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A B S T R A C T

The kinetics of recrystallization of ultrafine-grained aluminum during post-deformation annealing at 300◦C are
presented. A multiphase-field model was applied to generate a digital twin of the recrystallization kinetics in
pure Al subjected to severe plastic deformation by high-pressure torsional extrusion. The experimental map
of dislocation orientation and density distribution was directly imported into the Pace3D software package
to simulate the recrystallization process. Using the digital twin, we were able to account for the change in
driving force during recrystallization and simulate the kinetics of normal grain growth observed experimentally
up to 60 min of annealing. It was demonstrated that the kinetics of grain growth in the region of short-term
annealings exhibits a sigmoidal character, which could not be verified experimentally for extremely short
annealings, lasting less than one minute.
1. Introduction

Despite many years of studying recrystallization (ReX) kinetics,
this problem remains a subject of research in materials undergoing
severe plastic deformation (SPD). Control of ReX kinetics is a way to
tabilize the morphology undergoing grain refinement and improve the

performance and technological properties of ultrafine-grained (UFG)
materials, which occur as a result of recovery and ReX. In particular,
ReX kinetics of materials deformed to large strains can develop via
discontinuous (DRex) and continuous recrystallization (CReX) mecha-
nisms [1,2]. CReX operates without the nucleation stage via migration
of high-angle grain boundaries (HAGB) and change in boundary mis-
orientation angles. The misorientation angle of a grain boundary can
increase [3] or decrease [4], depending on the annealing temperature.
Finally, small-scale boundary migration provides normal grain growth.
Comprehending the principles underlying ReX necessitates the identi-
fication of governing parameters that induce and restrain coarsening
through the regulation of grain boundary migration. Small-scale grain
boundary migration provides normal grain growth, which is described
by an Arrhenius-type equation [5]:

𝐷2 −𝐷2
0 = 2𝛼 𝛾 𝑀 ⋅ 𝑡 = 𝑘𝑡, (1)
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with 𝐷 as the mean grain diameter, the initial mean grain diameter
𝐷0 at time 𝑡 = 0 and a geometric constant 𝛼. The interfacial energy 𝛾,
and the grain boundary mobility 𝑀 are assumed to be uniformly and
constant for all grain boundaries. The introduced parameter 𝑘 = 2𝛼 𝛾 𝑀
is used to quantify the evolution of the mean grain size.

Experiment with static recrystallization. ReX kinetics are strongly depen-
dent on the stacking fault energy [6]. For aluminum, a material with
high stacking fault energy, the mechanism of CReX operates over a
wide range of annealing temperatures. There are reports that in Al 1050
and Al-0.4Zr deformed by high-pressure torsion, short-term annealing
at intermediate temperatures of 150–230 ◦C leads to Arrhenius-type
grain growth and additional hardening [7,8]. The characteristic fea-
tures of recrystallization structures of aluminum under these annealing
conditions are indicative of the development of CReX with normal grain
growth.

In general, models describing grain growth in polycrystalline mi-
crostructures suggest that excess interfacial energy, which is equivalent
to grain boundary energy in this context, acts as a driving force
for boundary migration. This excess energy serves as the primary
mechanism promoting boundary movement and, consequently, grain
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growth [9–11]. Assuming equal or nearly equal interfacial energy for all 
grain boundaries, the mean grain diameter increases correspondingly
at low temperatures according to Eq. (1), a phenomenon confirmed by 
both theory [11,12] and computer simulations [13–15].

As captured by Eq. (1), grain boundary mobility is a controlling 
factor determining the microstructure after recrystallization. For an-
nealed aluminum at temperatures below 400 K, Winning et al. [16]
demonstrated experimentally that the mobility 𝑀 for low-angle grain 
boundaries (LAGBs) is lower than that of HAGBs. Conversely, a higher
annealing temperature of 900 K provides a higher mobility of grains, 
which can result in various recrystallization mechanisms at different 
temperatures [8]. This finding is in good agreement with the exper-
mental observation that the LAGB network exhibits higher stability
han the HAGB network during annealing after deformation at tem-
eratures below 573 K, both after conventional deformation [17,18]
nd after SPD by accumulated roll bonding [4], equal channel angular 
xtrusion [19], and high-pressure torsion extrusion (HPTE) [20]. In 
ases where the formation of recrystallization nuclei is not required 
ue to the presence of ultrafine grains with predominantly HAGB, it
ecomes important to consider the migration kinetics of existing LAGBs
nd HAGBs, as well as the change in misorientation angles of these 
oundaries during annealing.

The recrystallization process was developed in the three-dimensional
tructure of the aluminum to avoid the effects of the surface and surface
xidation on grain boundary (GB) motion.

imulation of the static recrystallization. In order to compare the kinetics 
f ReX at the same temperature in aluminum subjected to different 
inds of deformation, it is important to consider a significant difference 
n the initial grain size, dislocation density, texture, i.e. parameters that 
etermine the development of ReX. The prediction of the microstruc-
ure evolution during annealing poses a complex problem regarding 
he influence of the microstructure features on the ReX kinetics. In
articular, the stored energy of deformation in majority of physical
odels of ReX is considered as an integral parameter. In general, 
ost modeling methods assume that the process of recrystallization 

ReX) evolves via the formation and growth of nuclei [21]. Since the 
ecrystallization processes in severely deformed materials with high
tacking fault energy are not well understood, we designed a digital
win to simulate the annealing of the aluminum microstructure, taking 
nto account static recrystallization processes using the multiphase-field 
ethod (MPFM). The MPFM is expected to provide new insights into

he changes in recrystallization and grain growth kinetics during the
nnealing of an aluminum polycrystalline material.

Conventional models of ReX such as classical theory of heteroge-
eous nucleation growth [21,22] considered the development of ReX
hrough the formation and growth of nuclei. However, these models
o not take into account the experimentally obtained GND density 
s the basis for the bulk free energy. In the case of modeling ReX
sing the MPFM, the current speed of movement of the boundaries
s determined by the ratio of energy potentials. The magnitude of the 
otentials of neighboring grains determines the kinetics of boundary 
otion. Therefore, the nucleation process does not need to be addressed

y the approach used in this work, which creates a digital twin of the 
eX process used to simulate the complex competitive process of grain 
rowth. Creating a digital twin of the real structure formed during ReX 
ake it possible to operate with big data with the calculation of the
utual influence of structural factors.

