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Abstract

If variety is the spice of life, then abnormal grain growth (AGG) may be
the materials processing equivalent of sriracha sauce. Abnormally growing
grains can be prismatic, dendritic, or practically any shape in between. When
they grow at least an order of magnitude larger than their neighbors in the
matrix—a state we call extreme AGG—we can examine the abnormal/matrix
interface for clues to the underlying mechanism. Simulating AGG for vari-
ous formulations of the grain boundary (GB) equation of motion, we show
thatanisotropies in GB mobility and energy leave a characteristic fingerprint
in the abnormal/matrix boundary. Except in the case of prismatic growth,
the morphological signature of most reported instances of AGG is consis-
tent with a certain degree of GB mobility variability. Open questions remain,
however, concerning the mechanism by which the corresponding growth ad-
vantage is established and maintained as the GBs of abnormal grains advance
through the matrix.
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1. INTRODUCTION
1.1. Defining Abnormal Grain Growth

Abnormal grain growth (AGG) is surprisingly difficult to define. AGG occurs when a few grains
in a polycrystalline material grow at the expense of all the others. This alone does not distinguish
AGG from normal grain growth (NGG), however, since during NGG it is also the case that
some grains grow while others shrink. A differentiating feature of AGG is the disproportionate
growth of a certain fraction of grains—the abnormal component—to the point that a bimodal
grain size distribution (GSD) develops and persists over time (1-3). But even this distinction is
not unambiguous: When only a few abnormal grains are present or their size advantage is small,
the abnormal grain peak in the GSD may be dwarfed by the normal peak such that AGG may not
be statistically apparent.

On the other hand, AGG can sometimes be microstructurally obvious, as in the examples shown
in Figure 1. Even though the abnormally large grains visible in these micrographs take on a variety
of sizes and morphologies, their anomalous nature is unmistakable. In this review, we focus on
instances of what we shall call extreme AGG, which occurs when the abnormal grains attain and
maintain a size that is at least an order of magnitude larger than that of the normal grains in the
polycrystal. If, at a given time #, we group all abnormally growing grains (a) into a set of grain
sizes {R, ()} and the remaining grains—the matrix (m)—into the complementary set {R,()}, then
we identify the occurrence of extreme AGG by fulfillment of the condition (R,(¢)) > 10{Ry,(#)),
whereby (-) denotes an appropriate average (3). By focusing on such obvious cases of AGG, we
sidestep the challenging task of distinguishing weak manifestations of abnormality (in particular,
during incipient stages of AGG) from transient periods of NGG (4). Even more importantly,
we anticipate that measurable ramifications of the mechanisms underlying AGG will be most
pronounced at the extreme limit, which should facilitate relating characteristics of the resulting
microstructure to physical processes. Note that the phenomenological signature of extreme AGG
may be lost if the subpopulation of abnormally growing grains manages to consume nearly all of
the matrix, since, once this point has been reached, the GSD will likely have reverted to a unimodal
shape.

As Figure 1 illustrates, few phenomena associated with materials processing rival the sheer
morphological diversity induced by AGG, with abnormally growing grains sometimes emerg-
ing from a sea of smaller grains in the form of large, faceted structures, such as plates or cubes
(Figure la—c) (5-7); roughly equiaxed regions bounded by gently curved faces, rather like highly
magnified versions of the smaller neighboring grains (Figure 1d-f) (8-10); or—perhaps most
strikingly—dendritic structures, the shapes of which suggest tentacular penetration by an abnor-
mal grain into its surroundings, reminiscent of the manner in which a tumor cell invades nearby
tissue (Figure 1g-/) (11-16). Despite the marked differences in abnormal grain morphology in
each case, the telltale sign of AGG is the much faster coarsening of the abnormal component
relative to the remaining grains in the polycrystal.

The wide variety of AGG microstructures has led to a corresponding diversity in terminology
for what is essentially the same phenomenon. Cyril Stanley Smith referred to “runaway grains”
(17, pp. 152-53), although this nomenclature was not widely adopted. AGG has also been called
“secondary grain growth” (18), “discontinuous grain growth” (19-22), or “secondary recrystal-
lization” (3, 23, 24). Complicating matters, some of these terms are used when discussing only a
particular subset of AGG phenomena, sometimes in contradictory ways. For example, secondary
recrystallization can refer to surface energy—-driven AGG (23), especially in the context of elec-
tronic materials, or to AGG governed by grain boundary (GB) properties (24), particularly when
it occurs in transformer steels. Of course, as pointed out by Raabe (3), secondary recrystallization
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does not denote a form of recrystallization but rather one of grain growth. Here, we employ
the term AGG to encompass the entire gamut of abnormal growth processes, and we treat the
different flavors as subtypes of the overall phenomenon.

It should be noted that various aspects of recrystallization can resemble characteristics of ex-
treme AGG. In fact, recrystallization can be considered to be a type of AGG that is driven by the
removal of stored strain energy (dislocations). Because recrystallization is studied as a distinct and

a AlLO; b  Electrodeposited Ni C BaTiO;

www.annualreviews.org o Extreme Abnormal Grain Growth

A Review in Advance first posted on
(R May 1, 2023. (Changes may still
occur before final publication.)

.50].1m

(Caption appears on following page)

153



Annu. Rev. Mater. Res. 2023.53. Downloaded from www.annualreviews.org
Access provided by Carnegie Mellon University on 05/22/23. For personal use only.

MR53CH15_Krill ARjats.cls

April 19,2023 14:43

Figure 1 (Figure appears on preceding page)

Experimental examples of extreme abnormal grain growth, as observed in a variety of materials. In the first row (4—c), the abnormal
grains appear to grow as if decoupled from the matrix. The abnormal grains of the second row (4—f) take on comparatively more
circular and compact shapes, almost as if they represent highly magnified versions of the matrix grains. The abnormal grains visible in
the remaining micrographs (g—/) manifest quite irregular morphologies. At their outer edges, the abnormal grains have tentacle-like
protrusions that extend into the matrix; moreover, the grain interiors are marked by island grains that appear to have been cut off or
orphaned by the rapid expansion of the abnormal grain. Panels d—/ are arranged in order of decreasing circularity of the abnormal grain
(see Section 3.2). Panels 4, ¢, d, i, and / adapted from References 5, 7, 8, 13, and 16, respectively, with permission from Elsevier. Panel &
adapted from Reference 6 with permission from Taylor & Francis. Panel ¢ adapted with permission from Reference 9; copyright 2003
American Ceramic Society. Panels fand 4 adapted from References 10 and 12, respectively, with permission from Springer. Panel g
adapted from Reference 11 with permission from Trans Tech Publications. Panel j adapted from Reference 14 with permission from
AIP Publishing. Panel k adapted from Reference 15 with permission from the authors.

well-defined phenomenon—one that has been extensively reviewed elsewhere (2, 3)—we neither
classify it as AGG nor include it in this review, except where needed to contrast with AGG.
Finally, in this review, we focus on AGG in bulk materials, which is driven by the elimination
of excess energy stored in GBs. This covers a broad range of AGG scenarios, but it necessarily
excludes some important cases. For example, AGG in textured thin films is often driven by the re-
duction in surface energy. This mode of AGG is widely observed and well understood (18, 25-27),
so we do not treat it here. Likewise, AGG may be driven by volumetric driving forces, such as strain
fields (28), stress fields (21), phase transformations (29), or magnetic coupling (30). Since these
cases proceed more analogously to phase transformations, they are not addressed in this review.

