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Abstract: Heterogeneous grain structures may develop due to abnormal grain growth during
processing of polycrystalline materials ranging from metals and alloys to ceramics. The phenomenon
must be controlled in practical applications where typically homogeneous grain structures are desired.
Recent advances in experimental and computational techniques have, thus, stimulated the need to
revisit the underlying growth mechanisms. Here, phase field modelling is used to systematically
evaluate conditions for initiation of abnormal grain growth. Grain boundaries are classified into two
classes, i.e., high- and low-mobility boundaries. Three different approaches are considered for having
high- and low-mobility boundaries: (i) critical threshold angle of grain boundary disorientation above
which boundaries are highly mobile, (ii) two grain types A and B with the A–B boundaries being
highly mobile, and (iii) three grain types, A, B and C with the A–B boundaries being fast. For these
different scenarios, 2D simulations have been performed to quantify the effect of variations in the
mobility ratio, threshold angle and fractions of grain types, respectively, on the potential onset of
abnormal grain growth and the degree of heterogeneity in the resulting grain structures. The required
mobility ratios to observe abnormal grain growth are quantified as a function of the fraction of
high-mobility boundaries. The scenario with three grain types (A, B, C) has been identified as one
that promotes strongly irregular abnormal grains including island grains, as observed experimentally.

Keywords: abnormal grain growth; phase field modelling; high mobility boundaries; disorientation;
texture components

1. Introduction

Abnormal grain growth (AGG) refers to a subset of grains that will grow excessively at the expense
of surrounding normal grains leading to an obvious size advantage of the abnormal grains [1,2]. The AGG
phenomenon has been observed in many materials, including steels [3–11], aluminum alloys [12,13],
super alloys [14–16], ceramics [17–21], nanocrystalline materials [22–25] as well as thin films [25–28].
AGG is of important technological relevance and must be controlled in the thermal processing of
polycrystalline materials. It is often undesired since it may lead to heterogeneous microstructures that
result in unacceptable material properties. For example, Furnish et al. [23] showed that AGG leads to
fatigue failure in nanocrystalline Ni–Fe. In some cases, however, AGG is a useful microstructure
engineering concept, also known as secondary recrystallization, e.g., for the development of Goss or cube
textures in electrical steels [4,9–11,29]. Similarly, AGG is beneficial for magnetostrictive Fe–Ga alloys
as well as Fe-based shape memory alloys [30,31]. Further, Kusama et al. [32] demonstrated recently the
formation of ultra-large single crystals by AGG. Thus, AGG studies remain an area of active research
with an emphasis on electrical steels [9–11]. Furthermore, recent investigations deal with AGG during
sintering [33–36] where, however, porosity plays a critical role [37]. Other studies consider the role of
local plastic strain on the formation of abnormal grains [24,38,39]. In the context of the present study,
AGG will be considered for polycrystalline materials without any external driving pressures or porosity.
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The physical mechanisms for AGG may vary between different materials and they are still widely
debated. There is, however, a general agreement that for a grain to grow abnormally it must have
a persistent growth advantage over its neighbouring grains. The mechanisms of persistent AGG include
anisotropy in grain boundary energy (wetting phenomenon), anisotropy in grain boundary mobility,
selective unpinning of grain boundaries due to dissolution of precipitates and transitions in grain
boundary structures with associated mobility changes [40–45]. In essence, all these mechanisms produce
highly mobile boundaries that promote AGG. Important characteristics of AGG are complex grain shapes
and island grain formation in addition to the continued grain size advantage [46]. The resulting grain
size distribution is typically bimodal and can be used to characterize the grain growth process [47].

Recently a variety of computational methods have been used to simulate AGG, such as Monte
Carlo (MC) models [2,48–50], the vertex model [51,52] and phase field modelling (PFM) [53–56].
An emphasis of these simulations has been to analyze the role of sub-boundaries, pinning particles and
texture on AGG. Suwa et al. [55] included in their 3D-PFM grain growth simulations the role of two
texture components, A and B, with the A–B boundary having a five times larger mobility than all other
boundaries. They found that when a minority texture component is present, e.g., with a fraction of
0.03 in the initial grain structure, AGG features are predicted due to the rapid growth of these minority
grains to comparatively large sizes prior to their impingement. More recently, DeCost and Holm [2]
analyzed the phenomenology of AGG using a 2D MC Potts model in a system with three grain types
(or three texture components) by simulating a single initially sufficiently large candidate grain of one
grain type that is embedded into a matrix of grains which are randomly assigned one of the two other
grain types according to a pre-set fraction of each type. The boundary of the candidate grain with
grains of one of the other grain types has a mobility advantage of 1000 in these simulations resulting in
AGG when sufficient high-mobility boundaries are present. In a few selected cases, as low as 20% of
high-mobility boundaries are sufficient for AGG but only when the percolation threshold of 50% is
reached do all candidate grains continue to grow abnormally. The initiation stage of AGG is, however,
not considered in detail in these simulations.

In this work, PFM is employed for a systematic parametric study to identify mobility advantage
conditions that are required for AGG to be initiated. Those mobility advantages are introduced through
three different scenarios, which are disorientation angles, two and three grain types, respectively.
In the absence of a clear bimodal grain size distribution a grain that is at least five times larger than the
average grain size can typically be considered as an abnormal grain.

2. Methodology

During the past few decades, PFM has emerged as a versatile tool to simulate microstructure
evolution. PFM has several advantages compared to other computational methods as there is no
need to track interfaces explicitly. Therefore, PFM is a powerful methodology to deal with complex
morphological features that are often observed for abnormal grains. In addition, phase field models
provide outputs in a physical time rather than that of a numerical time as in MC models. In particular,
multi-phase field modelling (MPFM) is frequently used as a computational method to simulate
the microstructure evolution of metallurgical phenomena, including phase transformation [57,58],
recrystallization [59,60] and grain growth [61–63]. As a diffuse-interface model, MPFM uses a finite
thickness to describe the interfaces, within which the physical properties change continuously. A series
of phase field (or order) parameters φi is used to describe the microstructure where φi equals 1 within
grain i and its value changes continuously from 1 to 0 across the grain boundary. To identify abnormal
grain growth conditions, we employ the commercial software MICRESS where for grain growth
simulations the MPFM formulation according to Eiken et al. [64] is used such that the evolution of φi
for isotropic grain boundary energies, σ, is governed by

∂φi

∂t
=

N∑
j=1

µi jσi j

N

(
∇

2φi −∇
2φ j +

π2

η2 (φi −φ j)

)
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here µi j and σi j = σ represent boundary mobility and interfacial energy, respectively, η is the grain
boundary thickness and N is the local number of phase field parameters that are not zero.

Boundary mobility advantages are essential for AGG to occur. Here, we consider three different
ways to introduce high-mobility boundaries. In the first approach, mobility advantages are defined
through a critical disorientation angle. Grains in the initial grain structure are assigned randomly
a crystallographic orientation such that each individual boundary is characterized by a disorientation
angle θ. Then the grain boundary mobility can be formulated as a function of disorientation angle,
µ(θ) = f (θ). For the sake of convenience, a simplified model is used as shown in Figure 1. Here,
a critical disorientation angle (or threshold angle)θC is introduced to select a portion of grain boundaries
to be fast boundaries. When the disorientation angle θ is larger than θC, the boundary mobility is µ2.
If the disorientation angle θ is less than θC, the boundary mobility is µ1. The value of µ2/µ1 (>1) is the
mobility ratio.
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Figure 1. The relation of boundary mobility and disorientation angle.