The Pace3D software package [23], based on MPFM, facilitates the 
xpression of new details in the study of the ReX kinetics of aluminum
olycrystalline material. Since ReX processes developing in highly de-
ormed high stacking fault energy materials are still subject of current 
esearch, we used MPFM to simulate ReX and developed a digital twin 
f the aluminum microstructure after recovery and static ReX.
bjective and originality of the current work. In order to reproduce the
eX process, it is necessary to utilize the actual measured distribution

of dislocation density in the structure in order to formulate the driving
force. The primary objective of this investigation is to characterize the
recrystallization process in UFG aluminum during annealing at 300 ◦C,
both by simulations and experiments.

Considering the complexity of the subject under investigation and
the variety of processes occurring during recrystallization, this work
focuses on the driving forces that facilitate the movement of bound-
aries. These driving forces aim to minimize the free energy accumulated
during previous deformation and reduce the interfacial energy. The
driving force in our study specifically depends on the actually measured
dislocation density, which is a novel aspect compared to previous works
that considered nucleation criteria based only on the GND-density.

Unlike other studies, this work compares MPFM simulations directly
to experimental results, demonstrating a good agreement between the
imulated and experimental data. This integrated approach enhances

the understanding of recrystallization kinetics in UFG aluminum, pro-
iding new insights into the changes in recrystallization and grain
rowth during annealing.

. Experimental methods

.1. Used material and specimens

aterial. Commercially pure aluminum rod samples containing 99.5
Al, 0.3–0.4 Si, less than 0.1–0.2 Fe, Mg, Co and other impurities (all
wt.%, AA1050, supplied by MaTeck Material Technologie & Kristalle

mbH) were machined, extruded from 20.0 to 11.8 mm diameter and
nnealed at 345 ◦C for 30 min, with final water cooling to room
emperature. The thermal treatment was performed to reduce resid-
al stresses and achieve a homogeneous microstructure. Cylindrical
luminum samples with a length of 35 mm were processed at room tem-
erature using a computer-controlled HPTE machine (manufacturer: W.
lement GmbH, Lang, Austria). Molybdenum disulfide (MoS2) was used
s a lubricant in all experiments to facilitate the extrusion process. The
PTE equipment used in this study has been described in detail in [24],
sing an advanced hexagonal shape of HPTE dies [25].

rocessing of the as-deformed samples and experiment on the anneal-
ng. The samples were individually extruded through the die, using
 punch moving at an extrusion speed 𝑣 and a lower die rotating
t a rotational speed 𝜔. As a result, the specimens underwent both
xpansion–extrusion deformation and torsional deformation in a nar-
ow zone where both dies meet. The billets were annealed at 300 ◦C

and subsequently quenched in water. The duration of the annealing
process was varied from 10 to 60 min. The scheme of deformation and
subsequent annealing is shown in Fig. 1a. Each as-deformed sample
was annealed with different annealing times and quenched in water to
fix the microstructure of the state. After annealing, the samples were
sectioned with a metallography saw equipped by the water cooling for
the next microstructural characterization of the section plane.

2.2. Image generation and processing

Generation of EBSD images. Microstructure investigations were per-
formed using a scanning electron microscope: Zeiss LEO and Zeiss
Auriga 60 (SEM), operating at 20 k V. The Zeiss Auriga 60 scanning
electron microscope with electron backscatter diffraction (EBSD) de-
tector was used to analyze grain morphology and grain boundary
misorientations. To prepare the samples for analysis, they were initially
sectioned perpendicular to the extrusion axis, then grinded and me-
chanically polished. Finally, at room temperature, discs with a diameter
of 3 mm and a thickness of ∼150 μm were electropolished using the A3
electrolyte by Struers. Electropolishing was performed at a voltage of
20 V and a current of 10 A.
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Fig. 1. Schematic representation of the annealing (a) and the external directions at the location of the normal section of the billet selected for EBSD analysis (b).
Fig. 2. Experimentally obtained microstructure of the HPTE-processed Al before annealing. Inverse pole figure map (a) shows a typical area of aluminum structure. Geometrically
necessary dislocation density distribution (b) is shown in a color-coded map at the scale [×1012 m−2]. The outer directions, the standard stereographic triangle, and the GND density
scale are shown in the lower part of the figure. HAGBs are indicated by the black lines, LAGBs — by the gray lines. GND distributions along the lines 1 and 2 are represented in
c) and (d) accordingly. GND are scaled to [×1012 m−2] in the graphs (c, d).
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rocessing of EBSD images. The microstructure evolution of HPTE trea-
ed specimens was investigated at the transverse cross-section located at
he middle of the billet height during annealing. The EBSD images were
valuated using the orientation imaging microscopy (OIM) software
y EDAX. The scanning step size ranged from 25 nm to 1 μm, which

corresponds to the size of one pixel. The EBSD study was performed on
he transverse section of the HPTE-processed specimens near the edge,
pecifically at approximately ∼4.0 mm from the central axis of the rod.
he edge region was selected as the focus of the investigation due to
he gradient nature of the strain distribution during HPTE processing
nd the resulting maximal grain refinement at the edge of the rod
ross-section. The horizontal direction of the rectangular scan plane
as parallel to the outer radial direction, and the vertical direction was

parallel to the normal direction (see Fig. 1b). The minimum percentage
ndexation of the OIM maps was obtained in the HPTE-processed state

and was 81 %. The states resulting from annealing are distinguished by
coarse grain size and higher percent indexation, reaching 93 % after
annealing for 60 min. In order to guarantee the dependability of the
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Fig. 3. SEM EBSD (a), dark-field — transmission electron microscopy (b) and high-angle annular dark-field scanning transmission electron microscopy (c) images of UFG pure
luminum of the as-deformed state. Energy dispersive X-ray spectroscopy mapping of elements Fe (d), and Si (e).
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BSD data, a cleaning procedure was implemented utilizing the grain
ilation cleanup and neighbor orientation correlation options of the
IM software. With regard to the neighbor orientation correlation,

he 5th neighbors criterion and a maximum coefficient indexation (CI)
actor of 0.2 were employed.

To analyze the microstructure, the grain size and grain boundary
isorientations were characterized. Grains consisting of four pixels or

ess were automatically included in neighboring grains. The grain toler-
nce angle for the dilation cleanup process was set at 15◦. Additionally,
 lower limit boundary misorientation threshold of 2◦ was applied to
liminate potentially disputable orientations resulting from orientation
oise.

To distinguish between LAGBs and HAGBs, a threshold value of
5◦ was considered [26]. The volume fraction of HAGBs (𝑉𝐻 𝐴𝐺 𝐵 𝑠) was

determined as the fraction of misorientations larger than 15◦ in the total
set of misorientations.