1.2. Technological Implications of Abnormal Grain Growth

Predicting if and when AGG will occur in a given system has long been a holy grail of materi-
als processing. The technological motivation behind resolving this issue stems from the largely
deleterious properties associated with bimodality of the GSD. In ductile materials, the Hall-Petch
relation (31) indicates that larger grains tend to be mechanically softer than smaller counterparts
of the same composition, which means that, when subjected to an applied load, the interfaces
between abnormal and matrix grains are likely to deform inhomogeneously, leading to the forma-
tion of internal cracks (32). In brittle materials, large grains may be critical flaws from the point
of view of fracture toughness (33). Even under conditions of low loading, the mere presence of
a few large grains embedded in a much finer matrix can have negative consequences, such as the
roping discovered in certain Al alloys considered by automobile manufacturers for possible use
in body panels (34). Rolling elongates the abnormal grains, which then recrystallize into bands of
finer grains sharing a similar orientation. The resulting inhomogeneity is readily noticeable in the
form of paint-brush lines (35), which are contours visible even after the panel surfaces have been
painted.

Conversely, there are instances in which AGG is actually found to be beneficial, such as when it
facilitates the growth of low-resistivity Cu interconnects (36, 37); when it leads to reduced losses
in the cores of electrical transformers, the application for so-called electrical steels (38, 39); when
it enhances recoverability in shape-memory alloys (40); or when it contributes to improved mag-
netostrictive properties (41). In ceramic materials, the abnormal growth of elongated grains has
been found to increase fracture toughness by the crack-bridging mechanism (42). A highly bi-
modal GSD improves the ductility of bulk specimens of Cu rolled at liquid nitrogen temperature
followed by a short annealing step at 200°C, which triggers recrystallization and AGG (43, 44).
When cycled, such thermomechanical treatments can induce dynamic AGG (28), which has been
exploited to grow ultralarge single crystals (45-47). In most of these cases, however, the pivotal
role played by AGG turned out to be a fortuitous discovery rather than a feature deliberately
designed into the processing route.
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1.3. A Taxonomy of Microstructures Generated by Extreme Abnormal
Grain Growth

The micrographs collected in Figure 1 attest to the wide variety of microstructures that can arise
from extreme AGG. A possible classification scheme could be based on a comparison of the cur-
vature of interfaces between abnormal and matrix grains with the curvature of interfaces between
matrix grains. In cases such as those shown in Figure 1a—c, most parts of the abnormal/matrix
interface are faceted or nearly flat, whereas the matrix/matrix boundaries have mean curvatures
comparable to (R,)~!. The opposite limiting case is represented by the representative microstruc-
tures shown in Figure 1g-/, for which the interfaces between abnormal and matrix grains appear
to be just as convoluted locally as typical segments of the GB network in the matrix region. The
intermediate case of moderately curved abnormal/matrix boundaries is also possible, as shown in
Figure 1d4—-f.

Any mechanism that purports to capture the physics underlying a particular form of extreme
AGG will necessarily have to account for the morphology of the abnormal/matrix interface—in
particular, in comparison to that of matrix/matrix GBs in the same specimen. The huge variation
in observed abnormal GB morphologies suggests the likely existence of more than one cause for
extreme AGG. Whatever that cause may be, it is clear that an abnormal grain can emerge from the
matrix only by comparatively much faster migration of the abnormal/matrix interface; logically, it
follows that one or more of the properties of those particular GBs—be they structural, thermody-
namic, or kinetic—must play a critical role in the occurrence of AGG. In extreme cases, it may be
possible to detect the property or properties of greatest relevance to AGG simply by examining
which abnormal/matrix GB characteristics diverge most severely from those of matrix/matrix GBs.

2. PHENOMENOLOGY OF ABNORMAL GRAIN GROWTH

One reason for the difficulty of predicting when grain growth will proceed abnormally versus nor-
mally can be traced to the fact that, in both cases, the microstructure of a polycrystalline specimen
evolves to lower the excess free energy AGS® stored in the network of GBs (2). (As noted above,
we exclude coarsening driven primarily by strain energy—i.e., recrystallization—or by other ener-
gies stored in grain volumes rather than their boundaries.) Consequently, there is no fundamental
physical difference in the driving force—more correctly, the driving pressure—acting on GBs
during AGG and NGG.

The quantity AG®E can be expressed as the (average) excess energy per unit of GB area, y,
multiplied by the overall GB area, A9B.! If we stipulate a fixed value for y, then the only possibil-
ity for a given GB to minimize its contribution to AGS® would be by migrating so as to reduce
its area—for instance, by flattening out curved regions or by shrinking (perhaps to the point of
disappearance). Regardless of whether this process proceeds normally or abnormally, once GB mi-
gration has resulted in a grain having surrendered all of its atoms to neighboring grains, the former
ceases to exist, and the specimen will have moved closer toward the single-crystalline ground state
(i.e., AGSE = 0).

Citing experimental evidence for the migration of a curved GB toward its center of curvature
(49), Burke & Turnbull (50) postulated the existence of a curvature-based driving force for GB
migration, y - x(r), where «(r) denotes the mean curvature at a given point r on the GB. The

IMore precisely, the free energy driving force for boundary motion involves the GB stiffness (48), which in-
cludes contributions from the boundary plane normal. As noted for y, the GB stiffness can vary with position
and may entail considerable anisotropy. For the sake of consistency with established conventions in the liter-
ature on grain growth, we refer to the driving force as the product of the GB energy y and the curvature «,
understanding that additional stiffness terms may nevertheless be relevant.
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translational speed v©E(r) of this GB location is assumed to be linearly proportional to the driving
force acting at that point,

v () = u(r) - y (@) - (o), L.

wherein the constant of proportionality u is called the GB mobility, and, in general, u and y
can each vary with the location r. Computational implementations of the simplest possible real-
ization of Equation 1—in which both px(r) = 1 and y(r) = y are held constant over the entire
network of GBs (sometimes called the assumption of ideal grain growth)—find that the GSD in-
variably evolves toward a unimodal shape, even if the starting grain configuration is highly bimodal
(51). In addition, there are no signs of incipient abnormality in the growth behavior of individ-
ual grains, even when the latter happen to start out much larger than their neighbors (52, 53). In
fact, under mean-field conditions for the ideal growth case, it has been proven analytically that
a polycrystalline microstructure must evolve asymptotically toward the GSD dictated by NGG
(25, 59).

Evidently, the emergence of AGG cannot be encoded in the equation of motion for GBs
(Equation 1) solely in terms of the distribution of GB curvatures «(r), as pure curvature flow
tends toward NGG. The origin of abnormality, then, must somehow be traceable to certain
characteristics of y (r) and/or w(r) [in addition to « (r)].

2.1. Grain-Based Criteria for Abnormal Grain Growth

Before investigating the extent to which specific modifications of Equation 1 can induce AGG, we
consider the general conditions for AGG that are imposed by the phenomenology of the process
itself. The characteristic indicator for AGG is the faster growth of a subpopulation of grains that
persists over time. Let R denote the size of a given grain and (R) the (number-weighted) average
grain size. At a given time #, we say that a specific grain is growing abnormally if and only if it
manifests a growth advantage as well as persistence.

2.1.1. Growth advantage. For an abnormal grain (a) growing into a region occupied by matrix
grains (m), the size of the abnormal grain, R,, must increase faster than the average matrix grain
size (Rn). For grain growth in 2D, Rollett & Mullins (54) and Rollett (55) derived the following
mean-field expression for the condition:

dp(t) _ Mmm Ymm A-2 p(t)
&~ 2R, {MF [A+ p(t) ]_T}>O’ >

where p(¢) denotes the ratio R,/{(Ry) at time 7 and Umym and yum are the mobility and

energy, respectively, of GBs between two matrix grains (mm). Abnormal/matrix (am) bound-
aries enter Equation 2 through the ratios M = pym/fmm and I' = Yum/Ymm, and A stands for
(6/7)sin"'[1/Q2I)]. The sign of the right-hand side of this equation is determined by the expres-
sion in braces, whereby M > 1 (the abnormal grain has higher-mobility boundaries) and I" <1
(the abnormal grain has lower-energy boundaries) expand the range in p over which AGG is ob-
served (54)—a conclusion that holds for grain growth in 3D, as well. It is worth noting that the
growth advantage in Equation 2 is intrinsically time-limited; the form of the equation ensures
that the growth advantage peaks at a particular time determined by M and I, remaining stable or
decreasing thereafter (56).

