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Abstract

Recent progress in the kinetics of grain coarsening and abnormal grain growth (AGG) is presented in this overview article.
The factors affecting the kinetics of grain growth is reviewed with the emphasis on the recent findings on the solute drag
and Zener pinning effects as well as the special case of duplex alloys, where the latter is discussed for the behavior of dual-
phase steels during intercritical annealing. The common isothermal kinetics models for grain growth are listed, which is
followed by the critical discussion on the simplifications and the commonly used methods for the determination of grain
growth exponent (n) and activation energy (Q). The obtained values of n and Q for several classes of important engineering
alloys such as microalloyed steels, stainless steels, magnesium alloys, aluminum alloys, titanium alloys, and high-entropy
alloys are summarized with the discussion on the obtained values of kinetics parameters and their deviation from the theo-
retical expectations. Finally, the factors leading to AGG (such as the coarsening and dissolution of pinning particles and
the crystallographic texture), the proposed mechanisms (such as the solid-state wetting and the grain boundary faceting/
defaceting phenomena), and the kinetics of AGG (based on the empirical power law and the similarity of AGG to primary
recrystallization in the form of secondary recrystallization) are reviewed. This overview can shed light on the understanding
of grain growth and its effects.

Keywords Grain growth kinetics - Abnormal grain growth - Inhibition of grain growth - Grain boundary migration - Solute
drag effect - Particle pinning

1 Introduction

As an interesting and important field of materials science
and engineering, grain growth (and its kinetics) has been an
important subject since early publications [1]. Moreover, this
subject has received considerable attention in recent years
[2]. The surface energy of the grain boundaries is the driving
force for grain growth [3]. Though often called grain growth,
the term grain coarsening is also widely used.

There are two forms of grain growth: normal and abnor-
mal. In the former, the central mechanism is the loss of the
smallest grains, while maintaining a nearly constant grain

< Hamed Mirzadeh
hmirzadeh @ut.ac.ir

School of Metallurgy and Materials Engineering, College
of Engineering, University of Tehran, P.O. Box 11155-4563,
Tehran, Iran

Department of Materials Science and Engineering, McMaster
University, Hamilton, ON L8S 4L8, Canada

size distribution [4]. On the other hand, during abnormal
grain growth (AGG), some grains significantly grow by
consuming the smaller grains, and hence, it is also known
as secondary recrystallization. It is also referred to as exag-
gerated grain growth or discontinuous grain growth. In this
way, a bimodal distribution is achieved for the grain size.
However, the normal grain growth mode might be subse-
quently resumed after impingement of the large grains [5].
The normal/abnormal/normal transition sequence can be
clearly seen for an austenitic stainless steel in Fig. 1a [6]. For
a friction stir welded low carbon steel plate, the base metal
(BM) showed a continuous grain growth while the grain
growth in the fine-grained stir zone (SZ) showed three stages
as shown in Fig. 1b: (I) The early annealing period with slow
grain growth rate, (II) the development of AGG, and (III)
the normal grain growth after completion of the AGG [7].
Interestingly, four stages of grain growth as a function
of annealing temperature have been observed (Fig. 1c). The
highest temperature fourth stage of growth has the lowest
activation energy, which is similar to that of grain boundary
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Fig.1 a Optical micrographs and the corresponding grain-size dis-
tribution histograms obtained upon annealing of AISI 304L stainless
steel at 900 °C [6], b the relationship between the average grain size

self-diffusion. The first and third stages of growth have acti-
vation energies which are similar to that of volume self-
diffusion. The second stage of grain growth involves AGG.
In general, activation energies for grain growth are quoted
as being consistent with values for volume diffusion or grain
boundary diffusion, which is in general about half that for
volume diffusion [8].

The computer simulation of grain growth [9], grain
growth in nanostructured materials [10], understanding the
mechanisms of abnormal grain growth [11], grain growth
in thin films [2], grain growth during welding [12], grain
growth of heat-resistant superalloys [13], and grain growth
of newly developed high-entropy alloys (HEAs) [14] are
among the hot topics of recent studies. However, based on
its importance, the kinetics of grain growth has remained
one of the most widely investigated topics. For the normal
grain growth, the observed grain growth kinetics can be rep-
resented by one of the following formulae:
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and the annealing time for friction stir welded SPCC steel plates [7],
and ¢ schematic representation of grain growth stages for cadmium
(redrawn based on [8])

D" - Dy = Kt (1)

D —-D, = Ki'/" )

where D, Dy, t, n, and 1/n are respectively the grain size,
initial grain size, time, grain growth exponent, and time
exponent for grain growth. Moreover, K is a temperature-
dependent constant as expressed by the following equation:

3

where T is the temperature, K|, is a constant, Q is the grain
growth activation energy, and R is the gas constant. Based
on the experimental data, the values of n and Q can be
determined, which are the basis for the kinetics analysis and
growth mechanisms.

Several methods/simplifications are usually applied for
calculation of these kinetics parameters but their outcomes

K = K,exp(—Q/RT)



Archives of Civil and Mechanical Engineering (2021) 21:29

Page30of20 29

might be inconsistent [15], and hence, the inferred mecha-
nisms of grain growth might be different [16]. Accord-
ingly, this subject needs to be critically discussed. Moreo-
ver, the obtained values of n and Q for different alloys
should be summarized to infer useful trends from the
materials science point of view, especially for recently
introduced materials such as HEAs.

Moreover, while Egs. 1-3 are the most widely used
kinetics formula, other models have been developed and
successfully applied to the grain growth kinetics of differ-
ent engineering alloys, which should be discussed.

The kinetics of AGG kinetics [17] is similar to primary
recrystallization and might be modeled by sigmoidal func-
tions, which needs more attention. On the other hand,
new evidences for the mechanisms of AGG in stainless
steels [6], dual-phase (DP) steels [18], rare-earth contain-
ing magnesium alloys [19], and other alloys have been
recently reported, which should be reviewed. Moreover,
there is a recent progress on the understanding of grain
growth based on the solute drag effect (e.g. in single-phase
austenitic stainless steels and HEAs) and in the presence
of second phases (e.g. during intercritical annealing of the
ferritic-martensitic dual-phase steels) [16].

In response, the present work is dedicated to provid-
ing an overview of the aforementioned topics. Firstly,
the factors affecting the kinetics of grain growth with
the emphasis on the recent progress in this field will be
introduced. Then, the kinetics models proposed for grain
growth will be listed. Afterwards, the used methods and
common simplifications of the general grain growth for-
mula (Eq. 1) will be critically discussed. The obtained
values of kinetics parameters (n and Q) for several classes
of important engineering alloys will be also summarized.
Moreover, these values will be correlated to the control-
ling atomic mechanisms and an updated summary of the
sources of deviation from the theoretical values will be
presented. Finally, the new results on the mechanisms of
AGG and its kinetics will be reviewed. It should be noted
that some of the important topics such as the mobility of
grain boundaries and computer modeling have been com-
prehensively reviewed [20], and they will not be consid-
ered in this work.

