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Abstract: This paper considers the influence of subgrain coalescence at initial high-angle boundaries
on the initiation and growth of recrystallization nuclei (subgrains) under thermomechanical treatment.
With certain processing regimes, adjacent subgrains in polycrystalline materials can be assembled into
clusters during coalescence. Subgrain clusters at high-angle boundaries are the preferred potential
nuclei of recrystallization. Coalescence is one of the dynamic recovery mechanisms, a competing
process to recrystallization. When intensive coalescence develops on both sides of the grain boundary,
recrystallization slows down or even stops. The problem formulated is solved using a multilevel
modeling apparatus with internal variables. Application of the statistical multilevel model modified
to take into account the local interaction between crystallites makes it possible to explicitly describe
dynamic recrystallization and recovery. The results of modeling the behavior of a copper sample
are presented and the effects of temperature, deformation velocity and subgrain structure on the
formation and growth of recrystallization nuclei at arbitrary and special grain boundaries during
coalescence are analyzed.

Keywords: multilevel modeling; thermomechanical processing; dynamic recrystallization; subgrain
coalescence; material structure; subgrain structure; grain boundaries

1. Introduction

The thermomechanical processing of polycrystalline materials has found wide indus-
trial application. The metal and alloy forming processes are often multistage, for instance
severe plastic deformation alternates with subsequent heat treatment [1,2]. The appli-
cation of complex material structure formation modes makes it possible to provide the
necessary macro properties of a final product. Thus, the microstructure control of the
materials undergoing this treatment is a key and relevant problem for materials science and
engineering [3,4]. Many thermally activated processes, among which the most significant
are recrystallization, solid-state phase transitions and recovery [5–7], occur due to different
thermal and thermomechanical effects. These processes bring about changes in the struc-
ture of materials subjected to thermomechanical treatment, and thus an adequate control
of these changes enables designing materials with the unique effective characteristics of
polycrystalline materials [4,8–10].

In context of the grain structure evolution, the most significant changes appear as
a result of recrystallization [11–15]. Primary recrystallization leads to the formation of
low-defect grains in the deformed material and the subsequent migration of high-angle
boundaries (or their segments) driven by the energy stored on the defects during inelastic
deformation [16–19]. During the process of recrystallization, the shape, dimensions and
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orientation of the crystallographic coordinate system of new grains changes with respect to
the deformed material [7,11,18]. This type of structure is called a recrystallized structure.

It can be concluded that a theoretical and experimental study of recrystallization
with a consideration of changes in the subgrain structure is of special practical interest.
The phenomenon of recrystallization is multi-scale in nature; it occurs at several levels
of polycrystalline material implementation. Since the experimental research methods are
expensive, this generates a need to use mathematical modeling methods for studying
this problem [16,20,21]. Physically based mathematical modeling that relies on a mul-
tilevel approach with internal variables is an effective tool for solving this complicated
problem [22,23]. Multilevel physical models involving the explicit consideration of the ma-
terial structure evolution are used extensively to describe dynamic recrystallization [24–27].
Certain variables and parameters were introduced in these models to describe the mate-
rial structure and the mechanisms governing the formation of recrystallization nuclei
and the migration of grain boundaries [19,25,28,29]. In the context of a physical ap-
proach, three main classes of multilevel models [22] are widely met: statistical [27,30],
self-consistent [26,31] and direct [32,33]. Direct models explicitly consider the topology of
grains and, during numerical implementation they are oriented towards the use of a finite
element method. Although these models are more accurate compared to the others, they are
very resource-intensive, which gives no way of studying the manufacture of real structures
in technological processes. At present, models based on the self-consistent approach [26,31]
have gained broad recognition. Self-consistent models (the grain environment is replaced
in these models by the effective medium) are less computationally expensive compared
to direct models, but they cannot be used study the local interactions between adjacent
structural elements [34]. In this connection, a compromising solution is to use advanced
statistical models because they are computationally fast and permit analyzing contact
interactions between crystallites.

The purpose of this work is to study the influence of coalescence on the formation of
recrystallization nuclei. Coalescence-related rotations occur due to the local interactions
of a subgrain with adjacent subgrains. Therefore, the formulated problem is solved in
the framework of the advanced statistical model of inelastic deformation, which permits
the consideration of the interactions between adjacent structural elements (subgrains,
grains) [27,34]. The modeling of coalescence for a representative volume of subgrains
with consideration of their geometry as similar to real three-dimensional geometry is
a laborious and complex task [35–37]. Most models of recrystallization that deal with
subgrain coalescence are simplified models. They cannot provide an explicit description of
the contact local interactions between subgrains [28,38] and/or are applicable to one- or
two-dimensional crystalline materials [3,35,39,40].

Previously, we have developed a method to consider subgrain coalescence by means
of an advanced statistical model of inelastic deformation [34]. As the main driving force
of coalescence, a reduction in the internal energy of the considered representative volume
of subgrains, including the energy of subgrain boundaries, was taken [41]. Coalescence
was modeled explicitly via use of a polyhedral subgrain structure. In the statistical model
proposed by the authors [34], the high-angle boundary was not considered and its influence
on the coalescence process was, accordingly, not taken into account. In this study, a
high-angle grain boundary that affects the coalescence of subgrains and the formation of
recrystallization nuclei is introduced explicitly into consideration. The purpose of this study
is to consider the influence of coalescence on the formation and growth of recrystallization
nuclei in the framework of the extended statistical model of inelastic deformation, designed
to explore materials with both arbitrary high-angle and special (with reduced energy)
grain boundaries.

2. Mechanisms of Subgrain Structure Evolution under Thermomechanical Effects

Recrystallization in metals and alloys is a well-known phenomenon; reviews of
theoretical and experimental studies of this process can be found in a great variety of
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papers [11–14,16,42]. Grain boundary engineering (GBE) techniques are used to design
materials with an increased proportion of special boundaries; GBE is based on the re-
crystallization or is accompanied by it [10,43]. Special boundaries attract the attention of
researchers because the polycrystals with a large number of such boundaries show im-
proved corrosion resistance, high fracture strength and long-life fatigue properties [44,45].