2.1.2. Persistence. Even inaunimodal GSD induced by NGG, there will always be a few grains
that, at any given instant, happen to be growing faster than the average grain size; in other words,

they fulfill Equation 2 at a particular time 7. However, if such a grain has grown significantly

Krill et al.



Annu. Rev. Mater. Res. 2023.53. Downloaded from www.annualreviews.org
Access provided by Carnegie Mellon University on 05/22/23. For personal use only.

MRS53CHI15_Kirill ARjats.cls April 19,2023 14:43

larger than its neighbors, it must have maintained this growth advantage over a range of times
[to, #] sufficient to reach a grain size much greater than (R,,). During this time interval, the ab-
normally growing grain consumes matrix grains in its immediate vicinity and impinges upon new
neighbors. In the Rollett—Mullins model, all matrix grains are equivalent, so the evolving mi-
crostructural environment does not change the abnormal grain’s growth trajectory. However, in
real microstructures, any modifications of the abnormal grain’s surroundings may alter its ability
to persist in comparatively rapid growth.

2.2. The Nature of the Growth Advantage

A bimodal GSD—and thus AGG—can arise in a given polycrystalline microstructure only if
a subpopulation of grains meets the condition outlined in Section 2.1.1 as well as the one in
Section 2.1.2; that is, the abnormal component must be able to capitalize on some form of
growth advantage, while simultaneously exploiting a mechanism to maintain this advantage as
the microstructural environment evolves.

In order for grains to grow spontaneously, the process must be thermodynamically favored. For
grain growth driven by the elimination of GB free energy, this requirement can be projected onto
individual grains, resulting in the condition that a given grain will grow only if the mean boundary
curvature integrated over all of its boundaries is positive (57). In practice, this is usually correlated
with having a larger-than-average size. As long as its boundaries are mobile, a grain fulfilling this
criterion will grow during NGG, but this does not guarantee that the grain in question will grow
faster than the average grain size—that is, abnormally. To manifest the kind of growth advantage
needed for AGG, the candidate grain must be thermodynamically favored to grow and have an
additional energetic or kinetic advantage that enables it to grow faster than the other grains in the
polycrystal.

Thus, even though a persistent gap in size between abnormal grains and their matrix coun-
terparts is the most prominent indicator for extreme AGG, abnormally rapid growth is best
understood not as a grain-based phenomenon but rather as one occurring on a polycrystal’s net-
work of interconnected GBs. In that vein, we should recast the grain-based formulations of growth
advantage (Section 2.1.1) and persistence (Section 2.1.2) into expressions that depend on the prop-
erties of individual GBs. For this purpose, the Burke-Turnbull equation for curvature-driven GB
migration (Equation 1) provides a helpful starting point, as its component terms are already spe-
cific to individual boundaries. In principle, the quantities appearing on the right-hand side of
Equation 1—the mobility u(r), energy y(r), and curvature « (r)—can vary not only from GB to
GB but also from point to point on the same GB. However, since all locations on, say, the ith
GB in the network must migrate together, it is common to assign average values for the mobility
(u); and energy (y); to each position r; on the same GB. (The simplifications behind ideal grain
growth are even more drastic, of course, since, in that case, (1), = p and (y); = y for all 7.)

We know from experimental measurements (1, 58-61) and atomistic simulations (62—67) that
in real polycrystals both (u); and (y); can vary strongly from GB to GB. In fact, (1), has a dynamic
range covering three or more orders of magnitude (59, 60, 63), and (y); varies over approximately
a factor of 10 (1, 62).2 Therefore, it is relevant to consider the physical basis for growth advantages
potentially conferred by (u); and (y);.

2Owing to the connectivity of the GB network, it is not necessarily the largest values of mobility or energy
that have the greatest impact on grain growth, since the evolution of a local region of the GB network will
generally be governed by the more slowly migrating GBs (68). Even if some of these GBs have the potential to
migrate more quickly, they may be hindered from doing so by virtue of being connected to slower boundaries;

www.annualreviews.org  Extreme Abnormal Grain Growth

15.7



Annu. Rev. Mater. Res. 2023.53. Downloaded from www.annualreviews.org
Access provided by Carnegie Mellon University on 05/22/23. For personal use only.

MR53CH15_Krill

ARjats.cls

April 19,2023 14:43

2.2.1. Growth advantage arising from variations in grain boundary energy. The GB free
energy y is a thermodynamic state variable that depends on the atomic structure of the boundary
(62, 69, 70) as well as on the formation of GB complexions (8), including the adsorption of solute
species at the boundary (71, 72). In addition to these intrinsic thermodynamic factors, there is the
possibility for GBs to occupy nonequilibrium, higher-energy states (especially while moving) (66)
or for different GB structures to be energetically degenerate (73). Note that Equation 2 suggests
that lower-energy GBs (i.e., I < 1) are more conducive to the occurrence of AGG in a particular
region of the GB network despite the proportionality of v©B to y in Equation 1—a relation that
implies a decrease in y would tend to slow down an abnormal/matrix GB.

The intrinsic, or structural, GB energy depends on the crystallographic misorientation between
the two grains that share the boundary (as well as on the GB inclination and any atomic recon-
struction that occurs in the interface). Most GBs of very low energy are either low-misorientation
angle boundaries (69) or associated with special crystallographic relationships between the grains
(74). This has an impact on the GB energy relationships that can arise in a polycrystal. For ex-
ample, it is crystallographically unlikely for a grain to have low-misorientation GBs with a set of
grains that all have high-misorientation GBs with respect to each other (75).> This makes AGG
by boundary wetting or triple-junction intrusion an improbable scenario.

A similar issue arises with the proposed subgrain-boundary-enhanced solid-state wetting (SB-
SSW) mechanism for AGG (77, 78). In metals, it is not uncommon for grains to contain very
low-angle, low-energy GBs (subgrain boundaries) that organize during recovery after deforma-
tion. In the SB-SSW model for AGG, these subgrain boundaries replace higher-energy GBs and,
in so doing, facilitate growth of their parent grain. Considering the subgrain boundary as a GB, we
see that It separates two grains 4’ and A" that have almost identical orientations (and, indeed, are
just slight rotations of the parent grain A). Both 4" and A” share high-angle boundaries with a third
grain B. The SB-SSW process requires the low-angle boundary 4’4" to replace one of the high-
angle boundaries, A'B or A”B. Energetically, this is favored when y(4'4A”) < |y(A'B) — y(A"B)|.
Application of the Read-Shockley GB energy function (69) shows that this scenario is extremely
unlikely.* High-angle boundaries between substantially similar pairs of grains (4'B and 4”B) do
not differ in energy by an amount comparable to that of even a quite low-angle subgrain boundary
(A'A"), so an SB-SSW occurrence would represent a rare event—not one that a given grain could
persist in replicating during AGG. Although the SB-SSW mechanism is thermodynamically fea-
sible, in real microstructures it is not a plausible mechanism for AGG and has not been widely
observed experimentally (80, 81).

For some boundaries, the GB energy can be well approximated by the sum of the energies
of the two abutting crystal planes (82). This is especially relevant in highly covalent materials or
in systems in which a solute or liquid layer separates the two grains. If one of the grains adopts
a low-energy—or even singular (i.e., atomically flat)—boundary plane, it can have an energetic
advantage for growth. Because the grain will grow while preserving the low-energy plane, the
abnormal grain will be strongly faceted, displaying flat faces. Growth here is not by curvature but
by direct consumption of the matrix GBs, as they are swept out by the flat facets (83). The key
point here is that the low-energy boundary plane must be maintained regardless of the matrix

in this case, according to Equation 1, the curvature term will adjust to correspond to the actual (lower) speed
of each GB’s migration.