Another method to introduce boundary mobility advantages is through different grain types or
texture components. Both two and three grain type systems are considered in our simulations. When
two grain types A and B are present, there are three types of grain boundaries, i.e., A–A, B–B and A–B
boundaries. If one more grain type C is added then there are six types of grain boundaries, i.e., A–A,
A–B, A–C, B–B, B–C and C–C boundaries. In both scenarios, the A–B boundaries are selected to be
high-mobility boundaries (with mobility µ2) and all the remaining grain boundaries are low-mobility
boundaries (with mobility µ1). In the present MICRESS simulations, different grain types (i.e., A, B, C)
are approximated as different phases that have the same Gibbs free energy, i.e., the entropy of fusion is
infinitively small (10−7 J·cm−3

·K−1) such that there is no additional driving pressure due to the presence
of these hypothetical phases.

All simulations of this study are 2D simulations with periodic boundary conditions. For the critical
disorientation angle scenario, it is crucial to have a statistically relevant size of the simulation domain.
Thus, a square domain with 800× 800 grid points is used within which 1800 grains are positioned through
Voronoi tessellation. Similarly, for simulations with different grain types a domain of 850 × 850 grid
points and 1800 grains in the initial structure is used. However, to increase computational efficiency,
a smaller domain of 300 × 300 grid points and 120 grains including one candidate grain for abnormal
growth in the initial structure is employed for selected simulations with three grain types. For all
simulations, the grid spacing is taken to be 1 µm and the high-mobility value µ2 is set to 5 × 10−2 cm4/(J s).
The low-mobility value is then obtained by multiplying the above value with the reciprocal of the selected
mobility ratio. For instance, if the mobility ratio is 100, then the mobility is reduced by 0.01 for the
low-mobility boundaries.
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Sensitivity tests were performed to analyze the role of the selection of numerical parameters, i.e.,
interface thickness, time step etc. For instance, to test the sensitivity of time step selection, a simulation
using automatic time stepping was compared to simulations with constant time steps of 0.002 s and
0.004 s, respectively, while keeping all other settings the same. Similarly, the interface thickness was
selected to be 4 and 6 grid points. Based on the sensitivity analysis it was concluded that simulation
results are not affected by the selection of these numerical parameters. Thus, all simulations for the
parametric study were conducted with automatic time stepping and an interface thickness of 4 grid
points to minimize computational cost.

The simulated grain structure evolution is quantified by measuring, at selected times, the area of each
grain i based on its phase field parameter whereby grid points in the grain boundaries contribute with
a fraction that is given by the value of the phase field parameter φi. From the grain area, the equivalent
area diameter (EQAD) of each grain is determined. The mean EQAD is obtained from the mean grain
area and the normalized diameter of a grain is introduced as its EQAD divided by the mean EQAD.

3. Results

3.1. Mobility Advantage through Critical Disorientation Angle

The 1800 grains in the initial structure are assigned randomly a cubic crystallographic orientation
such that the disorientation distribution follows the Mackenzie distribution [65]. Then the fraction of
fast boundaries is a function of the threshold angle, as shown in Figure 2. The potential for AGG will be
maximized by having a good mix between fast and slow boundaries, e.g., for threshold angles between
40◦ and 45◦ the percentage of highly mobile boundaries falls in the range of 40% to 58%. As an example,
Figure 3 shows the evolution of the grain structure with a threshold angle of 40◦ and a mobility ratio of
1000. Initially all grains are of a similar size as a result of Voronoi tessellation. Gradually the grain size
distribution widens and after about 50 s grains M and N are examples of the somewhat larger grains in
the distribution. At 190 s, the size advantage of grains M and N has further increased as these grains
have comparatively rapidly consumed their much smaller neighbouring grains. In grain M an island
grain has formed which is a characteristic sign of AGG. After approximately 400 s, however, grains M
and N have, at least to some extent, lost their size advantage and the grain structure starts to approach
that of a normal grain size distribution.
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Figure 3. Evolution of grain structure for µ2/µ1 = 1000 and θC = 40◦ where high-mobility boundaries
are shown in black and low-mobility boundaries in blue: (a) t = 5 s, (b) t = 50 s, (c) t = 190 s, (d) t = 400
s. M and N refer to examples of larger grains in the distribution.

To more quantitatively analyze the changes in the grain structure with time including AGG
stages, the evolution of the cumulative grain area distribution is shown in Figure 4 as a function of the
normalized diameter. The red curve provides as reference the cumulative area distribution of normal
grain growth that is obtained when all boundaries have the same mobility (mobility ratio of 1). Since
normal grain growth is a self-similar process, the red curve represents the resulting scaling distribution
where the maximum EQAD is about twice as large as the mean EQAD. The scaling distribution is
used as a benchmark to measure the abnormality of grain growth. Initially, the grain area distribution
resulting from Voronoi tessellation is much narrower than the scaling distribution but quickly broadens
and its width surpasses that of the scaling distribution. After 50 s the maximum EQAD (i.e., that of
grain N) is about 3.5 times larger than the mean EQAD. The maximum normalized diameter increases
further to 6 at 190 s before it starts to decrease towards a value of 5 for larger times. Thus, there is
a particular time (or time period) where the grain area distribution has its broadest range and the
maximum normalized diameter obtained for this situation may be taken to assess the abnormality
of grain growth for the selected grain growth parameters, i.e., threshold angle and mobility ratio.
Therefore, one can find the widest distribution curve for each scenario to quantify the degree of AGG.
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Figure 4. Time evolution of cumulative grain area distribution (µ2/µ1 = 1000 and θC = 40◦). For reference,
the scaling distribution for 2D ideal grain growth is shown as well.

The scenario described above does show some indication of AGG that is based on the presence of
one or a few fast-growing grains. It is thus important to re-evaluate AGG events starting from different
initial structures. The widest distribution curves resulting from a range of initial structures are shown
in Figure 5 where the maximum EQAD is varying from 3.5 to 6. With the same amount of highly
mobile boundaries, their relative positions significantly affect the extent of AGG. The highest value for
the maximum EQAD has indeed been observed for the case shown in Figures 3 and 4 and this has also
been the only case with the formation of an island grain illustrating that AGG is a rather rare event for
the present threshold angle scenario. For a grain to grow abnormally, a sustained mobility advantage
is required and for the investigated threshold angle case the required mobility advantage can only be
attained for very few grains and a limited time period.
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Figure 5. Widest cumulative grain area distribution for five different initial structures with θC = 40◦

and µ2/µ1 = 1000.