One of the central problems in the study of recrystallization is to provide a deeper
insight into the physics of the formation and growth of recrystallization nuclei [18,46–48].
Nucleation is generally observed in the crystal regions with orientation gradients (grain
or twin boundaries, transition bands, junctions of deformation bands) [14,18,46,49,50].
Recrystallization is accompanied by the fine subgrain structure evolution caused by the re-
covery action [6,51–54], which manifests itself most vividly in materials with high stacking
fault energy (SFE). Upon recovery, the density of crystal defects decreases, and subgrain
structures with reduced energy are formed [7,13]. Depending on the type and mechanism
of recrystallization, different elements of these structures (usually cells and subgrains)
are frequently associated with nuclei [42,46,49,51,53,55,56]. A recrystallization nucleus
is understood as a small, low-defect, region of a crystal capable of stable growth in at
least one direction in the deformed material [46,49]. The formation of recrystallization
nuclei has been studied for a relatively long time [18,42,49,51,55], but currently there is no
unified theory that addresses various aspects of this process and corresponding physical
models [12,13,46]. This is because of a great number of different factors, including the char-
acteristics of materials (impurity atoms, SFE, particles of secondary phases, deformation
modes, texture, initial grain size, etc.) and the impact parameters (temperature, deforma-
tion velocity) related to the formation and growth of recrystallization nuclei [7,15,16,52,57].
For this reason, the mechanisms governing the nucleation of recrystallized grains have
been extensively discussed in the literature and there are different classifications of these
mechanisms [7,18,49,57]. Variation in the factors listed above can change these mechanisms
and, in some cases, the type of recrystallization [14,15,58,59]. Most of the mechanisms of
nucleation of recrystallized grains described in the literature are similar to each other and
represent different variants of the formation of subgrains or groups of subgrains which tend
to become nuclei. These considerations lead to the idea of finding universal mechanisms
responsible for the formation of recrystallization nuclei.

Despite extensive theoretical [13,38,46] and experimental [14,57,60] studies and much
progress in understanding the recrystallization and accompanying processes gained in the
last decade, some mechanisms of material nucleation under arbitrary thermomechanical
loading still remain unclear. In this paper, the mechanism of recrystallization driven by the
migration of pre-existing high-angle boundary segments during plastic deformation and
by the strain induced boundary migration (SIBM) is investigated [15,17,46,49,50,52,60–63].
Many researchers have reported that the formation of recrystallization nuclei is closely
related to the subgrain structure evolution. For instance, subgrain coarsening at grain
boundaries results in the formation of nuclei and in the implementation of discontinu-
ous recrystallization following the SIBM mechanism [7,18,46,52]. One possible subgrain
coarsening mechanism is coalescence (considered in this paper) and another is low-angle
boundary migration [7,49,52,53,60,64]. During the coalescence process, adjacent subgrains
merge together due to the gradual disappearance of a common boundary of subgrains
experiencing rotation [41,65,66]. Coalescence can take place not only at grain boundaries,
but also inside grains. The main characteristic of materials for coalescence is SFE. At large
deformation, the subgrain merging inside grains provokes the formation of coarse sub-
grains, the misorientation of which with the surrounding material increases, and thus they
become recrystallization nuclei [7,12,13,24,49]. This type of continuous recrystallization is
not considered here.

The thermomechanical processing of polycrystalline materials gives rise to the evolu-
tion of a subgrain structure, which affects the recrystallization process. Cahn was among
the first to suggest that the low-angle boundaries occur due to the excess density of lattice
dislocations of the same sign (polygonization process) [55]. According to his ideas, the
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subgrain structure elements formed in such a way as to act as recrystallization nuclei. Later,
the theory of subgrain structure evolution for materials with high and medium stacking
fault energy was further developed by Kuhlmann-Wilsdorf and colleagues [67–69]. The
background to the outlined theory is that the low-energy structures formed during plastic
deformation occur due to a decrease in the energy stored in defects in the material. In the
framework of the Kuhlmann-Wilsdorf theory, three scale levels were distinguished [69]:
(1) the cells separated by incidental dislocation boundaries or dislocation cell boundaries;
(2) the cell blocks distinguished by dense dislocation boundaries or microbands; (3) do-
mains separated by corresponding domain boundaries. The listed subgrain structure
boundaries are dislocation and low-angle boundaries. The generated 3D cell structure
consists of tangles [7,54]. The recovery process includes the annihilation of excess dis-
locations and the rearrangement of the remaining ones into the low-energy structures,
which are the regular dislocation networks or the low-angle boundaries of tangled cell
walls [7,46,54]. Concurrently, the cells transform into subgrains; the characteristic size of
the cell and subgrain are approximately the same and are equal to 1 µm.