3The reverse situation—a grain that has high-misorientation GBs with a set of grains that form
low-misorientation GBs with respect to each other—can and does occur in highly textured samples (76).
4Triple line wetting is also possible, with somewhat less restrictive energetic constraints (79). The required
crystallographic relationships remain similar, however.
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grains it encounters. We refer to this scenario as decoupled AGG, and it is illustrated by the
micrographs in Figure 1a-c. Among the unresolved issues plaguing our understanding of this
mode of AGG are the questions of why only certain grains acquire the favored low-energy facets
and what mechanism insulates the low-energy facets from their crystallographic neighborhood. It
is generally supposed that impurities play an important role.

2.2.2. Growth advantage arising from variations in grain boundary mobility. According to
Equation 1, the GB mobility u is a kinetic property that scales the rate of GB migration with
the driving force. In pure materials, i depends on the defect structure of the boundary and the
atomic rearrangements required to move the defects (63, 84, 85). During grain growth, boundary
mobility may be influenced by interactions with bulk defects (86), irradiation (87), faceting (10),
or the process of GB migration itself (84). GB defects may couple with different driving forces
in diverse ways (84). Thus, even in pure materials, the GB mobility may be a complex and time-
varying property. When combined with extrinsic factors, including segregating solutes (88), GB
complexions (8), and GB grooving (89), there is considerable opportunity for GBs to have widely
varying mobilities, as noted in another review in this volume (90). AGG is favored for grains with
high-mobility boundaries.

2.2.3. Combined energetic and kinetic contributions. The pinning of GBs by second-phase
particles is well known to be associated with AGG (91, 92). Both the energetics and the kinetics of
GBs play a part in making this possible. When migrating GBs encounter second-phase particles,
the overall interfacial energy decreases. As Smith & Zener demonstrated (93), a sufficient num-
ber of particle/boundary intersections can overcome the curvature-based driving force and pin a
GB. Because the intersecting particles lower a GB’s area and, consequently, its energy, a particle-
pinned boundary is thermodynamically held in place; it retains its intrinsic mobility, but it cannot
move. If such a GB later regains the ability to migrate, it will have a mobility advantage relative to
the still-pinned GBs, thereby potentially leading to AGG (92, 94). This can be precipitated by a
nonuniform particle distribution (95), the dissolution of pinning particles near the solvus temper-
ature (96, 97), or thermal fluctuations of the boundary itself (98). Essentially, the thermodynamic
pinning of matrix grains provides the unpinned grain with the mobility advantage required for
AGG. A similar situation can occur when solute atoms have segregated to the GBs. Although the
thermodynamic (99) and kinetic (100) effects of solute segregation can hinder boundary migra-
tion,” breakaway from a solute cloud can confer a mobility advantage to the unencambered GB
(102-104).

In real materials, AGG growth advantage mechanisms are often coupled, whether coopera-
tively (e.g., a large grain having high-mobility GBs) or competitively (e.g., high-mobility GBs
having high energies). A strong point of computer simulations is their ability to isolate mecha-
nisms to study their particular effects. The top row of images in Figure 2 shows abnormal grains
generated by various persistent growth advantages, as simulated by the Monte Carlo Potts model
(MCPM), with a superposed cellular automaton (CA) model in the case of decoupled AGG. (These
methods are discussed in greater detail in Section 2.5.) Distinct grain morphologies develop for
the different advantage mechanisms. As noted previously, a size advantage alone does not lead
to AGG, and the resulting grain is large but normal. If a candidate grain is given low-energy
GBs with its neighbors, it acquires a lacy, concave shape, and sharp dihedral angles form at triple
junctions penetrating along matrix/matrix GBs. In contrast, a GB mobility advantage results in
a scalloped, convex grain shape that tends to include peninsulas and islands comprised of matrix

3Tn rare cases, the presence of a segregant species at a GB can have the opposite effect, leading to more rapid
GB migration (101).
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a Size advantage b a8 energy d cs mobility f Decoupled AGG h Bulk energy

Key features:
- Relative size advantage « Concave shape « Convex shape « Faceted « Migration against curvature
is not maintained - Penetration at - Peninsula and - 180° triple junctions - Convoluted boundaries
triple junctions island grains
Figure 2

Abnormal grain morphologies generated by specific (persistent) growth advantages. The top row shows microstructures simulated by
the Monte Carlo Potts model (with a superposed cellular automaton model in the case of decoupled AGG); the insets highlight
characteristic growth features. The bottom row gives examples of similar experimental observations. Starting on the left, (#) a grain
given an initial size advantage does not grow abnormally but rejoins the grain size distribution dictated by normal grain growth. (b,c) A
GB energy advantage (in this case, I" = 0.5) yields an abnormal grain with concave boundaries that penetrate along triple junctions.
(d,¢) In contrast, a GB mobility advantage (here, M = 1,000) leads to roughly convex abnormal/matrix interfaces marked by
peninsula-shaped regions and/or island grains. (f,g) Decoupled AGG is characterized by faceted boundaries and a 180° dihedral angle at
triple junctions. (b,7) A bulk energy advantage (i.e., recrystallization) involves GB migration against curvature and convoluted boundary
morphologies. Micrographs reproduced from (¢) Reference 14 (with permission from AIP Publishing), (¢) Reference 105 (copyright
2019 The Japan Institute of Metals), (g) Reference 106 (with permission from Elsevier), and (7) Reference 107 (copyright 2013 American
Physical Society). Abbreviations: AGG, abnormal grain growth; GB, grain boundary; R, recrystallized grain; D, deformed grains.

grains. When high-mobility GBs are decoupled from the matrix grains, prismatic shapes can grow.
A bulk energy driving force, as encountered during recrystallization, can overcome the GB en-
ergy, yielding convoluted boundary morphologies, the fluctuation spectrum of which can extend
to subgrain length scales. These characteristic features are also observed in experimental systems,
with specific examples shown in the bottom row of Figure 2.

Finally, we should note that it is not necessary for each boundary of an abnormal grain to
have a persistent growth advantage in order for the grain to grow abnormally. As we discuss in
Section 3.2, AGG requires only a certain fraction of an abnormal grain’s boundaries to have an
advantage at any given time, and the shape of the resulting grain will depend on that fraction.

2.3. Reformulating the Growth Advantage in Terms of Grain Boundary Speed

As befits a phenomenon with such diverse manifestations, many different scenarios can give rise
to AGG. The growth advantage may involve energetic, kinetic, or combined contributions, not
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all of which are captured in Equation 2. The common denominator, however, is a grain whose
growth rate outstrips that of its competitors. Thus, assuming that the jth grain is growing abnor-
mally at time 7, we can reformulate the growth advantage criterion in terms of the average speed
of the grain’s abnormal/matrix interfaces, (|vam(#)]);, where averaging is performed over only the
boundaries of grain j, and the absolute value ensures that the migration speed is treated as an
unsigned quantity. Because the speed of a moving boundary is governed by its energy, mobility,
and curvature as well as by its microstructural environment, this framing incorporates thermody-
namic, kinetic, and connectivity factors that affect GB motion. The grain-based criteria for AGG
of Sections 2.1.1 and 2.1.2 can be recast in terms of GB migration rates:

1. With respect to growth advantage, the average speed of abnormally growing grain j’s GBs,
(|vam ()]) j, must be much greater than the average migration speed of matrix/matrix GBs,
{|vmm @)}, at the same moment in time:® (|vam @) > (|vmm@)1)-

2. With respect to persistence, at a given time #, AGG occurs only if a stable subpopulation
of grains has fulfilled the growth advantage criterion over a time interval [ty, #] of sufficient
duration to grow much larger than the matrix grains.

Note that these expressions obscure the fact that the set of abnormal/matrix GBs changes with
time. Whenever an abnormally growing grain consumes one of its neighbors, any interface shared
with that neighbor disappears for good from the GB network; in fact, once the entire complement
of nearest-neighbor grains has fallen victim to an abnormal grain’s expansionist tendencies, the
set of abnormal/matrix boundaries over which (|v,, (#)]); is calculated will have been exchanged
against an entirely disjoint set. This GB-level analysis illustrates the fundamental quandary of
AGG: If the phenomenon is truly governed by characteristics of the GB network and not the
abnormal grains themselves, then how is it possible for faster growth to persist with a constantly
changing set of abnormal/matrix GBs? In other words, having solved the problem of the growth
advantage, we are left with the puzzle of persistence.