Grain size was calculated using the equal diameter method [27].
Accordingly, the mean diameter of a circle whose surface area is
equal to the surface area of a crystallite bounded by boundaries with
misorientations of 15◦ and higher is named grain size (𝐷). Histograms
of the grain size distributions were plotted for specific area fractions
(s𝑖∕S) of the corresponding crystallite size intervals.

The characterization of grain elongation was determined by calcu-
lating the ratio of the number of intersections of lines drawn along
the normal direction and radial direction with grain boundaries, rep-
resented by 𝑁𝑁 𝐷 and 𝑁𝑅𝐷, respectively.

The minimal resolution of the SEM EBSD detector is not exceed
.5◦ regarding the used voltage of 20 k V. However, it is enough to
esolve all low-angle boundaries (with misorientations 2◦ < 𝜃 <
5◦) and high-angle boundaries (𝜃 > 15◦) [26,28]. The critical angle
f 2◦ was considered the lowest measurable value of subgrain and
rain boundaries misorientation. Misorientations smaller than 2◦ were
onsidered integral misorientations, which occur as a consequence of
 c
he local curvature of the crystal lattice due to geometrically necessary
islocations (GND).

The GND density values were calculated using TSL OIM EDAX
.7 software (EDAX Inc., Draper, UT, USA). The software employed
efault settings for face-centered cubic (𝑓 𝑐 𝑐) crystal-type slip systems.
he calculation of GND density specifically considered slip in (111)
rystallographic planes and three close-packed ⟨110⟩ directions for each
f the ⟨111⟩ slip plane. The GND density was determined using the GND
ap reconstruction option. Additional information regarding the GND
ensity calculation can be found in a separate Ref. [29].

. Experimental results

.1. Orientation imaging, mean grain size and grain boundary misorienta-
ions

haracterization of the initial state. High-resolution OIM map (scan step
s 20 nm) of the HPTE-processed aluminum is shown in Fig. 2. It is
ell-established that the UFG structure formed after SPD contains a

ignificant number of LAGBs. As a result, almost all grains are bounded
y both high- and LAGBs. This can also be observed in the structure
f HPTE-processed aluminum (Fig. 2a). Since the mobility of LAGBs is
uch lower than the mobility of HAGB, the analysis of the kinetics of

ecrystallization and grain growth in such materials has a number of
eculiarities.

Reconstructed inverse pole images (Fig. 2a) and the maps of the
ND distribution (Fig. 2b) are considered for the purpose of comparing

he simulations and experimental results in terms of statistically deter-
ined quantitative characteristics. In the deformed state (Fig. 2a), the

luminum specimen exhibits slightly elongated grains with an aspect
atio 𝑁𝑁 𝐷∕𝑁𝑅𝐷 = 1.23, a normal grain size distribution, and average
rain size of 𝐷 = 1.3 μm (Fig. 2a). The GND distribution in the initial
tate demonstrates the gradual increase of the GND value from the
enter of the grain to its boundary (Fig. 2c, d).
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Fig. 4. Microstructure of the HPTE-processed Al in the deformed state (a) and after annealing at 300◦C for 10 min (b), 30 min (c), and 60 min (d). Grain boundary networks
(left images) show typical microstructures. Geometrically necessary dislocation density distributions (right images) are shown in a color-coded map at the scale [×1012m−2 ]. The
deformation directions and the GND density scale are shown in the lower part of the figure. HAGBs are indicated by the black lines LAGBs by red lines.
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Fig. 3a presents the scanning electron microscopy (a), transmis-
ion electron microscopy dark field (b), high-angle annular dark-field
canning transmission electron microscopy images (c), and energy dis-
ersive X-ray spectroscopy mapping (d, e) of UFG pure aluminum.

The amount of Si and Fe content in the Al matrix is 0.41 ± 0.02 wt.%,
according to SEM energy dispersive X-ray spectroscopy analysis. The
emainder of the Si is accumulated in coarse particles. TEM elemental
nalysis maps by electron energy loss spectroscopy indicate the excess

near-spherical particles with a length of 200–500 nm containing Fe and
i (Fig. 3a, d, e). The coarse particles are metallurgical impurities
n the Al–Si–Fe system. Additionally, second phase particles with a
lobular morphology were present within the subgrain/grains and at
he GBs. Energy dispersive X-ray spectroscopy mapping showed that
hese particles were AlFe and AlFeSi phases, with an average size of
240 nm (Fig. 3d, e). Such dispersed fine particles may have a pinning
ffect on the GB motion, which hinders the recrystallization process.

haracterization of the microstructure evolution after annealing at 300 ◦ C.
he grain boundary networks of the microstructure of HPTE-processed
 w
luminum before (a) and after annealing (b–d) are shown in Fig. 4. The
icrostructure evolution of UFG annealed samples was quantitatively

haracterized by EBSD. The initial structure shown in Fig. 4a is used as
he input for the ReX simulation studies. Quantitative analysis of EBSD
aps indicates that with the increase of annealing time, the initial UFG

tructure changed significantly due to recrystallization. Annealing for
0 and 30 min results in grain growth and formation of equiaxed grains,
ndicated by a decreased 𝑁𝑁 𝐷∕𝑁𝑅𝐷 ratio as presented in Table 1.

After annealing for 60 min and resulted in an incremental increase
n grain size 𝐷, as shown in Fig. 4b, c. An important feature of the
tructure after annealings for 30 and 60 min is the presence of large
rains with low GND density (grains with a size of 𝐷 = 10 μm or
ore in Fig. 4b, c). In contrast, small grains of 1–2 μm in size contain
igh GND density. After 60 min of annealing (Fig. 4d), the average
ND density is rather low, and apparently, there is no correlation
etween grain size and GND density. It is important to note that
n the initial state, a majority of the grain boundaries were curved,
hich is considered evidence of the non-equilibrium state of boundaries
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Table 1
Microstructure parameters obtained from OIM: the grain size 𝐷, the volume fraction of HAGBs (𝑉𝐻 𝐴𝐺 𝐵 𝑠), the average
misorientation angle of the full map 𝛩, the ratio 𝑁𝑁 𝐷∕𝑁𝑅𝐷 , and density of GNDs.