In this study, the mechanism of recrystallization nuclei formation is considered. This
mechanism is based on the migration of grain boundary regions initially pre-existing in
a polycrystal due to strain-induced boundary migration (SIBM). Beck and Sperry were
probably the first to experimentally investigate this mechanism by testing high purity
polycrystalline aluminum samples under conditions of preliminary rolling and subsequent
annealing [61]. Further studies confirmed that this mechanism can be encountered in a great
variety of polycrystalline materials (aluminum, copper, magnesium, silver, nickel alloys,
steels, etc.) [17,45,52,60,63,70–73]. The implementation of SIBM is schematically shown
in Figure 1. It can be seen that, after the completion of pre-existing plastic deformation
and the fulfillment of energy criterion, a certain grain boundary segment bulges. After
this segment migrates, the material with low defect density remains behind it. Part of the
material adjacent to the migrating boundary segment is usually associated with a large
subgrain [13,17,46]. This subgrain is a recrystallization nucleus, and it can be separated
from the parent grain during subsequent thermomechanical treatment [52,74]. Since the
subgrain has a slight misorientation relative to the parent grain, SIBM is reliably detected in
the experiments by electron backscatter diffraction (EBSD), orientation imaging microscopy
(OIM) and transmission electron microscopy (TEM) [7,15,46,60]. Under this recrystallization
mechanism, the texture of the recrystallized material slightly differs from that of the
deformed material [7,46,74]. The SIBM mechanism realized in the vicinity of initial grain
boundaries is typical of relatively small deformations of order 20% [7,17,74]. The continued
inelastic deformation causes recrystallization nuclei to occur preferentially at such grain
substructures as transition bands [11,18,46], twin boundaries [46,75,76], and deformation
band boundaries [46,74].
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The kinetic description of the SIBM mechanism obtained from the analysis of exist-
ing experimental results was formulated for the first time by J.E. Bailey [17,62]. It was
established in [17,62] that a boundary segment begins to bow into the adjacent, more
defective, grain provided that a decrease in the local volume energy associated with defects
elimination is greater than or equal in absolute value to an increase in the grain boundary
energy due to the growth of the boundary area during the formation of recrystallized
grains [17,62]:

f (i,j) = e(i,j)dst − e(i,j)gb ∆s/∆v ≥ 0 (1)

where ∆s is the growth of the boundary area when the subgrain (recrystallization nucleus)
volume changes by ∆v, e(i,j)dst is the difference in specific stored energies per unit volume

between the adjacent subgrains i and j, and e(i,j)gb is the specific grain boundary energy per
unit area between the i-th and j-th subgrains. Criterion (1) states that large subgrains have
the growth advantage.

Subgrain growth occurs under two mechanisms: (1) sub-boundary migration, and
(2) subgrain coalescence [7,49,52,53,60,64]. We study here how coalescence affects the
coarsening of subgrains at grain boundaries. The process of coalescence is associated
with the dissociation of the low-angle boundary of adjacent subgrains. At coalescence,
the adjacent subgrains acquire the same orientation; they can be considered as a single
subgrain, and thus we can speak of the merging of subgrains (Figure 2). The driving force
behind this process is surface energy reduction. The thermodynamic and kinetic aspects of
subgrain coalescence were formulated in [41]. It can be seen that the surface energy of a
subgrain experiencing rotation should decrease during coalescence [41]:

Esb =

N f

∑
i=1

s(i)e(i)sb (2)

where s(i) is the area of the subgrain boundary i-th facet, e(i)sb is the specific (per unit
area) surface energy of the subrain boundary i-th facet, and N f is the number of facets
of the considered subgrain. The further description of the coalescence phenomenon is
extended to include an analysis of the physical mechanisms of dissociation of a small-
angle boundary [7,64,66,77,78]. The coalescence mechanism associated with the climb of
dislocations and their annihilation in the subgrain boundary is likely to appear at small-
angle boundaries with weak misorientation [7,77,78]. The multilevel model modified to
take coalescence into account was described in [34].
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Theoretical and experimental studies confirm that coalescence contributes much to the
coarsening of subgrains at high-angle boundaries and to their subsequent rearrangement
into recrystallized grains [15,41,52]. Doherty and Cahn were the first who discovered
that coalescence occurs at high-angle boundaries [18]. Later, similar rotations were found
experimentally [15,52,64]. Therefore, there is a need for physical modeling of subgrain
coalescence and its influence on the formation of recrystallization nuclei. Subgrain coales-
cence that occurs by the elimination of a common low-angle boundary, the misorientation
of which with an adjacent grain (separated by the high-angle boundary) increases, is an
energetically favorable process [41]. This can be seen by taking the Reed–Shockley relation
as a basis for describing the surface energy of the low-angle boundary [79]:

esb(ϕ) =

{
esb0ϕ(a− lnϕ), ϕ ≤ ϕm,
esb0ϕm, ϕ > ϕm,

(3)

where the following notation is used: ϕ is the angle of mutual misorientation between
adjacent subgrains, ϕm is the mutual misorientation angle corresponding to the maximum
value of esb, esb0, and a denotes the Reed–Shockley parameters determined experimentally.
It was assumed in (3) that the value of energy for the arbitrary high-angle boundary
is independent of the misorientation angle [7,73,80]. In accordance with (3), desb/dϕ is
minimum at high-angle boundaries, which explains the energetic advantage of coalescence
in these sites. Thus, coalescence promotes the generation of large subgrains, which, under
criterion (1), are energetically profitable for the formation of recrystallization nuclei.

The physical mechanism associated with the effect of coalescence on the formation of
recrystallization nuclei at high-angle boundaries and the microstructural studies confirming
its existence were considered in [52]. It is believed that the main reason for the formation
of recrystallization nuclei is the difference in stored energy on the initial grain boundary
segments following the SIBM mechanism. It was stated in [52] that lattice dislocations form
networks that produce a subgrain structure inside grains. Dislocation networks at high-
angle boundaries are accommodated by these boundaries, which causes their annihilation.
The interaction between the network dislocations and the grain boundary intensifies the
coalescence process. Therefore, it is reasonable to expect that subgrain coalescence will
occur at crystallite parts near the high-angle boundaries (Figure 3). Figure 3a shows how
subgrain coalescence develops in both adjacent grains. Since coalescence causes the stored
energy and defect density to decrease in two adjacent grain boundary segments, the local
recrystallization criterion (1) is not fulfilled and a new recrystallized grain is not formed.
The scenario from Figure 3a is an example of competition for stored energy between the
dynamic recovery and recrystallization processes. Figure 3b illustrates the case of intense
coalescence for one of the grains represented schematically in the bottom part of the figure.
At this event, the large subgrain formed due to coalescence has the energy advantage of
forming a recrystallization nucleus. Then, the size of this subgrain increases during two
processes: (1) subgrain coalescence in the parent grain, and (2) migration of the high-angle
boundary into the adjacent grain. The rate of high-angle boundary migration is much
higher than the rate of coalescence-driven subgrain growth [28,52]; thus, the penetration of
the recrystallized grain deep into the defective grain proceeds more actively (Figure 3b).
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3. Materials and Methods