2.4. Observing Abnormal Grain Growth in Polycrystals

Experimental observations capture the various morphologies of abnormal grains (as evinced in
Figure 1) but are limited in their ability to reveal the mechanisms by which the grains evolve.
The fraction of grains that may undergo AGG depends on the system, typically ranging from 1
in 20,000 grains to as few as 1 in 1,000,000. Thus, it is not feasible to image sample regions of
sufficient size and resolution to capture AGG in situ. After a specimen has been processed, it may
be apparent that AGG has occurred, but the phenomenon tends to cover its tracks, as the rapid
growth of an abnormal grain consumes its original neighborhood. This eradicates any aspects of
the initial microstructural state that may have fostered abnormal grain evolution. Nonetheless,
experimental observations have provided circumstantial (and sometimes contradictory) evidence
regarding the mechanisms of AGG. Below, we review a representative selection of observations.
In 1935, Goss (108) reported an annealing and cold-rolling procedure that produced grain-
oriented Fe-3 wt% Si steels having enhanced magnetic properties. This finding was attributed to
the strength of the {110}(001) texture, which has since been named the Goss texture. In silicon
steels, the Goss texture develops as Goss grains emerge by AGG, taking on characteristic shapes

6 Abnormally fast GB migration does not automatically entail rapid growth of a grain bounded by abnormal/
matrix interfaces, as the net result could instead be shrinkage of the grain in question. Persistence of the latter
case, however, invariably leads to grain disappearance, leaving behind only those abnormal grains that persist
in growing.
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with peninsulas and island grains, as shown in Figure 1g,i,j. Owing to their high magnetic per-
meability and low hysteresis losses, Goss-textured silicon steels are still used in transformers and
other electrical components (109). However, the mechanism of microstructural evolution during
processing of these materials has yet to be established and is still a topic of active debate (11, 79,
109-111).

Texture-driven AGG, sometimes called abnormal subgrain growth, has been identified in mate-
rials with highly mobile subgrain boundaries. Ferry & Humphreys (76) fabricated a Goss-oriented
single-crystalline Al-Si alloy and subjected it to compression deformation. The subgrain structure
of the resulting material was characterized by X-ray diffraction to confirm that no high-angle GBs
were formed during deformation. After annealing, abnormally large subgrains were found. The
morphology of these abnormal subgrains was found to include peninsular structures protruding
into neighboring regions of the microstructure. Compared with smaller subgrains, the abnormal
subgrains in the material were more highly misoriented with respect to their neighbors. Analysis
of the kinetics of abnormal subgrain growth indicated that abnormal subgrains have GB mobil-
ities about 14 times higher than those of typical subgrains, although other studies have found
mobility advantages as great as 500 (60) or 10* (59) times higher. An investigation of cold-rolled
Goss-oriented single crystals of copper reported similar behavior (112).

The presence or absence of solutes or other impurities can cause a growth advantage for a
subset of grains. Hau-Riege & Thompson (113) investigated room-temperature AGG in electro-
plated Cu films. Additives in the electroplating bath led to the incorporation of impurities in the
growing film. It was proposed that solute drag from the impurities limits grain growth, yielding
a nanocrystalline matrix into which a few grains grow abnormally. Fine-grained regions have a
high density of GBs, providing a large driving force for grain growth and many pathways for fast
diffusion of impurities. The abnormal grains were found to expel impurity atoms, unpinning ad-
jacent GBs and allowing AGG to persist. However, the authors did not determine which factors
led to impurity rejection or to the selection of certain grains as candidates for AGG, leaving these
as open research questions.

The presence of solutes can also influence the trajectory of grain growth in ceramics.
MacLaren et al. (9) investigated AGG in alumina doped with Y and Si. A thin disordered region,
which was associated with the presence of Si and Y impurities, was found near the boundaries of
abnormally large grains. Most likely owing to a higher rate of atomic diffusion, this disordered
region is believed to increase the boundary mobility of the grains, thereby leading to AGG. Sim-
ilar observations in doped ceramic materials have been attributed to GB complexions (8, 114).
Complexions denote interfacial structures that exist in thermodynamic equilibrium with the bulk
material surrounding the interface. They can undergo transitions during processing, influencing
the energy and mobility of the interface. In a detailed review, Cantwell et al. (115) propose that
dramatic differences in GB mobility between complexions can initiate the abnormal growth of
certain grains, as in the material shown in Figure 14.

The atmosphere under which a specimen is processed can be associated with AGG. Betanda
et al. (116) investigated the occurrence of AGG in a Ni-5 at% W alloy. In this material, the ab-
normal growth of randomly oriented grains suppresses the {100}(001) cube texture that is desired
for the epitaxial growth of superconducting films. Significant AGG was found to occur at high
temperatures when samples were heated under hydrogen gas but not when processed under an
Ar atmosphere. In this case, AGG was attributed to the diffusion of hydrogen into the material,
which increases the mobility of dislocations near GBs, thereby enhancing the mobility of the GBs
themselves. In contrast, Lee et al. (117) studied the effect of the atmosphere on AGG in barium
titanate, observing that AGG occurred when specimens were sintered in air but that processing
the same material under hydrogen suppressed abnormal growth. GB faceting occurred under the
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oxidizing atmosphere, but it was not observed for the reducing one. This suggests that chemi-
cal changes introduced significant anisotropy in the GB energy and/or mobility, thus promoting
AGG in the material during annealing in air.

The presence of second-phase particles typically limits grain growth in accordance with the
Zener pinning effect (93). Surprisingly, however, the same particles that usually oppose GB mi-
gration appear, in some circumstances, to actually trigger AGG (94). Dennis et al. (95) observed
AGG (including island grains and grains with peninsula-shaped boundaries) in Al-3.5 wt% Cu
containing CuAl, precipitates. Texture analysis indicated that there was no significant difference
in texture for the abnormal grains. Instead, it was found that the volume fraction of pinning par-
ticles located on the boundaries of abnormal grains was about half that on the boundaries of the
smaller grains in the matrix. The root cause of this reduced coverage of abnormal/matrix inter-
faces was not determined and remains an open question. Similar observations were reported for
particle-pinned systems annealed near the particle solvus (96, 97). The dissolution of pinning par-
ticles below the solvus temperature can unpin some GBs, potentially enabling the occurrence of
AGG. Finally, AGG has been observed in particle-pinned systems with a stable and uniform par-
ticle dispersion (98, 118). In this case, selective unpinning of GBs is attributed to random thermal
fluctuations in the boundary position. Overall, experimental observations suggest that any mech-
anism that decreases particle pinning on some GBs while holding the remaining boundaries in
place is a potential growth advantage mechanism for AGG.

In summary, AGG has been studied in a diverse set of materials systems, and it remains an active
area of research with a number of unresolved issues. Texture, impurities, atmosphere, and second-
phase particles have all been shown experimentally to contribute to AGG, demonstrating the wide
range of potential mechanisms relevant to the phenomenon. A common theme, however, is the
observation that the abnormal grains develop an initial growth advantage that persists as they grow,
and in most cases the growth advantage is better understood than the persistence mechanism.

2.5. Investigating Abnormal Grain Growth via Computer Simulation

In order to investigate proposed AGG initiation and growth mechanisms, a variety of
microstructural-scale computer simulations have been developed and applied. These simulations
capture grain-scale phenomenology, including GB properties and connectivity. Because they are
not mean-field models, they can resolve the effects of evolving grain environments as growth pro-
ceeds. However, as with all mesoscale models, the physics and model parameters are selected by
the modeler, so there is no guarantee that the simulated system reproduces a physically attainable
scenario.