To quantify the role of threshold angle and mobility ratio on AGG, we select the initial structure
of the above case with the most pronounced AGG structure (see Figure 3) for a parametric study.
The widest distribution curves of each scenario are presented in Figure 6 to show the effect of threshold
angle and mobility ratio, respectively, on growth abnormality. When changing the threshold angle
from 20◦ to 50◦, it is confirmed that growth abnormality is restricted to the threshold angle range of
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40–44◦ where the percentage of the fast boundaries is around 50% (i.e., here 58% and 45%, respectively).
For threshold angles of 30◦ and 50◦, on the other hand, 82% and 22% of the boundaries are highly mobile,
essentially eliminating the conditions for individual grains to have a sufficient growth advantage and
restricting the maximum normalized diameter to about 3, i.e., a grain structure that approaches that of
normal grain growth. Similarly, when changing the mobility ratio from 5 to 1000 for a threshold angle
of 40◦, one can conclude from Figure 6b that when the mobility ratio is 10 or less, grain growth does not
occur abnormally since the distribution curves are sufficiently close to that for normal grain growth.
Mobility ratios above 50 lead to AGG where the severity of AGG is augmented when increasing the
mobility ratio from 100 to 1000 as the associated maximum normalized diameter increases from 5 to 6.
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Figure 6. Cumulative grain area distribution for the widest grain size distributions: (a) effect of threshold
angle when µ2/µ1 = 100; (b) effect of mobility ratio when θC = 40◦. For reference, the scaling distribution
for 2D ideal grain growth is shown as well.

The influence of mobility ratio is further illustrated in Figure 7 by comparing the grain structure
images with the widest size distribution. For a mobility ratio of 10, there are no obvious grain size
advantages and no tendency of island grain formation. However, if the mobility ratio is increased
to 100, grain N has a clear size advantage over the other grains and the size advantage of grain N
becomes even more pronounced when the mobility ratio is further increased to 1000. Meanwhile,
with a mobility ratio of 100, grain M shows a tendency to embrace one of its small neighbour grains but
an island grain has not yet formed. If the mobility ratio is further increased to 1000, there is an island
grain formed within grain M.
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Whilst in these simulations with a random distribution of the highly mobile boundaries the
potential of at least mild AGG is confirmed, it is a rather rare event. Extensive AGG appears to be limited
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as the very few grains that acquire temporarily an appreciable size advantage stop to grow rapidly
as soon as they attain a situation where they are entirely surrounded by low-mobility boundaries.

3.2. Mobility Advantage in Two-Grain Type Systems

Another method to introduce a mobility advantage is through different grain types or texture
components. Here, we start with a two-component system consisting of A and B grains where the
A–B boundaries are taken as highly mobile and their fraction is then determined by the fraction of B
grains in the initial microstructure. An example of evolution of the grain structure in the A–B system is
shown in Figure 8 for a mobility ratio of 1000 and 2% of B grains randomly distributed in the initial
structure with a narrow size distribution resulting from Voronoi tessellation. Because of the small
fraction of B grains, all of these B grains have initially only A grains as their neighbours and are, thus,
surrounded entirely by highly mobile grain boundaries. As a result, there is a rapid evolution of the B
grains. Whether or not they grow or shrink depends on their size with respect to their neighbours,
i.e., smaller B grains will shrink and larger B grains will grow. After a short time (t = 25 s), about 1/3
of the B grains (e.g., grain III) have shrunk and disappeared very quickly in the scenario shown in
Figure 8. Approximately 1/3 of B grains (e.g., grain I) grow rapidly at the expense of the surrounding
A grains, thereby forming a bimodal grain size distribution that is characteristic for abnormal growth.
The remaining 1/3 of B grains with a hexagonal structure (e.g., grain II) form, at least for some time,
a stable grain structure with their neighbours that is a specific feature of 2D grain growth which does
not exist in 3D. The maximum normalized diameter depends, then, primarily on the spacing of the
growing B grains which, in the present case, constitute 0.67% of all grains in the initial structure.
Impingement of growing grains occurs later, see e.g., images at 50 and 75 s in Figure 8.Materials 2019, 12, x FOR PEER REVIEW 9 of 20 
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As discussed above for the threshold angle method, one can plot the evolution of the cumulative
grain area distribution as a function of normalized diameter to further evaluate the abnormality of
grain growth, as presented in Figure 9. The red curve is the scaling distribution of normal grain
growth as a reference. The initial grain size distribution resulting from Voronoi tessellation is very
narrow before a bimodal distribution emerges quickly due to the rapid growth of a few of the B
grains. The bimodality of the distribution is represented by the plateau in the cumulative grain area
distribution, i.e., there are two populations of grains in the structure consisting of small grains (here
the A grains and B grains that do not grow) and large grains (i.e., the growing B grains) with virtually
no size overlap. With time the size of the growing B grains and their area fraction rapidly increases.
For example, after 30 s the maximum normalized diameter is 5 and the area fraction of the large grains
is about 0.1. After 70 s the largest normalized diameter of about 11 is reached and the area fraction of
the large grains is increased to about 0.7. Eventually, the growing B grains impinge (see Figure 8) and
have consumed all A grains. As a result, the overall grain structure approaches that of a normal grain
size distribution of the coarse B grains and the maximum normalized diameter starts to decrease at
longer times. As a specific feature of the 2D grain growth simulations, the initially stable hexagonal
B grains are incorporated into the B grain microstructure as shown in Figure 8d. These smaller B
grains remain almost frozen for some time as their shrinkage requires migration of the low-mobility
B–B grain boundaries thereby retaining technically a bimodal structure for some time with, however,
an increasingly marginal area fraction of the small grains, e.g., after 90 s the area fraction of the small
grains is reduced to about 0.1 for the case shown in Figure 9. The residual bimodality may, however,
be considered as an artefact of 2D simulations.
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Figure 9. Time evolution of cumulative grain area distribution in the A–B system (µ2/µ1 = 1000,
growing B = 0.67%). For reference, the scaling distribution for 2D ideal grain growth is shown as well.

Even though a clearly bimodal grain size distribution can be obtained with the above mobility
scenario, it does not show the development of any irregular grains with complex morphologies that
are frequently observed in AGG. The growing B grains show a circular evolution in the 2D simulations,
which would translate into spherical growth in 3D, i.e., the grain structure while consisting of two
grain types with different sizes remains morphologically equiaxed.

Even so, similarly to the threshold angle approach we performed a systematic parameter study to
explore the influence of mobility ratio and initial percentage of growing B grains on the extent of the
bimodality of the grain structure. Taking the scenario with 0.44% of growing B grains in the initial
structure the mobility ratio is varied from 5 to 1000 and the widest distribution curves are summarized
in Figure 10. For mobility ratios larger than 50, the distribution curves are very close to each other with
a maximum normalized diameter of about 14, i.e., the degree of abnormality is not sensitive to mobility
ratios larger than 50. For a mobility ratio of 5 and 10 the bimodality is less severe with a maximum
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normalized diameter of 7 and 9, respectively. Changing the percentage of growing B grains for a given
mobility ratio (here 1000) affects the average distance between these grains and thus the maximum
normalized diameter that can be attained decreases from 14 for 0.44% of the initial growing B grains
to about 5 when 3.33% of B grains in the initial structure grow. The latter may be taken as threshold
for AGG.
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3.3. Mobility Advantage in Three-Grain Type Systems

In the two-grain component systems, most (and for sufficiently small fractions all) growing B
grains are entirely surrounded by highly mobile A–B grain boundaries and grow rapidly in a regular,
equiaxed fashion. In contrast, much more irregular shapes of abnormal grains are observed in many
experimental AGG scenarios, including for 2D grain growth. To add complexity into our simulations,
a third grain type C is introduced as a result of which growing B grains will have a mixture of fast A–B
boundaries and slow B–C boundaries. The grain types are randomly assigned in the initial structure to
match a pre-scribed fraction of each component.