The problem formulated in our study was solved using the multilevel statistical
model of inelastic deformation modified to consider the local interaction between structural
elements (grains, subgrains). A detailed description of the model with regard to dynamic
recrystallization is provided in [27,30]. In the model, three structural-scale levels are
distinguished: macrolevel, mesolevel-I, and mesolevel-II (Figure 4). The macrolevel refers
to a representative volume of the polycrystal containing a statistically significant number
of grains (mesolevel-I elements); a grain consists of homogeneous subgrains (mesolevel-II
elements). At mesolevel-I, the problem of determining the stress–strain state of a grain is
solved in the framework of the extended statistical model, and the corresponding internal
variables of the model are obtained. The closed mathematical formulation of the mesolevel-
I model is given in [27]. At the macrolevel, the effective properties of the material are
determined, and the macrolevel effects are transferred to the underlying scale levels.
Mesolevel II (a single subgrain) is an auxiliary level that is used to adequately analyze
the recrystallization SIBM mechanism and the subgrain coalescence when modeling the
formation of nuclei at grain boundaries.



Materials 2023, 16, 2810 8 of 21

Materials 2023, 16, x FOR PEER REVIEW  8  of  23 
 

 

the mesolevel‐I model is given in [27]. At the macrolevel, the effective properties of the 

material are determined, and the macrolevel effects are transferred to the underlying scale 

levels. Mesolevel II (a single subgrain) is an auxiliary level that is used to adequately an‐

alyze the recrystallization SIBM mechanism and the subgrain coalescence when modeling 

the formation of nuclei at grain boundaries. 

 

Figure 4. Scheme: scale levels and relation between the multilevel model structural elements (thin 

lines—subgrain boundaries, thick lines—grain boundaries) [27]. 

In the volume of one grain, subgrains are weakly misoriented relative to each other, 

and hence  the energy  stored on  the defective  structure 
st
e   is assumed  to be approxi‐

mately the same in all subgrains of a single grain. The difference in stored energy for the 

subgrains belonging  to different grains and having a common high‐angle boundary  is 

significant. The data on the stored energy  I

st
e , which were calculated at mesolevel‐I using 

the multilevel model, are transferred to mesolevel‐II [27]: 

def
II I

st st st
e e e  ,  (4) 

where  II

st
e   is the energy stored at mesolevel‐II. The fulfillment of criterion  (1)  is verified 

at mesolevel‐II. 

The modification of the multilevel statistical model so that it can be applied to con‐

sider coalescence was described in [34]. To take into account the local interactions of ad‐

jacent subgrains, a polyhedral subgrain structure was formed in the freely distributed Ne‐

per software [81]. The geometry of this structure was determined by the following model 

variables: the subgrain volume  v sb , the characteristic size  sb
d   (given by the diameter of 

a sphere of equivalent volume  v sb ), and the parameters of the flat boundary segments 

(facets)—normal  ( )j

sb
n   and area. The link between the adjacent subgrains and the consid‐

ered subgrain was shown. These data were transferred to the calculation module of the 

statistical model. The method similar to that used here for the formation of a grain struc‐

ture was presented in [82]. To describe the plastic deformation‐driven subgrain rotation 

with increasing dislocation density, the model of the crystallographic coordinate system 

(CCS) rotation was applied. This model is based on the evolution of the incidental low‐

angle boundaries due to the “trapping” of an excess density of dislocations of the same 

sign on these boundaries. A description of this model can be found in [34,83,84]. 

It  is  assumed  that  coalescence  (Figure  2)  between  two  adjacent  subgrains  occurs 

when  the energy criterion  is  fulfilled and  time  limit  is  to be set  [34]. According  to  this 

energy criterion, the total subgrain surface energy  sb
E   should reduce because of the ro‐

tation  m
r , which combines the CCS of the considered subgrain with that of the adjacent 

subgrain, i.e., the inequality [34]: 

   m

sb sb
E t E tr   (5) 

Figure 4. Scheme: scale levels and relation between the multilevel model structural elements (thin
lines—subgrain boundaries, thick lines—grain boundaries) [27].

In the volume of one grain, subgrains are weakly misoriented relative to each other,
and hence the energy stored on the defective structure est is assumed to be approximately
the same in all subgrains of a single grain. The difference in stored energy for the subgrains
belonging to different grains and having a common high-angle boundary is significant.
The data on the stored energy eI

st, which were calculated at mesolevel-I using the multilevel
model, are transferred to mesolevel-II [27]:

eI I
st ≈ eI

st
de f
= est (4)

where eI I
st is the energy stored at mesolevel-II. The fulfillment of criterion (1) is verified at

mesolevel-II.
The modification of the multilevel statistical model so that it can be applied to consider

coalescence was described in [34]. To take into account the local interactions of adjacent
subgrains, a polyhedral subgrain structure was formed in the freely distributed Neper soft-
ware [81]. The geometry of this structure was determined by the following model variables:
the subgrain volume vsb, the characteristic size dsb (given by the diameter of a sphere of
equivalent volume vsb), and the parameters of the flat boundary segments (facets)—normal
n(j)

sb and area. The link between the adjacent subgrains and the considered subgrain was
shown. These data were transferred to the calculation module of the statistical model. The
method similar to that used here for the formation of a grain structure was presented in [82].
To describe the plastic deformation-driven subgrain rotation with increasing dislocation
density, the model of the crystallographic coordinate system (CCS) rotation was applied.
This model is based on the evolution of the incidental low-angle boundaries due to the
“trapping” of an excess density of dislocations of the same sign on these boundaries. A
description of this model can be found in [34,83,84].