2 Factors affecting grain growth kinetics

In this section, recent progress in the understanding of the
influencing factors on grain growth will be treated, includ-
ing temperature, pinning, and texture. However, other
important factors such as specimen size, initial structure,
and free-surface effect will not be discussed [3].

2.1 Temperature

Grain boundary mobility exponentially depends on the
temperature and in turn affects grain growth kinetics [21].
Another indirect effect of temperature is through coarsening/
dissolution of second phase particles pinning grain bounda-
ries [22]. The latter effect can be seen in Fig. 2a, where the
dissolution of 3-Mg;,Al,, phase at elevated temperatures in
AZ61 magnesium alloy takes part in the rapid coarsening of
grains; whereas in the case of Mg-4.8Gd-1.2Al1-1Zn alloy
(Fig. 2b), the presence of fine and widely distributed parti-
cles of the thermally stable (Mg,Al);Gd phase significantly
inhibited the growth of grains [19].

Moreover, the inhibition effect of segregating solute
atoms to the grain boundaries is temperature dependent
[23]. In fact, the concentration of the solute atoms in the
boundaries (c) decreases by increasing temperature based on
¢ « exp(U/RT). A point might be reached where the segre-
gated impurities (e.g. Mo in stainless steels [15]) no longer
able to keep up with the boundaries and the boundaries can
move freely [20]. The importance of this effect has been
shown in Fig. 2c: during annealing of a cold rolled AISI
316 stainless steel, after completion of reversion of strain-
induced martensite to austenite, the primary recrystalliza-
tion of the retained austenite and grain growth are severely
inhibited at an annealing temperature of 750 °C but these
processes show fast kinetics at 1000 °C [24]. Similar effects
have been reported for AISI 304L stainless steel [25].

As a thermally-activated process, grain growth needs
elevated temperatures for diffusion processes [3]. There-
fore, based on activation energy plots obtained from the
kinetics analysis, the grain growth temperature can be
deduced as shown in Fig. 3 for the AISI 304 and 316 stain-
less steels, where the grain coarsening temperature of the
latter is ~ 140 °C higher than that of the former due to the
inhibition effect of 2 wt% solute Mo in the latter [15]. A
similar effect has been reported for the effect of AIN on the
austenite grain growth in fine-grained Al-killed steels, which
exhibits almost no grain growth at low austenitizing tem-
peratures, but a discontinuous increase in grain size occurs
at a temperature known as the grain-coarsening temperature.
This behavior is consistent with secondary recrystallization,
which is caused by the precipitation of fine AIN particles
and their eventual dissolution at the grain-coarsening tem-
perature. In contrast, austenite grain size increases continu-
ously with increasing temperature in the coarse-grained steel
(deoxidized with silicon), even at low temperatures [26]. In
fact, Al can help to control grain growth at medium tem-
peratures, but its addition to Ti steels can promote abnormal
grain growth [27].

Grain growth at high temperatures might be also impor-
tant during the hot deformation of engineering alloys.
For instance, an instability region was observed at high
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Fig.2 a, b Grain growth curves of two Mg alloys [19] and ¢ Hardness and amount of strain-induced martensite during cold rolling and subse-

quent annealing of AISI 316 stainless steel [24]
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Fig.3 Activation energy plots to deduce the effect of C and Mo as
alloying elements on the high-temperature grain growth behavior of
commercial austenitic stainless steels [15]
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temperature and low strain rates for Mg-Gd binary alloys,
which was ascribed to grain growth or even partial melting
due to high exposure time at high temperatures [28]. Moreo-
ver, for a nickel-based superalloy, the increase in deforma-
tion time under the relatively low strain rates promoted the
growth of dynamic recrystallization (DRX) grains [29].
Even, AGG has been recognized as a critical issue during
hot deformation of FSP-processed Al alloys [30].

2.2 Pinning effects

Primarily the pinning is caused by solute drag, Zener pin-
ning of finely dispersed particles, pinning by the second
phase in duplex alloys, and orientation pinning. Whatever
might be source, extent of pinning often gives rise to differ-
ent mobilities of different types of grain boundaries [5]. It
should be also noted that holes or pores can have the same
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effect on grain-boundary motion as second-phase particles
[31], which is known as the pore drag effect and it is noticed
in powder metallurgy parts, especially in nanocrystalline
materials [32].

2.2.1 Solute drag

Regarding the solute drag effect, the solute atoms segregate
to grain boundaries, where the pinning effect becomes con-
siderable at relatively low temperatures. The grain bounda-
ries have to drag the solute atoms to move together. Thus,
the grain boundary movement is inhibited by the solute drag
effect. With the temperature increasing, the velocity of the
grain boundary rises, and the cloud of segregation solute
atoms gradually disappears. Once the temperature reaches
a critical value, the driving force of grain boundary move-
ment is no longer balanced with the tension stress of the
solute cloud, so the grain boundaries gradually cast off the
solute segregation. As a consequence, the diffusion rate of
solute atoms in solution can keep up with the grain boundary
movement, and the solute drag effect is no longer obvious in
the high-temperature region. This effect has been shown in
low carbon Nb microalloyed steels [33].

A striking solute drag effect has been observed for Mo
segregation in austenitic stainless steels as shown in Fig. 4,
where it can be seen that the Mo addition severely retarded
the grain growth. This figure also shows the effect of inter-
stitial carbon atoms on grain growth, where it can be seen
that the addition of C promoted the coarsening of grains
[15]. While a similar effect for C has been acknowledged in
microalloyed [34] and low alloy [35] steels, this effect seems
to be marginal. The value of the activation energy for grain
growth (assumed to be the activation energy for the diffusion
of Fe in austenite) depends on the chemical composition of
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Fig.4 Grain size versus annealing time for austenitic stainless steels
[15]

the steel. Interstitial elements, such as carbon, decrease the
activation energy and increase the austenite grain size [35].

For HEAs, there are abundant solutes in the random
solid-solution state, a mechanism not found in conventional
alloys based on one major element. As a result, the solute-
drag effect is significant in the whole-solute matrix of HEAs,
as compared with the conventional solid-solution alloy. This
trend is related to the energy incurred during different sizes
of abundant solutes along grain boundaries in-situ adjusting
their relative positions to form the low-energy configuration
of grain boundaries during boundary migration [14].

2.2.2 Zener pinning

Grain growth might be ceased by particle pinning and a lim-
iting grain size might be reached [3]. For Zener pinning,
the effect of particles with radius of » (diameter of d=2r)
and volume fraction of f on the limiting grain size (D)) is
described by the Smith—Zener-type relation [35]:

Dy r/f )

In a microstructure comprising of grains with average
radius of R, Fig. 5 has been developed to show the effect
of particles on grain growth based on the plot of R versus
dispersion level (f/d) [36], where the appearance of the AGG
regime is an important issue [37] and it will be treated later.