Figure 11 shows a typical example of the grain structure obtained in the three-grain type simulations
with a mobility ratio of 1000. Here, the red grains represent the B grains; and orange and white grains
are defined as A and C grains, respectively. Initially all grains have a similar size and 1% B grains
are randomly distributed in the A–C grain matrix with equal fractions of A and C grains. Similar
to the two-grain type systems, some B grains with a smaller size will shrink and disappear quickly.
The second group of B grains with a hexagonal structure will neither shrink nor grow and only those
B grains with a size advantage over their neighbours will grow. A few of these growing B grains
show clear signs of abnormal grains, i.e., complex grain morphologies including the formation of
island grains.

For computational efficiency, subsequent simulations were performed in a smaller domain to
focus on the behavior of one candidate-growing B grain. The percentage of A grains will influence
the fraction of the highly mobile A–B boundaries that will change with time depending on the local
environment of the growing B grain. Figure 12 illustrates examples of the obtained grain morphologies
of the B grain for different A grain percentages in the initial microstructure and a mobility ratio of
1000. When there are 40% A grains in the matrix, the B grain grows in a regular, equiaxed fashion with
a polygonal shape that is more realistic than the circular shapes in the two texture component systems
(Figure 12a). Because some of the grain boundaries are fast A–B boundaries the B grain becomes
the largest grain in the structure but its size advantage is rather modest such that the overall grain
structure appearance is close to that for normal grain growth. Increasing the percentage of A grains
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leads to a higher fraction of fast A–B boundaries, thereby promoting the growth of the B grain into an
abnormally large grain. For an A grain percentage of 50%, the B grain evolves into an abnormally
large grain with a more complex shape (Figure 12b). Increasing the A grain percentages to 60%, 70%
and 80%, the B grain becomes an even more prominent abnormal grain that also includes island grains
that belong to grain type C (Figure 12c–e). These island grains form when the growing B grain locally
reaches a situation where A grains completely surround a C grain. As the B grain can consume these A
grains rapidly an island grain will result within the B grain. These island grains are unstable but will
remain for some time as they can only be eliminated by migration of the low-mobility B–C boundaries.
The probability of the island formation hinges on a combination of a sufficiently high percentage of A
grains with a still sizeable percentage of C grains. Increasing the A grain percentage to 90%, the B grain
approaches a more equiaxed, circular shape but with some local inlet type features due to pinning by
some small C grains (Figure 12f). When increasing the A percentage further, the evolution of the B
grain becomes increasingly similar to the situation of the two-grain type system discussed above in
Section 3.2.
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red and white, respectively.
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Figure 12. Structure of rapidly growing B grain (shown in red) in three grain type systems with
a mobility ratio of 1000 when (a) A = 40%; (b) A = 50%; (c) A = 60%; (d) A = 70%; (e) A = 80%,
(f) A = 90% where A grains are in orange and C grains in white.

The details of the evolution of grain B depend also on the initial grain structure. Figure 13
compares two runs from different initial structures with otherwise unchanged parameters in terms of
A percentage and mobility ratio (here 1000). The evolution of grain B is shown as its normalized grain
diameter defined by:

ρ =
dB

dAC
(2)

where dB is the EQAD of the B grain and dAC represents the average EQAD of the matrix grains
consisting of A and C grains. As expected, there is some variation in detail due to the initial structure
but the general conclusions are less affected. The percolation threshold of 50% A grains is required
to consistently reach the 5 grain diameter threshold for AGG. The B growth rate increases with the
A grain percentage and the associated increase of fast A–B boundaries and the maximum size of B
grains (here about 9) is found for A grain percentages of 70% and higher. It must be noted, however,
that the size advantages are here limited by the smaller domain size of the simulations. As discussed
for the A–B scenario, the size advantage is also critically dependent on the spacing between abnormally
growing grains.

In addition to size advantage, complex grain shapes are an important characteristic of AGG.
To quantify the grain morphology, the circularity, ε, defined by
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ε =
4πA
P2 (3)

may be used where A is the area of the B grain and P its perimeter. In the most pronounced AGG cases,
i.e., for 60%, 70% and 80% A, the circularities of the fully developed abnormal B grains fall into the
0.45–0.70 range.

Materials 2019, 12, x FOR PEER REVIEW 13 of 20 

 

  

  

Figure 12. Structure of rapidly growing B grain (shown in red) in three grain type systems with a 

mobility ratio of 1000 when (a) A = 40%; (b) A = 50%; (c) A = 60%; (d) A = 70%; (e) A = 80%, (f) A = 

90% where A grains are in orange and C grains in white. 

 

Figure 13. Effect of percentage of A grains on the size evolution of grain B for a mobility ratio of 1000. 

The size of grain B is shown in units of the average grain diameter of A and C grains. 
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The size of grain B is shown in units of the average grain diameter of A and C grains.

For cases with comparable grain size the number of grain neighbours is an alternative way to
evaluate the morphological complexity. Taking the examples of Figure 12, the number of B grain
neighbours increases from 13 for 40% A to 22 for 50% A, 25 for 60% A and 33 for 70% A but then
decreases to 26 and 27 for 80% and 90% A, respectively. The larger grain number of neighbours for
70% A is consistent with the more complex grain morphology in this case that includes an island grain.
Interestingly, the majority of the neighbours are small C grains that form low-mobility B–C boundaries
such that these grains are obstacles for the progression of the faster moving A–B boundaries leading to
the formation of peninsula-type grains or even island grains. All these abnormally large grains have
still a fraction of highly mobile boundaries that increases from about 1/3 for 40%, 50% and 60% A to 0.4
for 70% A, 0.6 for 80% A and 0.8 for 90% A.

The above simulations in the three-grain type system have been carried out with a mobility ratio
of 1000. To identify regions of AGG it is also of interest to consider the role of mobility ratio in addition
to A percentage that provides a measure of the fraction of highly mobile A–B boundaries. Taking the
5 grain diameter size advantage as a threshold a mobility ratio of 30 is required for 50% A whereas
mobility ratios of 10 and 5, respectively, are sufficient for 70% and 100% A, respectively.