It is assumed that coalescence (Figure 2) between two adjacent subgrains occurs when
the energy criterion is fulfilled and time limit is to be set [34]. According to this energy
criterion, the total subgrain surface energy Esb should reduce because of the rotation rm,
which combines the CCS of the considered subgrain with that of the adjacent subgrain, i.e.,
the inequality [34]:

Erm
sb (t) ≤ Esb(t) (5)

must be fulfilled. Here, Erm
sb is the subgrain surface energy after the imposed rotation rm.

The coalescence process is a diffusion process that develops due to the subgrain boundary
dissociation caused by the rearrangement of dislocations in the sub-boundary and by the
growth of a distance between them. Therefore, it is necessary to generate coalescence at the
finite critical time tc (started at the beginning of the treatment process), which should be
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long enough to complete the process, but it should not exceed the current time t. The value
of tc is determined by the relation [34]:

tc =
s

21esb0Bpb
ln
(

ln
(
ϕm

ϕ0

)
/ ln

(
ϕm

ϕc

))
, (6)

where s is the area of the considered subgrain, esb0 and ϕm are the Reed–Shockley parame-
ters, ϕ0 is the minimally possible angle in (6) (the calculated value of the angle is 0.000069
radians [78]), b is the Burgers vector modulus in the material, Bp = 2b3

skT D0 exp
(
−Qp

RT

)
is the

dislocation climb mobility with regard to pipe diffusion, k is the Boltzmann constant, T is
the absolute temperature, R is the universal gas constant, and Qp is the activation energy
of pipe diffusion. For tc, the estimation expression (6) was obtained via integrating the sub-
grain rotation rate dϕ/dt during coalescence at cooperative dislocation climbing [41] with
consideration of pipe diffusion and inhomogeneous boundary dislocation distribution [78].

To model coalescence at the high-angle boundary facet egb, a representative volume of
subgrains is considered and a polyhedral structure, the external shape of which corresponds
to the cube of volume Vsb, is constructed in Neper. It is assumed that all cubes’ faces are
associated with the considered high-angle grain boundary and have the same grain energy
egb (Figure 5).
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In the representative volume of subgrains, coalescence causes a decrease in the dis-
location density (Figure 3) and, accordingly, a release of stored energy. Thus, coalescence
and recrystallization are the “competing” processes in terms of the energy stored in defects.
If coalescence arises on both sides of the grain boundary, then the conditions for recrys-
tallization following the SIBM mechanism may not be satisfied (Figure 3a). To take this
effect into account, the energy released due to coalescence should be determined, and the
recrystallization criterion defined by (1) should be modified. A distinguishing feature of
the model is that the stored energy is determined at mesolevel-I, and thus it is averaged
over the volume of the considered grain (4). For the same volume of subgrains Vsb at the
grain facet, the energy Ecl, decreasing locally during coalescence, is calculated as:

Ecl
de f
=
∫

Srm
sb

ecldSrm
sb , (7)

where ecl is the specific surface energy released due to coalescence in the considered volume
Vsb. The quantity ecl coincides with the specific surface energy of dissociated low-angle
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boundaries. In relation (7), integration is undertaken over the actual configuration of
subgrains at the end of the coalescence process. In this case, the specific value of stored
energy êst (referring to the considered volume Vsb) at grain facet is determined with
consideration of coalescence by the relation:

êst =

∫
Vsb

estdVsb −
∫

Srm
sb

ecldSrm
sb∫

Vsb

dVsb
(8)

Relation (8) takes into account that the volume of the material does not change during
coalescence. The Bailey–Hirsch criterion (1) is applied to a recrystallization nucleus, i.e.,
an individual subgrain. If this criterion is fulfilled, then the subgrain is assumed to be
a new recrystallized grain. Thus, the first term in (1) is understood as the quantity ê(i,j)dst ,
namely, the difference in specific stored energies per unit volume between the adjacent
subgrains I and j with regard to the coalescence-induced energy release. The quantities ∆s,
∆v also change during coalescence. By ∆s, ∆v, we mean the quantities which correspond
to the clusters of merging subgrains (Figure 3). In the developed model, the dynamic
recovery effect is taken into account not only in the coalescence-induced energy release,
but also, implicitly, in the amount of stored energy determined by hardening intensity. It
is also assumed that the material in the reference configuration is annealed, and hence
the initial value of stored energy in the considered representative volume of subgrains
Vsb is determined, according to the Reed–Shockley relation (3), by the energy of subgrain
boundary defects.

Under certain modes of thermomechanical processing, the proportion of special bound-
aries in polycrystalline materials increases [10,43–45]. That is the reason why our investiga-
tion addresses both the influence of high-angle boundaries on the formation of recrystal-
lization nuclei and the special high-angle boundaries with reduced grain energy. Although
the effect of mutual orientation on grain boundary mobility is a relevant issue [7,38], it is
beyond the scope of this paper. In our early work, a method for determining special grain
boundaries was developed in the framework of the statistical model of inelastic deforma-
tion, and the coincident-site lattice (CSL) model was modified [85]. The misorientation
between two lattices around a common crystallographic axis by a certain angle results in
the coincidence of some sites, which then form their own “superlattice”—a coincident site
lattice [86] (Figure 6).
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The main characteristic of CSL is the density of coincident sites Σ−1, which is defined
as the ratio of matching sites to all lattice sites. The modification of the CSL model described
in [85] is based on the fact that one lattice is misoriented (by a fixed angle) with respect
to another about a specific common crystallographic direction. It was shown in [87] that
the densities of coincidence sites Σ−1 are approximately the same for the boundary layer
(the atoms of both lattices are in this layer), and for the volume of atoms of both lattices
(the boundary layer is not identified). Thus, in the considered volume, the density of
coincident sites Σ−1 of a given orientation is calculated to determine the energy of the grain
boundary. The relative value of grain boundary energy e′gb is calculated from the following
relation [85]:

e′gb = 1− Σ−1 (9)