The first microstructural-scale AGG simulations were conducted by Rollett et al. (52) in 1989
as part of a series of microstructural evolution studies that utilized the MCPM for grain growth. In
agreement with the theoretical predictions of Thompson etal. (25), Rollett et al. (52) found that, in
polycrystals with uniform GB energy and mobility (ideal grain growth), grains having an initial size
advantage with respect to their neighbors do not undergo AGG. In contrast, candidate abnormal
grains given a sufficiently large GB energy advantage relative to matrix grains (I" < 0.5) grow
abnormally, regardless of initial size. The authors of Reference 52 acknowledge, however, that this
is an unlikely scenario [as previously noted by Nielsen (75)], since it requires the boundaries of the
candidate grain to be low in energy and thus presumably have low misorientations with respect to
the adjacent matrix grains, all of which share high-energy (i.e., high-misorientation) boundaries
with each other. In addition, Rollett et al. (52) examined the case in which the GB energy is uniform
but candidate grains were given a mobility advantage (M > 1) and size advantage. This situation
leads to AGG, with the necessary mobility advantage decreasing as the initial size advantage is

www.annualreviews.org  Extreme Abnormal Grain Growth

15.13



Annu. Rev. Mater. Res. 2023.53. Downloaded from www.annualreviews.org
Access provided by Carnegie Mellon University on 05/22/23. For personal use only.

MR53CH15_Krill

ARjats.cls

15.14

April 19,2023 14:43

made more pronounced. These results confirmed that, although a size advantage acting alone
never results in persistent AGG, in conjunction with either energy or mobility advantages, AGG
can indeed occur (provided the energy or mobility advantage persists as the candidate grain grows).

Holm et al. (119) expanded the MCPM-based examination of AGG to include polycrystals
with realistic crystallography and boundary properties, specifically for the texture-driven case—
for which there is existing theory in the literature (120). Incorporating experimentally observed
texture, GB mobility, and GB energy functions into the simulations, these authors found that AGG
occurs spontaneously (without preselecting candidate grains), whereby the grains that grow ab-
normally are characterized by having a large fraction of high-misorientation (thus, high-mobility)
GBs. The prevalence of abnormal events is quantitatively related to the fraction of grains in the ini-
tial state that are highly misoriented with respect to the dominant texture component of the matrix,
and the resulting abnormal grains grow with the same morphological characteristics—including
peninsula-shaped boundaries and island grains—that are observed in experiment. By selectively
turning off the GB energy and mobility functions, Holm et al. (119) found that nonuniform GB
mobility was required for AGG to occur in this system but that anisotropic GB energy was not.
DeCost & Holm (121) extended this work using a model system to examine how the fraction of
high-mobility GBs affects the probability of AGG and the morphology of the resulting abnormal
grains. Statistically similar results were obtained in 2D and 3D systems (121, 122), and the quali-
tative and quantitative results were replicated and further developed using the phase field model
(PFM) by Liu et al. (123).

Simulations have also been applied to study the effects of pinning particles in AGG. The PFM
has been used to simulate the influence of selective particle dissolution during carburization (124,
125). In this case, the spatial distribution of particles was found to affect the size and frequency
of abnormal grains. Fjeldberg et al. (126) used MCPM simulations to investigate particle-assisted
AGG. For polycrystals pinned by stable precipitates with uniform GB energy and mobility, AGG
was observed to occur spontaneously after very long anneals. This was attributed to thermal fluctu-
ations that detach a GB from its pinning particles. The newly mobile boundary triggers additional
GB breakaway events, allowing the parent grain to grow into the matrix of pinned grains (127,
128). Other investigators have made similar observations in solute-pinned polycrystals using CA
(102) and PFM (103, 104) models. In both particle-pinned and solute-pinned cases, the persistence
mechanism (i.e., how an unpinned GB manages to avoid becoming repinned) is scarcely under-
stood, in part owing to the extremely rapid migration of the abnormal/matrix interface following
the initial unpinning event.

Concurrently with early MCPM studies, Frost, Thompson, and colleagues (26, 27) used a
vertex model to simulate grain growth in thin films, including AGG driven by surface energy
anisotropy. They showed that grains having low-energy free surfaces can grow persistently, pro-
vided that the matrix grains are characterized by predominantly higher-energy free surfaces, as
can occur in highly textured films.

Ko and colleagues used MCPM (129) and PFM (77) simulations to demonstrate the SB-SSW
mechanism for AGG. They showed that, under the thermodynamic assumptions of the SB-SSW
model, subgrain boundaries can assist in AGG and that the resulting abnormal grains share certain
morphological characteristics with experimentally observed Goss grains in Si steels. However,
since the GB energies were treated as input parameters to the simulations, the authors could not
determine from these investigations how likely it is for the required energetic conditions to be
met in real polycrystals.

Similarly, Frazier et al. (130) used MCPM to simulate AGG in a polycrystalline microstructure
with GB complexions of differing energy and/or mobility. Abnormal grains were observed to grow,
and the process resembled experimentally observed AGG in alumina-silica ceramics. However, for
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AGG to persist, the authors had to make rather arbitrary assumptions about the manner in which
complexions are carried along as the growing abnormal grain encounters new neighbors.

"To our knowledge, large-scale computer simulations have yet to be carried out for decoupled
AGG in solid-state polycrystals, although the PEM has been applied to study highly faceted crystal
growth in liquids (131) and during phase transformations (132).

Overall, we see that a variety of AGG scenarios have been examined using computational mod-
eling and simulation. Simulations have provided key evidence supporting the feasibility (or lack
thereof) of proposed mechanisms for the growth advantage during AGG, including GB energy,
GB mobility, and particle pinning. A caveat to keep in mind is the fact that the physical realism
of the grain growth simulations is determined by the underlying physical models and their se-
lected parameter values. A great benefit of computational modeling is its ability to examine the
AGG persistence mechanism, owing to the possibility of storing the system configuration at each
time step. Not every study has been able to capitalize on this feature, however, due to the many
challenges inherent to a time-resolved analysis of such large data sets.

3. DISCUSSION
3.1. Classifying Abnormal Grain Growth on the Basis of Morphological Features

As is evident in Figure 2, by introducing various growth advantages into Equation 1, we are able
to simulate a variety of abnormal grain shapes. To the extent that the morphological features are
characteristic of the assumed equation of motion, we can use them to classify observed instances of
AGG into one of several categories, each of which is correlated with a particular growth advantage.
One possible classification scheme is illustrated in Figure 3, which focuses on two attributes of the
interface between an abnormally growing grain (a) and its surrounding matrix grains (m). First,
the dihedral angle 6 formed by the abnormal grain at a/m/m triple junctions is examined in a 2D
section of the a/m interface. A value of 6 = 180° corresponds to an abnormal grain having flat
facets, indicative of decoupled growth of the a grain (Figure 2)—typically, via the formation of a
boundary phase or complexion (115). The presence of such a phase or complexion state along the
faces of the a grain permits energy minimization of the latter independently of the shape and/or
orientation of neighboring m grains, thus favoring the exposure of low-energy, high-symmetry
crystal planes.

At the opposite extreme lies the case of dihedral angles 6 ~ 0°, which occurs, for instance, dur-
ing wetting by a liquid phase along a GB or triple junction. It has been proposed that the same
mechanism can occur in solid materials when at least some a/m boundaries have much lower
energy than m/m boundaries (79, 133). The key morphological feature of GB energy-governed
AGG is the presence of particularly acute angles at triple junctions along the perimeter of the
abnormal grain, as demonstrated in the second column of Figure 2. It is important to note, how-
ever, that a triple junction is a 3D object: Depending on the orientation of the plane in which an
a/m/m junction is imaged (e.g., the specimen surface or a 2D section passing through the junc-
tion), the apparent value of 6 can differ drastically from its true value in 3D. Care must therefore
be taken to rule out stereological effects when assessing whether low GB energies contribute to
a particular instance of AGG. Furthermore, as discussed in Section 2.2.1, polycrystalline con-
figurations that would enable persistent GB energy-governed AGG have yet to be convincingly
identified.