Process ID 𝐷 (μm) 𝑉𝐻 𝐴𝐺 𝐵 𝑠 (%) 𝛩 (◦) 𝑁𝑁 𝐷∕𝑁𝑅𝐷 GND (×1012 m−2)

as-deformed 1.3 78.4 32.8 1.23 172.5
10 min 1.6 90.1 37.8 1.08 115.9
30 min 2.3–6.0 91.5 38.0 0.88 38.1
60 min 6.7–27.3 72.4 32.9 0.79 21.7
Fig. 5. Grain size distribution with respect to the specific area (s𝑖∕S) in the microstructure of HPTE-processed Al: (a) in the deformed state and after annealing at 300 ◦C for (b)
10 min, (c) 30 min, and (d) 60 min.
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according to Ref. [30]. The curved shape can be observed after 10, 30,
and 60 min of annealing, as shown in Fig. 4b–d.

.2. Geometrically necessary dislocations

ffect of annealing on GND density 𝜌𝑑 . In Fig. 4, the images on the right
show the distributions of GND density values of the same areas shown
in the grain boundaries networks on the left. In the initially deformed
structure, the GND density has a minimum value in the center of the
grain and increases towards the grain boundary (Fig. 4a). Annealing
for 30 min resulted in a sharp decrease in the average GND density
from 172 × 1012 m−2 in the deformed state to 38.1 × 1012 m−2 (Table 1).
A further decrease of the GND density can be observed after 30 and
60 min of annealing (Table 1). The most important factor for the
development of ReX is the decrease in the average GND density and
the reduction of the GND density gradient between neighboring grains,
attributable to the low GND density in both grains. After annealing,
the GNDs were heterogeneously distributed across the grains: for some
grains, the density decreased to a minimum after 60 min of annealing,
while for other grains, it remained the same as in the deformed state
(cf. Fig. 4b and c).

3.3. Analysis of the grain size distributions

Experimental histograms of the grain size distribution in the as-
deformed state are lognormal with one mode and a maximum at 1.2 μm

(Fig. 5a). r
A further increase in the annealing duration leads to an increase
in the mean grain size and maximum of the grain size distribution as
shown in Table 1 and Fig. 5. Thus, pure aluminum subjected to HPTE
and annealed at 300 ◦C exhibits typical recrystallization kinetics for
SPD materials. After annealing for 10 and 30 min the primary normal
grain growth stage is clearly present, accompanied by a significant drop
n dislocation density (Table 1).

With the increase of the annealing time, the grain size distri-
butions apparently become unimodal, which indicates normal grain
rowth. The dislocations produced during plastic deformation annihi-
ate through the mechanisms of gliding and climbing at the recovery
tage, while the rearrangement of dislocations results in the formation
f LAGBs and HAGBs structures after 60 min of annealing, as shown in
ig. 6.

. Phase-field modeling of recrystallization

.1. Free energy functional

unctional and interfacial contributions. A multicomponent multiphase-
ield model presented by Nestler et al. [31], which includes the consid-
ration of the interfacial energy variation according to Read–Shockley
32,33] and the interfacial mobility variation according to Humphreys
21], is used to simulate the ReX process. To account for the stored
nergy in the system, which acts as a bulk driving force for ReX and

educes the deformation-induced dislocations in a system, an additional
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Fig. 6. Microstructure of the HPTE-processed Al after 60 min of annealing at 300 ◦C. Inverse pole figure maps (a). Geometrically necessary dislocation density distributions (b)
are shown in a color-coded map at the scale [×1012m 2]. The deformation directions, the standard stereographic triangle, and the GND density scale are shown in the lower part
of the figure. HAGBs are indicated by the black lines, LAGBs by the gray lines. GND distributions along the lines 1 and 2 are represented in (c) and (d) accordingly.
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ulk energy term is included following the approach of Vondrous
t al. [33,34]. Thus, the free energy functional reads as

 = ∫𝑉
𝜀𝑎(𝝓,𝛁𝝓) + 1

𝜀
𝜔(𝝓)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝑊intf

+ 𝑓RX(𝝓, 𝜌𝑑 )
⏟⏞⏞⏞⏟⏞⏞⏞⏟

𝑊 bulk

dV, (2)

where 𝑊intf denotes the interfacial and 𝑊 bulk the bulk contribution of
he free energy density. The 𝑁-tuple of continuous order parameters
s referred to as 𝝓 = {𝜙1,… , 𝜙𝛼 ,… , 𝜙𝑁}, where each order parameter,

𝛼(𝒙, 𝑡), represents the volume fraction of a particular phase or grain
𝛼. Here, each order parameter is identified with a corresponding grain.

he interfacial energy density consists of the gradient contribution
𝑎(𝝓,𝛁𝝓) and the multi-obstacle type potential 𝜔(𝝓)∕𝜀. The thickness
f the diffuse interface is proportional to the parameter 𝜀. According to
estler et al. [31], the gradient energy density is defined as

𝑎(𝝓,𝛁𝝓) = 𝜀
∑

𝛼 <𝛽
𝛾𝛼 𝛽 |𝜙𝛼𝛁𝜙𝛽 − 𝜙𝛽𝛁𝜙𝛼|

2, (3)

where 𝛾𝛼 𝛽 denotes the interfacial energy between the phases/grains 𝛼
and 𝛽. A detailed description regarding the multi-obstacle potential
𝜔(𝝓) is given, in Ref. [31,35].
Bulk contribution. The bulk energy density term 𝑊 bulk, which depends
n density of geometrically necessary dislocations 𝜌𝑑 , represents the
tored energy of the system and is defined as

𝑊 bulk(𝝓, 𝜌𝑑 ) = 𝑊bulk(𝜌𝑑 )
𝑁
∑

𝛼
𝑚𝛼ℎ(𝜙𝛼), (4)

𝑊bulk(𝜌𝑑 ) = 1
2
𝜌𝑑𝐺 𝑏2, (5)

where 𝐺 is the shear modulus and 𝑏 is the Burgers vector [32]. In the
present work, ℎ(𝜙𝛼) = 𝜙𝛼 is used as interpolation function. The phase-
inherent storage parameter 𝑚𝛼 is related to the conventional theory of
the static ReX [36].