High-angle boundary migration occurs at the elevated deformation temperatures,
which ensures its mobility. The mobility m depends on temperature following an Arrhenius-
type law [7]:

m = m0 exp
(
−Qm

RT

)
(10)

where Qm is the activation energy of the grain boundary migration, and m0 is the pre-
exponential obtained experimentally. The high-angle boundary migration rate vm is de-
termined by the product of the driving force f (the indices of neighboring crystallites are
omitted) and the mobility m [7]:

vm = f m (11)

Upon the fulfillment of criterion (1), the recrystallization nuclei become active and
can be identified as new grains, which are assumed to be low-defective. Thus, all internal
variables of the recrystallized grain correspond to the reference configuration in the state
of the annealed material, except for the new grain orientation determined by the tensor
o and the grain shape geometry. It is assumed here that the shape of nuclei penetrating
into recrystallized grains is spherical and that every new recrystallized grain completely
penetrates into the adjacent grain. In this case, vm is equal to the rate of change of the sphere
radius r describing the recrystallized grain shape, i.e.,

.
r = vm (the dot above the quantity

indicates the material derivative). The absorbed grain volume is reduced by the volume
of recrystallized grains. The recrystallized material volume fraction Xr in the polycrystal
under study is determined by the following relation:

Xr =
Vr

V0
, Vr =

Nr

∑
i=1

v(i)
r (12)

where V0 is the initial representative volume of the polycrystal, Vr is the recrystallized
material volume, Nr is the number of recrystallized grains, and v(i)

r = 4
3πr(i)3 is the volume

of the i-th sphere of the recrystallized grain. Note that the initial volume of the recrystallized
grain coincides with that of the recrystallization nucleus (subgrain) for which criterion (1)
has been fulfilled.

4. Results and Discussion

In this study, the inelastic deformation on the example copper bicrystal was inves-
tigated. Parameters for describing recrystallization were determined in [27], and for
coalescence and rotation of subgrains in [34]. Hardening law parameters and initial criti-
cal stresses were found in [34] via analyzing the results of uniaxial compression tests on
polycrystalline copper: (1) at temperature 300 K and deformation velocity 10−3 s−1 [88],
and (2) at temperature 300 K and deformation velocity 2·10−3 s−1 [89]. For the high-
temperature experiment [89], the hardening model parameters were determined prior to
the active stage of dynamic recrystallization, i.e., at about 20% deformation. Computational
experiments performed at deformation values obtained before the onset of active dynamic
recrystallization, i.e., at 10–15% deformation, were also considered.
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The developed statistical two-level mathematical model was based on the Voigt hy-
pothesis, where the kinematic effects are specified by the velocity gradient ∇̂V at the
macrolevel. Temperature effects are transferred from the macrolevel, meaning the tempera-
ture T is a given temperature. The quasi-uniaxial deformation defined by the following
law was investigated using the law

∇̂V =
.
εk01k01 −

.
ε

2
k02k02 −

.
ε

2
k03k03 (13)

where k0i = ki
0 is the orthonormal basis of the laboratory coordinate system and

.
ε is

the prescribed deformation velocity. An analysis of the results given in [34] indicates
that the intensity of coalescence depends significantly on the deformation velocity

.
ε and

temperature T.
The initial subgrain polyhedral structure was constructed in the Neper software pack-

age. To do this, the statistical distribution laws for subgrain sizes dsb and sphericity ψsb
were obtained. It was assumed that, in the reference configuration, the subgrain sizes
were distributed according to the Rayleigh law, with a 0.25 µm mean value [29]. For the
subgrain sphericity ψsb, a hypothesis for the uniform distribution with a high mean value
of 〈ψsb〉 = 0.90 in the interval from 0.85 to 0.95 was accepted [34]. As noted above, consid-
eration was given to a representative subgrain volume corresponding to the layer near the
high-angle boundary facet. The data on the sizes of subgrains undergoing coalescence were
transferred to the recrystallization submodel to verify whether the criterion was fulfilled
and to determine the volume fraction of a recrystallized material.

For high-angle boundaries, the sensitivity of surface energy to small changes in the
misorientation angle was weak, and hence it can be neglected. Pursuant to the developed
model, coalescence is realized more intensively at grain boundaries. To confirm this phe-
nomenon and to compare the coalescence events at high-angle and special boundaries, a
computational quasi-uniaxial deformation experiment with a copper bicrystal (deforma-
tion velocity

.
ε = 10−3 s−1 and temperature T = 550 K) was carried out. In the reference

configuration, the special boundary Σ3 corresponds to the mutual misorientation of the
grains rotated by an angle of 60◦ with respect to the general direction [111]. According
to (9), the value of the energy of this grain boundary was 0.225 J/m2. As the grains
deform, they undergo rotations determined by the applied rotation model [83], and the
initial special boundary becomes the high-angle grain boundary with a small number of
coinciding sites. Figure 7a illustrates the evolution of the grain boundary energy for the
initial special boundary 60◦ [111]; at 5% deformation, the special boundary ceases to be
such and its energy increases to that of the high-angle boundary. Figure 7b,c presents
the dependencies of the linear mean size of subgrains <dsb> of the considered grain with
high-angle (Figure 7b) and special Σ3 (Figure 7c) boundaries. In accordance with the
identified parameters [34], the high-angle grain boundary energy egb was 0.337 J/m2. By
analyzing the obtained results, the “boundary” (adjacent to high-angle grain boundary)
subgrains and the coalescence-induced boundary subgrain clusters were assembled into
one group, and the “inside” (non-adjacent to high-angle grain boundary) subgrains into
another group (Figure 5). The results given in Figure 7b confirm the previous assumption
that coalescence at arbitrary high-angle boundaries develops more intensively compared
to the remaining grain volume or at special boundaries (Figure 7c). Thus, the clusters
of subgrains with increased dimensions are formed at arbitrary grain boundaries. These
clusters serve as energetically favorable nuclei (sites) for further recrystallization. No such
effect was observed at a special boundary (Figure 7c). At the end of deformation, the mean
subgrain size was 0.375 µm at the incident boundary and 0.270 µm at the special boundary.
The evolution of the resulting subgrain cluster at the considered arbitrary grain boundary
is demonstrated in Figure 7d for different instants of deformation. In general, the random
orientation of the bicrystal with an incident high-angle boundary does not change the
nature of the dependencies given in Figure 7; the same is true for the special boundary.
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in the numerical quasi-uniaxial deformation experiment (

.
ε = 10−3 s−1, T = 550 K).