The coarsening of pinning particles at elevated tempera-
tures from r, to r for the time ¢ (Ostwald ripening) should be
also considered, where based on the diffusivity D, its kinet-
ics is described by the Lifshitz—Wagner-type relation [3]:

P - rg x Dt 5)

Accordingly, besides the strong effect of r and f on the
particle pinning effect, the resistance to particle coarsening

Mean Grain Radius, R (um)

No Growth

0 0.010.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
£/d (um)

Fig.5 The various growth regimes for an ideal grain assembly [36]
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is an important factor [38]. In microalloyed steels, the
addition of Ti, Nb, and V has been noted for austenite
grain size control via precipitation of carbonitrides [39].
The austenite grain size is shown to result from the com-
petition between a driving pressure for grain growth and
a pinning pressure induced by precipitates that evolves
during heat treatments [40].

In the context of superplasticity, the pseudo single-
phase alloys are processed to develop a dispersion of
fine precipitates so that on recrystallization the alloy will
have a small grain size due to the pinning action of the
dispersoids on the grain boundaries (i.e. Zener pinning).
Moreover, fine precipitates will also inhibit dynamic grain
growth during superplastic forming, which in Al alloys is
a particularly important consideration since superplastic
deformation is usually carried out at relatively high tem-
peratures [41]. It has been shown that superplasticity can
be achieved when the average grain size (D) is finer than
the projected subgrain size (4, which inversely depends
on the applied stress). For D < 4, the stress concentration
at the triple junction during grain boundary sliding (GBS)
can be effectively revealed/accommodated via dislocation
glide in the adjacent blocking grain. These intragranular
dislocations pile-up at the opposing grain boundary and
are subsequently removed by climb into the boundary to
anable further GBS. Accordingly, the grains retain essen-
tially their original shape and they become displaced with
respect to each other so that there is a net increase in the
number of grains measured along the tensile axis (Rach-
inger sliding), and in this way, a very high elongation to
failure can be achieved by the GBS process. In the case of
D > 2, the subgrains are effective obstacles for these pro-
cesses and impair the superplastic properties. This effect
is shown in Fig. 6 and it can be deduced that grain growth
during superplastic forming might result in the situation
where D > 1. Therefore, the inhibition of grain growth is
of utmost importance. Typically, a grain size finer than 10
pm is required for superplasticity [42].

Lo

(A

Fig.6 Schematic illustrations of a unified model for grain boundary
sliding in conventional creep when D> and superplasticity when
D<2[42]
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2.2.3 Duplex alloys

In duplex alloys (such as duplex stainless steels, a/p tita-
nium alloys [43], superalloys [44] via controlled precipita-
tion [45], and DP steels [46]), grain growth is limited by
having a microstructure consisting of significant proportions
of two, or more, chemically and structurally different phases
[41]. The microduplex alloys are thermomechanically pro-
cessed to develop a fine grain/phase size, which is applicable
in superplastic forming to inhibit grain growth at elevated
temperatures.

Recently, grain growth of ferritic-martensitic DP steels
has received attention, which stems from the need for inter-
critical annealing treatment to develop the required micro-
structure in these steels [16]. The intercritical annealing time
should be long enough to obtain the equilibrium amount of
austenite (or martensite after water quenching from the inter-
critical annealing temperature) but longer holding times can
lead to grain growth [16], and in some cases, abnormal grain
growth [37]. The coexistence of austenite at the intercritical
annealing temperature can retard the grain growth of ferrite.
The grain growth curves during the intercritical annealing
of DP steel are shown in Fig. 7a.

It can be seen that at each temperature, by increasing the
holding time, the grain size increased. However, by increas-
ing the annealing temperature the grain growth rate firstly
increased, but at higher temperatures, the kinetics in contrast
became slower. Indeed, by increasing the annealing tem-
perature, a faster grain growth rate is expected. However, at
the same time, the amount of austenite as the second phase
in DP steel also increases with the consequent grain bound-
ary pinning [16]. These two factors compete, and hence,
after the formation of a certain amount of martensite, it is
possible that the pinning effect counteracts the temperature
effect. The balance of these two competing processes results
in the appearance of an intermediate temperature that leads
to the highest grain growth rate. Since this retardation effect
with respect to the grain boundary migration is important
during grain growth, the AGG might happen at long anneal-
ing times [37], which might significantly deteriorate the
mechanical properties of the material, as shown in Fig. 7b
for DP steel [16]. A similar deteriorative effect of AGG has
been also confirmed for AZ21 Mg alloy [47].

2.3 Crystallographic texture

Pronounced texture, resulting from the initial thermome-
chanical processing treatment, has a marked influence on
grain growth. Strong texture components might lead to the
inhibition of grain growth because grains of the preferred
orientation tend to be separated by boundaries of the low
angle type, which are known to have low mobility. How-
ever, grains in the system which do not have this preferred
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steel [16]

orientation may then be favored as sites for AGG [48]. As
an example, for Ti-6Al-4 V alloy [49], it was shown that a
relatively strong initial texture resulted in a slow initial grain
growth, but much quicker growth was achieved after a reduc-
tion in the sharpness of the texture at long annealing times.
Accordingly, materials with different initial textures might
exhibit noticeably different grain growth kinetics during iso-
thermal annealing. The higher the temperature, the shorter
is the exposure time necessary for fast growth to start [49].

Recently, the results of the grain growth, coupled with
texture studies, have been used to infer the observed
strength-ductility trends in Mg alloys [50]. Using an
extruded Mg—Gd—-Al-Zn magnesium alloy, it is found that
by decreasing the extrusion temperature with the resulting
grain refinement, both strength and ductility enhance. The
enhanced strength was related to the grain refinement at
lower extrusion temperatures and the enhanced ductility

was related to the weakening of basal texture by Gd. How-
ever, grain growth annealing with the resulting coarsening
of grains was used to elaborate these effects. The aver-
age grain size versus time during annealing at 500 °C is
shown in Fig. 8a. It can be seen that grain size increases
by increasing soaking time in the form of parabolic kinet-
ics. In addition to the as-received extruded sample, the
sample subjected to the soaking time of 4 h with a grain
size of ~15 pm was tensile tested and the results are shown
in Fig. 8b. It can be seen that by increasing the grain size
from~3 to~ 15 pm, the tensile strength decreased and the
total elongation increased. The corresponding pole figures
are shown in Fig. 8c. It can be seen that the basal tex-
ture and its intensity have remained intact. Therefore, the
usual strength-ductility trend was observed, in which the
strength decreases but the ductility enhances via increas-
ing the average grain size [50].