.2. Evolution of the order parameter

volution equation. Taking into account the constraint ∑

𝛼 𝜙𝛼 = 1, the
volution equation according to the variational approach of Steinbach
nd Pezzolla [37] is:
𝜕 𝜙𝛼
𝜕 𝑡 = − 1

𝜖𝑁̃

𝑁̃
∑

𝛽≠𝛼
𝑀𝛼 𝛽 (𝛩)

[

𝛿 𝑓
𝛿 𝜙𝛼

−
𝛿 𝑓
𝛿 𝜙𝛽

]

, ∀𝜙𝛼 , 𝛼 = 0,… , 𝑁̃ , (6)

where 𝑁̃ denotes the number of locally active phases. In this context,
the variational derivative is used, which reads as follows:
𝛿 𝑓

=
𝜕 𝑓

− div
[

𝜕 𝑓
]

, (7)

𝛿 𝜙𝛼 𝜕 𝜙𝛼 𝜕𝛁𝜙𝛼
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Fig. 7. Interfacial energy and mobility as a function of misorientation of crystal lattices
(Eqs. 9 and 10) between two grains for 𝛾sim

HAGB = 1 J/m2 and 𝑀 sim
HAGB = 1013 m4∕(Js)−1.

Above a misorientation of 𝛥𝛩𝑚 = 15◦, the value is constant.

where 𝛁𝜙𝛼 is the gradient of the order parameter 𝜙𝛼 and div(⋅) rep-
resents the divergence operator. The volumetric energy densities in
nterfacial regions can be evaluated such that the deviation from the
quilibrium profile is minimized [38]. Then, the evolution equation can
e written as

𝜕 𝜙𝛼
𝜕 𝑡 = − 1

𝜖𝑁̃

𝑁̃
∑

𝛽≠𝛼
𝑀𝛼 𝛽

[

𝛿 𝑊 intf

𝛿 𝜙𝛼
− 𝛿 𝑊 intf

𝛿 𝜙𝛽
+

8
√

𝜙𝛼𝜙𝛽

𝜋
𝛥𝑊 𝛼 𝛽

bulk

]

. (8)

where 𝛥𝑊 𝛼 𝛽
bulk =

𝜕𝑊 bulk
𝜕 𝜙𝛼

−
𝜕𝑊 bulk
𝜕 𝜙𝛽

, cf., e.g., [38,39].

In the work at hand, the presented MPFM is applied to polycrys-
talline microstructure obtained by EBSD measurements. Consequently,
a coupling with mechanics [40] involving crystal plasticity [41] is
not considered due to the numerical cost involved. In this regard, the
ReX simulation of a two-dimensional computational domain contains
p to 𝑁 = 10 000 grains. Correspondingly, the evolution of 𝑁 grains
s calculated by 𝑁 evolution equations of the form as in Eq. (8). To
roperly account for the reduction in memory requirements, a method
or reducing local order parameters is incorporated [23].

Read–shockley model for interfacial energy and mobility. In the work at
and, the interfacial energy 𝛾𝛼 𝛽 is a function of the misorientation angle
𝛩𝛼 𝛽 between the grains 𝛼 and 𝛽, which is in accordance with Read and
hockley [32] and reads

𝛾𝛼 𝛽 (𝛥𝛩𝛼 𝛽 ) =
⎧

⎪

⎨

⎪

⎩

𝛾HAGB
𝛥𝛩𝛼 𝛽
𝛥𝛩𝑚

(

1 − ln 𝛥𝛩𝛼 𝛽
𝛥𝛩𝑚

)

, 𝛥𝛩𝛼 𝛽 < 𝛥𝛩𝑚

𝛾HAGB, else.
(9)

In this context, 𝛾HAGB is the interfacial energy of the HAGB. The
transition from the LAGB to the HAGB takes place at 𝛥𝛩𝑚 = 15◦.
Consequently, according to Humphreys [21], the mobility between the
phases 𝛼 and 𝛽 can be written as

𝑀𝛼 𝛽 (𝛥𝛩𝛼 𝛽 ) =
⎧

⎪

⎨

⎪

⎩

𝑀HAGB

[

1 − exp
(

−5
( 𝛥𝛩𝛼 𝛽

𝛥𝛩m

)4
)]

, else

𝑀HAGB, for 𝛥𝛩𝛼 𝛽 > 𝛥𝛩m,
(10)

where 𝑀HAGB models the mobility of the HAGB. In particular, for small
misorientations, both the mobility and the interfacial energy, nearly
anish, as shown in Fig. 7

In the present work, the Read–Shockley model is used for simulation
by extending it to all kinds of grain boundaries such as [110] tilt or twist
grain boundaries, which is a significant simplification. Furthermore, it
is assumed that the energy remains constant for a misorientation angle
Fig. 8. Schematic representation of grain boundary movement at varying dislocation
ensities. The dislocation density values between the 𝛼, 𝛽, and 𝛾 grains are interrelated:

𝑚𝛼 = 𝑚𝛾 = 1, 0 < 𝑚𝛽 < 1 (a); 𝛥𝛩𝛼 𝛽 < 2◦, 𝑀𝛼 𝛽 ≈ 0, so no movement between 𝛼 and 𝛽 (b);
𝛥𝛩𝛽 𝛾 ≫ 𝛥𝛩𝛼 𝛽 Movement of 𝛽 towards 𝛾 (c) migration of 𝛽 grain boundary towards the
𝛾 grain, (b), the grain boundary has migrated towards the 𝛾 grain (c) (this schematic
example is demonstrated in simulated structures in Fig. 13).

that exceeds the introduced threshold value 𝛩max, cf., e.g., Vondrous
et al. [33].

Schematic illustration of applied model. For illustrative purpose, the
basic scheme of grain boundary motion is presented in Fig. 8. The
direction and velocity of grain boundaries in MPFM depend on the
islocation density distribution and curvature. The movement of grain
oundaries in the vicinity of a grain boundary triple junction with
ifferent GND densities is illustrated in Fig. 8a. The dislocation density
alues between the 𝛼-, 𝛽-, and 𝛾 grains are identical, whereas the 𝛾
rain exhibits a markedly higher dislocation density. As illustrated in
ig. 8b, the grain boundary undergoes a movement. The orientational
emnants of the growing grain situated between the 𝛾- and 𝛽- grains
igrate towards the 𝛾 grain. Upon movement, the boundaries of grain

rientation 𝛾 undergo a complete transformation into grain orientation
(Fig. 8c). In the event that the grain in question exhibits small-angle
isorientations, all points within the grain are equally attached to the

rowing grain.
A detailed description of the grain boundary motion as an example

f the small area of the microstructure is represented in Appendix.

5. Multiphase-field simulation studies

5.1. Objective and simulation setup

Objective of the simulation studies. Simulation studies are performed
with the multiphase and multiphysics framework Pace3D [23]. The
simulations discussed below provide insight into the microstructural
changes during CReX that determine the overall crystallization kinetics.
They are carried out on the microstructure provided by the exper-
imentally determined EBSD-scans. Thus, no simplification regarding
the initial orientation of the considered grains is taken into account.
Furthermore, the initial stored energy is calculated from the measured
dislocation density according to Eq. (4). The MPMF simulations account
for the minimization of the free energy. The resulting changes in stored
energy are compared to the experimentally measured GND density at
the corresponding time step.

