any specific feature of the disperse
phase and of the matrix in our work, the results presented
may be generalized to any material where AG is caused by
the presence of particles.

RESULTS AND DISCUSSION

Effect of “Immobile” Particles. Diagram
of Growth Modes

The process of grain growth in the case when disperse
particles dissolve with time and are not able to move with the
boundaries has been studied for polycrystals with DO from
about 2.6 pm to about 85.2 um [22] at Z, ranging from 0 to
1.5 um~ ! and factor cfin Eq. (4) ranging from 10~7 to 105,
Figure 2 presents the results of the study of grain growth in a
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Fig. 1. Normalized Zener factor Z/Z, as a function of the time at
different rates of dissolution of the particles specified by coefficient
c¢ (given at the curves) in Eq. (4).
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Fig. 2. Variation of grain size D and of grain size diversity
D,ax /Dmog during a hold at constant temperature in a polycrystal
with Dy = 8.5 um at Z;, =0.09 pum~!and ¢;=1x 10~6 +) is the
moment of finish of abnormal grain growth.

polycrystal with Dy~ 8.5 pm. In this case AG starts at
¢t =3 min and finishes at # = 363 min. The dependence D ()
has flat and steeply ascending regions typical for AG, which
matches qualitatively the experimental data and is one more
evidence of correctness of the model used. It follows from
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Fig. 3. Diagram of grain growth at ¢;= 107 (300-min hold at con-
stant temperature). The insert shows an enlarged image of the bot-
tom part of the diagram.

Fig. 2 that it is impossible to determine the end of AG from
the kinetic curve D (¢). It can also be seen that the growth
rate of the grains after the transition from AG to NG remains
high. It is obvious that the latter is a result of the fact that by
the moment when AG finishes, the value of the retarding
force decreases due to the dissolution of the particles by
more than 90% (Fig. 1). This permits the subsequent NG to
develop virtually without any obstacle. These data show that
the ascending part of the kinetic curve may describe both
growth modes, and not only the AG, as it is usually assumed.

It is also interesting to trace the changes in the heteroge-
neity of the microstructure due to grain growth. It follows
form Fig. 2 that the grain size diversity during the AG in-
creases, reaches a maximum, and then decreases in full
agreement with experiment. Note that the grain size diversity
increases in the stage of the process where D changes little.
In other polycrystals the maximum grain size diversity is
also observed before the start of abrupt growth of D, and the
value of this maximum depends on D, and Z,. These data
show that the term “incubation period” is applied to this
stage justifiably. The weak changes in the mean grain size
observed in this case may be explained by the negligibly low
number of the growing grains.

Simulation shows that polycrystals with the same D, and
different Z;, may undergo both NG and AG. Moreover, it has
been shown that at some value of Z, grain growth may be
blocked. These data have been used to determine the Zener
factor L~ at which AG starts to develop after some time and
the value of L~ at which AG is fully suppressed in the same
time. These values have been used to plot diagrams describ-
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ing grain growth modes in coordinates D — Z;, [22]. Figure 3
presents such a diagram for ¢;= 107, where the region be-
low L~ matches the conditions of the occurrence of NG, the
region between L~ and L~ matches the conditions of the de-
velopment of AG, and the region above L~ matches the con-
ditions of blocking of grain growth. It can be seen from
Fig. 3 that L~ depends weakly on D,, whereas the interval
L~ — L~ widens rapidly with decrease in D,. By the data of
additional experiments, the values of L~ and L= at ¢;= 1076
are higher than at ¢c;= 10~7, which is obviously caused by
the enhanced rate of decrease of the retarding force. Despite
this fact, the behavior of the diagram at ¢;= 10~° does not
change. It is not hard to conclude that when the time period
chosen for determining L~ and L~ is decreased, their values
should grow.

The diagram obtained deserves special attention because
systematic experimental data on the effect of the initial
microstructure and of the retarding force on the development
of AG are lacking. Like the C-curve of transformations under
decomposition of supercooled austenite, this diagram makes
it possible to predict the growth behavior for different combi-
nations of the initial grain size and the retarding force. It can
be seen that the value of L~ characterizing the start of AG in-
creases with decrease of the initial grain size much weaker
than the value of L™ characterizing the suppression of AG.
This allows us to divide all polycrystalline materials into two
groups. In one group (materials with superfine grains) sup-
pression of AG is virtually impossible, while in the other
group with the grain size exceeding about 5 pm AG can be
suppressed. Finally, if we assume that the lines of L~ and L~
in coarse-grained materials merge, AG in them may not de-
velop, which is confirmed in particular by the results of [23].