Fig.8 a Grain growth curve, b (a) 16 (c) Max=33.5
tensile curves before and after 500 °C
grain growth, and ¢ (0002) pole 14 -
figures before and after grain —
growth of Mg—4.8Gd—1.2A1- 12 & 350 () o
1Zn magnesium alloy [50] = 300 7 - 1
[ ]
£ 10 4 % 250 ,.' ....--""!"' "”'-...
= 5 200 1 4,° °
Qg - 2 150 | F *
6 g 100 f‘ esees 500°C-4h
£ 50 l ——— Extruded at 500 °C
4l G 0 ,
0.0 0.1 0.2 0.3 0.4
) < Engineering Strain
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
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3 Modeling the kinetics of grain growth
3.1 Common isothermal kinetics models

Several models have been proposed for the kinetics of grain
growth, where some famous ones will be presented. The sim-
ple model of Beck et al. [51] for isothermal grain growth can
be expressed as D = Kt'/, which is similar to Eq. 2 but the
effect of D, has not been considered. Moreover, the param-
eters n and K are considered to be temperature-dependent.
For instance, it has been reported that the value of 1/n
increases from 0.056 to 0.32 by increasing temperature from
350 to 600 °C for high purity Al. Therefore, the values of n
decrease from ~ 18 to ~ 3. By algebraic operations, the equa-
tion of log(dD/dr) = log(1/n) + nlog(K) + (1 — n)log(D)
can be obtained, which leads to a straight line for each tem-
perature in the plot of log(dD/dr) versus log(D) and the slope
of the line is 1 — n. However, slight initial deviations from
the D = Kr'/" relationship are usually observed at low tem-
peratures [51]. This might be related to the neglecting of D,,,
which is important at lower temperatures since D might not
be effectively higher than Dy,

The model of Burke and Turnbull [52] considers D,
based on D* — D} = (KoV)z. In this equation, o is the sur-
face energy of the boundary and V is the gram atomic
volume. It can be seen that this model is similar to Eq. 1
but the grain growth exponent n has been fixed at 2 [51].
However, for many more alloys, the experimental data can-
not be fitted by n=2, and a higher value is expected. The
grain growth exponent » is dependent on the temperature,
material, and grain boundary pinning factors [3].

Sellars and Whiteman [53] used the equation of
D" — Djj = Atexp(—Q/RT), which can be obtained by com-
bining Eqs. 1 and 3. The experimental data gave a value of
n=10 for the grain growth of C-Mn steels after recrystal-
lization. The large value of 10 was found to be reasonable
for short times, but it decreases towards the expected value
at longer times [53].

Nishizawa [54] proposed the grain growth equation of
D" — Djj = (6VD,,,/RT5)t, where & is the grain boundary
thickness. It can be seen that the grain boundary self-diffu-
sion activation energy has been used [55]. Therefore, this
model is based on Eq. 1 but K = 6VD,,,/RT5 has been used
instead of K formula in Eq. 3.

Raghunathan and Sheppard [56] used the equation of
D=D,+ At'/" exp(—Q/RT) for grain growth following
recrystallization in Al-Mg alloys. This equation can be
determined by combining Eq. 2 and 3. Anelli [57] also
used a similar model for C-Mn steels by neglecting D,:
D = At'/" exp(—Q/RT).

Du et al. [58] argued that in the Sellars—Whiteman
model [53], the holding time exponent is ignored, while
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in the model proposed by Anelli [57], the initial grain
size is neglected. Therefore, they combined these models
and proposed the equation of D" = Dj + At exp(—Q/RT),
where both grain growth exponent (n) and time exponent
(m) have been considered. However, n, m, A, and Q can
not be determined by linear regression [58].

It can be seen that all of the introduced models in this
section have been derived from the classical Beck’s model.
These models can be successfully applied to predict the
kinetics of grain growth. Among to the introduced models,
the model described by Eqgs. 1 and 3 is the most widely
used one. In this model, n and Q are important parameters,
which can be used to infer the mechanism of grain growth
and obtaining the experimental grain growth formula. There
are several methods and assumptions for this purpose, which
will be discussed in the next section.

3.2 Determiningnand Q

Based on Eq. 1 (D" — Dg = K1), the value of n can be deter-
mined at a constant temperature. When D, is very small
compared to D, it can be ignored [59]. Then, based on
D" = Kt, the relationship of Inf = nln D — In K is obtained.
Accordingly, at a given temperature, the slope and the inter-
cept of the plot of Inz versus InD can be used to obtain the
values of n and —InK, respectively. This is shown for an AISI
304 stainless steel in Fig. 9a. It can be seen that the values of
n decrease with an increasing temperature towards the ideal
value of 2 [3]. In Fig. 9a, the results for AISI 304L stainless
steel at 923 K is also shown, which reports a much lower n
value (~7) compared to n value of ~ 24 for AISI 304 stainless
steel at this temperature. This can be explained by the fact
that the growth of AISI 304 is retarded by the precipitation
of carbides on grain boundaries while these carbides are not
present in the low carbon 304L variant [15].

Sometimes the value of D, in D" — Djj = Kt cannot be
ignored. In these cases, the nonlinear regression can be
used for obtaining n and K [60]. An example is shown in
Fig. 9b for DP steel [16]. In fact, grain growth at the inter-
critical annealing temperature is not very rapid, and hence,
D, should be considered. The resultant n values based on the
consideration and neglecting of D, were obtained, and it was
found that at high temperatures, the value of n approaches
to~4 and ~5, based on the consideration and neglecting of
D,, respectively [16]. It has been revealed that grain growth
in a single-phase steel is controlled by bulk diffusion, giving
n=2, while n for dual-phase steels is considered to be 3 or
4 [61]. Therefore, it can be deduced that the consideration
of D, is important in this case. In should be noted that by
consideration of Egs. 2 and 3, these problems can be avoided
due to the presence of time exponent instead of grain size
exponent [62].
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In some cases, the initial grain size cannot be determined.
For instance, when a cold-rolled martensite in low carbon
steels is heated to the intercritical annealing temperature,
the formation of the initial ferrite—austenite mixture needs
some time. In these cases, in addition to n and k, D, can
be also considered as a fitting parameter. This is shown in
Fig. 9c, where the obtained average ferrite grain size after
1 min annealing is compared to the calculated D, by non-
linear regression [16].

By taking the natural logarithm from Eq. 3 of
the form of K = K,exp(—Q/RT), the equation of
In(K) = In(K,)) + (—Q/R)(1/T)is determined. Accordingly,
the slope of the plot of InK versus 1/T can be used to obtain
the values of — O/R. An example is shown in Fig. 3. There-
fore, for obtaining Q, appropriate values of K are required.
As discussed above, the consideration and neglecting of D,
results in different n values, and hence, different K values.
Moreover, the values of K not only change with temperature
based on K = K, exp(—Q/RT), but also change as a result of
dependency of n on temperature and its effect on the value
of K based on D" — Djj = Kt. While the dependency of n
on temperature has been observed, usually no meaningful
activation energy can be obtained for the grain growth pro-
cess when n varies with temperature due to its effects on the
obtained K values [16]. Therefore, consideration of a pre-
defined fixed n value is also common, where the most widely
used one is the ideal value of 2 [63]. Moreover, the average
n value obtained from different temperatures has been also
used [16]. As a result, by fixing n, the values of K can be
recalculated, and then the values of Q can be determined,
where the applicability of this technique has been clearly
shown [16].

By consideration of a fixed n value, it is possible to
directly obtain Q without calculation of K. For instance,
by taking logarithm from D? — D(z) = K, exp(—Q/RT)t, the
equation of log{(D? — Dé)/t} =log(Ky) + (—Q/2.3R)(1/T)

is obtained. Therefore, the slope of the plot of
log{(D* — Dj)/t} versus 1/T can be used for obtaining
—0/2.3R [31].