Simulation set-up and boundary conditions. The evolution equation of
the order parameter, given by Eq. (8), is discretized regarding a Carte-
sian grid. In this context, an equidistant grid is used with quadratic
cells with a width of 0.33 μm. Thus, the overall simulation domain
consists of 1630 × 1288 cells. It is solved by application of an explicit
time integration scheme, implemented within the in-house software
suite Pace3D, regarding a time step 𝛥𝑡𝑠𝑖𝑚 = 3 s. Fig. 10a presents a
representative map of the initial Al structure, imported from the EBSD
scanned map. In this regard, both, the orientation as well as the
grain boundaries are directly imported to Pace3D. Regarding the order
parameter, the Neumann boundary condition

(

𝜕 𝑊 intf∕𝜕∇𝜙𝛼
)

⋅ 𝒏 = 0,
∀ 𝒙 ∈ N has to be fulfilled.
𝑡
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Remark on nucleation. In the initial microstructure, which was ob-
ained through experimental means, all of the grains were set as 
uclei with equal potential for growth. Since this work is mainly con-
erned with CReX processes in aluminum, classical nucleation theory,
s known from various solid-state transformation processes in other
lloy systems, will not provide a reliable basis for the phase-field
imulations [42,43]. This is the case because recrystallization occurs
ue to low driving forces caused exclusively by stored energy [16],
ue to deformation, in contrast to high driving forces that occur, for 
xample, in solidification processes or solid-state precipitation [31].
part from that, the differences in interfacial energies, according to

he aforementioned Read–Shockley relation, are very high and thus 
avor the high-angle grain boundary migration [6]. Furthermore, it 
eems unlikely that thermal fluctuations themselves could form defect-
ree regions within a high-angle grain boundary network. Hence, it 
s likely that the nuclei that form new recrystallized grains do not 
merge during the annealing process but are already present in the 
eformed state before annealing sets in. In fact, there are three well-
nown recrystallization nucleation models in literature [44]. Beck and
perry [45] identify the migration of pre-existing HAGB into the in-
erior of neighboring highly strained grains as a main mechanism. 
he Cahn–Cottrell [46] model, based on the models of Beck [45] and 
ahn [47], considers grains and LAGBs surrounding regions of low 
islocation density. A formed or pre-existing grain with LAGB can grow 
t the expense of neighboring grains by thermally assisted low-angle 
rain boundary migration, resulting in a reduction of stored energy, 
ue to the elimination and rearrangement of microstructural defects.
andström et al. [48] as well as Varma and Willits [49] and Blum 
t al. [50] observed that the behavior of growth in grains with LAGBs in
ure aluminum, at elevated temperatures from 300 to 400 ◦C, matches
he conditions of the experimental part in this work.

For this reason, the selection of nucleation is primarily aimed
t capturing these mechanisms. The third model presented by Boas
t al. [51] accounts for the coalescence effects of grains containing
AGBs, which is a viable approach for lower annealing temperatures
below 0.65 𝑇𝑚) [48,52].

In this work, we introduce and apply a geometrical criterion for 
ucleation: nucleation is driven solely by the size of the grains, with-
ut the use of a specific theoretical nucleation criterion. Nucleation 
epends on the size of the grains with LAGBs and the misorientation
f the grains with LAGBs. Experimentally, grains LAGBs wich diam-
ters smaller than 100 nm are considered nuclei candidates if their
orresponding grain boundaries exhibit a misorientation of at least 
 degrees. The size threshold of 100 nm is based on experimental

observations, where grains with LAGBs smaller than this size tend
to disappear after short annealing times (10 min). The misorientation 
hreshold of 2 degrees reflects the typical minimum detectable angle
or low-angle grain boundaries (LAGBs) using an EBSD detector under 
tandard operating conditions. For these identified grains with LAGBs,
e assume the grain boundary mobility factor, 𝑚𝛼 , to be zero.

Once a cell is fully recrystallized, the stored energy becomes zero.
onsequently, 𝑊 bulk decreases as the recrystallizing phase or grain

grows.

Averaged dislocation density from simulations. The applied model ac-
counts for the experimentally measured dislocation density, which is
resent after the HPTE process, in order to formulate the stored energy.
t is anticipated that the SE will be reduced during the simulation,

reflecting the characteristic of the ReX process and, thus, the reduction
of the dislocation density. For a subsequent comparison between experi-
ments and simulations, the averaged dislocation density 𝜌𝑑 is calculated
as

𝜌𝑑 = 1
𝐴 ∫𝐴

𝜌𝑑𝑑 𝑎 (11)

with the dislocation density distribution 𝜌𝑑 from the stored energy
formulation stated in Eq. (5), and A denoting the area of the simulation
domain. This methodology enables the calculation of the averaged
dislocation density for any simulated time step.
 T
Table 2
Parameters for Pace3D simulation.
𝛾HAGB (J m−2) 𝑀HAGB (m4(Js)−1)

0.3 5 × 10−13

Fig. 9. Evolution of the average simulated and experimental GND density values.

Considered parameters. The value of surface energy 𝛾HAGB = 0.3, J/m2

taken to be close to the experimentally obtained value of 𝛾sim
HAGB =

0.324 J/m2 [53] in pure aluminum at 300 ◦C. Experimental evaluations
in Al-0.05%Si enabled an increase in the range of LAGBs misorienta-
ions [54], providing a value for the saturation of the mobility 𝑀exp

HAGB =
 × 10−13 m4(Js)−1, which was used for the calculation. Values of 𝛾sim

HAGB
nd 𝑀 sim

HAGB obtained from the Pace3D simulations are given in Table 2.
The dimensionless value of the discrete time step per each simula-

ion cycle is tied to physical time under given calculation conditions. In
his correlation, we can scale the simulation step by real annealing time
s 𝛥𝑡𝑠𝑖𝑚 = 𝑁𝑓 × 𝛥𝑡𝑟𝑒𝑎𝑙, where 𝑁𝑓 represents the number of calculation
teps.

Another assumption is that above a high-angle grain boundary
hreshold 𝛩max, the surface energy remains constant [33]. The satura-
ion level in the simulations reached by the 𝑀 parameter is the upper
oundary.