3.4. Comparison with Monte Carlo Simulation

PFM and MC simulations are effective and versatile methods to study AGG. However, whether
the simulation methods will influence the simulation results is of great interest. Figure 14 compares the
results of PFM and MC simulations. The MC simulation results are taken from DeCost and Holm [2].
Both simulations start from the same initial structure with 68% A grains, as shown in Figure 14a,d, and
the mobility ratio is set to be 1000. In PFM, the B grain is in red while A and C grains are shown in
white and orange, respectively. In the MC method [2], the white grain represents the B grain; red and
blue grains are defined as A and C grains, respectively. Comparing Figure 14b,e, a small island grain is
found in Figure 14e [2] while at the same position, this small C grain has already been consumed in
the PFM simulation. After running the simulation for a longer time, some island grains also start to
form in the PFM simulation, as shown in Figure 14c. However, in the MC model, there are many more
island grains found as presented in Figure 14f. [2] The difference may be caused by the straightening
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effect of grain boundaries in PFM. In PFM, in order to reduce the total free energy, the grain boundaries
tend to be straight lines thus losing the driving pressure due to curvature. Meanwhile, in the MC
simulation, there is no such straightening effect. Nevertheless, apart from these minor differences,
the overall coarsening mode of the abnormal grain is in both simulations very close to each other.
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Figure 14. Comparison between phase field modelling (PFM, left) and Monte Carlo (MC, right) [2]
simulations with the same initial microstructure: (a) initial structure for PFM, (b) initial structure
for MC, (c) intermediate structure for PFM, (d) intermediate structure for MC, (e) final structure for
PFM, (f) final structure for MC. The B grain is shown in red for PFM and in white for MC simulations.
The A grains are in white (PFM) and dark red (MC) and the C grains are in orange (PFM) and grey
(MC), respectively.
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Since the time scales in PFM and MC simulations are different, it is of interest to match the two
time scales and develop a more quantitative way to analyze the consistency of the two computational
methods. In PFM, the simulation time is the real phase field time (PFT), and the unit is second. In the
MC simulation, the time scale is measured by the Monte Carlo step (MCS). To match the two time
scales, a constant parameter κ is introduced, where:

t(MCS) = κ·t(PFT) (4)

Here κ = 5.1 is obtained to best match the two simulation results in terms of the size evolution
of the abnormal grain. The increase of the candidate grain area is plotted in Figure 15 as a function
of simulation time. From this graph, despite of little fluctuations, the overall grain growth paths are
almost the same in both simulations.
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4. Discussion

Even though there is remarkable agreement between PFM and MC simulations in the above
benchmark case, there are in detail some apparently different conclusions that may be drawn from
the present PFM simulations as compared to the MC study of DeCost and Holm [2]. For example,
they present also a case of initiation of abnormal growth for a situation with 30% A grains (red grains
in their paper). Figure 16 shows the local starting environment for this grain indicating that there is
a clear percolation path due to the arrangement of A grains such that the white grain can grow into
an abnormal grain. Furthermore, when considering growth of an initially large circular candidate
grain (see e.g., Figure 14b) they performed 120 independent simulations for each A (red) grain fraction
scenario. For 50% A grains, the candidate grain grows in all cases abnormally, for 40% A grains in
the majority of the cases abnormal growth occurs whereas for 30% A abnormal growth is recorded
in about half of the cases. This provides further evidence that the local A grain environment is
critical rather than the global A grain fraction. Furthermore, the initial size advantage promotes the
chances for abnormal growth due to the larger numbers of grain neighbours including those providing
high-mobility boundaries.

In the present PFM study the focus has been, in addition to the fraction of highly mobile boundaries,
to also assess the role of the mobility ratio on the initiation of abnormal growth. Starting from an initial
grain structure obtained by Voronoi tessellation the eventually abnormally growing grains had initially
only a marginal size advantage (usually with a normalized grain diameter of 1.5 or less). Thus, the growth
potential of these grains is limited compared to the cases considered by DeCost and Holm [2] such that
the percolation limit is more restrictively enforced. Furthermore, it is not only the local grain environment



Materials 2019, 12, 4048 16 of 20

but also the mobility ratio that determines whether the candidate grain will grow abnormally or even
shrink, as illustrated in Figure 17. Here, a scenario is shown where the candidate grain shrinks for
a mobility ratio of 5 and will eventually disappear as its A grain neighbours have sufficiently grown (see
Figure 17b) whereas for a mobility ratio of 10 the candidate grain develops into an abnormally large
grain (see Figure 17c).
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Figure 17. Effect of mobility ratio on growth behavior of candidate B grain (shown in red) for 50% A
grains (shown in orange): (a) initial grain structure, (b) grain structure after 10 s for a mobility ratio of 5,
(c) grain structure after 30 s for a mobility ratio of 10.

5. Conclusions

The onset conditions for abnormal grain growth (AGG) have been quantified for the first time
with systematic phase field simulations. For AGG to be initiated, selected individual grains must
have some grain boundaries with a sufficient mobility advantage compared to other boundaries.
Two-dimensional MPFM simulations have been conducted using different ways to introduce highly
mobile grain boundaries, i.e., a critical disorientation angle above which the boundaries are highly
mobile as well as systems with two (A–B) and three (A–B–C) grain types where the A–B boundaries are
assumed to be highly mobile. Systematic parametric studies have been performed for these systems by
changing the fraction and distribution of the highly mobile boundaries and the mobility ratio between
high and low-mobility boundaries to identify conditions for AGG. The high-mobility boundaries are
randomly distributed in the disorientation angle approach and modest AGG scenarios with maximum
grain sizes of 5–6 times larger than the mean grain size are obtained for a narrow range of threshold
angles where about 40%–60% of the boundaries are highly mobile with mobility ratios of at least 100.
AGG with a well-developed bimodal grain structure can readily occur for mobility ratios as low as 5 in
the two-grain type system when the fraction of growing B grains with high-mobility boundaries is
sufficiently small. The maximum grain size depends primarily on the distance between the growing
grains. In the present simulations, a maximum grain size of 14 times larger than the apparent mean
grain size has been obtained when 0.4% of the initial grains can grow abnormally. The two-grain
type simulations lead, however, to rather unrealistic circular shapes of the abnormally large grains.
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This aspect can be mitigated when introducing a third grain type in the system where the growing
grains are not completely surrounded by highly mobile boundaries. Realistic shapes of abnormally
growing grains can be obtained including the formation of island grains for a range of conditions with
a sufficiently high fraction of highly mobile boundaries while maintaining a critical amount of the
third grain type. Furthermore, the PFM simulations leading to truly abnormal grains are quantitatively
similar to MC simulation results by DeCost and Holm [2], as verified with a benchmark simulation.

To establish in more detail AGG conditions, it may be useful to apply machine-learning techniques
to the analysis of simulation data bases for the three-grain type systems. So far, all the simulations
have been conducted in 2D and provide an important insight into 2D abnormal grain growth observed
e.g., in thin films [25–28]. The simulation results also provide guidance for future 3D simulations to
specify in more detail AGG conditions for bulk materials. Furthermore, the above studies apply to
pure systems but can be further extended to include the role of precipitate pinning as well as solute
drag, which will add complexity to the analysis.

Author Contributions: The conceptualization of this work was provided by M.M. and M.P. The methodology
was proposed by M.M. and Y.L. conducted all simulations including data analysis, validation and visualization.
The original draft of the paper was prepared by Y.L. The manuscript was reviewed and edited by M.M. and M.P.
The work was supervised by M.M. who administered the project and facilitated the funding acquisition.