Materials 2023, 16, 2810 14 of 21

Figure 8a shows the size subgrain distribution near the high-angle grain bound-
ary at 10% deformation, which was obtained in the numerical experiment performed at
.
ε = 10−5 s−1 and T = 550 K. Figure 8b presents the same data for the special boundary Σ3.
Similar histograms are given in Figure 8c,d for the case when coalescence is neglected; the
high-angle boundary type has no effect on the results. The analysis of the results revealed
that almost the same large subgrain clusters as those inside the grain are formed at the
special boundary; that is why they will not be considered below.
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Figure 8. Linear subgrain size distribution histograms plotted based on the results obtained in the
framework of the multilevel model with consideration of coalescence at (a) high-angle and (b) special
boundaries and without consideration of coalescence at (c) high-angle and (d) special boundaries
during the quasi-uniaxial deformation test (

.
ε = 10−5 s−1 and T = 550 K).

The influence of coalescence on the recrystallization process is the focus of this study,
and therefore the results of modeling are given for the deformation velocity

.
ε ranging

from 10−5 s−1 to 10−3 s−1 and temperatures T from 550 to 775 K. Figure 9a shows how
the mean subgrain size changes in the specified ranges of temperatures and deformation
velocities. The points corresponding to the onset of recrystallization and the 5% volume
fraction of recrystallized material are denoted by symbols “r0” and “r5”, respectively. In
this case, the growth of the mean subgrain size significantly depends on the coalescence
process, which is actively implemented at elevated temperatures and low velocities of
deformation. It is important now to pay attention to the non-monotonic behavior of the
plot displaying the dependence of < dsb > on the deformation intensity. This behavior
is explained by the fact that large subgrains are assigned to the category of individual
recrystallized grains, provided that criterion (1) is fulfilled. The evolution of the average
size of recrystallized grains < dgr > is shown in Figure 9b. The nature of the nonmonotonic
curve of the function < dgr > (Figure 9b) is caused by two processes: the transition from
subgrains to individual recrystallized grains, and the normal growth of recrystallized
grains. Note that the recrystallization criterion (1) is fulfilled first for coarse subgrains.
For these subgrains, the effect of the energy of the grain boundary (second term in (1)),
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at which the recrystallization process slows down, is less pronounced. Thus, a sharp
increase in the size of recrystallized grains < dgr > is seen on the graph at the initial
instant of recrystallization (Figure 9b). At low deformation velocities of 10−5 s−1, the
growth of recrystallized grains proceeds more intensively than the subgrain transition as
a result of fulfilling the recrystallization criterion for small subgrains; the average grain
size increases. At 10−5 s−1, the rate of transition from subgrains to recrystallized grains
exceeds the normal grain growth in a certain deformation segment. Based on the results
obtained, it can be concluded that the low deformation velocities and elevated temperatures
promote both an increase in the size of subgrains at coalescence and the formation of new
recrystallized grains.
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Figure 9. (a) Evolution of the mean subgrain size < dsb > and (b) recrystallized grains < dgr > in
the uniaxial deformation experiment at different deformation velocities and temperatures.

The dependence of the volume fraction of recrystallized material Xr on the strain
intensity of deformations at

.
ε ranging from 10−5 to 10−3 s−1 and at T from 550 to 775 K

is given in Figure 10. The value of recrystallized material Xr is determined by relations
(10)–(12). Figure 10a presents the results of modeling obtained with the consideration of
coalescence, and Figure 10b shows these results ignoring coalescence. It can be seen that
coalescence induces recrystallization at lower values of deformation and is responsible for
the intensive growth of new grains.
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tained in the experiment on uniaxial deformation at different deformation velocities and temperatures:
(a) coalescence is considered and (b) coalescence is ignored.

This can be attributed to the fact that, due to an increase in the size of subgrains in one
of the adjacent grains, coalescence has an impact on the fulfillment of the recrystallization
criterion (1), shifting the critical deformation εc observed at the onset of recrystallization to
lower values.

Depending on the intensity of coalescence in adjacent grains, the coalescence process
promotes recrystallization (Figure 3b) or slows it down (Figure 3a). Under the hypotheses
accepted in this study, the impact parameters (deformation velocity

.
ε and temperature

T) are the same for all considered grains. The coalescence model is determined by two
main internal variables: (1) the angle of rotation ϕc, which juxtaposes the crystallographic
subgrain lattices occurred at coalescence, and (2) the area s between the adjacent subgrains
of the facet. To demonstrate the benefits of the developed model for designing various
scenarios about the influence of coalescence on recrystallization, a bicrystal with varying
initial subgrain structure was explored. To specify a subgrain structure in the reference
configuration, two variants were considered. In the first, a representative volume of sub-
grains was formed in both grains according to the Rayleigh law. The average subgrain size
was 0.25 µm, the mean subgrain misorientation angle was 0.71◦, and the axis direction was
assumed to be random and uniformly distributed in the sphere. This case is designated
in Figure 11 as “same oalescence”; the coalescence process develops in almost the same
way in each grain. In the second case, different distributions of subgrain sizes with an
average value of 0.2 µm and 0.35 µm and misorientation angles with mean values 0.6◦ and
1.7◦ were, respectively, specified (in Figure 11—“various coalescence”) under the Rayleigh
law. Note that intensive coalescence was observed in the first grain, which corresponds
to the scenario from Figure 3b. Figure 11a shows how the difference in specific energy
stored on defects êdst determined in the computational quasiaxial deformation experiment
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(
.
ε = 10−5 s−1, T = 700 K) changes in the bicrystal grains under study. The evolution of the