By consideration of different stages of grain growth
(Fig. 1c), in the third and fourth stage of grain growth, the
equation of D* — D] = K( — £,) has been used, where 7, is
the time at which the stages are started. It has been also
argued that the multistage growth behavior is probably
responsible for n being measured as less than the theoreti-
cal value of 2 in many investigations [64].

3.3 Summarizing the values of nand Q

Studying the kinetics of grain growth in commercial steels
has received considerable attention [65], which is prelimi-
nary related to the dependency of mechanical properties on
grain size. The obtained values of n and Q for microalloyed,
low carbon, and low alloy steels are summarized in Table 1.
It can be seen that a wide range of values have been deter-
mined. However, it can be inferred that at high tempera-
tures, n is situated between 2 and 3, indicating that second
phase particles in the grain provide a drag force to inhibit
the growth of austenite grains [66]. Moreover, the Q values
near grain boundary diffusion in austenite (143 kJ/mol) and
lattice diffusion in austenite (270 kJ/mol) [63] are common.
For a microalloyed steel, at low temperatures, n between 6
and 8 with an activation energy of 121 kJ/mol was obtained,
that indicates inhibition of grain growth controlled by the
diffusion of C or N into the austenitic phase to produce an
Ostwald ripening process. However, at high temperatures,
the ideal kinetic exponent of 2 was obtained, and as a result,
the activation energy decreased to a mean value of 88 kJ/
mol [62].

Grain growth kinetics has been studied for stainless steels
[74], where the obtained parameters of the empirical power
law model are summarized in Table 2. For the alloys without
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Table 1 Reported values of n and Q for microalloyed, low carbon, and low alloy steels

Material Microallying elements (Wt%) Temperature (°C) n 0 (kJ/mol) References
LZ50 steel 0.02V 950-1200 2.82 336.48 [58]
hot rolled steel - 900-1250 12.66-3.14 2943-157 [59]
GCrl5 steel - 950-1150 2.711 458 [66]
Nb-V steel 0.026 V-0.0135 Nb 1050-1150 8-6 121 [62]
1200-1250 2 88
Low alloy TRIP steel - 1150 2 270 [63]
Nb steel 0.002-0.1 Nb 1100-1250 2.6-6.2 256-515 [67]
Nb-Ti steel Base Steel 850-960 4.20 34.63 [68]
0.059 Nb 850-1050 6.75 27.45
0.062 Nb—-0.026 To 1000-1150 12.82 65.96
Al-killed plain carbon steel - 950-1150 34 1291 [69]
Medium carbon steel with Al - 850-950 2.44 53.01 [70]
1000-1100 83.42
V steel 028 V <950 14.7 115 [71]
>950 7.87 195
Ti-Nb steel 0.135 Ti-0.056 Nb 850-1300 24 469.36 [72]
Nb steel 0.044 Nb 950-1200 25 397.68 [73]
Table 2 Reported values of n and Q for austenitic stainless steels
Material Special elements (wt%) Temperature (°C) n 0 (kJ/mol) References
304 - 850-1050 6.54-2.16 279.8 [15]
316L - 850-1050 21.74-3.06 567.9 [15]
316L - 900-1100 6.25-2.77 - [82]
High purity 304L C<0.0005 1050 2.25 242 [76]
301LN 0.15N 800-1000 2.8-24 - [77]
Fe-25Ni-18Cr-3Al 0y 1200-1290 3.85 299.5 [78]
0.05Y 4.35 402.2
Microalloyed 204Cu 0 Nb 700-1100 3.9-3.1 363 [79]
0.05 Nb 5.1-3.7 364
0.45 Nb 8.1-6.5 458
304L 0.15M0o—0.24 Cu—0.1 V 750-900 5.8-4.8 455 [80]
316LB 100 ppm B 900-1200 - 53.0 [81]
1200-1300 318.5

Mo or microalloying elements and elements, the value of
Q is comparable to that of lattice diffusion in austenite
(~280 kJ/mol [75]) and the value of n generally decreases
by increasing temperature towards the ideal value of 2 [76].
For the AISI 301LN austenitic stainless steel, it has been
stated that annealing at higher temperatures relieves the
residual strains, dissolves the precipitates and increases the
atomic migration along the grain boundaries, which promote
the loss of grain curvature and texture; all of which lead
to a decreased n value [77]. However, for the majority of
alloys, the values of n and Q are generally larger, which can
be related to the effect of impurities and alloying elements
[15]. For instance, for AISI 304 steel, a Q value of 279.8 kJ/
mol was obtained while for AISI 316L steel, the value of Q
increased to 567.9 kJ/mol due to the strong pinning effect
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of solute Mo [15]. The similar solute drag effect has been
also reported for the yttrium-containing alloys, where by Y
addition, the value of Q increased from 299.5 to 402.2 kJ/
mol [78]. For an AISI 204Cu steel, the value of Q increased
considerably with Nb microalloying from 363 to 458 kJ/mol
due to the formation of NbC that creates back-stress on grain
boundaries hindering their motion [79]. For an AISI 304L
stainless steel microalloyed with V and Mo, the Q value of
455 kJ/mol was determined, which was related to the forma-
tion of complex carbonitrides [80]. For an AISI 316LB steel,
below and above 1200 °C, the Q values of 53 and 318.5 kJ/
mol were obtained, respectively. The Q, value for volume
diffusion of boron in austenite is 87.9 kJ/mol. Based on the
general approximation of Q,,=0.60,, the value of Q,, of
52.7 kJ/mol can be obtained, which is comparable to the
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obtained Q value of 53 kJ/mol for grain growth at tempera-
tures below 1200 °C. This suggests that grain growth in the
lower temperature regime occurs by grain boundary diffu-
sion of boron in types 316LB stainless steel [81].

Many studies have done on the Mg alloys as summarized
in Table 3, especially on the commercially important AZ31
alloys including 3 wt% Al and 1 wt% Zn. For this alloy, it
can be seen that the value of n is~5, indicating the inhibi-
tion of grain growth due to the presence of second-phase
particles [60]. Moreover, the obtained values of Q are near
that for grain boundary diffusion in pure Mg (92 kJ/mol)
and for lattice self-diffusion in pure Mg (135 kJ/mol) [83].
The crystallographic texture [84], severe plastic deformation
[85], and the presence of solutes and second phase particles
[86] have an influence on the obtained values of n and Q.
The Gd-containing Mg alloys have shown greater thermal
stability compared to the conventional Mg alloys due to the
solute segregation to grain boundaries and the presence of
intermetallic compounds with high thermal stability [87].