Funding: The financial support of the Natural Sciences and Engineering Research Council of Canada (NSERC)
through the Discovery Grants program (Grant Number: RGPIN-2015-04259) is greatly acknowledged.

Acknowledgments: We thank Brian DeCost and Elizabeth Holm for providing the initial structures of the MC
simulations and many helpful discussions. We also express our gratitude to Ali Khajezade for his help in data
analysis and finalizing editorial details.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.

References

1. Humphreys, F.; Hatherly, M. Recrystallization and Related Annealing Phenomena, 2nd ed.; Elsevier: Oxford, UK,
2004. [CrossRef]

2. DeCost, B.L.; Holm, E.A. Phenomenology of abnormal grain growth in systems with nonuniform grain
boundary mobility. Metall. Mater. Trans. A 2017, 48, 2771–2780. [CrossRef]

3. Choi, J.S.; Yoon, D.Y. The temperature dependence of abnormal grain growth and grain boundary faceting in
316L stainless steel. ISIJ Int. 2001, 41, 478–483. [CrossRef]

4. Guo, W.; Mao, W. Abnormal growth of Goss grains in grain-oriented electrical steels. J. Mater. Sci. Technol.
2010, 26, 759–762. [CrossRef]

5. Park, H.; Kim, D.Y.; Hwang, N.M.; Joo, C.; Han, C.H.; Kim, J.K. Microstructural evidence of abnormal grain
growth by solid-state wetting in Fe-3%Si steel. J. Appl. Phys. 2004, 95, 5515–5521. [CrossRef]

6. Oliveira, V.B.; Sandim, H.R.Z.; Raabe, D. Abnormal grain growth in Eurofer-97 steel in ferrite phase field.
J. Nucl. Mater. 2017, 485, 23–28. [CrossRef]

7. Wang, F.; Strangwood, M.; Davis, C. Grain growth during reheating of HSLA steels with a narrow segregation
separation. Mater. Sci. Technol. 2019, 35, 1963–1976. [CrossRef]

8. Liu, Z.Y.; Bao, Y.P.; Wang, M.; Li, X.; Zeng, F.Z. Austenite grain growth of medium-carbon steels with
aluminum additions during heating process. Int. J. Miner. Metall. Mater. 2019, 26, 282–290. [CrossRef]

9. Park, H.K.; Han, C.H.; Park, C.S.; Park, J.T.; Joo, H.D. Abnormal grain growth induced by grain boundary
segregation of yttrium in grain-oriented Fe-3%Si steel. Mater. Charact. 2018, 146, 204–208. [CrossRef]

10. Fang, F.; Zhang, Y.X.; Lu, X.; Wang, Y.; Lan, M.F.; Yuan, G.; Misra, R.D.K.; Wang, G.D. Abnormal growth of
{100} grains and strong Cube texture in strip cast Fe-Si electrical steel. Scr. Mater. 2018, 147, 33–36. [CrossRef]

11. Su, C.; Zhao, G.; Xiao, H.; Lan, Y.; Huang, F. Abnormal grain growth in Hi-B steel in the secondary
recrystallization. Metall. Microstr. Anal. 2018, 7, 608–617. [CrossRef]

12. Dennis, J.; Bate, P.S.; Humphreys, F.J. Abnormal grain growth in Al-3.5Cu. Acta Mater. 2009, 57, 4539–4547.
[CrossRef]

http://dx.doi.org/10.1016/B978-0-08-044164-1.X5000-2
http://dx.doi.org/10.1007/s11661-016-3673-6
http://dx.doi.org/10.2355/isijinternational.41.478
http://dx.doi.org/10.1016/S1005-0302(10)60120-X
http://dx.doi.org/10.1063/1.1712012
http://dx.doi.org/10.1016/j.jnucmat.2016.12.019
http://dx.doi.org/10.1080/02670836.2019.1658440
http://dx.doi.org/10.1007/s12613-019-1736-6
http://dx.doi.org/10.1016/j.matchar.2018.09.047
http://dx.doi.org/10.1016/j.scriptamat.2017.12.034
http://dx.doi.org/10.1007/s13632-018-0467-9
http://dx.doi.org/10.1016/j.actamat.2009.06.018


Materials 2019, 12, 4048 18 of 20

13. Jana, S.; Mishra, R.S.; Baumann, J.A.; Grant, G. Effect of process parameters on abnormal grain growth
during friction stir processing of a cast Al alloy. Mater. Sci. Eng. A 2010, 528, 189–199. [CrossRef]

14. Lee, S.B.; Yoon, D.Y.; Henry, M.F. Abnormal grain growth and grain boundary faceting in a model Ni-base
superalloy. Acta Mater. 2000, 48, 3071–3080. [CrossRef]

15. Pedrazas, N.A.; Buchheit, T.E.; Holm, E.A.; Taleff, E.M. Dynamic abnormal grain growth in tantalum.
Mater. Sci. Eng. A 2014, 610, 76–84. [CrossRef]

16. Garcin, T.; Schmitt, J.H.; Militzer, M. In-situ laser ultrasonic grain size measurement in superalloy INCONEL
718. J. Alloy. Compd. 2016, 670, 329–336. [CrossRef]

17. Bae, I.J.; Baik, S. Abnormal grain growth of alumina. J. Am. Ceram. Soc. 1997, 80, 1149–1156. [CrossRef]
18. Dillon, S.J.; Harmer, M.P. Diffusion controlled abnormal grain growth in ceramics. Mater. Sci. Forum 2007,

558–559, 1227–1236. [CrossRef]
19. Emoto, H.; Mitomo, M. Control and characterization of abnormally grown grains in silicon nitride ceramics.

J. Eur. Ceram. Soc. 1997, 17, 797–804. [CrossRef]
20. Lawrence, A.; Rickman, J.M.; Harmer, M.P.; Rollett, A.D. Parsing abnormal grain growth. Acta Mater. 2016,

103, 681–687. [CrossRef]
21. Rheinheimer, W.; Hoffmann, M.J. Grain growth transitions of pervoskite ceramics and their relationship to

abnormal grain growth and bimodal microstructures. J. Mater. Sci. 2016, 51, 1756–1765. [CrossRef]
22. Braun, C.; Dake, J.M.; Krill, C.E., III; Birringer, R. Abnormal grain growth mediated by fractal boundary

migration at the nanoscale. Sci. Rep. 2018, 8, 1592. [CrossRef] [PubMed]
23. Furnish, T.A.; Bufford, D.C.; Ren, F.; Mehta, A.; Hattar, K.; Boyce, B.L. Evidence that abnormal grain growth

precedes fatigue crack initiation in nanocrystalline Ni-Fe. Scr. Mater. 2018, 143, 15–19. [CrossRef]
24. Long, J.Z.; Pan, Q.S.; Tao, N.R.; Lu, L. Abnormal grain coarsening in cyclically deformed gradient nanograined