volume fraction of recrystallized material is demonstrated in Figure 11b. Since the initial
stored energy depends on the density of subgrain boundary dislocations, then, for equal
subgrain misorientations, the difference êdst is practically equal to zero. Additionally, vice
versa, in the case of varying initial defect structure, this value was different from zero;
its subsequent decrease, shown in Figure 11a, is associated with the coalescence-induced
stored energy release. The increase in stored energy, visible on all graphs in Figure 11, is
associated with the accumulation of defects inside grains. Despite the fact that coalescence
is a process in competition with recrystallization regarding the stored energy, an increase in
the level of stored energy eventually leads to the fulfillment of the recrystallization criterion
(1). The onset of recrystallization and its subsequent evolution is illustrated in Figure 11b.
Recrystallization also causes a decrease in the stored energy, which in turn reduces the rate
of accumulation of êdst (Figure 11a). It can be seen that the implementation of coalescence
with equal intensity—“same coalescence”—(the scenario from Figure 3a) slows down
recrystallization and increases the critical deformation compared to the coalescence oc-
curred in an inhomogeneous fashion—“various coalescence”—in adjacent grains (scenario
from Figure 3b). In both cases, coalescence promotes the earlier onset of recrystallization
compared to the case when the coalescence event is ignored. For comparison, the results
corresponding to the “no coalescence” scenario are shown in Figure 11a.
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5. Conclusions

The objective of this study was to develop a multilevel approach to inelastic defor-
mation for modeling the formation of recrystallization nuclei at initial grain boundaries,
following the SIBM mechanism and taking into account the effect of coalescence. The
previously developed advanced statistical model of inelastic deformation was modified
with intent to consider the recrystallization and coalescence processes. Coalescence occurs
at the scale level (subgrains level), lower than that of recrystallization (grain level). Co-
alescence is a competing process with recrystallization for the energy stored on defects,
which is the driving force of both processes. As is seen from Figure 11a (the “various
coales.” case), a difference in the coalescence intensity on the sides of the grain boundary
leads to a decrease of approximately 50% in the storage energy difference at the initial
stage of the plastic deformation (about 2.5%). On the other hand, the same coalescence
intensity (Figure 11a, “same coales.”) during the deformation up to 20% does not result
in a visible deviation of the storage energy difference from the value in the case where
coalescence is not considered (Figure 11a, “no coales.”). It is noteworthy that energy release
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during coalescence occurs in both investigated cases, but the main value determining
primary recrystallization is the storage energy, which is shown in Figure 11a. Since coales-
cence, which is a part of the recovery mechanism, leads to defect structure homogenization
and hence storage energy equalization over neighboring grains, one can observe from
Figure 11a the storage energy difference reaching a stationary value. Thus, coalescence
resulting in the dissociation of subgrain boundaries reduces the density of defects and
releases energy. It can be concluded that intensive coalescence on both sides of the grain
boundary can be the reason for the difficulty of recrystallization or its complete stop, as
evidenced from the computation results presented in Figure 11b. The initial parameters of
the subgrain structure (subgrain sizes and misorientation angles) can be chosen to provide
a decrease in the storage energy difference without the recrystallization possibility. Such
a state of the defect structure and its development scenario are characteristic features of
materials with high enough SFE for continuous recrystallization. On the other hand, the
realization of coalescence in a low-defect grain, while it is absent in the adjacent, more
defective grain, gives rise to more intensive recrystallization at the first stage of this process.
Figure 11b shows that, by virtue of coalescence (subgrain coarsening), it is possible to
decrease the critical deformation value to initiate recrystallization down to about 20%.
Decreases in the critical deformation value for various deformation rates and temperatures
can be estimated by results provided in Figure 10. These estimates are 18.08%, 14.65%,
6.05%, and 5.42% for the influence parameters (10−5 s−1 and 700 K, 10−5 s−1 and 775 K,
10−3 s−1 and 775 K, and 10−3 s−1 and 700 K), respectively. To evaluate the above-described
effect of the storage energy release during coalescence, the recrystallization criterion was
modified with regard to the SIBM mechanism (Equation (8)). This provides a possibility
for evaluating a decrease in the coalescence-induced stored energy. In addition to the
energy aspect, coalescence leads to the growth of subgrain sizes. It is shown that coarse
subgrain clusters, which further become recrystallization nuclei, are formed at high-angle
grain boundaries (Figure 9a). High coalescence intensities at favorable conditions (low
deformation rates and high temperatures) contribute to an increase in the average subgrain
size from 0.25 µm to about 1.7 µm (Figure 9a). This leads to an increase in the growth rate
of recrystallized grains (Figure 9b), which reaches a maximum value of 0.0033 µm/s in
the case of deformation with a rate of 10−5 s−1 and a temperature of 775 K, and minimum
0.00013 µm/s for 10−3 s−1, 700 K. Unlike arbitrary boundaries with energy of 0.337 J/m2,
these effects do not appear at special boundaries with reduced energy 0.225 J/m2, and
thus there is no positive effect of special boundaries on coalescence and the formation of
recrystallization nuclei. The results of the multilevel modeling of inelastic deformation
in the example of a copper bicrystal demonstrate the capabilities of the developed model
for describing the material substructure evolution and the influence of coalescence on the
recrystallization process. This model is a component of the multilevel one for describing
behaviors of representative volume elements of polycrystalline materials.
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