Effect of “Mobile” Particles on Abnormal Grain Growth

The mobility of a single particle [24] is described by the
equation

MPZSDSQ/(kTTtr4):cm/r4, 6)

where 8 is the “diffusion thickness” of the particle/matrix in-
terface; D, is the diffusivity over this surface; € is the atomic
volume; and c_, is a coefficient. A particle with radius » can
move together with the grain boundary [25], if the speed of
the migration of the latter does not exceed

V= nryM, = myc,, /r3. (7

In accordance with [26], “mobile” particles lower the
speed of migration of the boundary, i.e.,

vm:yMb(l/Dj—l/D[)/(l+naMb/Mp), ®)
where n, = 1.5f/nr? is the number of particles per unit area

of the boundary for the case of random location of particles.
If the speed of migration of the boundary exceeds v, the parti-
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cle behaves as an “immobile” one. Then the migration speed
is

v,=Ad; /At 9

where Adij is specified by Eq. (2).

Since the values of v, and v, differ, we face the problem
of choosing the variant of interaction between the boundary
considered and the particles, i.e., it either moved with the
particles or is detached from them. In our model we made the
choice basing ourselves on the Onsager principle [27]. We
assumed that the grains grew due to such motion of the
boundaries that results in maximum rate of emission of free
energy rather than in its maximum decrease [28]. It should be
noted that the situation with different possible ways of evolu-
tion of the system is quite frequent. For example, decomposi-
tion of a supersaturated solid solution frequently yields a
metastable phase instead of a stable one, because formed
may be precipitated faster than the stable one. In our model,
the particles behave as “mobile” ones if v, <v" (in accor-
dance with [25]) and simultaneously v,,, > v, (in accordance
with [27]). In all the other cases, we assume that the particles
behave as “immobile” ones. As a result, a particle of the
same size and the same nature may behave as a “mobile” one
on one boundary and as an “immobile” one on another
boundary. Any factor raising v should raise the contribution
of “mobile particles.

We performed numerical experiments for a polycrystal
with Dy = 5.1 um and particles with initial radius r, = 5 nm;
the value of cf (see Eq. (4)) was specified to be equal to
10-9; ¢, (see Eq. (6)) was chosen to be 103 or 10~ 1%, The
kinetics of the growth of grains is presented in Fig. 4a. It can
be seen that ¢, = 10 — 10, when most of the particles behave
as “immobile” ones, AG develops normally and finishes at
t ~ 400 min. On the contrary, when most of the particles be-
have as “mobile” ones (c,, = 10~°), AG first develops in the
same manner but the is interrupted at ¢ ~ 140 min. The fact
that the kinetic curves in the initial region at c¢,, = 10> and
¢,y = 10710 virtually coincide indicates that the dominant
factor in this stage is the radius of the particles » and not cm
(see Eq. (7)). The interruption of AG at ¢,, = 10 ~> shows that
the growth of cm retards the development of AG. The de-
pendence of the maximum attained V', on Z, (Fig. 45 ) shows
visually the action of “mobile” particles on the evolution of
AG. Tt can be seen that AG is absent at high Z, and ¢, = 103
and is replaced by NG. This is explainable by the fact that at
such Z, the incubation period of AG is long, and the particles
have enough time to become smaller, which permits them to
behave as “mobile” particles. It can be seen from Fig. 45 that
in the presence of “mobile” particles AG is absent in a rather
wide range of Z,. We may expect that with growth of ¢, this
range will widen due to accelerated decrease of the size of
the particles.

We see that steady development of AG in a wide range of
Z, can be provided only in the presence of “immobile” parti-
cles. Growth of v due to increase in M, and decrease in r
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Fig. 4. Variation of the volume fraction V, of abnormally large
grains with time at Z, = 0.15 um ™~ ! (@) and dependence of the maxi-
mum volume fraction of such grains V" on Z, (b ) in a polycrystal
with Dy ~ 5.1 um and ¢ = 10~ © at different mobility of the particles
(specified by coefficient ¢, in Eq.(6): O) ¢, =10"3;
m)c,=10"10

should promote growth of the contribution of “mobile” parti-
cles, which either narrows this range or prevents the evolu-
tion of AG by causing the evolution of NG.