Parameters of the empirical power-law model for alu-
minum alloys are summarized in Table 4. For ECAP
deformed commercially pure (CP) Al, two regimes of grain
growth were observed: as temperatures lower than 275 °C,
Q value of 49 kJ/mol was obtained while temperatures
higher than 300 °C resulted in the Q value of 85 kJ/mol,
which is close to the value for grain boundary diffusion in
aluminum, 84 kJ/mol. The low Q at low temperatures was
related to some changes such as the recovery of the disloca-
tion structures, boundary transforming to equilibrium grain
boundary structure, and grain structure becoming coarser

and more equiaxed. With increasing annealing temperature,
the Q value was found to increase to approach that for grain
boundary diffusion in coarse-grained materials, which was
attributed to the fact that an equilibrium boundary structure
was restored during grain growth [92]. The grain growth
kinetics of precipitation-hardening Al-Cu alloys has received
considerable attention, where the restriction of grain growth
can be verified by the obtained kinetics parameters. How-
ever, at high temperatures, the dissolution of phases and
elimination of particle-pinning forces enhance the rate of
grain growth [93]. In these alloys, different Q values have
been obtained: 94.4 kJ/mol [93] close to the value of 84 kJ/
mol for grain boundary diffusion in Al and 157.1 kJ/mol [94]
close to the value of 142 kJ/mol for volume diffusion in Al
[95]. Based on the modeling of the grain growth kinetics by
cellular automaton, a high value of 3.94 for n was obtained
for grain growth in polycrystalline aluminum at 350 °C fol-
lowing recrystallization. This was related to the anisotropic
boundary energy and mobility values, which depend upon
misorientation between the crystals [96].

Table 5 summarizes the reported grain growth parameters
for Ti alloys. An interesting observation is that the values of
n for titanium alloys are low compared to other alloys [97].
For these alloys, there are many reports stating that the value
of Q increases with increasing soaking time, which can be
primarily explained by the solute drag effect. The velocity
of grain boundary migration is faster than the diffusion of
solute atoms at the early stage of annealing, leading to lower
activation energies. However, due to the increase in the
average grain size and the consequent decrease in the grain

Table 3 Reported values of n

. Material Condition Temperature (°C) n Q (kJ/mol)  References

and Q for magnesium alloys

AZ31 Rolled 260-450 5 115 [60]

AZ31 Ultrafine grained 350450 5 105 [83]

AZ31 Hot pressed 300-400 5 110 [88]

AZ31 Hot rolled 250to 450 4 80.8 [84]

Mg-6Zn Extruded 200-350 4 95.45 [86]

ZG31 Hot rolled 200-500 2.19-2.42 101 [87]

Mg-4.8Gd-1.2A1-1Zn  Extruded 400 5.75 - [19]

Mg-Sc Hot rolled 300-450 3 ~82 [89]

Mg-9Gd-4Y-0.4Zr Extruded 400-450 0.04-0.28 147 [90]

Mg-2Gd-1Zn Extruded 350-450 5.14.4 109.6 [91]
Table4 Rep ort.ed values of n Material Condition Temperature (°C) n 0 (kJ/mol) References
and Q for aluminum alloys

AA1050 ECAP processed <275 2 49 [92]

>300 2 85

Al-4.7Cu - 510-540 2.3-2.5 94.4 [93]

2024 Heat treated 250-350 8.62-8.26 157.1 [94]

Polycrystalline Al Recrystallized 350 3.94 - [96]
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Table 5 Reported values of n

SO Material Temperature (°C) Time (min) QO (kJ/mol) n References
and Q for titanium alloys
Ti-6Al-4V 1000-1260 5-90 227 8.9-3.9 [49]
Ti—4733 850to 1000 30-240 465-895 2.56-5.56 [97]
Ti-5553 850-1000 30-240 187-547 2.56-8.33 [97]
TG6 1055-1075 0.2-180 120.4-212.5 2.63-2.86 [105]
Til7 905-925 0.2-180 290.5-378.5 3.33-3.70 [105]
Ti—2Al1-9.2Mo—2Fe 820-1000 30-720 442.8-644.3 4.63-10.63 [98]
TC4-DT 985-1005 2-120 86.8-129.7 2.86-2.94 [106]
Beta21S 810-960 30-600 320 8-10 [99]
Beta21S-0.1B 810-960 30-600 914 16-53 [99]
Titanium 700-1100 3-120 a: 100 B: 21 1.67-20 [100]
Ti-0.2Pd 700-1100 3-120 a: 133 B: 56 3.33-20 [100]
o-Ti 700-800 5-120 100 2.22-2.33 [101]
B-Ti 900-1100 5-120 20 2-20 [101]
Ti—44Al 1350 2-1200 81 5.88 [107]
Ti—44A1-0.15Gd 1350 2-1200 50 22.2 [107]

boundary area, the driving force of grain growth decreases
as the annealing time increases. Moreover, decreasing the
migration velocity of grain boundary helps the segrega-
tion of solutes at boundaries, which induces the drag effect,
and the activation energy for grain growth increases with
increasing the solution time [97]. For example, in the case of
Ti—2A1-9.2Mo-2Fe, the high content of Mo element (9.2%)
with low diffusivity in Ti matrix retards the mobility of grain
boundaries more strongly and induces strong drag effects
[98]. However, the calculated grain growth parameters for
Ti—6Al-4V with a relatively strong initial texture suggested
a slow initial grain growth, which was followed by a much
quicker growth after the reduction of the texture sharpness at
long annealing times [49]. Besides the solute drag effect, the
Zener pinning effect also increases the activation energy for
grain growth in these alloys [99]. Another important matter
that needs to be mentioned is that the Q values considerably
differ between the two phases (a and ) in each alloy, which
is related to the fact that the a phase has a hexagonal struc-
ture and the P phase has a bee structure. The latter structure
is more open and therefore expected to result in a higher
growth rate and lower Q values [100]. Therefore, the value
of n decreases at temperatures above the p-transus [101].
Moreover, for Ti—15Mo-2.6Nb-3Al-0.2Si alloy, it has been

shown that B addition increases the f transus temperature
to temperatures higher than 810 °C, which in turn restricts
the p grain growth at temperatures near 810 °C as residual
a is present in the microstructure [99]. The value of Q is not
usually consistent with the lattice self-diffusion activation
energy, which can be related to the pinning effects and the
fact that the lattice self-diffusion activation energy has been
obtained for a nearly pure Ti alloy [102]. The latter effect
has been considered for complexly alloyed austenite phases
in steels based on the assumption that the activation energy
of grain growth is proportional to the activation energy of
bulk self-diffusion, which is calculated as a function of the
chemical composition of the solid solution [103]. The n
value is higher than 2 for most titanium alloys, where the
solute drag effect plays a pivotal role in the explanation of
this effect [104].

Table 6 summarizes the reported grain growth param-
eters for high-entropy alloys. The n values greater than
two have been reported due to the controlling of grain
boundary migration by solute drag effect, the presence
of precipitates, and the sluggish nature of diffusion in
these alloys [108]. The value of Q is much higher than
conventional alloys, which is related to a greater degree
of disorder, i.e., a more random state [109]. Since these

Table 6 Reported values of n

! Material Condition Temperature (°C) n Q (kJ/mol) References
and Q for high-entropy alloys

HfNbTaTiZr Cold rolled 1000-1200 2.2-24 303 [14]

FeCoNiCrMn Cold rolled 900 2.3 420.9 [110]
FeCoNiCrMn Cold rolled 850-925 3 321.7 [111]
FeCoNiCrMn Ball milled 800-1100 3.08 197 [112]
Al0.1CoCrFeNi Cold rolled 950-1150 3 179 [113]
Al10.3CoCrFeNi Cold rolled 950-1150 3 486 [113]
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alloys have several principal elements, it is a hard task to
correlate O with the self-diffusion activation energy of
constituents. However, it has been argued that the slowest
species control the lattice diffusion rate [14].