Most typically, 6 takes on intermediate values between those associated with prismatic growth
or wetting—i.e., 0° < 6§ « 180°. Here, a second criterion can assist in distinguishing between
two additional forms of AGG. Except for the flat boundaries characteristic of decoupled AGG,
the perimeter of an abnormal grain manifests shape fluctuations on the length scale of the average
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Figure 3

Two-step scheme for classifying abnormal grain growth (AGG) on the basis of morphological features of the
interface between an abnormal grain (a) and matrix grains (m). Extreme values of the dihedral angle 6
formed at a/m/m triple junctions permit decoupled AGG to be distinguished from AGG governed by
anisotropy in grain boundary (GB) energy. When 0 takes on intermediate values, AGG is likely to have
resulted from GB mobility variations or from a bulk energy contribution. The latter two cases can be
separated on the basis of whether the characteristic length A of fluctuations in the a/m interface is larger or
smaller than the average matrix grain size, (R,,).

matrix grain size (Ry); these arise from the establishment of local equilibrium at the triple
junctions along the abnormal/matrix interface. Additional spatial fluctuations may be present at
another characteristic length scale, A, as well. For example, when grain growth is driven by a bulk
energy contribution, fluctuations at a scale smaller than the matrix grain size (i.e., A < (Ry)) are
frequently observed, as illustrated in the rightmost column of Figure 2. The microstructural
signature of bulk energy-governed AGG is wavy or noncompact GBs along the perimeter of the
abnormal grain. Such a morphology may form when spatial gradients in the bulk driving force
exceed the curvature-based driving force of Equation 1, thereby overcoming the flattening effect
of curvature-driven GB migration. Consequently, this form of AGG is generally associated with
recrystallization, but it can also be caused by other volumetric driving forces.

Figure 1g—/ reveals an interface morphology that seems to arise when neither decoupling nor
gradients in bulk energy govern grain growth; in this case, the a/m boundary manifests fluctua-
tions with a characteristic length scale significantly greater than the matrix grain size (A > (Ri)).
Qualitatively, a GB mobility-governed AGG microstructure is marked by the presence of pro-
trusions (i.e., peninsula-shaped regions) extending out from the abnormal grain into the matrix
(center column of Figure 2). It is tempting to attribute these protrusions to a kind of penetration
mechanism occurring in a medium defined by the matrix, whereby an abnormal grain preferen-
tially consumes a certain subset of the matrix grains upon which it impinges. Of course, for such
a mechanism to persist, the volume fraction of matrix occupied by the rapidly consumable grains
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must be sufficient to sustain abnormal growth. Beyond that point, depending on the precise value
of this volume fraction, we might expect the boundaries of the abnormal grain to migrate in a
more or less dendritic manner.

3.2. Morphological Signature of Abnormal Grain Growth Governed
by Grain Boundary Mobility Variations

This penetration model was put to the test by DeCost & Holm (121), who simulated the growth of
an abnormal grain into a polycrystalline matrix for different fractions of high- versus low-mobility
GBs. As the fraction of high-mobility GBs was increased from zero to about 0.8, protrusions along
the abnormal grain perimeter were found to be increasingly prevalent (top row of Figure 4). The
authors quantified this trend in terms of a geometric characteristic proposed by Mason etal. (134):
The circularity C of a grain is calculated from its perimeter Pand area A according to C = 4mA/P?.
The maximum possible circularity, C = 1, corresponds to a grain having a perfectly circular cross
section. Because any kind of protrusion raises P relative to the perimeter of a circle of equal 4,
the circularity of even normal grains lies below 0.9 due to the presence of triple junctions, and
abnormal grains manifest still lower values for C. Since the frequency and size of peninsular fea-
tures increases with the fraction of high-mobility GBs, abnormal grain circularity decreases with
high-mobility fraction down to C =~ 0.1. The convoluted boundaries of low-C grains were also
observed to migrate much faster through some neighboring matrix grains than others, resulting
in the enclosure of island grains. Hence, the telltale morphological signs of GB mobility varia-
tions appear to be the low circularity values of abnormal grain cross sections and the (transient)
presence of fully enclosed matrix grains behind the advancing a/m interfaces.

Peninsulas and island grains are both caused by matrix grains that an abnormal grain is unable
to consume quickly; that is, they are grains that share low-mobility boundaries with the abnormal
grain and thus block its progress. As the high-mobility boundary fraction is increased, however,
there are fewer such blocking grains. At the largest fractions of high-mobility GBs, the trend of
decreasing circularity is reversed: The abnormal grain expands uniformly without the formation of
peninsulas and island grains, as illustrated in Figure 4 when the high-mobility fraction approaches
unity. This situation can be distinguished from the normal growth case (high-mobility fraction
of zero)—which also results in a relatively circular grain—by the extreme size achieved by the
abnormal grain relative to the matrix.

Experimentally, the growth of GB protrusions and the appearance of island grains are both
well established during AGG (110, 121, 137-139),” although abnormal grain circularity measure-
ments have not been reported for experimental systems. In Figure 4, we show circularity values
calculated for the abnormal grains of Figure 1 as well as related microstructures. We find that C
varies with the material in question but that, for a given alloy, abnormal grains take on consistent
and repeatable circularity values (i.e., small error bars), even between studies performed by differ-
ent investigators. In addition to the qualitative resemblance between simulated and experimental
abnormal grains, their circularity values are found to be comparable, as is evident in Figure 4,
where simulated (f0p) and experimental (right) structures appear on the same graph. Although we
do not know the fraction of high-mobility a/m boundaries (or the range of GB mobility values) for
most experimental systems, the apparent agreement with simulation suggests a common mecha-
nism. A tantalizing implication of this finding could be an explanation for the AGG that has been
reported to occur in diverse systems, including in the presence of pinning particles, solute drag,

"Notably, island grains typically have low-misorientation (thus, presumably low-mobility) boundaries with the
abnormal grain (137), consistent with a mobility-governed AGG mechanism.
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Figure 4

The dependence of abnormal grain morphology (circularity) as a function of the fraction of high-mobility a/m boundaries. Black
diamonds and the top row of images give the MCPM simulation results of DeCost & Holm (121). Other symbols indicate circularity
measurements we made of experimentally observed abnormal grains, with example images shown in the right column for A, O3 (8, 9,
114), carburized Ni (10), Si steel (11, 13, 14, 105), and Pd—Au (135, 136). High-mobility fractions are not known for the experimental
systems; the circularity data points are placed along the x-axis to best coincide with the simulation data. The solid gray line indicates the
circularity of normal matrix grains, and the black curve is a guide for the eye. Error bars represent the standard deviation in circularity
for a group of observations and simulations. The simulated and experimental abnormal grains strongly resemble each other both in
visual appearance and measured circularity. Top row of images adapted with permission from Reference 121 with permission from
Springer Nature. Micrograph for Al O3 reproduced from Reference 8 with permission from Elsevier, for carburized Ni from
Reference 10 with permission from Springer Nature, for Si steel from Reference 13 with permission from Elsevier, and for Pd-Au from
Reference 136 (CC BY 3.0). Abbreviations: AGG, abnormal grain growth; MCPM, Monte Carlo Potts model; NGG, normal grain
growth.

GB complexions, and even crystalline texture: These growth advantages could all trigger AGG
merely by inducing sufficiently strong variations in mobility from one GB to the next.

If the morphological agreement between simulation and experiment can indeed be attributed
to an underlying physical similarity, then Figure 4 offers a way to interpret experimental
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observations. Given a measured abnormal grain circularity, Figure 4 associates that value for
C with a fraction of high-mobility a/m boundaries on the abnormal grain. For example, the
average circularity of Si steel abnormal grains, (C) = 0.25 £ 0.09, corresponds to a high-mobility
boundary fraction of about 0.65. This is within the experimentally observed range, as reported
by Rajmohan & Szpunar (140). This method can also help select among models for AGG. For
instance, the average circularity of abnormal Al, O; grains growing by the complexion mechanism
is (C) = 0.69 £ 0.07; this corresponds to a high-mobility boundary fraction of either 0.23 or
almost 1.0. Examining the simulated grains visually, we see that the abnormal grain with a
high-mobility fraction of 0.2 more closely resembles the experimental abnormal grain, so the
more likely high-mobility fraction is the lower one. In the case of highly noncircular abnormal
grains, such as the Pd-Au grains in Figure 4, the choice between the two intercepts may be
ambiguous; in this case, both possible high-mobility fractions are shown on the graph.