Cu. Scr. Mater. 2018, 145, 99–103. [CrossRef]
25. Donaldson, O.K.; Hattar, K.; Kaub, T.; Thompson, G.B.; Trelewicz, J.R. Solute stabilization of nanocrystalline

tungsten against abnormal grain growth. J. Mater. Res. 2018, 33, 68–80. [CrossRef]
26. Moriyama, M.; Matsunaga, K.; Morita, T.; Tsukimoto, S.; Murakami, M. The effect of strain distribution on

abnormal grain growth in Cu thin films. Mater. Trans. A 2004, 45, 3033–3038. [CrossRef]
27. Greiser, J.; Müllner, P.; Arzt, E. Abnormal growth of “giant” grains in silver thin films. Acta Mater. 2001, 49,

1041–1050. [CrossRef]
28. Selyokov, R.V.; Naumov, V.V.; Vasilev, S.V. The influence of film thickness on annealing-induced grain growth

in Pt films. Tech. Phys. 2018, 63, 900–907. [CrossRef]
29. Park, J.Y.; Szpunar, J.A. Influence of the primary recrystallization texture on abnormal grain growth of Goss

grains in grain oriented electrical steels. Mater. Sci. Forum 2002, 408–412, 821–826. [CrossRef]
30. Li, J.H.; Yuan, C.Y.; Mu, X.; Bao, X.Q.; Gao, X.X. Enhancement of ductility and improvement of abnormal

Goss grain growth of magnetostrictive Fe-Ga rolled alloys. Int. J. Miner. Metall. Mater. 2018, 25, 444–452.
[CrossRef]

31. Vollmer, M.; Arold, T.; Kriegel, M.J.; Klemm, V.; Degener, S.; Freudenberger, J.; Niendorf, T. Promoting
abnormal grain growth in Fe-based shape memory alloys through compositional adjustments. Nat. Commum.
2019, 10, 2337. [CrossRef]

32. Kusama, T.; Omori, T.; Saito, T.; Kise, S.; Tanaka, T.; Araki, Y.; Kainuma, R. Ultra-large single crystals by
abnormal grain growth. Nat. Commum. 2017, 8, 354. [CrossRef] [PubMed]

33. Dargatz, B.; Gonzalez-Julian, J.; Bram, M.; Shinoda, Y.; Wakai, F.; Guillon, O. FAST/SPS sintering of
nanocrystalline zinc oxide—Part II: Abnormal grain growth, texture and grain anisotropy. J. Eur. Ceram. Soc.
2016, 36, 1221–1232. [CrossRef]

34. Shahraki, M.M.; Golmohammad, M.; Safaee, I.; Chermahini, M.D. The control of abnormal grain growth in
low-voltage SnO2 varistors by microseed addition. Ceram. Int. 2018, 44, 3388–3393. [CrossRef]

35. Tkach, A.; Resende, J.; Saravanan, K.V.; Costa, M.E.; Diaz-Chao, P.; Guilmeau, E.; Okhay, O.; Vilarinho, P.M.
Abnormal grain growth as a method to enhance the thermoelectric performance of Nb-doped strontium
titanate ceramics. ACS Sustain. Chem. Eng. 2018, 6, 15988–15994. [CrossRef]

36. Su, J.; Huang, X.; Song, Z.; Xiu, T.; Badding, M.E.; Jin, J.; Wen, Z. Overcoming the abnormal grain growth
in Ga-doped Li7La3Zr2O12 to enhance the electrochemical stability against Li metal. Ceram. Int. 2019, 45,
14991–14996. [CrossRef]

http://dx.doi.org/10.1016/j.msea.2010.08.049
http://dx.doi.org/10.1016/S1359-6454(00)00119-1
http://dx.doi.org/10.1016/j.msea.2014.05.031
http://dx.doi.org/10.1016/j.jallcom.2016.01.222
http://dx.doi.org/10.1111/j.1151-2916.1997.tb02957.x
http://dx.doi.org/10.4028/www.scientific.net/MSF.558-559.1227
http://dx.doi.org/10.1016/S0955-2219(96)00139-2
http://dx.doi.org/10.1016/j.actamat.2015.10.034
http://dx.doi.org/10.1007/s10853-015-9535-6
http://dx.doi.org/10.1038/s41598-018-19588-4
http://www.ncbi.nlm.nih.gov/pubmed/29371608
http://dx.doi.org/10.1016/j.scriptamat.2017.08.047
http://dx.doi.org/10.1016/j.scriptamat.2017.10.019
http://dx.doi.org/10.1557/jmr.2017.296
http://dx.doi.org/10.2320/matertrans.45.3033
http://dx.doi.org/10.1016/S1359-6454(00)00372-4
http://dx.doi.org/10.1134/S106378421806018X
http://dx.doi.org/10.4028/www.scientific.net/MSF.408-412.821
http://dx.doi.org/10.1007/s12613-018-1590-y
http://dx.doi.org/10.1038/s41467-019-10308-8
http://dx.doi.org/10.1038/s41467-017-00383-0
http://www.ncbi.nlm.nih.gov/pubmed/28842571
http://dx.doi.org/10.1016/j.jeurceramsoc.2015.12.008
http://dx.doi.org/10.1016/j.ceramint.2017.11.129
http://dx.doi.org/10.1021/acssuschemeng.8b03875
http://dx.doi.org/10.1016/j.ceramint.2019.04.236


Materials 2019, 12, 4048 19 of 20

37. Guo, Y.; Liu, Z.; Huang, Q.; Lin, C.T.; Du, S. Abnormal grain growth of UO2 with pores in the final stage of
sintering: A phase field study. Comput. Mater. Sci. 2018, 145, 24–34. [CrossRef]

38. Wang, X.; Huang, Z.; Cai, B.; Zhou, N.; Magdysyuk, O.; Gao, Y.; Srivatsa, S.; Tan, L.; Jiang, L. Formation
mechanism of abnormally large grains in polycrystalline nickel-based superalloy during heat treatment
processing. Acta Mater. 2019, 168, 287–298. [CrossRef]

39. Aoki, C.; Ueno, T.; Ohno, T.; Oikawa, K. Influence of hot-working conditions on grain growth of superalloy
718. J. Mater. Process. Tech. 2019, 267, 26–33. [CrossRef]

40. Grest, G.S.; Anderson, M.P.; Srolovitz, D.J.; Rollett, A.D. Abnormal grain growth in three dimensions.
Scr. Metall. Mater. 1990, 24, 661–665. [CrossRef]

41. Andersen, I.; Grong, Ø.; Ryum, N. Analytical modelling of grain growth in metals and alloys in the presence
of growing and dissolving precipitates—II. Abnormal grain growth. Acta Metall. Mater. 1995, 43, 2689–2700.
[CrossRef]

42. Rollett, A.D.; Mullins, W.W. On the growth of abnormal grains. Scr. Mater. 1997, 36, 975–980. [CrossRef]
43. Holm, E.A.; Hoffmann, T.D.; Rollett, A.D.; Roberts, C.G. Particle-assisted abnormal grain growth. IOP Conf.

Ser. Mater. Sci. Eng. 2015, 89, 012005. [CrossRef]
44. Rheinheimer, W.; Hoffmann, M.J. Non-Arrhenius behavior of grain growth in strontium titanate:

New evidence for a structural transition of grain boundaries. Scr. Mater. 2015, 101, 68–71. [CrossRef]
45. Dillon, S.J.; Tang, M.; Carter, W.C.; Harmer, M.P. Complexion: A new concept for kinetic engineering in

materials science. Acta Mater. 2007, 55, 6208–6218. [CrossRef]
46. Kim, S.G.; Park, Y.B. Grain boundary segregation, solute drag and abnormal grain growth. Acta Mater. 2008,

56, 3739–3753. [CrossRef]
47. Abbruzzese, G.C.; Forzanti, C. Homogeneous abnormal grain growth in polycrystalline materials.