On the theoretical front, in the ideal state, grain growth
is controlled only by diffusion. In this case, the exponent
n=2 is used. Furthermore, grain growth can be controlled,
for example, by diffusion together with the precipitation
phase in growing grains, the exponent n =3 is used. If the
common effect of precipitation and diffusion along grain
boundaries is observed, the exponent n =4 is used. In the
case when the grain growth is mainly influenced by pre-
cipitation, the exponent is close to the value n=35 [114].

4 Abnormal grain growth
4.1 Criteria for identification of AGG

Excessive growth of selected grains during AGG may
lead to the appearance of grains on the order of millim-
eters [115]. Since this process shows kinetics similar
to primary recrystallization, it is also called secondary
recrystallization [116]. A criterion to determine whether
a grain in matrix with the mean grain size of D is grow-
ing abnormally can be written as d(D xp,omma/D)/df > 0,
where Dy, oma 18 the size of the large candidate abnor-
mal grain [117]. A topological criterion can be written as
dN,/dt > 0, where N, is the number of faces of the abnor-
mal grain. This criterion shows that an abnormal grain
grows by gaining faces [118]. It has been also stated that
the AGG process is commenced when DMaX/B > 5[119]
as shown in Fig. 10, where Dy,, is the size of the coarsest
grain [120].

6T Severe Abnormality
in Grain Growth
5 +
1Q
~
s 47
=
Q
3 4
2 -
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Fig. 10 Ratio of the size of the maximum observed grain to the aver-
age size at different temperatures for Hi—B Steel [120]

4.2 Mechanisms and factors lead to AGG

Abnormal growth can take place when some degree of
restriction to grain growth in the matrix is present [2]. The
second-phase particles, texture, and surface effects are the
major factors that lead to AGG [3]. Other factors such as
the anisotropy in grain boundary energy, anisotropy in grain
boundary mobility, the pre-existence of grains with a size
advantage, local fluctuations of grain size/number of parti-
cles adjacent to a certain grain, and nature of the interface
can contribute to or even provoke the initiation of AGG
[121]. However, it has been argued that AGG can be also
induced by the solute drag effect in homogeneous systems
without any texture, anisotropy of grain boundary mobility
and/or energy, pinning particles, and grain size advantage.
The solute drag effect can cause AGG under the specific
circumstance in which a portion of the grain boundaries in a
system break away the solute atmosphere. If such AGG takes
place, its kinetics and morphological features will strongly
depend on the solute diffusivity, the initial grain size and the
interaction strength between solute atoms and grain bounda-
ries. The necessary conditions for the AGG accompanying
the grain boundary segregation are as follows: first, a criti-
cal driving force must exist where grain boundary velocity
jumps discontinuously. Second, only a minor portion of the
grain boundaries in the system should break away the seg-
regated solute atom, while the non-segregated atoms drag
the other grain boundaries [122].

The effect of particles has been discussed in Sect. 2.2.2,
where Fig. 5 shows the effect of particle dispersion level
(f/d) on the occurrence of AGG. Based on Fig. 5, if anneal-
ing results in the particle coarsening (increase of d) or
leads to the decrease of the volume fraction by dissolution
(decrease of f), AGG will become more likely if the aver-
age grain size does not increase proportionately [3]. This
idea has been even successfully utilized for the effect of
martensite particles on the occurrence of AGG in DP steels
[37]. As a renown example, effective normal grain growth
inhibition can be achieved by AIN particles in steels, but
their coarsening and dissolution lead to AGG at high tem-
peratures. Conversely, coarse and insoluble inclusions are
less effective in preventing normal grain growth of steels,
but their stability prevents AGG [4]. Another example is
the occurrence of AGG in the extruded Mg-3Gd-3Al-1Zn
alloy with the dispersion of Al,Gd and (Mg,Al);Gd phases
at 400 C (~0.75T,) [19]. The occurrence of AGG was
also observed in DP steel at the intercritical annealing
temperature, where after the formation of the equilibrium
volume fraction of austenite (or martensite after quench-
ing) in the ferritic matrix, further holding at the intercritical
annealing temperature led to the coarsening of these par-
ticles during the growth of ferrite grains [16]. In the case
of Mg-3Gd-3Al-1Zn alloy (Fig. 11a) [19] and DP steel
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Fig. 11 Remnant particles
observed inside abnormally
grown grains [18, 19]

(Fig. 11b) [18], the remnant Al,Gd and martensite particles
were observed inside abnormally grown grains, respectively.
This might support the argument stating that AGG is caused
by disperse particles incapable to move with the boundaries,
where the enhancement of the mobility of disperse particles
can prevent AGG [116].

A single strong texture component might lead to AGG
[123]. During high-temperature annealing of Fe-Si alloys,
a few near Goss {110} <001> grains grow exclusively fast
and consume the matrix grains, which has a technological
importance for magnetic applications [124]. Therefore, the
grains which have near Goss orientation have a special
advantage over other grains, where the solid-state wetting
mechanism has been proposed for it. Based on this mecha-
nism, a grain wets or penetrates the grain boundary or the
triple junction of its neighboring grains. This can explain
the AGG phenomena such as high growth rate, irregular
boundaries, and the formation of numerous peninsular and
island grains as shown in Fig. 12 [11]. This mechanism
has been recently suggested for AGG in magnesium alloys
[19], austenitic stainless steels [6], and DP steels [16]. The
occurrence of AGG when precipitates begin to dissolve
might indicate that it occurs mainly via triple junction wet-
ting. The precipitates at the triple junction would dissolve
faster than those at the other locations due to the faster
kinetics of diffusion at the triple junction. This situation

Fig. 12 AGG by solid-state wet-
ting and the formation of penin-
sular and island grains [11]
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(a) Mg—3Gd-3A12n alloy

would allow the triple junction wetting to occur exten-
sively, whereas grain growth via a non-wetting mode is
inhibited by precipitates that have not yet dissolved [11].

Another associated phenomenon for the occurrence of
AGG has been also proposed. When Ni was annealed in
a carburizing atmosphere, AGG occurred at temperatures
below 0.7T,,, where all or a fraction of the grain bounda-
ries were found to have faceted hill-and-valley structures.
Conversely, normal growth occurred above 0.77,,, where
all grain boundaries were defaceted with smoothly curved
shapes [125]. Similarly, during AGG of AISI 316L stain-
less steel, some grain boundaries were observed to be fac-
eted with hill-and-valley structures, which was attributed
to grain boundary movement with boundary steps either
produced by two-dimensional nucleation or existing at
the junctions with dislocations [126]. When a Ni-based
superalloy heat-treated at 1200 °C, AGG occurred and
most of the grain boundaries were observed to be fac-
eted; whereas when heat-treated at 1300 °C, normal grain
growth occurred, the grain boundaries are defaceted as
shown in Fig. 13 [127].