.2. Results from simulation studies

verage GND density. The GND density obtained from the MPFM sim-
lations according to Eq. (5) is represented by the red distribution
n Fig. 9. For selected simulation times, the results are represented
y red dots. After a short nonlinear decay, an almost linear decrease of
he averaged dislocation density can be observed. After about 1500 s,
his linear decrease transitions to a saturation behavior. From 1800 s
n, a steady state of the averaged dislocation density is observed.

The results of the quantitative analysis of the simulated maps are
resented in Table 3. It is compared to the experimentally measured
hange of the GND in Fig. 10.

Already at the initial stage of the simulation (𝑡𝑠𝑖𝑚 = 30 s), the value
f GND decreases quickly, which is reflected in a sharp decrease in the
umber of storage energy aggregates. After 𝑡sim = 30 s and 𝑡sim = 300 s,
he GND falls faster than at the beginning stage. This demonstrates the
hange in the driving force for the recrystallization process and can be
nalyzed in connection with the change in the grain size (Table 3).

rain structure. The resolved microstructures, obtained by the MPFM
imulations, are visualized using the same OIM TSL software as was ap-
lied for the experimental OIM maps and are represented in Fig. 10a–d.
he changes in the shape and orientation of the grains are analyzed



o

Fig. 10. Grain boundary network of the simulated structures of HPTE-processed Al (left) imported initial structure (a), after 𝑡sim = 10 min (b), 𝑡sim = 30 min (c), 𝑡sim = 60 min (d)
f Pace3D simulation time. The stored energy distribution is shown on the right side of (a–d). Again, the black lines refer to the HAGBs, while red lines refer to the LAGBs.
f
s
d
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Table 3
Microstructure parameters simulated with Pace3D.
𝑡sim (s) 𝐷a(μm) 𝛩sim (◦) 𝜌𝑑

sim (×1012m−2)

init 1.63 33.5 173.8
30 1.65 33.0 172.4
60 1.67 33.0 170.8
180 1.73 33.2 162.6
300 1.8 33.3 154.1
600 2.3 33.8 118.8
900 2.7 34.2 78.8
1200 3.2 34.7 40.3
1800 4.7 37.2 8.4
2100 5.2 38.2 5.8
3600 5.5 38.6 2.5

a Value of 𝐷 is indicated for the 1st mode in case maps are characterized
by the bimodal 𝐷 size distribution.

using the grain boundaries network of the modeled structures, dis-
played on the left side of the structures in Fig. 10. On the right side
of the modeled structures in Fig. 10, the distribution of the SE in the
structure is depicted. The distribution of SE in the simulated structures,
both initially and after different numbers of simulation steps, is highly
heterogeneous. Heterogeneous distribution of SE in the structure led to
the formation of local areas where most of the sites of storage energy
aggregates are clearly marked by the orange, red, and yellow colors on
the SE distribution maps ( Fig. 10b–d).

A heterogeneous growth kinetics can be observed from the simu-
lated microstructure evolution, depicted in Fig. 10. in this context,
after 𝑡sim = 150 s ( Fig. 10b and c), some grains in the structure of
Al stayed small, while some grains became notably larger. Considering
the grain size distribution histograms (Fig. 11), until 𝑡sim = 600 s of
the simulation, the simulated structure is characterized by a lognormal

distribution. With an increasing duration of simulation time, the h
position of the main peak on the histogram is shifted to the area of the
higher values. The lognormal character of the grain size distribution
indicates the normal grain growth kinetics of the simulated recrystal-
lization, which is completely matched with experimentally obtained
ReX kinetics.

After 𝑡sim = 600 s, the grain size distribution of the simulated
structure appears much more homogeneous compared to the structure
after 𝑡sim = 900 s (Fig. 10(d) and (c)). The areas of the small grains
in the grain boundary network are clearly matched with the places of
high concentration of stored energy aggregates in the structure (left and
right sides in Fig. 10c). The strong reduction of the GND in general and
disappearance of the storage energy aggregates after 𝑡sim = 3600 s are
accompanied by significant coarsening of the grains size in the grain
boundary network (Fig. 10d).

6. Discussion

6.1. GND distribution evolution during annealing

Averaged GND distribution during rex. In Fig. 9 four experimentally
obtained averaged dislocation density values are depicted over the
recrystallization time. Both distributions from simulation and experi-
ments show a significant decrease at the beginning with a saturation
to a steady-state behavior. The average dislocation density in the simu-
lations saturates as it approaches a vanishing dislocation density. This
it to the experimental dislocation density is due to the imposed grand
tage dislocation density value used in the nucleation criterion. This
ifference can be explained by the applied multiphase-field method.

ocal evolution of stored energy. Considering the changes in GND dis-
tribution in the experimental structures before (Fig. 2b–d) and after
60 min of annealing time ( Fig. 6b–d), it can be noted that the
ighest GND density is observed in the area close to the HAGBs. This
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Fig. 12. Experimental and simulated grain structure coarsening kinetics, ln(𝐷2 − 𝐷2
0),

as a function of annealing time ln(𝑡).

indicates well-known mechanisms of dislocation annihilation, recovery,
nd nucleation of recrystallization [6].

In context, regarding the simulations, it can be observed that as the
rains grow, the stored energy aggregation sites (SEAS) are not domi-
ated at the HAGBs, but are also present within the grains. Moreover,
t a later stage of the simulation of the grain growth, e.g., after 60 min,
he SEAS are either aggregated inside a grain or at one HAGB, but
ot distributed along the HAGBs, at it is observed in the experiments,
epicted in Fig. 6.
This discrepancy in experimental and simulated structures can be
xplained in terms of MPFM formalism, which does not consider dis-
ocation density evolution and formation of additional GBs. Thus, the
haracter of energy minimization differs from the experimentally ob-

served recovery mechanism via the substructure formation and dislo-
ation movement to the HAGBs.

The multiphase-field method states that the sum of interfacial and
bulk free energy density is minimized. Consequently, bulk and interfa-
ial driving forces are associated with the microstructure evolution. In
his regard, both the mobility 𝑀𝛼 𝛽 and interfacial energy 𝛾𝛼 𝛽 are highly
ependent on the misorientation angle, due to the Read–Shockley
odel. While the mobility affects the overall microstructure evolution,

he interfacial free energy only affects the interfacial driving force.
he bulk driving force is defined by means of the SE in terms of
he experimentally measured GND density. Consequently a reduction
f the SE reflects a reduction of the GND density as illustrated by
able 3. In regions that are completely free of SE across the grain
oundary, the grain boundary evolution is given by the interfacial
riving force. However, the simplification of the GND density evolution
s the minimization of SE through the GB motion allows to extract the
lear effect of the GB motion on the ReX and grain growth kinetics.