Mater. Sci. Forum 2012, 706–709, 1355–1360. [CrossRef]
48. Williamson, A.; Delplanque, J.P. Investigation of dynamic abnormal grain growth using the Monte Carlo

Potts method. Comput. Mater. Sci. 2016, 124, 114–129. [CrossRef]
49. Park, C.S.; Na, T.W.; Park, H.K.; Lee, B.J.; Han, C.H.; Hwang, N.M. Three-dimensional Monte Carlo simulation

for the effect of precipitates and sub-boundaries on abnormal grain growth. Scr. Mater. 2012, 66, 398–401.
[CrossRef]

50. Ivasishin, O.; Shevchenko, S.; Semiatin, S. Modeling of abnormal grain growth in textured materials.
Scr. Mater. 2004, 50, 1241–1245. [CrossRef]

51. Syha, M.; Weygand, D. Conditions for the occurrence of abnormal grain growth studied by a 3 D vertex
dynamics model. Mater. Sci. Forum 2012, 715–716, 563–567. [CrossRef]

52. Tamaki, T.; Murakami, K.; Ushioda, K. Proposal of grain growth model based on two-dimensional local
curvature multi-vertex model in the presence of pinning particles. ISIJ Int. 2016, 56, 1857–1865. [CrossRef]

53. Suwa, Y.; Saito, Y.; Onodera, H. Three-dimensional phase field simulation of the effect of anisotropy in
grain-boundary mobility on growth kinetics and morphology of grain structure. Comput. Mater. Sci. 2007,
40, 40–50. [CrossRef]

54. Ko, K.J.; Cha, P.R.; Srolovitz, D.; Hwang, N.M. Abnormal grain growth induced by sub-boundary-enhanced
solid-state wetting: Analysis by phase-field model simulations. Acta Mater. 2009, 57, 838–845. [CrossRef]

55. Suwa, Y.; Saito, Y.; Onodera, H. Phase-field simulation of abnormal grain growth due to inverse pinning.
Acta Mater. 2007, 55, 6881–6894. [CrossRef]

56. Kim, J.M.; Min, G.; Shim, J.H.; Lee, K.J. Effect of time-dependent pinning pressure on abnormal grain growth:
Phase field simulation. Met. Mater. Int. 2018, 24, 549–559. [CrossRef]

57. Mamivand, M.; Zaeem, M.A.; El Kadiri, H. A review on phase field modeling of martensitic phase
transformation. Comput. Mater. Sci. 2013, 77, 304–311. [CrossRef]

58. Zhu, B.; Chen, H.; Militzer, M. Phase-field modeling of cyclic phase transformations in low-carbon steels.
Comput. Mater. Sci. 2015, 108, 333–341. [CrossRef]

59. Takaki, T.; Hirouchi, T.; Hisakuni, Y.; Yamanaka, A.; Tomita, Y. Multi-phase-field model to simulate
microstructure evolutions during dynamic recrystallization. Mater. Trans. A 2008, 49, 2559–2565. [CrossRef]

60. Wang, M.; Zong, B.Y.; Wang, G. Grain growth in AZ31 Mg alloy during recrystallization at different
temperatures by phase field simulation. Comput. Mater. Sci. 2009, 45, 217–222. [CrossRef]

61. Kim, H.K.; Kim, S.G.; Dong, W.; Steinbach, I.; Lee, B.J. Phase-field modeling for 3D grain growth based on
a grain boundary energy database. Modell. Simul. Mater. Sci. Eng. 2014, 22, 034004. [CrossRef]

http://dx.doi.org/10.1016/j.commatsci.2017.12.057
http://dx.doi.org/10.1016/j.actamat.2019.02.012
http://dx.doi.org/10.1016/j.jmatprotec.2018.12.002
http://dx.doi.org/10.1016/0956-716X(90)90219-7
http://dx.doi.org/10.1016/0956-7151(94)00489-5
http://dx.doi.org/10.1016/S1359-6462(96)00501-5
http://dx.doi.org/10.1088/1757-899X/89/1/012005
http://dx.doi.org/10.1016/j.scriptamat.2015.01.021
http://dx.doi.org/10.1016/j.actamat.2007.07.029
http://dx.doi.org/10.1016/j.actamat.2008.04.007
http://dx.doi.org/10.4028/www.scientific.net/MSF.706-709.1355
http://dx.doi.org/10.1016/j.commatsci.2016.07.025
http://dx.doi.org/10.1016/j.scriptamat.2011.11.045
http://dx.doi.org/10.1016/j.scriptamat.2004.01.036
http://dx.doi.org/10.4028/www.scientific.net/MSF.715-716.563
http://dx.doi.org/10.2355/isijinternational.ISIJINT-2016-182
http://dx.doi.org/10.1016/j.commatsci.2006.10.025
http://dx.doi.org/10.1016/j.actamat.2008.10.030
http://dx.doi.org/10.1016/j.actamat.2007.08.045
http://dx.doi.org/10.1007/s12540-018-0070-2
http://dx.doi.org/10.1016/j.commatsci.2013.04.059
http://dx.doi.org/10.1016/j.commatsci.2015.01.023
http://dx.doi.org/10.2320/matertrans.MB200805
http://dx.doi.org/10.1016/j.commatsci.2008.09.010
http://dx.doi.org/10.1088/0965-0393/22/3/034004


Materials 2019, 12, 4048 20 of 20

62. Moelans, N.; Wendler, F.; Nestler, B. Comparative study of two phase-field models for grain growth.
Comput. Mater. Sci. 2009, 46, 479–490. [CrossRef]

63. Miyoshi, E.; Takaki, K. Validation of a novel higher-order multi-phase-field model for grain-growth
simulations using aniostropic grain-boundary properties. Comput. Mater. Sci. 2016, 112, 44–51. [CrossRef]

64. Eiken, J.; Böttger, B.; Steinbach, I. Multiphase-field approach for multicomponent alloys with extrapolation
scheme for numerical application. Phys. Rev. E 2006, 73, 066122. [CrossRef] [PubMed]

65. Mackenzie, J.K. Second paper on statistics associated with the random disorientation of cubes. Biometrika
1958, 45, 229–240. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.commatsci.2009.03.037
http://dx.doi.org/10.1016/j.commatsci.2015.10.010
http://dx.doi.org/10.1103/PhysRevE.73.066122
http://www.ncbi.nlm.nih.gov/pubmed/16906929
http://dx.doi.org/10.1093/biomet/45.1-2.229
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methodology 
	Results 
	Mobility Advantage through Critical Disorientation Angle 
	Mobility Advantage in Two-Grain Type Systems 
	Mobility Advantage in Three-Grain Type Systems 
	Comparison with Monte Carlo Simulation 

	Discussion 
	Conclusions 
	References