For friction stir processing (FSP), it has been reported
that the primary factors leading to AGG are associated with
the inhomogeneous deformation pattern during the fric-
tion stir process. The fact that certain combinations of tool
rotation rate and traverse rate eliminate AGG suggests that
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Fig. 13 Typical grain bounda-
ries in a Ni-base superalloy
heat-treated for 10 min at a
1200 °C (AGG) and b 1300 °C
(normal growth). The arrow
indicates a faceted grain bound-
ary [127]

microstructural uniformity is a key aspect for avoiding AGG
[128].

A small plastic strain may prevent normal grain growth
[129] and promote the onset of anomalous grain growth
[130]. A recent work by Mirzadeh and coworkers [18]
revealed that applying a low rolling reduction in thickness
before intercritical annealing of DP steels might lead to
AGG during intercritical annealing, which can deteriorate
the final mechanical properties of the processed sheet [16].
The introduced concept of dynamic abnormal grain growth
(DAGQ) is also based on the plastic straining for initiation
and propagation of AGG [131].

The effects of other factors on AGG have been also stud-
ied, which include the cyclic heat treatment [132], solute
stabilization of nanocrystalline structure [133], and heating
rate during annealing of rapidly solidified alloy [134].

4.3 AGG kinetics

The reported works on the kinetics of abnormal grain growth
are discussed in the following. For pure iron [129] and AISI
316L stainless steel [82], it has been shown that the kinet-
ics of AGG can be described by the empirical power law
(D = Kt'/™), which indicates that the basic assumptions of
the grain growth theory are valid. The same cannot be said
of normal growth [82]. Grain growth was divided into nor-
mal and abnormal growth, and values of the coefficient 1/n
for both types of growth were determined. The investigations
showed that the dependence of 1/n on temperature stems
from overlapping effects of normal and abnormal grain
growth [82].

The progress of AGG may be described by the John-
son—Mehl-Avrami—Kolmogorov (JMAK) kinetics used for
recrystallization processes [135]. For instance, the kinet-
ics of AGG in APIX60 steel was investigated [17], where
the observed sigmoidal nature of the curve for the frac-
tion of abnormal grains versus time was ascribed to the
onset (sometimes referred to as ‘nucleation’), growth and

impingement of the abnormal grains [136]. The sigmoidal
kinetics can be described by the JIMAK-type relationship.

It has been also argued that, during AGG, the growth
rate of the large/abnormal grains is inversely proportional to
the average diameter of the fine grains [17]. In other words,
large matrix grains imply slower AGG kinetics, which has
been discussed based on the topological theory of abnormal
grain growth [137].

5 Future trends

Simulation of grain growth and its validation by experiment,
grain growth in nanostructured materials, grain growth in
thin films, grain growth during/after solid-state welding pro-
cesses, grain growth of advanced steels, and grain growth
of high-entropy alloys are among the hot topics of recent
studies. However, based on its importance, the kinetics of
grain growth has remained one of the most widely inves-
tigated topics. The present work revealed that while there
are similarities in the grain growth kinetics parameters for
different engineering alloys, important differences can be
also noted. For instance, there is a time dependency of the
kinetics parameters in many Ti alloys. These differences are
related to the interaction of the material and microstruc-
tural factors such as solutes. Therefore, the investigation of
the kinetics of grain growth in commercial or newly devel-
oped materials via various processing routes constitutes the
majority of the future works.

Some of the factors leading to AGG were discussed. The
second-phase particles, texture, surface effects, the anisot-
ropy in grain boundary energy, anisotropy in grain boundary
mobility, the pre-existence of grains with a size advantage,
local fluctuations of grain size/number of particles adjacent
to a certain grain, and nature of the interface can contrib-
ute to or even provoke the initiation of AGG. It has been
even argued that AGG can be also induced by the solute
drag effect in homogeneous systems without any texture,
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anisotropy of grain boundary mobility and/or energy, pin-
ning particles, and grain size advantage. Therefore, AGG is
dependent on many factors, and hence, the processing route
and the initial microstructure are important in this regard.
Accordingly, understanding the occurrence of AGG in com-
mercial or newly developed materials via various processing
routes needs more experimental works.

The proposed mechanisms for AGG such as the solid-
state wetting and the grain boundary faceting/defaceting
phenomena can explain the observed behavior of many
systems. In fact, the occurrence of these mechanisms has
been verified for a number of alloy systems in recent works.
Therefore, much more experimental/numerical investiga-
tions are required to identify the AGG mechanisms and
origins. Although being important, the kinetics of AGG
remains unraveled and it is expected that this research area
receives significant attention.

6 Summary

Recent advances in the kinetics of normal/abnormal grain
growth were reviewed in the present work. The following
conclusions can be drawn:

1. The effects of temperature, solute drag effect, and Zener
pinning on the grain growth kinetics were critically dis-
cussed. Moreover, the temperature dependency of the
solute drag effect of Mo was clarified in the case of com-
mercial stainless steels. Furthermore, the dissolution of
pining particles at elevated temperatures was found to be
an important issue, especially in Al and Mg alloy. The
grain growth inhibition in duplex alloys was also argued,
for which the temperature dependency of phase volume
fractions and its effects on the kinetics of grain growth
were clarified. Accordingly, the competition of inhibi-
tion effect of phase formation and the adverse effect of
temperature regarding grain growth resulted in the idea
of optimum amount of martensite phase for the maxi-
mum inhibition effect in DP steels.

2. The simplifications and the commonly used methods
for determination of grain growth exponent (n) and
activation energy (Q) in the well-known equations of
D" —Dj =Kt and K = K,exp(—Q/RT) were criti-
cally discussed. It was proved that the obtained kinet-
ics parameters highly depend on the used method/sim-
plifications. Moreover, it was revealed that the simple
equation of D — D, = Kt'/" can be alternatively used
for studying the kinetics of grain growth without these
complications.

3. The obtained values of n and Q for several classes of
important engineering alloys such as microalloyed
steels, stainless steels, magnesium alloys, aluminum

@ Springer

alloys, titanium alloys, and high-entropy alloys (HEAs)
were tabulated and discussed. Accordingly, the rea-
sons for the deviation of the kinetics parameters from
the theoretically expected values in each system were
identified. This includes the presence of impurities and
alloying elements, segregation of solutes at boundaries,
the presence of second phase particles, strong crystal-
lographic texture, and other factors.

4. The factors leading to AGG such as the coarsening and
dissolution of pinning particles and the crystallographic
texture were discussed. Moreover, the proposed AGG
mechanisms such as the solid-state wetting and the grain
boundary faceting/defaceting phenomena were intro-
duced. Furthermore, the kinetics of AGG based on the
empirical power law and the similarity of AGG to pri-
mary recrystallization in the form of secondary recrys-
tallization were presented. It seems that the subject of
AGG needs much more experimental/modeling works
to identify its origins and construct suitable models for
its kinetics.
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