A further piece of evidence in support of holding variations in GB mobility responsible for the
abnormal growth of irregular grain morphologies can be gleaned from time-resolved studies of
a/m interface migration in experiment and simulation. The jerky motion reported by Hutchinson
(139) for AGG in a silicon steel matches DeCost & Holm’s (121) simulations of a/m interface
migration through a matrix with a wide range of GB mobilities, whereby the qualitative agreement
holds in both the spatial and temporal domains, as shown in Figure 5.

3.3. Understanding the Persistence of Grain Boundary Mobility-Governed
Abnormal Grain Growth

The microstructural correlations evident in Figures 4 and 5 make a reasonably strong case for
attributing the most commonly observed morphological features of extreme AGG—the suppres-
sion of grain circularity and the appearance of island grains, both occurring without signs of sharp
dihedral angles mediated by GB energetics—to a nonuniform distribution of GB mobilities in
a polycrystalline microstructure. It remains challenging, however, to explain how this mobility
distribution forms and, critically, how it enables persistent growth of the abnormal grain at the
expense of the matrix grains. Why, for instance, does a broad spectrum of mobility values exert a
profound effect on the growth kinetics of a/m interfaces but not on the behavior of the much more
prevalent m/m boundaries between matrix grains? The translation of a given GB requires only
small displacements of atoms located in and near the GB core (85). If the core regions of m/m and
a/m interfaces are statistically identical at the atomic level, then how is it possible for these two
classes of GBs to migrate so differently? If, on the other hand, the atomic environments are not
statistically identical—for example, in cases in which solute segregation or particle pinning turns
out to be more extensive at m/m interfaces—then the challenge consists of explaining not only
the origin of this difference but also its persistence as a/m interfaces advance through the matrix.

The morphological analysis carried out in this review highlights the central role played by GB
mobility in AGG—of course, without being able to unravel the atomistics of the phenomenon.
Surprisingly, this places our understanding of AGG roughly on par with that of the purportedly
much simpler case of normal grain growth. Recent attempts to model the evolution of polycrys-
talline microstructures in terms of GB disconnections—line defects in GBs that are analogous
to dislocations in bulk crystals (84)—have called attention to the plethora of atomic-level struc-
tures and processes that are subsumed under the proportionality constant p in Equation 1 (90,
141). The long-range translation of an a/m interface necessarily entails sustained migration of
disconnections to and from a/m/m triple junctions, where reactions with other disconnections can
occur, disconnections may be annihilated, or new ones may be generated. Such events are likely
to constitute the rate-limiting step for GB migration. It is conceivable that the key feature that
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Figure 5

AGG by the penetration mechanism. The top row of images shows a time series from the simulations of DeCost & Holm (121). The
white abnormal grain grows by consuming grains with which it shares high-mobility boundaries (brown). In doing so, it penetrates into
the matrix and leaves behind an island grain and peninsular structures. The bottom row of images shows the schematic of a time
sequence of AGG in Si steel, as observed in scanning electron microscopy by Hutchinson (139). Analogously to the simulation results,
the abnormal grain penetrates the matrix by consuming a group of matrix grains and then expands outward, creating peninsular
features. White scale bars represent 50 pixels in the simulation cell. Top row of images adapted from Reference 121 with permission
from Springer Nature. Bottom row of images adapted from Reference 139 with permission from Trans Tech Publications.
Abbreviations: AGG, abnormal grain growth; MCS, Monte Carlo time step.
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distinguishes AGG from its normal counterpart is the spatial homogeneity of the kinetics of dis-
connection generation, propagation, and annihilation in a given microstructure. If this hypothesis
is correct, then future investigations ought to focus on elucidating the ways in which disconnec-
tions can interact with microstructural features to promote what we have identified mesoscopically
as AGG governed by variations in GB mobility.

4. CONCLUSIONS

This review has assessed AGG from a phenomenological standpoint, starting from the neces-
sary conditions for rapid and sustained growth of a subpopulation of grains and relating potential
mechanisms to the corresponding morphology of a/m interfaces. The following conclusions can
be drawn from this analysis.

1. When grain growth is driven by the reduction of excess free energy stored in the GBs, the
phenomenon is most appropriately viewed as taking place on the GB network, even though
abnormally fast growth appears to be characteristic of an entire grain. For this reason, the
conditions for AGG should be formulated in terms of the migration rates v“® of individual

GBs rather than the growth rates of grains.
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. For AGG to take place, not only must a/m GBs migrate much faster than m/m GBs, but

so too must this growth advantage be sustained, despite the abnormally growing grains
continually impinging upon new matrix neighbors (persistence).

GB — uyk, provides a use-
ful framework for classifying possible growth advantages. If all GBs share the same mobility
w and energy y values, grain growth proceeds in a normal manner; consequently, AGG can-
not be encoded solely in the curvature «. Only GB-to-GB variations in p and/or y can lead

to fulfillment of the growth advantage criterion, as verified by computer simulation.

. When models for i or y anisotropy are indexed to specific properties of an a/m GB (such

as its misorientation angle, the X-value of the coincidence site lattice, or the boundary
inclination), it is problematic to account for the persistence of AGG, since the aforemen-
tioned quantities change abruptly each time an abnormally growing grain encounters a new
neighbor in the matrix. A complete model for AGG must explain not only the genesis of
the growth advantage but also the manner in which it is maintained during long-range
migration of a/m GBs.

. Insight into the mechanism underlying the operative growth advantage can be extracted

from the morphology of the a/m interface. This interface is most amenable to examination
in cases of extreme AGG, which we define somewhat arbitrarily as having occurred when
the abnormal subpopulation of grains reaches sizes at least an order of magnitude larger
than those of its matrix counterpart.

. The dihedral angle at a/m/m triple junctions distinguishes prismatic AGG (decoupled) and

AGG governed by y-anisotropy from AGG driven by bulk energy terms or variations in
w (Figure 3). Discrimination between the latter two cases is possible on the basis of the
characteristic length of fluctuations along the a/m interface.

. When not classified as decoupled, most documented cases of extreme AGG appear to be

enabled by variations in the GB mobility. The entire range of experimentally observed grain
circularities (a measure for the deviation of a grain’s cross section from that of an equal-area
circle) is found to be consistent with computer simulations carried out under the assumption
that abnormally growing grains have a high value for © when in contact with a certain
fraction of matrix grains but low mobility with the rest. The greater this fraction, the more
convoluted is the shape of the a/m interface, suggesting that the greatest discrepancy from
compact grain shapes (i.e., low circularity) is caused by a mechanism that suppresses the
mobility of about 15 to 20% of the GBs bordering the abnormal grain (but nearly all GBs
within the matrix).

. Although a high- or low-mobility model adequately accounts for the wide range of observed

abnormal grain morphologies, it is not obvious how specific components of a polycrystalline
material’s microstructure are able to establish such a dichotomy in the spectrum of p values.
Open questions include the following:

a. How is it that many a/m GBs are capable of taking on a higher value of mobility, but
very few if any of the m/m GBs share this ability?

b. Can atomic-level structural and/or compositional differences in the core regions of a/m
and m/m interfaces account for the discrepancy in their characteristic GB mobilities?

c. How does an a/m interface maintain its mobility advantage as it sweeps through new
regions of the matrix?

Potential answers to these unresolved issues will have to encompass the influence of pinning

particles and GB segregants as well as GB complexions, as each of these microstructural features

can be intimately associated with AGG. In all three cases, the challenge posed by the observed
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persistence of the phenomenon appears to be the most formidable. New insights into this partic-
ular aspect could possibly be gained from ongoing studies of the fundamental role played by GB
disconnections during GB migration.
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