Experimentally, the decrease of the average GND density after
0 min of annealing is accompanied by the change of the ReX stage to
rain growth. A similar change from ReX to grain growth is obtained
or the simulated structures after the change of the stable state of the
E level, which is accompanied by the normal grain growth (Table 2).

.2. Recrystallization kinetics analysis

Based on the experimental and simulated values of 𝐷 (Table 1
nd 3), the recrystallization kinetics are plotted in Fig. 12. Thereby,
q. (1) is used to plot 𝑙 𝑛(𝐷2 − 𝐷2

0) over 𝑙 𝑛(𝑡), yielding three points
or the experimentally determined averaged GND density over time.
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Fig. 13. The grain boundaries network after various simulation time of ReX 𝑡𝑠𝑖𝑚 = 0 s (a), 30 s (b), 900 s (c), 0 s + 30 s (d), 30 s + 900 s (e). 𝜌𝑑 sim in (a), (b), (c) is represented in the
ame color scheme as in Fig. 10. In the area delineated by the circle, the boundaries exhibit a clear tendency to movement in a direction with a larger value of SE. The gray
ines in (d) and (e) represent the HAGBs in relation to (a) and (b), respectively. The black lines in(d) and (e) represent HAGBs with (b) and (c), respectively.
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n this context, two distinct kinetics are observed in the experiment,
haracterized by different slopes of the interpolation between the mea-
ured points. The first kinetics occurs in the interval of 10 to 30 min
ith a slope 𝑛1 = 1.3, while the second one occurs in the interval
etween 30 and 60 min with 𝑛2 = 3.6. Consequently, regarding the UFG
luminum, a faster grain growth is observed within 𝑡 ∈ [30, 60] min than
or the fine-grained aluminum for 𝑡 ∈ [10, 30] min. Both slopes 𝑛1 and
2 are higher than the slope that is documented in literature [55,56]
or conventionally deformed aluminum, for which 𝑛 ≈ 1 holds. The
esults of the simulation are also shown in Fig. 12, which shows good
greement with the experimentally determined values.

In addition, since results for an arbitrary time step can be extracted
rom the simulations, they provide insight into the behavior between
he experimentally obtained data. Also from the simulational results,
wo kinetics regimes can be observed. Similar to the experimental
bservation, a less pronounced grain growth is observed in the first
nterval compared to the second interval. This tendency of the lowering
f the ReX and grain growth kinetic for the higher grain size follows
he general trend that a fine-grained material will recrystallize more
apidly than a coarse-grained material [6].

. Conclusion

In this work, the ReX process of UFG aluminum during anneal-
ng is investigated by both simulations and experiments. In order
o simulate the ReX process, an MPFM is applied that is based on
he experimentally measured GND density as well as the measured
isorientation of the GBs. It is combined with a nucleation criterion

hat is of purely geometric nature in that it accounts for the size of
he subgrains and their misorientation. The model captures a successive
hange in the driving force of recrystallization due to a decrease of the
E and the minimization of surface energy, reflecting two recrystalliza-
ion mechanisms. This approach allows the generation of the digital
win of the ReX kinetics. It accounts for the dependency of the grain
oundary mobility on the misorientation of the grains. The evolution
f the GND density results from the minimization of the SE without
xplicit consideration of the dislocation density dynamics. Nevertheless
t allows to replicate the decrease of the averaged GND density both
uantitatively and qualitatively. Moreover, the ReX kinetics obtained
y the simulations is in good agreement with the kinetics associated
ith the experiments. Due to the nature of the digital twin, it yields
dditional insight into the kinetics of ReX, where experiments were
ot available. Moreover, the grain size distributions obtained from
imulations and experiments, that capture the grain growth in a statis-
ical manner, show the same tendency. Both data exhibit a lognormal
istribution, with a shift of the distributed center towards larger grains
ver the annealing time. By combining experimental observations
ith computational modeling, this integrated approach elucidates the

undamental mechanisms underlying the recrystallization and grain
rowth behavior of SPD-processed aluminum. With regard to the con-
inuous ReX in deformed pure fcc metals, it has been demonstrated that
he heterogeneous distribution of the dislocation density obtained and
easured inside the grains in as deformed UFG state is significantly

educed. This is a consequence of the formation and growth of crystals
ith low dislocation density. The simulations based on the MPFM and

arried out in the in-house software suite Pace3D allow for predicting
he kinetics of recrystallization, as well as the GND reduction for the
pplication to the softening prediction.
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Appendix

The grain boundary motion in the small area of the microstructure is 
considered. In Fig. 13 the toy example of one experimentally obtained
structure in an as-received deformed state (a), after 𝑡sim = 30 s (b) 
and 𝑡sim = 900 s (c) is represented. HAGBs are marked by thick black
lines, and LAGBS are marked by thin black lines. The SE distribution is 
shown according to the color legend given in Fig. 10. In the initial
state, we can see the big grain with a high SE, and therefore GND
density surrounded by the small dislocation-free small grains (Fig. 13a).
After short-time annealing 𝑡sim = 30 s the SE value inside the big grain
reduced, however, the HAGBs does not show a significant movement.
Fig. 13d contains a superimposed grain boundary network in the initial
state marked by black lines and a grain boundary network after 𝑡sim = 
30 s marked by gray lines. As we can see, the position of most of
he grain boundaries before and after annealing during 𝑡sim = 30 s is 
atching. Next, after 𝑡sim = 900 s (Fig. 13c) the distribution of SE is

still the same as that after short-time annealing (Fig. 13b). However, the
positions of the small grains after 𝑡sim = 900 s are changed significantly. 

Let us consider the motion of HAGBs in a small region inside the
circle depicted in Fig. 13a–c. In the initial state and after 𝑡sim = 30 s
wo small grains are completely placed inside the circle surrounded by
our big grains. After 𝑡sim = 900 s, only four big grains remain partially
nside the circle. The two small grains disappeared, resulting from the 

HAGB motion from the big grain at the top that was dislocation-free 
in its initial state. Superimposing the grain boundary networks after
𝑡sim = 30 s (gray lines) and 𝑡sim = 900 s (black lines) in Fig. 13d 
demonstrates the shifting of HAGBs. Two small grains were joined to 
the big one as a result of the HAGBs motion from the area with low SE
to the area with high SE.

Data availability

Data will be made available on request.
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