Abnormal Grain Growth in Nanocrystalline Materials

It is known that AG occurs quite frequently in nanocrys-
talline materials, and this process develops in a short time al-
ready during their fabrication. In accordance with the data
described above, the very fact of implementation of AG
leads us to an assumption that these materials bear “immo-
bile” disperse particles. Since the time of the development of
AG is very short, this allows us to think that the volume frac-
tion and the size of these particles do not have enough time
to change and hence we are dealing with a constant retarding
force. To check these assumptions, we studied the process of
grain growth in polycrystals with D, from about 43 um to
about 1.363 um at a constant retarding force created by “im-
mobile” particles. It turned out that in these polycrystals AG
developed virtually without incubation period (Fig. 5a),
which agrees with experimental results. This proves validity
of our assumptions and correctness of the model used.

It can be seen from Fig. 5a that the growth of D and the
development of AG in such polycrystals virtually stop with
time at a constant retarding force, which agrees with the ex-
perimental data of [29]. (It should be noted that stopping of
AG before it finishes at a constant retarding force may occur
at any grain size [30]). Stopping of the growth process may
be explained as follows. In accordance with Eq. (2), the driv-
ing force of the growth is maximum in absorption of
small-size grains. Consequently, such grains will disappear
in the growth process faster than other grains, and hence the
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Fig. 5. Mean grain size D and volume fraction V, of abnormally
large grains in a polycrystal with Dy~ 43 nm as a function of the
time of exposure to a constant temperature at Z, = 10.0 um~! (a)
and curve of grain growth at different retarding forces Z and dura-
tion of exposure equal to 5 sec ().

content of the material required for growth of the size of the
growing grains will decrease. This material will be finally
exhausted and, if the retarding force is constant, the further
growth will stop. This explains the incompleteness of AG
and also shows that continuation of grain growth will require
decrease of the retarding force.

The modes of growth in polycrystals with superfine
grains are shown schematically in Fig. 5b. Line L™(D,),
which corresponds to suppression of AG, is absent in this di-
agram, because the retarding force is constant. The diagram
may be used not only for describing the nature of the growth
process. Specifically, it may help in evaluating the volume
fraction of the “immobile” particles causing AG. For exam-
ple, it can be seen from Fig. 5b that at D,=85nm,
L~ =1.0 um~ !, In accordance with Eq. (3) their volume frac-
tion at radius » = 2 nm corresponds to about 0.0013, while at
r=15 it increases to about 0.0035. In compacted or strongly
deformed materials, as well as in nanomaterials obtained by
precipitation onto a substrate, the role of disperse particles
may be played by nanopores. Since the porosity of such ma-
terials exceeds 0.0013 — 0.0035, the estimation made allows
us to expect the presence of nanopores in any of them. In
combination with the results of Fig. 5a this gives us grounds
to think that AG in nanocrystalline materials may be con-
nected with the presence of nanopores that create a constant
retarding force.

Thus, we may state that since many results of the simula-
tion of the process of grain growth agree qualitatively with
the available experimental data, the model presented de-
scribes the process adequately and may be used for predict-
ing the evolution of AG.
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CONCLUSIONS

1. Abnormal growth (AG) of grains in alloys is caused
by disperse particles incapable to move with the boundaries.
The retarding force created by them should exceed some
limit and decrease with time.

2. We have plotted a diagram of grain growth modes,
which makes it possible to predict the value of the retarding
force responsible for evolution and suppression of AG at var-
ious initial grain sizes.

3. Enhancement of the mobility of disperse particles pre-
vents AG.

4. Weakening of AG with growth of the annealing tem-
perature may be connected with reduced retarding force or
with growth of the rate of dissolution of the particles and/or
of their mobility.

5. We have put forward a hypothesis that AG in nano-
crystalline materials may be caused by nanopores.

The author is obliged to Professors V. Ya. Goldstein and
L. S. Shvindlerman for the stimulating discussions.
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